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Preface to the First Edition

The rapid and substantial progress made in Pharmacy
within the last decade has created a necessity for a work
treating of the improved apparatus, the revised processes,
and the recently introduced preparations of the age.

The vast advances made in theoretical and applied chem-
istry and physics have much to do with the development of
pharmaceutical science, and these have been reflected in all
the revised editions of the Pharmacopoeias which have been
recently published. When the autbor was elected in 1874 1o
the chair of Theory and Practice of Pharmacy in the Phila-
delphia College of Pharmacy, the outlines of study which
had been so carefully prepared for the classes by his eminent
predecessors, Professor William Procter, Jr, and Professor
ldward Parrish, were found to be not strietly in accord,
gither in their arrangement of the subjects or in their method
of treatment., Desiring to preserve the distinctive charac-
teristics of each, an effort was al once made t¢ frame a
system which should embody their valuable features, ein-
brace new subjects, and still retain that harmony of plan and
proper sequence which are absolutely essential to the suc-
cess of any syslem.

The strictly alphabetical classification of subjects which is
now universally adopled by pharmacopoeias and dispensa-
tories, although admirable in works of reference, presents an
effectual stumbling hlock to the acquisition of pharmaceuti-
cal knowledge through sysiematic study; the vast accumula-
tion of facts collected under each head being arranged lexi-
caily, they necessarily have no connection with one another,
and thus the saving of labor effected by considering similar
groups together, and the value of the association of kindred
subjects, are lost to the student. In the method of grouping
the subjects which is herein adopted, the constant aim has
been to arrange the latter in such a manner that the reader
shall be gradually ted from the consideration of elementary
subjects Lo those which involve more advanced knowledge,
whilst the groups themselves are so placed as to follow one
another in a natural sequence.

The work is divided into six parts. Part I is devoted to
detailed deseriptions of apparatus and definitions and com-
ments on general pharmaceutical processes.

The Official Preparations alone are considered in Pare IL
Due weight. and prominence are thus given to the Pharmaco-
poeia, the National authority, which is now so thoroughly
recognized.

In order o suil the convenience of pharmacists who prefer
to weigh solids and measure liquids, the official formulas are
expressed, in addition to parts by weight, in aveirdupois
weight and apothecaries’ measure. These equivalents are

.

printed in bold type near the margin, and arranged so as to
fit them for quick and accurate reference,

Part H1 treats of Inorganic Chemical Substances. Prece-
dence is of course given to official preparation in these. The
descriptions, solubililies, and tests for identity and impuri-
ties of each substance ave systematically tabulated under its
proper title. It is confidently believed that by this method
of arrangement the valuable descriptive features of the
Pharmacopoeia will he more prominently developed, ready
reference facilitated, and close study of the details rendered
casy. Each chemical operation is accompanied by equa-
tions, whilat the reaction is, in addition, explained in words.

The Carbon Compounds, or Organic Chemical Sub-
stances, are considered in Part IV, These are naturally
grouped aceording to the physical and medical properties of
their principal constituents, beginning with simple bodies
like cellulin, gum, etc, and progressing to the most highly
organized alkaloids, ete.

Part V is devoted to Extemporaneous Pharmacy. Care
has been taken to treat of the practice which would be best
adapted for the needs of the many pharmacists who conduct
operations upon a moderate scale, rather than for those of
the lew who manage very large establishments, In this, as
well as in other parts of the work, operations are iHlustrated
which are conducted by manufacturing pharmacists,

Part VI contains a formulary of Pharmaceutical Prepara-
tions which have not been recognized by the Pharmacopoeia.
Thhe recipes selected arve chiefly those which have been here-
tofore rather difficult of access to most pharmacists, yet such
as are likely to be in request. Many private formulas are
embraced in the collection; and such of the preparations of
the old Pharmacopoeias as have notl been included in the
new edition, but are still in use, have been inserted.

In conclusion, the author venlures 1o express Lhe hope
that the work will prove an efficient help lo the pharmaceu-
tical student as well as Lo the pharmacist and the physician.
Although the labor has been mainly perforimed amidsat the
harassing cares of active professional duties, and perfection
is known to be unattainable, no pains have been spared to
discover and correct errors and omissions in the text, The
author’s warmest acknowledgments, are tendered to Mr AB
Taylor, Mr Joseph McCreery, and Mr George M Smith for
their valuable assistance in revising the proof sheets, and to
the latter especially for his work on the index. The outline
illustrations, hy Mr John Collins, were drawn either from the
aclual objects or from photographs taken by the author,

Philadelphia, October, 1885 JPR.

xii
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Preface to the Eighteenth Edition

In anticipation of setting forth this Prefuce and prior to
gathering thoughts on paper {or more accurately, the word
processor!), this Editor paused to reread the preface lo the
first edition of Remington, published in 1885, Since it ap-
pears on the preceding page of this book it is recommended
highly. The fizst paragraph would he just as suitable today
as penned by Professor Remington 105 years ago.

Each decade transcends the previous one and the pharma-
ceutical and health sciences are not laggards. Tvery revi-
gion of Remington has encompassed new viewpoints, ideas,
doctrines or principles which, perhaps, were inconceivabie
for the previous edition. It is a tribute to the authors and
editors that they have kept abreast of the burgeoning litera-
ture in their respective fields of expertise.

Change not withstanding, the organization of this edition
is similar to its immediate predecessors, being divided into 9
Parts, each subdivided into several chapters. Every chapter
has been culled, revised and rewritten to update the material
presented.

Two new chapters are evident; Biotechnology and Drugs
(Chapter 74) and Drug Education (Chapter 99}, Three
chapters of the previous edition, which embraced Interfacicl
and Particle Phenomena and Colloldal and Coarse Disper-
stons have been winnowed and combined into a single chap-
ter entitled, Disperse Systems {(Chapter 19).

The current revision contains an additional 21 pages. A
large amount of space (about 12 pages) gleaned from the
review and condensation process, coupled with the extra
pages, have been devoted primarily to expanding the con-
tents of Part 8, Pharmuaceutical and Medicinal Agents and
Part 9, Pharmaceutical Practice.

xcessive duplication of text is the bane of any editor
dealing with a multitude of authors. While some duplica-
tion in the discussion of rudimentary concepts is beneficial,
there has been a special effort to cross-reference and elimi-
nate unnecessary repetition. Space is at such a premium
that it is hoped the reader will not be offended by being
diverted to o different section of the text in order to obtain
supplementary information,

Photographs which depicted the typical “black box” have
been eliminated almost completely and replaced by line
drawings or schematic diagrams which are instructive rather
than picturesque.

Most of the drug monographs have been revamped not
only a8 a means of updating, but to gain a degree of uniformi-
ty. All structural formulas are now in the standard USAN
form. Duplication of chemical names has been minimized
and the inclusion of trade names increased. No attempt has
been made to ferret out every trade name by which a product
is known, and only the most common are mentioned. The
standard format for the major monographs is: Official
Name, chemical name (CAS—inverted}, trade name({s) and
manufacturer(s}, atructural formula, CAS (Chemical Ab-
stracts System) registry numher (in brackets), molecular
formula and formula weight (in parenthesis}. This is fol-
lowed by the method of preparation (or a reference if the
method is lengthy), physical description, solubility, uses,
dose and dosage forms.

‘The number of authors remains at 97, however, 36 new
authors have joined as contributors to Remington. As the
credentials of the new authors touch upon many arens of
pharmacy, every section of the hook has been invigorated by
the incorporation of updated and fresh concepts.

As one primarily responsible for the production of a com-
prehensive text devoted Lo the science and practice of phar-
macy, the wisdom of Dr Erie Martin, editor of the 13th
Edition, in creating an Editorial Board {o share the enor-
mous burden, has heen evident constantly. Each of the
section editors labored diligently to comply with the logistics
of maintaining a smoath flow of manuscripts and proofs.
Also, each section editor doubled as an author or coauthor of
one or more chapters. It would be remiss not to extend
special mention to this group of dedicated people.

Four memhers of the Iditorial Board are serving for the
first time after having been authors for several editions. Dr
Ara DerMarderosian of PCP&S, Editor for Part 1; Dr Daniel
Hussar, also of PCP&S, Part 9; Dr Edward Rippie of the
Univarsity of Minnesota, Part 2; and Dr Joseph Schwartz of
PCP&S, Parl 8. [ach of the new members terally “jumped
into the fray,” gave much of their precious time aund have
becomne “blooded” members of the staff.

The stalwarts of the Editorial Board surviving the trihula-
tions of one or more previous aditions of this work demand
singular attention. Dr Grafton Chase of PCP&S for Part §,
Ruadioisotopes in Pharmacy & Medicine; Dr Thomas Med-
wick of Rutgers University for Paxt 3, Pharmaceutical
Chemistry and Part 4, Testing and Analysis; and Dr Gilbert
Zink of PCP&S for Part 7, Biological Products.

Two dauntless, prolific contributors claim special recogni-
tion. Drs Stewart Harvey and Ewart Swinyard, both of the
University of Utah, have served on the Editorial Board for
twenty and twenly-five vears respectively., They bear the
burden of Part 6, Pharmaceutical & Medicinal Agents,
which comprises over one-third of the book. Their diligence
and meticulous attention to detail has eased the task of this
Editor. OQur relationship over the past several decades has
been one of exceptional pleasure.

The Mack Publishing Company, through Messers Paul
Mack and David Palmer, continues its unrelenting support,
which has endured through many, many editions of this
publication, Special commendation must be extended to
Ms Nancy Smolock, of the Mack organization, as she was the
person who interfaced with the Editorial Board. She was
competent, cooperative and much teo tolerant of the many
requests made of her.

As with any publication a few of the editorial staff bear the
hrunt, of the unglamorous, but absolutely essential, chores
associated with the production of this voluminous tome. It
mandates a close working relationship and, at times, re-
siraint and concession to sustain the harmony necessary to
function efficiently. One often encounters the aphorism
usually attributed to administrators, “When three managers
meet to discuss a problem there arise four points-of-view,”
Fortunately, this dilemma did not surface in the association
of this Editor with Mr John Hoover and Ms Bonnie Packer,

After shepherding this publication through four editions,
the Twelfth to Fifteenth, following a short hiatus for the
Sixteenth, Mr Hoover returned in a lesser capacity with the
Seventeenth revision. With the current edition he reas-
sumes the role of Managing Editor and his experience in
pharmacy, journalism and the publishing business, have
provided the capabilities needed to Lranslate a disarranged
manuscript into a format. acceptable hy the publisher and
pleasing to the reader,

Ms Packer accepted the assignment of scrutinizing every
word of text in the proof stages, Combining her skiils in the

xiil
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health and socia} sciences, she assumed the chayge of reading
primarily for comprehension and clarity of presentation,
while concurrently uncovering typographical, spelling and
grammatical ervors which, although unpardonable, are ever-
present. As a consequence of her deliberations, passages
were often rephrased and refined to portray a concept from
the viewpoint of the student, for whom this work primarily is
directed.

The Index was developed by Mr Hoover, with the assis-

tance of Ms Packer. Much use was made of the computer in
enguring thal a complete, practical and useful index was
created. 1t is the opinion of this Editor that a major weak-
ness encountered iz most reference books is a perfunctory,
casual index which amounts to little more than an expanded
table of contents. Users of the index of this book will find it
“friendly.”

Philadelphia, February, 1990 ARG

xiv
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CHAPTER 16

Solutions and Phase Equilibria

Theodore D Sokoloskl, PhD

Protessor of Pharmocy, College of Pharmacy
Ohio State Universiry
Columbus, OH 43210

Solutions and Solubility

A solution is a chemically and physically homogeneous
mixture of Lwo of more substances. The term solution gen-
erally denotes a homogeneous mixture that is liquid even
though it is possible to bave homogeneous mixtures which
are solid or gaseous.  Thus, it is possible 10 have solutions of
solids in liquids, liquids in liguids, gases in liquids, gases in
gases and solids in solids.  The first three of these are most
important in pharmacy and ensuing discussions will be con-
cerned primarily with them.

In pharmacy different kinds of liquid dosage forms are
used and all consist of the dispersion of some substance or
substances in a liquid phase. Depending on the size of the
dispersed particle they are classified as true solutions, cal-
loidal solutions or suspensions. If sugar is dissolved in
water, it is supposed that the ultimate sugar particle is of
molecular dimensions and that a true solution is formed.
On the other hand, if very fine sand is mixed with water, a
suspension of comparatively large particles, each consisting
of many molecules, is obtained. Between tbese two ex-
tremes lie colloidal solutions, the dispersed particles of
which are larger than those of true solutions but smaller than
the particies present in suspensions. In this chapter only
true solutions will be discussed.

1t is possible to classify broadly all solutions as ene of two
types.

In the first type, aithough there may be a lesser or greater interaction
between the dispersed substance {Lhe sojute) and the dispersing medium
(the solvent}, the solution phase contains the same chemical entity as
found in the solid phase and, thus, upon removal of the solvent, the
sotute is recovered unchonged. One example would he sugar dissolved
in water where, in the presence of sugar in excess of ils solulsility, there is
an equilibrium between sugar molecules in the selid phase with sugar
melecules in the solution phase. A sceond example would be dissolving
sitver chloride inwater. Admittedly, the solubility of this salt in water is
low, but it is finite. In this ense the solvent contains silver and chiovice
ions und the selid phase containg the same materinl. The removal of the
solvent yields initinl solute.

In the second type the solvent conlains a compound which is different
from that in the solid phase. 'The diflerence belween the compound in
the solid phase and solution is due generally to some chemica reaction
that has eceurred in the solveni.  An example would be dissolving aspi-
rin in an aqueous solvent containing some basic material capabie of
rencting with the acid aspirin, Now the species in solution would noet
only he undissociated aspirin, but aspirin also as its anion, whereas the
species in 1he solid phase is aspirin in only its undissocinted acid form,
In this situation, if the solvent were removed, part of the substance
oblained {the sait of aspirin) would be different from what was present.
initially in the solid.

Solutions of Solids in Liquids

Reversible Solubility without Chemical Reaction
—From a pharmaceutical standpoint solutions of solids in
liquids, with or without accempanying chemical reaction in

I'he aullm; ﬂqimowledges the kind assistance of Dr Gordon 1. Flynn,
University of Michigan, in the revision of parts of this chapler,

the solvendt, are of the greatest bmportance, and many guan-
titative data on the behavior and properties of such solutions
are available. This discussion will be concerned with defini-
tions of solubility, the rate al which substances go into solu-
tion and with temperature and ather factors which control
sofubility.

Solubility-—When an excess of a solid is brought into
contact with a liquid, molecules of the former are removed
{rom its surface until equilibrium is established hetween the
molecules leaving the solid and those returning to it. The
resulling solution is said to be saturated at the temperature
of the experiment, and the extent to which the solute dis-
solvesis referred to as its solubility. The extent of solubility
of different substances varies from almost imperceptible
amounts to relatively large quantities, but for any given
solute the solubilily has a constant value at constant tem-
perajure.

Under certain conditions it is possible Lo prepare a solu-
tion containing a larger mmount of solute than is necessary to
form a saturated solution. This may oceur when a solution
is saturated at cne temperature, the excess of solid solute
removed and the solution cooled. The solute present in
solution, even though it may be less-soluble at the lower
temperature, does net always separate from the solution and
there is produced a supersaturated solution. Such solu-
tions, formed by sodium thiosulfate or polassium acetate,
for example, may be made to deposil their excess of solute by
vigorous shaking, seraiching the side of the vessel in contact
with the solution or introducing into the solution a small
crysial of the solute.

Methods of Expressing Solubility---When quantitative
data are available, solubilitics may be expressed in many
ways. For example, the solubility of sodium chloride in
water at 25° may be stated as

1. 1gof sodium chioride dissolves in 2786 mL of water. (Anapprox-
imation of this mMethod is used by the USP.)

2. 35,89 ¢ of sodium ¢hloride dissolves in 100 mE of waler.

4100 mL of a saturated solution of sodivum chlovide in water con-
tains 3171 g of solute.

4. 100 g of a salurated solution of sodium chloride in water contains
26.47 g of solute.

5. 11, of n saturated sotution of sodium chioride in water conlains
5.425 moles of solute.  This also may be stated as a saturated solution of
sodium chioride in water is D428 molar with respect (o {he solute.

In order to calculate 3 from 7 or 2 i is necessary to know
the density of the solution, in this case 1.198 g/mkb. Te
caleulate 5, the number of graing of solute in 1000 mL of
sotution (obtsined by multiplying the data in (3) by ten) is
divided by the molecutar weight of sodium chloride, namely,
58.45.

Several other concentration expressions are used. Molal-
ity is the number of moles of solute in 1000 g of solvent and
could bhe caleulated from: the data in 4 by subtraciing grams

207
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208 CHAPTER 16

Table —Descriptive Terms for Solubllity

Descriptive PParls of Solvent

Terms for 1 Past 0f Solute
Vepysoluble. .. .oo oo oo, Less than |
Freelysoluble ... . .. . From 1 to 10
Soluble oo o e From 1010 30
Spavingly soluble. ... .. FE From 30 1a 100
Slightlysoluble ............... ... ... From 100 to 1000
Very slightly soluble . ... o0 From 100 to 103,000
Practically insaluble, or insoluble ... ..., More than 10,000

of solute from grams of solution to oblain grams of solvent,
relating this Lo 1000 g of solvent and dividing by molecaiar
weight Lo obiain motes.

Mole fraction is the fraction of the total number of moles
present which are moles of one component. Mole % may be
obtained by multiplying mole Mraction by 100. Normality
refers to the number of gram cguivalent weights of soiute
digsolved in 100¢ ml of solution.

In pharmacy, use alse is made of three other concentration
expressions. Percenl by weight (% w/w) is the number of
grams of solute per 100 g of solution and is exemplified by 4
above. Percent weight in volume (% w/v) is the number of
grams of solute per 100 ml, of solution and is exemplified by
Iabove. Percent by volume (% v/v) is the number of millili-
ters of solute in 100 mi. of sofulion, referring 1o sclutions of
liquids in liguids. The TSP indicates that the term “per-
cent,” when unqualified, means percent weight in volume for
solutions of solids in liquids and pevcent by volume for
solutions of liquids in liguids.

When, in pharmacopeial texts, it has not been possible, or
in some instances not desirable, to indicate exact solubility,
a descriptive term has been used. Table I indicates the
meaning of such ferms.

Rate of Solution--I1 is possible to define quantitatively
the rate at which a solute goes bite solution. The simplest
treatment is based on a model depicied in Fig 16-1. A solid
particle dispersed in a solvent is surrounded by a thin layer
of salvent having a finite thickness, I in cm. The layer is an
integral part of the solid and, thus, is referred Lo characteris-
tically as the “stagnant Jayer.” This means thal regardless
of how Tast the bulk golution is stirred the stagnant layer
remains a part of the surface of the solid, moving wherever
the particle moves. The thickness of this layer may getl
smaller as the stirring of the bulk solution inereases, but it is
important te recognize that this layer will always have a
(inite thickness however small il may get.

Using Fick’s First Law of Diffusion the rate of solution of
the solid can be explained, in the simplest case, as the rate al
which a dissolved solute particle diffuses through the stag-
nant layer te the bull solution. The driving force behind
the movement of the solute molecule through the stagnant
layer is Lhe difference in concentration that exists between
the concentration of the solute, €, in the stagnant layer at
the surface of the solid and Hs concentration, Uy, on the
farthest side of the stagnant tayer (see Diffusion in Liguids,
page 221). The greater (his difference in concentration (C,
~ (), the faster the rate of solution.

ol <
< STAGNANT
LAY

Fig 16-1.  Physical model representing the dissolulion process.

According to Fick’s Law, the rate o solution also is direct-
ly proportional to the avea of the solid, A in am?, exposed to
selvent and inversely proportional to the length of the path
through which the dissolved solute molecule must diffuse.
Mathematically, then, the rate of solution of the solid is
given by

Rate of selution = D—l-/i (€, — Cy) {1}

where I is a proporlionality constant called the diffusion
coefficient in em%sec. In measuring the rate of solution
experimentafly, the concentration Cy is maintained at a low
value compared to Cy and hence considered to have a negligi-
ble effect on the rate. Furthermore, €y most often is the
saturation solubility of the solute, Hence g 1 s simplifiec
10

Rate of solution = QIA {saturation solubility) 2)

Tquation 2 quantitatively explains many of the phenomena
commanly observed that affect the rate at which materials
dissolve.

1. Small particies go into solution [aster than large particles. Fora
given mass of solute, ns the particle size becomes smaller, the surface
area per unit mass of solid increases; 18q 2 shows that as area increases,
the rate must inerease proportionately.  Henee, if a pharmacist wishes (o
increase the rate of solution of a drug, its particle size should be de-
creased, }

9, Stirring a solution increases the rate al which a solid dissolves.
This s Lecause 1he (hickness of (he stagnant layer depends on how last
the bulk solution is stirred; ps stirring rate increases, the lenglls of the
difftusional path decreases, Since the rate of solution i proportional
inversely 1o the Jength of the diffusional path, the faster the solution is
stivred, the faster the solute wil go into solution.

3. The more soluble the solute, Lthe fasler is its rate of solution.
Again, 13q 2 predicts that the larger the saluration solubility, the faster
the rate.

4. With r viscous liguid the rmte of sclulion is decreased.  'This is
because the diffusion coelficient is proportional inversely Lo the viscosity
of the medium; the more viscous the soivent, the slower the rate of
solution.

Heat of Solution and Temperature Dependency
—-Turning from the kinetic aspects of dissolution, this dis-
cussion will be concerned with the situation where there is
thermodynamic equilibrium helween solute in ils selid
phase and the solute in solution. (Itis assumed that there is
an amount of solid material in excess of the amount that can
go into solution; hence, a solid phase is always present.) As
defined earfier, the concentration of solute in solution at
equitibrium is the saturation solubility of the substance,

When a solid (Scolute A) dissolves in some solvent two
sleps may bhe considered as oceurring:  the solid absorbs
energy Lo become a liquid and then the liguid dissolves,

A(sulid) = A(Iiuuid] = Atsnluliunl

For the overall dissolution the equilibrium exisiing hetween
solute molecules in the solid and solute molecules in solution
may be treated as any equilibrium. Thus, for Solute 4 in
equilibrium with its solution

A(solid) w A(sululiun)

Using the Law of Mass Action an eguilibrium conslant for
this system can be defined, just as any equilibrium constant
may be written as
P
= sedution)
K, =~
Qizolich

where ¢ denotes the activity of the solute in each phase.
Since the activity of a solid is defined as unity

K(.,, = Mgalution)
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Because the activity of a compound in dilute solution is
approximated by its concentration and, because this concen-
LyaLion is the saturation solubility, Ky, the van’t Hoff Equa-
tion {for a more complete treatment, see Ref 1, page 113)
may Dbe used, which defines the relationship between an
equilibrium constant {bere, selubility) and absolute tem-
perature,
d log Kg AH

dr 2.3RT*
where d log Kg/dT is the change of log Ky with a unit change
of absolute temperaiure, 75 AF i a constent which in this
situption is the heat of solution for the overall process (solid
= liquid = solution); and R is the gas constant, 1,99 cal/
maole/deg. Eguation 3, a differential, may be sofved to give

log Kg=— _AH (4)

(3)

where o is a conatant. A more useful form of this eguation is
Kgr, AH(T,-T)
0 =
ERyr,  2BRTVT,

whare {5y, is the saturation solubility at absolute tempera-
ture 7y and Kgyp, is the solubility al temperature Ty
Through the use of Eg 5, if AH and the solubility at one
temperature are known, the solubility at any other tempera-
ture can be caleulated.

Effect of Temperature-—As is evident from Eq 4, the
solubility of a solid in a liquid depends on the temperature.
If, in the process of solution, heat is absorbed (as evidenced
by a reduction in temperature), AH is by convention positive
and the selubility of the solute will increase with increasing
temperature. Such is the case for most salls, as is shown in
Fig 16-2, in which the solubility of the solute is plotted ns the
ordinate and the temperature as the abscissa, and the line
joining the experimental points represents the solubility
curve for that solute.

If a solute gives off heat during the process of solution {as
evidenced by an increase in lemperature), AH is, by conven-
tion, negative and solubility decreases with an increase in
temperature. This is the case with calcium hydroxide and,
at higher temperatures, with calcium sulfate. (Because of the
slight solubility of these substances their solubility curves
are not included.) When heat is neither absorbed nor given

(5)

SOLUBILITY, GMS. OF SALT 1M 10Q GMS OF WATER

M

R

1 1 1 ) 1] i 1 1 1

0% 20" 40° 40 00 GOT FOT BT gO°
TEMPLRATURE

Fig 16-2. Effect of heat on solubifily,
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Fig 16-3. Typified relationship between the fogarithm of the satura-
tion solubility and the reciprocal of the absolute temperature.
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off, the solubility is not affected by variation of temperalure
as is nearty the case with sodium chloride,

Solubility curves usually are continuous as long as the
chemical composition of the solid phase in centact with the
solution remains unchanged, but if there is a transition of
the solid phase from one form to another, a break will be
found in the curve. Such is the case with NaySOy - 10H,0,
which dissolves with absorption of heat up to a temperature
of 39.4°, at which point there is a transition of the solid phase
to anhydrous sodium sulfate, NagSO,, which dissolves with
evolution of heat. This change is evidenced by increased
solubility of the hydrated salt up to 32.4°, but above this
temperature the solubility decreases.

These temperature effects are what would be predicled
from Eq 4. When the heat of solution is negative, signifying
that energy is released during dissolution, the relation be-
tween log I{x and 1/7ia typified in Fig 16-3 {Curve A), where
as 1/T increases, log g increases. It can be seen that with
increasing temperature (T itself actually increases proceed-
ing left in Fig 16-3, A) there is a decrease in solubility, On
the other hand, when the heat of solution is positive—that is,
when heat is absorbed in the solution process—the relation
between log Kg and 1/7" is typified in Fig 16-3, B. Here, as
temperature increases (1/7' decreases), the solubility in-
creases,

Effect of Salts—The solubility of a nonelectrolyte, in
waler, either is decreased or increased generally by the addi-
tion of an electrolyte; it is only rarely that the solubility is
not attered. When the solubility of the nonelectrolyte is
decreased, the effect is referred to as salting-out; if it is
increased, it is described as salting-in. Inorganic electro-
Iyles commonly decrease solubility, though there are some
exceptions to the generalization.

Salting-out occurs because the ions of the added electro-
lyte interact with water molecules and, thus, in a sense re-
duce the amount of water available {or solution of the non-
electrolvte. (RRefer to the section on Thermodynamics of
the Solution Process, page 215, for another view.) The
greater the degree of hydration of the ions, the more the
solubility of the nonelectrolyle is decreased. If, for exam-
ple, one compares the effect of equivaleni amounts of lithi-
um chioride, sodium chloride, potassium chloride, rubidium
chloride and cesium chloride {all of which belong to the
family of alkali metals and are of the same valence type), it is
observed that lithium chloride decreases the solubility of a
nonelectrolyle to the greatest extent and that the salting-out
effect decreases in Lhe order given, This is also the order of
the degree of hydration of the cations; lithium ion, being the
smallest ion and, therefore, having the greatest density of
positive charge per unit of surface area (see also Chapter 13
under Electronegativity Values), is the most extensively
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hydrated of the cations while cesium ion is hydrated the
least. Balting-out is encountered frequenily in pharnaceu-
Lical operations.

Salting-in, commonly occurs when either the salis of vari-
ous organic acids or organic-substituted ammonium salts are
added to agueous solutions of nonelectrolytes. In the {irst.
case the solubilizing effeet is associated with the anion and
in the second, with the cation. In both cases the solubility
increases as the concentration of added salt is increased.
The solubility increase may be velatively great, sometlimes
amounting to several times the solubility of the nonelectro-
Iyte in water.

Solubility of Selutes Containing T'wo or More Species
—In cases where the solule phase consists ol two or more
species {as in an ionizable inorganic salt), when the solute
goes into solution, the solution phase often contains each of
these species as discrete entities. For some such substance,
AB, the following refationship for the solution process may
be written,

AB(sr:Iid) et A{sulu!i(:n) + J"'a{e‘.t\luliun)

Sinee there is an equilibriumn belween the solute and saturat-
ed solution phases, the Law of Mass Action defines an equi-
libriwm constant, K,

_ 8 psotationy * 9 Bisolution

1] -

K (6)

@ A fitsolid)
Where @ aisanitionn @ Bisolutiont and a, Aisolid) 8IC the activities of A
and B in solution and of AB in the solid phase. Recall from
the earlier discussion that the activity of a solid is deflined as
unity, and that in a very dilute solution (eg, for a slightiy
soluble salt), concentrations may be substituted for activi-
ties and Kqg 6 then becomes

'Kuq = C.-ICH

where C4 snd Cp are the concentrations of A and B in
solution. In this situation K, has a special name, the sole-
bility product, Ksp. Thus

Kgp = C, 0y (7}

This equation wiil hold true theoretically ondy for slightly
soluble salts.

As an example of this type of solution, consider the solu-
bility of silver chioride

Kgp = [Ag"j[CLT]

where the brackets § | designale concentrations,

AL 25° the solubility product has a value of 1,56 X 10719,
the concentration of silver and chloride ions being expressed
in moles/liter. The same numerica} vaiue applies also to
solutions of silver chloride containing an excess of either
silver or chloride ions. 1f the silver-ion concenfration is
increased by the addition of a soluble silver salt, the chlo-
vide-ion concentration must decrease until the product of
the two concentrations again is equal nwmerically to the
solubility produet. In order to effect the decrease in chlo-
ride-ion concentration, silver chloride is precipitated and,
hence, its solubilily is decreased. In a similar manner an
increase in chloride-ion concentration by the addition of a
soluble chloride effects n decrease in the silver-ion eoncen-
tration until the numerical value of the solubility product is
atlained. Again, this decrease in gilver-ion concentration is
hrought about by the precipitation of silver chloride.

The solubility of silver chioride in a saturated aqueocus
solution of the salt may be calculated by assuming that the
concentration of silver jon is the same s the concentration
of chioride ion, bolh expressed in moles/liter, and that the
concentration of disscived silver chloride is numerically the

same since cach silver chloride molecule gives rise (o one
silver ion and one chloride fon. Since

[dissolved AgCl} = [Ag?*] = [C17]

the solubility of AgCl is equal to 1.56 > 1071, which is 1.25
X 1079 mole/liter. Multiplying this by the molecular weight
of sitver chloride (143) we obtain a sclubility of approxi-
mately 1.8 mg/liter.

For a salt of the type PbCl, the solubility product expres-
sion takes the form

[PHH[CIT)? = Kgp
while for AsyS; it would be
[As* ST ) = Kgp
becaunse from the Law of Mass Action
PLClygseiar = PO aution + 201 atation)

and
o] . L 2
As‘zb.‘i[:\‘nlid] A ZA“" {solution) + 35 {solugfon}

For further details of methods of using sotubility-product
calculations, the reader is referred to books on qualilative or
guantitative analysis or physical chemistry.

Recall that the solubility-product principle is valid {or
agqueous solutions of slightly seluble saits, provided the con-
centration of added salt is not too greal. Where the concen-
trations are high, deviations from the theory occur and these
have been explained by assuming that in such solutions the
nature of the solvent has been changed. Freguently, devi-
ations also may occur as the result of the formation of com-
plexes between Lthe two salls.  An example of incressed solu-
bility, by virtue of complex-ion formation, is seen in the
effect of solutions of soluble iodides on mercuric jodide.
According to the solubility-product principle it might be
expected thal soluble iodides would decrease the solubility
of mercuric iodide, but because of the formation of the more
soluble complex salt KyHgl, which dissociates as follows

the iedide ion no longer functions as a common ton.

Practical applications of the solubility-product principle
are found in qualitative and quantitative analysis whenever
an excess of a precipitant is added in order to diminish, by
common-ton effect, the solubility of the precipitale.

It is possihle to formulate some general rules regarding the
elfect of the addition of soluble salts to slightly sotuhle salls
where the added salt does not have an jon common to the
slightly soluble salt. If the ions of the added soluble salt ave
nol highly hydrated (see Effect of Salts on the Solubility of
Nonelectrolytes, page 209), the solubility producet of the
alightly soluble salt will increase because the iens of the
added salt tend Lo decrease the interionic altraction between
the ions of the slightly soluble salt. On the other hand, if the
ions of the added soluble salt are hydrated, water molecules
become less available and the interionic atiraction between
the ions of the slightly soluble salt increases with a resultant
decrease in solubility produect, Another way of considering
this effect is discussed later (Thermodynamics of the Solu-
tion Process, page 215).

The effect of temperature is, in general, what would be
expected; increasing the temperature of the solution results
in an increase of the solubility product.

Solubility Fellowing a Chemical Reaction—Thus far
in this chapter the discussion has been concerned with solu-
bility that comes about because of interplay of entirely phys-
ical forces. 'The dissolution of some substance resulted {rom
overcoming the physical interactions between solute mole-
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cules and solvent molecules by the energy produced when a
solute molecule interacted physically with a solvent mole-
cule. The solutlion process, however, can be facilitated also
by a chemical reaction. Almoslt always the chemical en-
hancement of solubility in aqueocus systems is due to the
formation of a salt following an acid-base reaction.

An alkaloidal base, or any other nitrogenous base of rela-
tively high molecular weight, generally is shightly soluble in
water, but if the pH of the medium is reduced by addition of
acid, the solubility of the base is increased, considerably so,
as the pH continues to be reduced. The reason for this
increase in solubility is that the base is converted Lo a salt,
which ia relatively soluble in water. Conversely, the solubil-
ity of a salt of an alkaloid or other nitrogenous base is re-
duced as pH is incrensed by addition of alkali,

The solubility of skightly soluble acid substances is, on the
other hand, increased as the pH is increased by addition of
alkali, the reason again being that a sali, relatively soluble in
walter, is formed. Examples of acid substances whose solu-
bility is thus increased are aspirin, theophylline and the
penicilling, cephalosporins and barbiturates. Conversely,
the soluhility of salts of the same substances is decreased as
the pH decreases.

Among some inorganic compounds a somewhat similar
hehavior is observed. Tribasic calcium phosphate,
Cas(POQy)s, for example, is almost ingoluble in waler, but if
an acid is added its solubility increases rapidly with a de-
creage in pH. This is because hydrogen ions have such a
strong affinity for phosphate ions forming nonionized phos-
phoric acid, that the calcium phosphate is dissolved in order
to release phosphate ions. Or, stated in another way, the
solubilization is an example of a reaction in which o strong
acid (the source of the hydrogen ions) displaces a weak acid.

In all of these examples soluhilizalion occurs as Lbe result
of an interaction of the solute with an acid or a base and that
the species in solution is not the same as the undissolved
solute. Compounds which do not react with either acids or
bases are slightly, or not at ali, influenced in their agueous
solubility by variations of pH. Such effects as may he ob-
served are generally due to ionic salt effects.

It is possible to analyze quantitatively the solubiiity fol-
lowing an acid-base reaction by considering il as a two-step
process. 'The first exanple is an organic acid, designated as
HA, that is relatively insoluble in water. 1fs two-step disso-
lution can be represented as

]{A(snlid) &2 HA(soiuliun)

followed by

R -
HA(solulion) = H {solution} + A (solution)

The equilibrium constant for the first step is the solubility of
HA (Kg = [HA)solution), Just as was developed earlier when no
chemical reactivn took place, and the equilibrium constani
for the second step is the dissociation constant of the acid is

= A7)
Ko = " ha]

Since the total amount of compound in solution is the sum of
nonionized and ionized forms of the acid, the total solubility

may be desipnated as Sy, or
‘S‘f(H.’\) = II‘IA] + [A“] = [I'IA] + K(! %1}]]" (8)

Since Kg = [HA}, Eq 8 becomes

K
S = K 1+ e (9
L(HA} .s( [H*'])

Equntion 9 ia very useful since it equates the total sclubility
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of an acid drug with the hydrogen-ion concentration of the
solvent. If the waler solubility, Kg, and the dissociation
conslant, KX, are known, the total solubility of the acid can
be calculated al various hydrogen-ion concentralions.
Equation 9 demonstrales quantitatively kow the total solu-
hility of the acid increases as the hydrogen-ion concentra-
tion decreases (that is, as the pH increases).

It is possible to develop an equation similar to g 9 for the
solubility of a basic drug, B, such as a relatively insoluble
nitrogenous base {an alkaloid, for example), at various hy-
drogen-ion concentrations. The solubility of the base in
water may be represented in two steps, as

B(ROH(U w B(snluli(nl)
& -
B(mlutimt} = BH (solution) + OH (solutinn)

Again, if g is the solubility of the free hase in water and Ky
is ils dissociation constant

- [BHYIOH]
K, B

the total solubility of the hase in water Syg, is given by
KBl
o117}
K
K (1 + ——'L-) (10
[OH"]

1t is convenient to rewrite Eq 10 in terms of hydrogen-ion
concentralion by making use of the dissociation constant for
water

Sgn = [B} + [BH'] = [B} +

I{w = {H+HOH—] =1X 10““

Equation 10 then becomes

Sy =Ksf1+ K N_k. (1
RS R 'aW) Ty 5

Equation 11 quantitatively shows how the total solubility of
the base increases as the hydrogen-ion concentration of the
solvent increases. If Kg and K, are known, it is possihle to
caleulate the total solubility of a basic drug at various hydro-
gen-ion concentrations using this equalion.

Equations 9 and 11 have sssumed that the salt formed
following a chemical reaction is infinitely soluble. This, of
course, is not an acceptable assumption as suggesied and
demonsirated by Kramer and Flynn.? Rather, for an acidic
or basic drug there should be a pH at which maximum
solubility oceurs where this soluhility remains the sum of Lhe
solution concentrations of the free and salt forms of the drug
at that pH. Using a basic drug, B, as the example, this
would mean Lhat a solution of B, at pH values greater than
the pH of maximum solubility, would be saturated with [ree-
base form but not with the salt form and the use of g 11
would be valid for the prediction of solubility. On the other
hand, at pH values less than the pH of maximum solubility,
the solution would be saturated with galt lorm and Eq 11 is
no longer really valid, Since in this situation the total solu-
bility of the base, S/, is

Sy = [B] + {BHY,

Ky[H']
+ 7{::”) (11)

where the subscript, s, designates a sulution saturated with
salt, the correct equalion to use at pll values jess than the
pH maximum would he

. OH" N Ky
Siun = |BH?, 4 1O = [BHY], [ 1 + e
o = |IBHY], ( X, ) {BH"], ( o

(12)
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A relationship similar to Bq 12 ikewise can be developed lor
an acidic drug al pls greater than its pH of maximum
solubility.

Lffecting Solution of Solids in the Preseription Lab-
oratory—"The method usually employed by the pharinacist,
when soluble compounds are to be dissolved in water in
compounding a preseription requires the use of the mortar
and pesile. The ordinary practice is to crush the substance
into fragments in the mortar with the peatie and pour the
golvent on it, meanwhile stirring with the pestle until solu-
tion is effected. If definite quantitiez are used, and the
whole of the solvent is required to dissolve the given weight
of the salt, only a portion of the solvent should be added first
and, when this is saturated, the solution is poured off and a
fresh portion of solvent added. This operation is repeated
until the solid is dissolved entirely and ail the portions com-
bined. Other methods of effecling solution ave to shake the
solid with the liquid in a bottle or flask or to apply heal to the
substances in a suitable vessel. Substances vary greatly in
the rate at which they dissolve; some are capabie of produc-
ing a saturated solution quickly, others require several hours
to attain saturation.  All too often, in their haste to prepare
a saturated solution, pharmacists fail to obtain the required
degree of solution of solute,

With hygroscopic substances like pepsin, silver protein
compounds and some others, the best method of effecting
solution in water is to place the substance direcily upon the
surface of the water and then stir vigorously with a glass rod.
I the ardinary procedure, such as using a mortar and pesile,
is employed with these substances, gummy lumps arve
formed which are exceedingly difficult to dissolve.

The solubility of chemicals and the miscibility of liquids
are important physical factors for the pharmacist to know, as
they often have a bearing on intelligently and properly (iliing
prescriptions.  Mainly for the information of the pharma-
cist, the USP provides tabular data indicating the degree of
solubility or miscibility of many official substances.

Determination of Solubility-—For the pharmacist and
pharmaceutical chemist the question of solubility is of para-
mount importance. Not only is it necessary o know solu-
bilities when preparing and dispensing medicines, but such
information is necessary Lo effecl separation of substances in
qualitative and quantitative analtysis. furthermore, the ac-
curate determination of the solubilily of a substance is one of
the best metheds for determining its purity.

The delails of the determination of the solubility are af-
fected markedly by the physical and ¢hemical characteris-
tics of the solute and solvent and also by the temperature at
which the solubility is to be determined. Accordingly, it is
not possible to describe a universally applicable method but,
in general, the following rules must be observed in solubility
determinations.

1. The purity of both the digsolved substance and the solvent is
essentind, since impurities in either affect the solubility.

9. Acensiancy of {emsperature must be maintained sceurately durving
the coutse of the determination.

8. Complete saturation musl be atlained.

4. Aceurate analysis of the saturated solulion and correct expression
of the resulis are imperative.

Consideration should be given also to the varying rates of
solution of different compounds and to the marked effect of
the degree of fineness of the particles on the time required
for the saturation of the solution.

Many of the sofubility data of USP have been determined
with regard to the exacting requirements mentioned ahove.

Phase-Solubitity Analysis—This procedure is one of the
muost useful and accurate methods for the determination of
the purity of a substance. It invelves the application of
precise solubility methods to the prineiple that. constancy of
solubility, in the same rnanner as constancy of melting point,

indicates that a material is pure or free from foreign admix-
ture. It is important Lo recognize that the technigue can be
used to obtain the exact solubility of the pure substance
without the necessily of the experimental material itself
heing pure.

The method is based en the thermodynamic principles of
heterogeneous equilibria which are ameng the soundest of
theoretical concepts of chemistry, Thus, it does not depend
on any assumplions regarding kinetics or structure of mat-
ter, bul is applicable to all species of molecules, and is suffi-
clently sensitive to distinguish between optical isomers.
The requirements for an analysis are simple, since the equip-
ment needed is basie to most laboratories and the quantities
of substances required are small,

The standard sclubility method consists of five steps:

1. Mixing, in separnte systems, increasing amounis of a substance
with measured amounts of a solvent.

2, Establishment of equilibrium for each system at identical con-
slant temperature and pressure.

3. Separation of the solid phase from the solutions.

4. Determination of the concentration of the material dissolved in
the various solulions.

5. Plotting the concentration of Lhe dissolved material per unit of
solvent (y-axis, or solution concentration) against the mass of materinl
per unit of solvent {x-axis or sysiem concentration).

The solubility method has been established on the sound
theoretical principles of the Gibbs phaserule: F=C~ P+
2, which relates C, the number of components, I, the degrees
of freedom (pressure, temperature and concentration) and
P, the number of phases for a heterogeneous equilibrium.
Since solubility analyses are carried out at constant tem-
perature and pressure, a pure solid in solution would show
only one degree of freedom, because only one phase is
present. at concentrations below saturation, Tbis is repre-
sented by section 45 in Pig 16-4. TFor a pure solid in a
saturated solution at equilibrium (Fig 16-4, BC), two phases
are present, solid and solution; there is no variation in con-
centration and thus, at constant temperature and pressure,
no degrees of freedom.

The curve ABC of Fig 16-4 represents the type of solubili-
ty diagram ohtained for; (3) a pure material, (2) equal
amounts of two or more materials having identical solubili.
ties or {3) & mixture of two or more materials present in the
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Fig 16-4. Phase-solubiiity diagram for a pure substance.
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Fig 16-5. Type of solubilily curve obtained when a substance con-
tains one impurity.

unique ralio of their solubilities. These latler Lwo cases are
rare and often may be delected by a change in solvent sys-
tem.

Line segment BC of Fig 16-4, since it has no slope, usually
indicates purily. If, however, this section does exhibil a
slope, its numerical value indicates the {raction of impurity
present. Line segment BC, extrapolated to the y axisat [}, is
the actual solubility of the pure substance.

A representative type of solubilily curve, which is ob-
tained when a substanee contains one impurity, is illustrated
in Fig 16-5. Here, at B, the solution hecomes saturated with
one component. Irom B to C there are two phases present:
a solution saturated with Component 1 (usually the major
component) containing also some Component I {usually the
minor component), and a solid phase of Component I The
one degree of freedom revealed by the slope of the line
segment BC is the concentration of Compoenent 11, which is
the impurity (usually the minor component). A mixture of
d and ! isomers could have such a curve, as would any siimple
mixtures in which the solubilities are independent of each
other.

‘The section CI} indicates that the solvent is saturated
with Dboth components of the two-component mixture.
Here, three phoses are present: a solution saturated with
both components and the two solid phases. No variation of
concentration iz possible, hence, no degree of freedom is
possible (indicated by the lack of slope of section CD). The
distance AE on the ordinate represents the selubility of the
major component, and the distance EF, the solubility of the
minor component.

The fact that the equilibration process is time-consuming,
requiring as long as 3 weeks in certain cases, is ofiset by the
fact that atl of the sample can be recovered after a determi-
nation. This adds to the general usefulness of the method,
particularly in cases where the substance is expensive or
difficull te obtain. A use for the method other than the
determination of purity or of solubility is to obtain especially
pure samples by recovering the solid residues at system
concentralion corresponding to points on section BC in Fig
16-5. Thus, the method is useful not only as a quantitalive
analytical tool, but also for purification.
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Solutions of Liquids in Liguids

Binary Systems—Under Uhis Litle the following types of
liguid-pairs may be recognized.

1. 'These which are solable completely in each other in ail propor-
tons. Bxamples: alcohol and water; glycerin end water; alcohod and
glycerin,

2. Those which are soluble in cach other in definite proportions.
Examples: phenol and waler; ebher and water; nicotine and water,

3. Those which are imperceptibly sotuble in each other in any pro-
portion. Examples: castor oi} and water; lquid petrolatum and water,

The mutual solubilily of liquid puirs of Type 2 has been
studied extensively and found 1o show interesting regulari-
ties. If a series of tubes containing varying, but lknown,
percentages of phenol and water are heated (or cooled, if
necessary) just to the point of formation of a homogeneous
solution, and the temperatures atl such points noted, there
will be obtained, upon plotting the results, a curve similar to
that in Fig 16-6.Y On this graph the area inside the curve
represents the region where mixtures of phenol and water
will separate into two layers, while in the region outside of
the curve homogeneous solutions will be obtained. The
maximuie temperature on this curve is called the eritical
salution temperature, that is, the temperature above which
a homogeneous solution oecurs regardless of the composition
of the mixture. For phenol and water the eritical solution
temperature occurs al a composition of 34.5% phenol in
water.

Temperature versus composition curves, as depicted in
Fig 16-6, provide much useful information in the prepara-
tion of homogeneous mixlures of substanees showing mutu-
al-solubilily behavior. At reoom temperature (here assumed
to be 256°), by drawing a line parallel to the abscissa at 26°,
we {ind thal we actually can prepare two sets of homoge-
necus solutions, one containing frem 0 to aboutl 7.5% phenel
and the other containing phenol from 72 to about 95% (its
limit of solubility). Al compositions between 7.5 and 72%
phenol at 25° two liquid layers or phases will separate. In
sample tubes containing a concentration of phenol in this
two-layer region at 25° one layer always will be phenol-rich
and always contain 72% phenol while the other layer will be
waler-rich and always contain 7.6% phenol. These values
are obtained by interpolation of the two points of inlersec-
tion of the line drawn at 25° with the experimental curve,
As it may be deduced, at other Lemperatures, the composi-
tion of the two layers in the two-layer region is determined
by the points of intersection of the curve with a line (cailed
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the “tie line™) drawn paraliel to the abscissa at that tempera-
ture, The relative amounts of the two layers or phases,
phenol-rich and water-rich v this example, will depend on
the concentration of phenol added. As expected, the pro-
portion of phenol-rich layer relative Lo the water-rich layer
increnses as Lhe concentration of phenol added increases.
For example, at 20% phenol in waler at 25° there would be
more of the waler-rich layer than of the phenol-rich layer,
while al 50% phenol in water there would he more of the
phenol-rich layer. The relative proportion of each layer
may be calculated from such tie lines al any temperature and
compoesition as well as the amount of phenol present in each
of the two phases. To determine how these calculations are
made and for further discussion of this topic the student
should consuit Ref I, page 79.

A simple and practical advantage in the use of phase
diagrams is pointed outin Ref 1. Based on diagrams such as
Pig 16-6, they point out that the most concentrated stock
solution of phenol that perhaps should be used by pharma-
cists is one containing 76% w/w phenol in water (equivalent
to 80% w/v). At room temperature this mixture is a homoge-
neous solution and will remain homogeneous to around 3.5°,
at which temperature {reezing occurs. It should be noted
that Liquefied Pheno} USP contains 90% w/w phenol and
freezes at 17°C.  This means that if the storage avea in the
pharmuacy lalls Lo aboul 63°F, the preparation will freeze,
resulting in a stock solution no fonger convenient Lo use.

In the case of phenol and water the mutual solubility
increases with increase in temperature and the critical solu-
tion temperature occurs at a relatively high point. In a
certain namber of cases, however, the mutual solubilicy in-
creases with decrease in temperature and the critical solu-
tion temperature occurs at a refatively low value. Most of
the substances which show lower critical solution tempera-
tures are amines as, for example, triethylamine with water.

Iy addition to pairs of liguids which show either upper or
lower critical solution temperatures, there are other pairs
which sbow both upper and lower critical selution tempera-
tures and the mutual solubility curve is of the closed type.
An example of this type of liquid pair is found in the case of
nicotine and water (Pig 16-7). Mixtures of nicoline and
water represented by points within the curve will separate
into two layers, but mixtures represented by points outside
of the curve are perfectly miscible with each other,

In & discussion of solutions of Hguids in liquids it is evi-
dent that the distinetion between the terms solute and sol-
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Fig 16-7, Nicotine-water

selubility.

vent loses its significance. For example, in a solution of
water and glycerin, which shall be considered {0 be the solute
and which the selvent?  Again, when two liquids are solubie
only partially in each other the distinction between solute
and solventl might be reversed easily. Tn such cases the term
solvenl usually is given to the constituent present in larger
quantity,

Ternary Systems—The addition of a third liguid to a
hinary liguid system to produce a ternary or three-compo-
nent systern can result in several possible combinalions.

If the third liquid is soluble in only one of the two original
liguids or if its solubility in the two original liguids is mark-
edly different, the mutual solubility of the original pair will
he decreased. An upper critical solution temperature wilk
be elevated and a lower critical solution temperature low-
ered. On the other hand, the addition of a liquid having
roughly the same solubilily in both components of the origi-
nal pair wili result in an increase in their mutual solubility.
An upper critical solulion temperature then will be lowered
and a lower eritical solulion temperature elevated.

An equilaieral-triangle graph may be used to represent
the situation in which a third liguid is added 0 a partially
miscible ligguid pair, the third liguid being miscible with each
member of the original pair. In this type of graph, each side
of the triangle represents 0% of one of the components and
the apex opposite that side represents 100% of that compo-
nent. The reader is referred to textbooks on experimental
physical chemistry (or details of the construction and use of
graphs of this type.

Two other possibilities exist in ternary liquid systems:
that in which two componenis are completely miscible and
the third is partially miscible with each, and that. in which ail
camnbinations of twoe-of the three componenis are only par-
tially miscible.

Solutions of Gases in Liguids

Nearly all gases are more or less soluble in liquids. One
has but. to recall the sofubilily of carbon dioxide, hydrogen
sulfide or air iy water as comxmon examples.

The amount of gas dissolved in a liguid in general follows
Henry’s law, which states that the weight of gas dissolved by
a given amount of @ liquid at a given tempearalure is propor-
tional to ils pressure. ‘I'hus, if the pressure is doubled,
twice as much gas will dissolve as at the inilial pressure,
The extent to which a gas is dissolved in a liguid, at a given
temperature, may be expressed in terms of the solubility
coefficient, which is the volume of gas measured under the
conditions of the experiment, that is, absorbed by one vol-
ume of the liquid. The degree of selubility also is expressed
sometimes in terms of the absorption coefficient, which is
the volume of gas, reduced Lo standard conditions, disselved
hy one volume of liquid under a pressure of one atimosphere.

Although Henry’s law expresses fairly accurately the solu-
bility of stightly soluble gases, it deviates considerably in the
case of very scluble gases such as hydrogen chloride and
ammonia. Such deviations mosi frequently are due to
chemnical inleraction of solute and solvent.

The solubility of gases in liquids decreases with a rise in
temperature and, in general, also when salts are added to the
solvent, Lhe latier effect being referred to as the salting-out
of the gas,

Solutions of gases potentially are dangerous when exposed
1o warm temperatures because of the liberation and expan-
sion of the dissolved gas which may cause the container to
burst, Bottles contlaining such solutions (ex, strong ammo-
nia solution) should be cooled before opening, if practical,
and the stopper should be covered with a cloth before at-
tempting its removal.
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Thermodynamics of the Solution Process

In the discussions under this heading the solule is as-
sunted to be in the liquid state, hence, the heat of solution
{AH') is a term different from that in Eq 3 (AH). The heal
of solulion for a solid solule going into selution as defined in
Eq 3 is the net heal effect for the overall dissolution

A(mlicl) w2 A(liqui(l) = A(:;ulu(ion)
Considering only the process

A(liquid) 2 A(solulirm)

and assuming that the solute is a liguid {or a supercooled
liquid in the case of a solid) al a temperature close to room
temperature, where the enerpgy needed {for melting (heal of
fusion) is not being considered,

For a physical or chemieal reaction 1o oceur spontaneously
al a constant femperature and pressure, the net free-energy
change, AG, for the reaction should be negative (see Ther-
modynramics, Chapter 15). Furthermore, it is known that
the frec-energy change depends on heat-related enthalpy
(AH") and order-related entropy (AS) faclors as scen in

AG = AH' — TAS (18)

where T is the temperature, Recall, also, that the relation

_between free energy and the equilibrium constant, K, for a

reaction is given hy
AG = —RT InK (14}

Equations 13 and 14 certainly apply to the solution of a drug.
Since the solubility is, in reality, an equilibrium constant, g
14 indicates that the greater the negative value of AG, the
greater the solubility.

The interplay of these two factors, AH and AS in Eq 13,
determines the free-energy change and, hence, whethesr or
not dissolution of a drug will occur spontaneously. Thus, if
in the solution process AH’ is negative and AS positive,
dissolution is favored since A will be negative.

As the heat of solution is quite significant in the dissolu-
tion process one must look at its origin.  (For an excellent
and more complete discussion of the interactions and driv-
ing forces underlying the dissolution process, see Higuchi.)
The mechanism of solubility involves severing of the bonds
that hold together the ions or molecules of a solute, the
separation of molecules of solvent to create a space in the
solvent into which the solute can be fitted and the uitimate
response of sojute and solvent to whatever forces of interac-
tion may exist between them. In ovder to sever the honds
hetween moelecules or ions of solute in the liquid state, ener-
gy must be supplied, as is the case also when molecules of
solvent are to beseparated. If heat is the source of energy il
is apparent thal both processes require the absorption of
heat.

Solute-solvent interaction, on the other hand, generally is
accompanied by the evolution of heal since the process oc-
curs spontaneously. In effecting solution there is, accord-
ingly, a heal-absorbing effect and n heatl-releasing effect Lo
be considered beyond those required to melt a solid. If
there is no, or very litlle, interaction between solule and
solvent, the only effect will be that of absorption of heat to
produce the necessary separations of solule and solvent mol-
ecules or ions. If there is a significant interaction between
solute and solvent, the amount of heat in excess of that
required to overcome the solute-solute and the sol-
vent-solvent forces is liberated. If the opposing heat effects
are equal, there will be no change of temperature.

When AH' is zero, and there is no velume change, an ideal
solulion is said Lo exist since the solute-solute, solvent-sol-
vent and solute-sotvent interaclions are the same.  For such
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an ideal solution, the solubility of a solid ¢an be predicted
from its heat of fusion (the energy needed to melt the sokid)
al temperatures below its melting point. The student is
referred 1o Ref 1, page 281 1o see how this calculation is
made,

When the heal of solution has a posilive {energy absorbed)
or negative {energy liberated) value, the solution is said to be
a nonideal solution. A negative heat of solution favors
solubility while a positive heat works against dissolution,

The magnitude of the various atlractive forces involved
hetween solute, solvent and solute-solvent molecules may
vary greatly and thus could lead {o varying degrees of posi-
tive or negative enthalpy changes in the solution process,
The reagson for this is that the molecular structure of the
various solutes and solvents determining the interactions
can themselves vary greatly. (For a discussion of these
effects, see Ref 1, page 41.)

The solute-solute interaction thal must be overcome can
vary {rom the strong ion-ien interaction {as in a salt}, to the
weaker dipole-dipole interaction {as in nearly all organic
medicinals that are not salts), to the weakest induced dipole-
induced dipole interaction {as with naphthalene).

The attractive forces in the sojvent that must be overcome
are, most frequently, the dipole-dipole interaction (as found
in waler or acetone) and the induced dipole-induced dipole
interaction {as in liquid petroiatum).

The energy-releasing solule-solvent interactions that
must be taken into account may be one of four types. In
decreasing energy of inleraction these are ion-dipole inter-
actions (eg, a sodium ion interacting with water), dipole-di-
pole interactions (eg, an organic acid dissolved in water),
dipole-induced dipole interaction, to be discussed later (eg,
an organic acid dissolved in carbon tetrachloride) and in-
duced dipole-induced dipole interactions {eg, naphihalene
dissolved in benzene).

Since the energy-releasing solute-selvent interaction
should approximate the energy needed to overcome the sol-
ute-soiute and solvent—solvent interactions, it should be ap-
parent why it is not possible to dissolve a salt like sodium
chloride in benzene. The interaction hetween the ions and
henzene does not supply enough energy to overcome the
interaction between the ions in the solute and therefore gives
rise to a positive heat of solution. On the other band, the
interaction of sodium and chloride ions with water molecules
does provide an amount of energy approximating the energy
needed 1o separate the ions in the solute and the molecules
in the solvent.

Consideration must next be given 1o entropy effects in
dissolution processes. Entropy is an indicator of the disor-
der or randomness of a system. The more positive the en-
tropy change (AS) is, the greater the degree of randomness
or disorder of the reaction system and the move favorably
disposed is the reaction. Unlike AH', the entropy change
{an entropy of mixing) in an ideal solution, is not zero, but
has some positive value sinee there is an increase in the
disorderliness or entropy of the system upon dissolution.
Thus, in an ideal solution with AH’ zero and AY positive, AG
would have n negative value and the process, therefore,
would be spontaneous.

In a nonideal solution, on the other hand, where AH* is not
zero, AS can be equal to, greater than or less than the entro-
py of mixing found for the ideal solution. A nonideal solu-
tion with an entropy of mixing equal to that of the ideal
solution is called a “regular solution.” These solutions usu-
ally occur with nonpolar or weakly polar solutes and sol-
vents. Such solutions are accompanied by o positive enthal-
py change, implying that the selute-solvent molecular inter-
action is less than the solute-solute and solventi-solvent
molecular interactions. Regular solutions arve amenabie to
rigerous physieal chemical analysis which wilinot be covered
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in this chapter but which can he found in outline form in Ref
1, page 282.

The possibilily exists in a nonideal solulion that the entro-
py change is greater than for an ideal solution. Such a
solution occurs when there is an association among solute or
solvent molecules. In essence, then, the dissolution process
oceurs when one begins at a relatively ordered (low entropy)
state and progresses to a disorderly (high entropy) state.
The overall entropy change is positive, greater than that of
the ideal case, and favorabie to dissolution. As may be
expected, the enthalpy change in such a sclution is positive
since association in a solute or solvent must he overcome,
The facilitated solubility of citric acid (an unsymmetrical
molecule), as compared to inositol (a symmetrical molecule),
may be explained on the basis of such a favorabie entrepy
change.d

The sotubility of citric acid is greater than that of inositol,
yet, on the basis of their heats of solution, inositol should be
more soluble. One may regard this phenomenon in another
way. 'The reason for the higher solubility of citric acid is
that although there is no hindrance in the transfer of a citric
acid molecule ag it goes from the solute to the solution phase,
when the structurally unsymmetrical citric acid attempts 10
return to the solute phase from solution, it must assume an
orientation that will allow ready interaction with polar
groups already oriented. If it does not have the required
orientation, it will not return readily to the solute, but it will
remain in solution, thus bringing about a solubility larger
than expecled on the basis of heat of solution.

On the other hand, the structurally symmetrical inositol,
as it leaves the solution phase, can interact with the solute
phase without requiring a definite orientation; all orienta-
tions are equivalent. Hence, inositol can enter the solute
phase without hindrance and, therefove, no facilitation of its
solubility is ¢bserved.

In general, unsymmetrical molecules tend to be more solu-
ble than symmetrical molecules.

Another type of nonideal solution occurs where there is an
entropyv change less than that expected of an ideal solution,
Such nonideal behavior can occur with polar solutes and
solvents, In a nonideal solution of this type there is signifi-
cant interaction hetween soluie and solvent. As may be
expected, the enthalpy change {AH’) in such a solution is
negative and favors dissolution, but this effect is tempered
by the unfavorable entropy change occurring ot the same
time. The reason for the lower-than-ideal entropy change
can be visualized where the equilibrium system is more or-
derly and has a lower entropy than that expected (or an ideal
solution. The overall entropy change of solution, thus,
would be less and not favorable to dissolution. One may
rationalize the lower-than-expected solubility of lithium flu-
oride on the basis of this phenomenon. Compared with
other alkali halides, it has a solubility lower than would be
expected based solely on enthalpy changes. Because of the
small size of ions in this salt there may be considerable
ordering of water molecules in the solution. This effect
must, of course, lead to a lowered entropy and an unfavor-
able effect on solubility. The effect of soluble salts on the
solubility of nonelectrolytes (page 209) or slightly soluble
salts (page 210) may be considered a result of an unfavorable
entropy effect,

Pharmaceuiical Solvents

The discussion will fecus now on solvents available (o
pharmacists and, in particular, on their interactions and
properties of these solvents. It is most important that the
pharmacist obtain an understanding of the possible differ-
ences in solubility of a given solute in various solvents since

he most often is called on to select a solvent which will
dissolve the solute. A knowledpe of the properiies of sol-
vents will allow the intelligent selection of suitable solvents,

Molecular Interactions

The solvent-solvent interaction is, in pharmaceutical sol-
vents, always made up of a dipole-dipole interaction {Kee-
som Force} and an induced dipole-induced dipole interac-
tion (London Foree). It is important 1o keep in mind that
both forces are ulways present; the contribution that each of
these forces makes toward the overall atiractive force de-
pends on the structure of the selvent molecule. Some sol-
vents have interactions which predominantly involve the
Keesom Force {eg, water), while others are predeminantly
composed of the London Force (eg, chloroform); usnaily,
both forces will be found,

Dipole-Dipole Forces—The unequal sharing of the elec-
tron pair between two atoms due to a difference in their
electronegativity nings about a separation of the positive
and negative centers of electricity in the molecule, causing it
to become polarized; that is, to assume a partial ionic charac-
ter. The molecule then is said to be a permanent dipole and
the substance described as being a polar compourd.

The greater the difference in the electronegativities of the
constituent atoms, the greater the inequality of sharing of
the electron pair, the greater the distance between the posi-
tive and negative centers of electricity in the molecule and
the more polar the resulting molecule. As the character of
the bonds are intermediate between those existing in nonpo-
lar compounds and those occurring in ionic salls, it is to be
expected that the properties of polar compounds should be
intermediate between those of the two other classes. Such,
in fact, generally is the case.

Coordinate covalent compounds all are very strongly polar
because hoth of the electrons constituting the bonding pair
have been cantributed by a donor atom which, in effect, loses
an electron and becomes positively charged, while the accep-
tor atom may be considered to gain an electron and become
negatively charged.

While, in general, the electronegativities of different kinds
of atoms are different, and the expectation is, therefore, that
all molecules containing two or more different atoms will be
polar, many such molecuies actually are nonpolar, Thus,
while the electronegativity of chlorine is appreciably differ-
ent from that of carbon, the molecule of carbon tetrachlo-
ride, CCly, is nonpolar because the symmetrical arrangement
of chlorine atoms aboutl the carbon atom is such as to cancel
the effects of the difference in the electronegativity of the
constituent atoms. The same is true in the case of methane,
CH,, and for hydrocarbons generally. But the molecules
CH;Cl, CHLCly and CHCI; definitely are polar hecause of the
unsymmetrical distribution of the forces within the mole-
cule.

A knowledge of the degree of polarity of various nmolecules
usually is available in the measurement of the dipole mo-
ment, u, of the molecules. This quantity is defined as the
product of one of the charges on the molecule and the dis-
tance between the two average centers of positive and nega-
tive electricity. Measurements of the dipole moment of a
substance are made, when possible, on the vapor of the
substance but, when not paossible, a dilute selution of the
substance in a nonpolar solvent is employed. Tabile H lists
the values of the dipole moment for n number of substances.

As stated previously, the molecules of nonpolar sub-
stances are characlerized by weak atiraclions for one anoth-
er, while molecules of polar substances exhibit a relatively
strong attraction, which is all the more powerful the greater
the dipole moment. The reason for this is readily apparent,
the dipoles tend Lo align themselves so that the opposite
charges of two different molecules are adjacent. They affect
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Tabte H—Dipoie Moments

Electrostatic Units

Suvstance (r X 1019
Water 1.85
Acetone 2.8
Methyl alcobol 1.68
Ethy! aleohol 1.70
Phenol 1.70
Ethyl ether 1.14
Aniline 1.51
Nitrobenzene 4.19
o-Dinit.robenzene 6.0
m-Dinitrobenzene 3.8
p-Dinitrobenzene 0.3
Benzenc 0
Methane 0
Chioromethane 1.86
Dichioromethane 1.58
Chioroform 1.05

arbon tetrachloride 0
- Carbon monoxide 0.11
arbon dioxide 0
Oxypen 0
Hydrogen 0
Hydrogen chloride 1.08
Hydrogen bromide 0.78
Hydrogen ijodide 0.38
Hydrogen sulfide 0.95
Hydrogen ¢yanide 2.93
Ammonia 1.49

each other in somewhat the same manner as do two bar
magnets, the opposite poles of which are adjacent. While
thermal agitation tends to break up the alignment or associ-
ation of the dipoles, there is, nevertheless, a resultant signifi-
cant intermolecular force present.

Induced Dipole-Induced Dipole Forces—-It is of inter-
est to inquire at this point what force does exist between the
molecules of compounds which are nonpolar, eg, those which
have zero dipole moment. If some attractive force did not
exist, the molecules could not be expected to cling together,
as in the solid and liguid states. Although the attraction is
relatively slight, there is a {orce that arises from momentary
polarization of the molecules because of electronic oscilla-
tions which are taking place continuously within the mole-
cules. 'The temporary dipoles thus produced induce oppo-
site polarizations in adjacent molecules and the net effect is
that there is a small but definite attractive force between the
molecules to keep them together in the liquid and solid
states. This attraction resulting from mutual polarization
commonly is referred to as the L.ondon Force and as an
induced dipole-induced dipole force.

The Hydrogen Bond-—Theattraction between opposite-
ly charged ends of two dipoles is accentuated when the posi-
tive end of one dipole contains a hydrogen atom and the
negative end of the other dipole contains an atom of fluorine,
oxygen or nitrogen. In such instances the nucleus of the
hydrogen atom-—which is a proton~-appears to be able to
bind together the negative end of the molecule, of which it is
a part, with the negative end of the adjacent molecule. This
may be represented by Fig 16-8.

Since the proton is the smallest positively charged atomic
particle, it can draw together two negatively charged atoms

. N proton (+)

3 \
L=
\\.u.-’l

¥ig 16-8. Hydrogen bonding.
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or ions more closely than can any other--and necessarily
larger—positively charged particle.  Not more than two
negative atoms are capable of being attracted at any given
instant, as is evident from Fig 16-8, where a third negative
atom is shown to be restricted physically from direct contact.
with the proton. Water is an excellent example of a sub-
stance, the molecules of which are associated through the
formation of such a bond---called the hydrogen bond. An
itlustration of such bonding in the case of waler may be
represented as

?‘“H“"‘(l)—-"I-I"'(|)*“l-I
H 1 H

Fach dotted line represents the hond or “bridge” established
by the hydrogen atom of one water molecule with the oxygen
atoin of another. It is to be noted thal the water molecuie is
pictured as an angular, rather than as a linear, molecule
(H—0-—H). This is in accord with the bond angles imposed
hy the directional character of the honding orbitals making
up the molecule (see Chapter 22). By virtue of its kernel
containing six unneutralized protons, not. only the valence
electrons of the oxygen atom, but also those of the hydrogen
atoms are attracted so strongly to the oxygen atom as Lo
make the latter charged negatively, while the rest. of the
molecule is charged positively.

The hydrogen bond is not a strong bond, but. it. plays an
important role in determining the properties of substances
in which it occurs. 'or example, it primarily is responsible
for the unusual properties of water. If the substance 1,0
followed the course of the related substances HyTe, HoSe
and HyS, in so far as the physical properties of these latter
substances are concerned, the freezing point of water would
be about —100° and its boiling point about —80°. The
unexpectedly high values actually observed are atiributed to
hydrogen bonding between molecules of water. To bhreak
such bonds, as for example in vaporizing water in the form of
single HpO molecules during the process of boiling, more
energy is required than would be necessary if the water
molecules were not linked by hydrogen bonds.

The molecules of at least the lew-molecular-weight alco-
hols similarly are joined by hydrogen bonds to form a lattice-
like structure.

Another example of the manner in which the hydrogen
bond functions is seen in the case of carboxylic acids. Such
acids usually exist in dimeric form, the two molecules being
joined by hydrogen bonding, which may be depicled as

/OH ....... o\
RC\ /C«R
N
...... HO

This tendency is 50 pronounced in the case of acetic acid that
even in the vapor state the substance exists in dimeric aggre-
gation.

Classification

On the basis of the forces of interaction occurring in sol-
vents one may hroadly classify solvents as one of three types:

L. Pelar solvents—ihose made up of strong dipolar molecules having
hydrogen honding (water or hydrogen peroxide).

2. Semipolar solvents-—those also made up of strong dipolar mole-
cules but which do not form hydrogen bonds (acetone or pentyl alcohol).

3. Nonpolar solvents—those made up of molecules having a small or
no dipolar character (henzeno, vegetable oil or mineral oil).

Naturally, there are many solvents that may fit.into more
than one of these broad classes; for example, chloroform is a
weak dipolar compound but generally is considered nonpo-
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lar in character, and glycerin could be considered a polar or
semipolar solvent even though it is capable of forming hy-
drogen bonds.

Types

Water—Water is & unique solvent. Besides being a high-
ly associated liquid, giving rise Lo its high boiling point, it has
another very important property, a high dielectric constant.
The dielectric constani (¢} indicates the elfect that a sub-
slance has, when it acts as a medium, on the ease with which
two oppositely charged ions may be separated. The higher
the dielectric constant of a medium, the easier if; is to sepa-
rate two oppositely charged species in thal medium. The
dielectric constants of a number of liquids are given in Table
III. ‘The values listed are relative to a vacuum which, by
definition, has a dielectric constant of unity. Aeccording to
Coulomb’s Law the foree of attraction (F) between two op-
positely charged ions is

2,7

cr2

= (15)

where Z; and Z; are the charges on the lons, r is the distance
separating the oppositely charged ions and e is the dielectric
constant of the medium. Equation 15 indicates thal the
force of interaction between the oppositely charged ions is
proportional inversely to the dielectric constant of the medi-
um. Thus, the interactive force belween a sodium and chlo-
ride ion in water at a distance r would be "4 that of the same
ions in g vacuum separated the same distance. Looking at
this example in another way, Coulomb’s Law suggests that it
is much easier to keep sodium and chloride ions apart in
water than in a vacuum. Consider another example: the
relative case with which the fons of sodium chloride may he
kept apart the same distance in water, as compared Lo olive
oil, would accur in the ratio of 80/3.1; that is, it is 80/3.1 times
easier to keep these ions apart in water than il is in olive vil.
The ease of solubilizing saits in solvents like water and giye-
erin can be explained on the basis of their high dielectric
constant. In general, also, the more polar the solvent, the
greater its dielectric constant.

There is a very close relationship between dieleciric con-
stant and the Lwo types of interactions found in ali solvents;
that is, the dipole~dipole interaction (Keesom) and the in-
duced dipole~-induced dipole interaction (London). The di-
electric constant is related to these two forces through a
quantity called total molar polarization, P, which is a mea-
sure of the relative ease with which a charge separation may
be made within a melecule, The total molar polarization is
given by

Tabie Hi—Dieleciric Constanis {at 20°)

Hydrogen cyanide .................. 116
Waler. ... s 80
Glycerin, ..o, 46
Ethylenegiyeol ..... ... ... .. .. 41
Methylaleohol ...l 33
Ethylaleohol........ .. . ... oL L. 25
n-Propylaleohol ... .. ... ..., ... 22
Acetone ... i i 21
Aniline ... .o oo i 7.0
Chloreform ..o, 5.0
Castoroil .....ovev i 4.6
Bthyfether ... il 1.3
Qetylaleohol .o vooo oL 34
Oliveoil o ovee e e 3.1
Benzene .. ..o, 2.2
Turpentineoil. ... oo 2.2
sarbon tetrachloride ..o ooh oo 2.2
Oalane ... v e 1.9

G_].M
c+2 D

'} —

(36)

where ¢ is the dielectric constant of the substance, M is the
molecular weight and D is the density. (FFor further details,
see Refl 1, page 114.) Total molar polarization is in tarn

composed of two lerms
2
4 N B
3 kT

where P, = 4/3 wNe is the contribution due to induced
polarization (the London contribution), and where

4 #2
=2 N
Po=gr (3;;'1')

is the contribution due to the permanent dipole (the Keesom
contribution), N is Avogadro’s Number, « is a constant
cailed the polarizability (related to the induced dipole), ¢ is
the dipole moment, k is the Boltzmmann constant (1.38 X
10718 erg/mole/deg) and T is the absolute temperature.
Grouping all constant terms, it is possible to rewrite Iig 17 as

P=p +P = g- TNa + (17)

P=A4+B/T
and substituting Eq 16, yields
ce—1 M B
PP = 18
¢+2 D T (18)

The first term on the right-hand side is the contribution to
the dielectric constant of the London dispersions; it is not
temperature-dependent. The second term on the right-
hand side is the contribution to the dielectric constant of the
Keesom dispersions, This latter contribution is tempera-
ture-dependent because the contribution from the perma-
nent dipole depends on the dipoles aligning themselves,
which tendency is opposed by thermal agitation. Thus, il is
apparent from Eq 18 (and from common sense) that as
temperature increases, the dieleciric constant of dipolar sol-
vents will tend to decrease.

Equation 18 also indicates that solvents which have large
dipoie moments tend to have large dielectric constants be-
cause of the contribution of ihe P, term (Eq 17). Water,
which has a very large dielectric constant, is estimated Lo
lave % of its molecular interaction due to a dipole-dipole
interaction and ¥%; due to the induced dipole-induced dipole
interaction. On the other hand, compounds such as ben-
zene, with a dipole moment of zero, will have smali dielectric
conslants since the contribution by the P, term will drop out
of g 18.

There is an important concept that should be considered
which has been introduced to pharmaceutical systems.® It
must be recoghized that pbarmacists frequently are con-
cerned with dissolving relatively nonpolar drugs in aqueous
or mixed polar aqueous solvents. To understand what may
be happening in such cases, factors concerned with the en-
tropic effects arising from interactions originating with the
nonpolar solutes must be considered. Previously it had
been noted that the favorable entropic effect on dissclution
was due Lo the disruption of associations occurring among
solute or solvenl molecules. Now, consider the effects on
solubility due to solute interactions in the solution phase,
Since the solutes under discussion are retatively nonpolar,
the interactions are of the London Fozrce type or a hydropho-
bic association. This hydropbobic association in agueous
solutions may cause significant structuring of water with a
resullant ordered or low-entropy system, unfavorable Lo so-
lution. As is known, the solution of an essentially nonpotar
molecule in water is not a favorable process. 1t should be
stressed thal this is due to not only an unlavorable enthalpy
change but also an unfaverable entropy change generated by
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waler-structuring.  Such an unfavorable entropy change is
quite significant in the solution process. As an example of
this effect, the agueous solubility of a series of aikyl p-
aminobenzoates shows a ten million-fold decrease in solubil-
ity in going from the 1-carbon analog to the 12-carbon ana-
log. These findings demonsirate clearly the considerable
effect that hydrophobic associations can have.

Alcohiols—Ethanol, as a solvent, is next in importance to
water. Anadvantage is that growth of microorganisims does
not oceur in solutions containing alcohol in a reasonahle
concentration,

Resins, volatile oils, alkaloids, glycosides, ele are dissolved
by nleohol, while many therapeutically inert principles, such
as gums, albumin and starch, are insoluble, which makes it
more useful as a “selective” solveni. Mixtures of water and
alcohol, in proportions varying to suit specilic cases, are used
extensively. They are often referred to as hydroalecholic
solvents.

Glycerin is an excellent sobvent, although its range s not.
as extensive as that of water or alcohol.  In higher concentra-
tions it has preservative action. It dissolves the fixed alka-
lies, a large number of salts, vegetable acids, pepsin, tannin,
some active principles of plants, ete, but it also dissolves
guins, soluble carbohydratles, starch, ete. It is also of special
value as a simple solvent, as in phenol glycerite, or where the
major parlion of the glycerin simply is added as a preserva-
tive and stabilizer of solutions that have been prepared with
other solvents (see (Flyeerines, Chapter 84).

Propylene glycol, which has been used widely as a substi-
tute for glycerin, is miscible with waier, acetene or chloro-
form in all proportions. It is soluble in ether and will dis-
solve many essential oils but is immiscible with fixed oils. 1t
is claimed to he as effective as ethyl aleohel in its power of
inhibiting mold growth and fermentation.

Isopropyl alcohol possesses solvent properties similar to
those of ethyi alcohol and is used instead of the fatter in a
number of pharmaceulical manufacturing operations. Il
has the advantage in thal the commonty available product
conlains not over 1% of water, while ethyl alcohol contains
aboul 5% water, often a disadvantage. Isopropy) aicohol is
employed in some liniment and lotion fermulations. Tt can-
nol be taken internally.

General Properties--Low-molecular-weight and polyhy-
droxy alcohols form associated structures through hydrogen
bonds just as in water. When the carbon-atem content of an
alcohol rises above five, generally only monomers then are
present in the pure solvent. Although alechols have high
dielectric constants, compared Lo other lypes of solvents,
they are small compared Lo water. As has been discussed,
the soluhility of salts in a solvent should be paralleled by its
dielectric constant. Thal is, as the dielectric constant of a
series of solvents increases, the probability of dissolving a
salt in the solvent increases. This behavior is observed for
the alcohols. Table IV, taken from Higuchi,’ shows how the
soluhility of salts follows the dielectric constant of the aleco-
hols.

As mentioned earlier, absolute alcohol ravely is used phar-
maceutically, However, hydroalcoholic mixtures such as
elixirs and spirits frequently are encountered. A very useful
generalization i that the dielectric properties of a mixed
solvent, such as waler and alcobiol, can be approximated as
the weighted average of the properties of the pure compo-
nents, Thus, a mixture of 60% aicohol (by weight} in water
shaould have a dielectric constant approximated by

omixture) © O'G{GIHh‘uhnl}} + 0'4{6(\\““!!'))
= (.6(25) + 0.4(80) = 47

Eimixture)

The dielectric constant of 60% aleohol in water is found
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Table IV—Solubilities of Potassium lodide and Sodium
Chloride in Several Alcohols and Acetone?

g Ki/ a NaCl/
Sotvont 100 g Scivent 100 g Solvent

Water 148 35.9
Glyeerin .. 8.3 {20%)
Propylene Giycol 50 7.1 {30°)
Methanol 117 i4
Acelone 2.9 o
Tthanoi 1.88 0.065
1-Propancl 0,44 0.0124
2-Propanol 0.18 0.003
1-Butanol 0.20 0.005
1-Penianol 0.089 0.0018

“ All measurenients are al 25°C unless ollerwise indicated.

experimenially to be 43, which is in close agreement with
that just calculated. The dielectric constant of glycerin is
46, close to the 60% alcohol mixiure. One would, therefore,
expect a salt like sodium chleride to have about the same
solubility in glycerin as in 60% alcohel. ‘Fhe solubility of
sodium chloride in glycerin is 8.3 g/100 g of solvent and in
GO% alcohol about 6.3 g/100 g of solvent. This agreement
would be even closer il comparisons were made on a volume
rather than weight basis. Al least gualitatively it can be
said that the solubility of a sait in a solvent or a mixed
solvent very closely follows the dielectric constant of the
medium or, conversely, that the polarity of mixed solvents is
paralleled by their dielectric constant, based on salt solubili-
ty.
Although the dielectric constant is useful in interpreting
the effect of mixed solvents on salt sotubility, it cannot be
applied properly to the effect of mixed solvenis on the seiu-
Bility of nonelectrolytes. Il was seen earlier that unfavor-
ahle entropic effects can occur upon dissolution of relatively
nonpolar nonelecirolvles in water. Such an effect due to
hydrophobic association considerably affects solubility.
Yalkowsky® studied the abilily of cosolvent syslems Lo in-
crease the solubility of nonelectrolytes in polar solvenis
where the cosolvent system essentially brings about a reduc-
tion in structuring of solvent. Thus, by increasing, in a
positive sense, the entropy of solution by using cosolvents, it
was possible to increase the solubility of the nenpolar mole-
cute. Using as an example the solubility of alkyl p-amino-
henzoates in propylene glycol-waler systems, Yalkowsky®
reported that it §s possible to increase the solubility of the
nonelectrolyte by several orders of magnitude hy increasing
the fraction of propylene glycol in the aqueous system.
Sometimes, it is found that, as a good first. approximation,
the logarithm of the soluhility is related linearly to the frac-
tion of propylene glycol added by

log Sy = log Spop + ¢f

where Sy is the solubility in the mixed aqueous system con-
taining the volume fraction { of nonagqueous cosolvent, Sy=o
is the solubility in water and ¢ is a constant (not dielectric
constant) characteristic of the system under study. Specifi-
cally, when a 50% solulion of propylene glycol in water is
used, there is a 1000-fold increase in solubility of dodecyl p-
aminchenzoate, in comparison to pure water.

In a series of studies, Marlin et a/® have made attempts to
predict solubility i mixed solvent systems through an ex-
tension of the “regular solution™ theory. The equations are
logarithmie in nature and can reduce in form to the equa-
tions of Yalkowsky.®

Acctone and Related Semipolar Materinls—Even
though acetone has a very high dipole moment (2.8 X 1018
esu), as a pure solvent it does not form associated structures.
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Fig 16-9. The charge separation in acetone.

This is evidenced by its low hoiling point (57°} in compari-
son with the boiling point of the lower-molecular-weight
water (100°) and ethanol (79°). The reason why it does not
associate is ecause the positive charge in its dipole does not
reside in a hydrogen atom (Fig 16-8), precluding the possi-
bility of its forming a hydrogen bend. However, if some
substance which is capable of forming hydrogen bends, such
as water or aleohol, is added to acetone, a very strong inter-
action through hydrogen honding will occur (see Mechanism
of Solvent Action below), Some substances which are semi-
polar and similar to acetone are aldehydes, low-molecular-
weight esters, other kelones and nitro-containing com-
pounds.

Nonpolar Solventis—-This class of solvents includes fixed
oils such as vegelable oi), petroleum ether (ligroin), carbon
tetrachloride, benzene and chloroform. On a relative basis
there is a wide range of polarity among these soivents; for
example, benzene has no dipole moment while that of chlo-
roform is 1.05 X 1071 esu. But even the polarity of these
compounds normally classitied as nonpolar is still in line
with the dielectrie constant of the solvent. ‘FThe relation
between these guantities is seen best through a quantity
called molar refraction. The molar reflvaction {or refractivi-
ty), R, of a compound is given by

nt-1 M

§ -

K nt+2 B
where 11 is the refractive index of the tiquid, M is its molecu-
lar weight and D) is its density, The similarity between Iig
19 and Eq 16 is to be noted and, indeed, in refractive index
measurements using very long wavelengths of light, n? = e.
Thus, molar refraction under these conditions approximates
total molar polarization. Since, in the more nonpolar sol-
vents there is generally no dipole moment, p, tolal molar
polarization reflects polarization due only Lo the induced
dipoles possible. Thus

{19)

P o= ff;?:,:ﬁl M_ez1, M

=R 1 M =4 N
¢ n?' 4 2 D c+2 D 3

I is evident from this that the refractive index of a nonpolar
compound reflects its relative polarity. For example, the
more-polar benzene {¢ = 2.2) has a higher refractive index,
1.501, than the less-polar hexane (e = 1.9), whose refraclive
index is 1.375.

1t should be emphasized again thal when a solvent (such
as chloroformy) has highly clectrenegative halogen alems at-
tached 10 a carbon atom also containing at least one hydro-
gen atom, such a solvent will he capable of forming strong
hydrogen bonds with solutes which are polar in character.
Thus, through the formation of hydregen bonds such sol-
vents will dissolve polay solutes. For example, it is possible
to dissolve alkaleids in elloroform.

(20

Mechanism of Solvent Action

A solvent may funciion in one, or more, of several ways.
When an ionic salt is dissolved, eg, by water, the process of
solution involves separation of the cations and anions of the
salt with attendant orientation of maolecules of the solvent
about the ions, Such orientation of solvent molecules about
the ions of the solute—a process called solvation (hydration,
if the solvent is water)—is possible only when the solvent is
highly polar, whereby, the dipoles of the solvent are attract-
ed to and held by the ions of the solute. The solvent alse

must possess the abilily 1o keep the solvated, charged ions
aparl with minimal energy. The role of the dielectric con-
stant in keeping this encrgy 1o a minimum has been dis-
cussed earlier.

A polar liquid such as water may exhibit solvent action
also by virtue of its ability te break a covalent bond in the
solute and bring about ionization of the latter. Forexample,
hydrogen ehloride dissolves in water and functions as an acid
as a result of

HCL+ H,0 — H,0* + ¢

The ions formed by this preliminary reaction of breaking the
covalent bend subsequently are maintained in solution by
the same mechanism as ionic salts.

Still another mechanism by which a polar liquid may act
as a solvent is that involved when the solvent and solute are
capable of being coupled through hydrogen-bond formation.
The solubility of the low-molecular-weight alcohols in water,
for example, is attributed to the ability of the alcohol mote-
cules to hecome part. of a water-naleohol association complex.

H R H R

I ! |
He Qe emHomerers Qe Homome Qe om0

As the molecular weight of the alcohol increases, it becomes
progressively less polar and less able to compete with water
molecules for a place in the lattice-like arrangement formed
through hydrogen bonding; high-molecular-weight. aleohols
are, therefore, poorly soluble or insoluble in water. When
the number of carbon atoms in a normal alcohol reaches {ive,
its solubility in water is reduced materially,

When the number of hydroxyl groups in the aleohol is
inereased, its solubility in water generally is increased great-
ly; it is principaliy, if not entirely, for this reason thai such
high-molecular-weight compounds as sugars, gums, many
glycosides and synthetic compounds, such as the polyethyl-
ene glycols, are very soluble in water.

The solubility of ethers, aldehydes, ketones, acids and
anhydrides in water, and in other polar solvents, also is
attributable largely to the formation of an asseciation com-
plex between solute and solvent by means of the hydrogen
bond. The molecules of ethers, aldehydes and ketones, un-
like those of alcohols, are not associated themselves, because
of the absence of a hydrogen atom which is capahle of form-
ing the characteristic hydrogen bond. Notwithstanding,
these substances are more or less polar because of the pres-
ence of a strongly clectronegative oxygen atom, which is
capable of association with water through hydrogen-bond
formation. Acetone, for example, dissolves in water, in all
likelihood, prineipaily because of the following type of asso-
cialion:

H

|
(CH),CO 4+ H,0 (CHa)zCO---H """"" Q

The maximum number of carbon atoms which may be
present per molecule possessing a hydrogen-bendable
group, while still retaining water solubilily, is approximately
the same as for the alcohols.

Although nitrogen is less efectronegative than oxygen and,
thus, tends to form weaker hydrogen honds, it is observed
that amines are at lenst as soluble as alcohols containing an
equivalent chain length. The reason for this is that alcohols
form two hydrogen bonds with a net interaction of 12 kcal/
mole. Primary amines can form ihree hydrogen honds; two
amine prolons are shared with the oxygens of two water
molecules, and the nitrogen acceptls one waler proton, The
net interaction for the primary amine is between 12 and 13
kcal/mole and, hence, it shows an equal or greater solubility
compared with corresponding alechols.
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The solvent action of nonpolar liquids involves a some-
what different mechanism. Because they are unable to form
dipoles with which to overcome the attractions between ions
of an jonic salt, or Lo break a covalent hond to produce an
jonic compound or form association complexes with a solute,
nonpolar liquids are incapable of dissolving polar com-
pounds. They only can dissolve, in general, other nonpolar
substances in which the bonds between molecules are wealk.
The forces involved usually are of the induced di-
paele-induced dipole type. Such is the case when one hydro-
carbon is dissolved in anothet, or an oil or a fat is dissolved in
petroleum ether. Sometimes it is ohserved that a polar
substance, suich as alcohol, will dissolve in a nonpolar liguid,
such as benzene. 'This apparent exception to the preceding
generalization may be explained by the assumption that the
alcohol molecule induces a temporary dipole in the benzene
molecule which forms an association complex with the sol-
vent molecules. A binding force of this kind is referred to as
a permanent dipole-induced dipole force.

Seme Uselu! Genoralizations—The preceding discussion indicates
that enough is known about the mechanisin of solubility to he able to
formulate some pgenernlizations concerning this importani physical
properly of substances. Because of the greater imporlanee of organic
substances in the fleid of medicinal chemistry, certain of the more useful
generalizations with respect. to organic chemicnls are presented here in
summary form. Tt should be remembered, however, that the phexome-
non of solubility usually involves several variables, and there may be
exceptions Lo general rules.

One general maxim witich holds true in most instences is:  Lhe grealer
the structural similarity between solule and solvent, the greater the
solubility. As often staled to the student, “like dissolves like,” Thus,
phenol is almost insoluble in petroleum ether but g very soluble in
glycerin,

Organic compounds containizg polar groups capahle of forming hy-
drogen bonds with water are soluble in woler, providing that the molecu-
lar weight of the compound is not teo great. 1t is demonstrated easily
that the polar groups OH, CHQ, COH, CHOH, CH,OH, COOR, NO,,
CO, NHy and SOH tend Lo increase Lhe sotubitity of an organic com-
pound in water, On the othier hand, nonpolar or very weak polar groups,
such ns the various hydrocarbon radicals, reduce solubility; the grenter
the number of carbon atems in the radical, the preater the decrease in
sojubility. Introduction of halogen atoms into a molecule in general

SOLUTIONS AND PRASE LEQUILIBRIA 221

Table V.—Demonsiration of Solubliity Rules

Ghamical Compound Schubility?
Andline, CgHNH, 28.6
Benzene, Cgldy 430
Benzoic acid, CHzCOO0H 215
Benzyt rleohat, CgHCHL0H 25
1-Butanol, C1,0H . 12
t-Butyl aleohol, (CH,3,COH Miscible
Carbon tetrachloride, CCly 2000
Chlorelorm, CHCL; 200
Fumaric acid, trans-bulenedioke acid 150
Hydroguinone, CgH{OH}y 14
Maleic acid, e¢is-butenedioic acid 5
Phenal, CeHOH 15
Pyrocatechol, CeH (OH), 2.3
Pyrogaliol, Caliz(OH)y 1.7
Resorcinol, CyH (O}, 0.9

2 'T'he number of mL of water required to dissolve 1 ¢ of selute.

tends to deerease solubility because of an increased molecular weight.
without a proportianate inerease in polarity,

The greater the number of polar growps contained per molecule, the
greater the solubility of g compound, provided that the sive of the rest of
the molecule is not altered; thus, pyrogallol is muceh more soluble in
waler than phenol. The relutive positions of the groups in the inolecule
alse inMuence solubility; thus, in waler, resorcinol (m-dihydroxyben-
zone} is more seluble than ealechol {o-dihwdroxybenyene), and the latter
is more soluble than hydroquinene (p-dibydroxyhenzene).,

Polymers und compounds of bigh moleailar weight generally ave insol-
uble or only very slightly soluble,

High melting points frequently are indicative of Jow solubility for
organic compoeunds.  One reason for high melting points is the associa-
tion of molecules and this cohesive force tends Lo prevent. dispersion of
Lhe solule in the solvent.

The eis Torm of an isomer is more sofuble thon the frans form, See
Table V.

Solpation, which is evidence of the existence of a strong attractive
force hetween solute and solvent, enhances the solubility of the solute,
provided there is not a mnrked ordering of the solvent molecuies in the
solution phase.

Acids, ospecially strong acids, usaally produce water-soluble salts
when reacted with nitrogen-containing erganic bascs.

Colligative Properties of Solutions

Up to this peint concern has heen with dissolving a solute
in a solvent. Having brought about the dissolution, the
solution, quite naturally, has a number of properties which
are different from that of the pure solvent. Of very great
importance are the colligative properties which a solution
possesses.

The colligative propertics of a solulion are those that
depend on the number of solule particles in solution, irre-
spective of whether these are molecules or ions, large or
small. Ideally, the effect of a solute particle of one species is
considered to be the same as that of an entirely different
kind of particle, at least in dilute solution. Practically, there
may he differences which may become substantial as the
concentration of the sclution is increased.

The colligative properties which will be considered ave:

1. Qsmotic pressure.

2, Vapor-pressure lowering.
3. DBoiling-point elevation.

4. Freezing-point depression.

Of these four, all of which are related, osmotic pressure
bas the greatest direct importance in the pharmaceutical
sciences. 1t is the property that largely determines the
physiological acceptability of a variety of solutions used lor
therapeutic purposes.

Osmotic-Pressure Elevation

Diffusion in Liguids-—Although the property of diffu-
sion is rapid in gaseous syslems, it is not limited fo such
systems. Fhat molecules or iong in liquid systems possess
this same freedom of movement may be demonstrated by
placing carefully a laver of water on a concenirated aqueous
solution of any salt. In time it will be ohserved that the
boundary between solvent and solution widens gradually
gince salt moves into the water layer and water migrates
from its layer inlo the salt solution below. Eventually, the
composition of the new solution will become uniform
throughout. This experiment indicates that substances
tend to mave or diffuse from regions of higher concentration
io regions of lewer concentrations so that differences in
coneentration eventually disappear.

Osmosis-—In carrying out the experiment just. deseribed,
it is impossible to distinguish between the diffusion of the
solute and that of the solvent. However, by separating the
solution and the solvent by means of a membrane that is
permeable to the solvent, but not to the solute (such a memn-
brane is referred to as a semipermeable membrane), il is
possible to demonstrate visibly the diffusion of solvent into
the concentrated solution, since volume changes wili oecar.
In a similar manner, if iwoe solutions of different concentra-
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lion are separated by a membrane, Lhe solveni will move
from the solution of lower solute concentration to the solu-
tion of higher solute concentration. This diffusion of sol-
vent through a membrane is called osmosts.

There is a difference between the activity or escaping
tendeney of the water moleeules found i the solvent and
salt solution separated by the semipermeable membrane.
Since activity, which is related to water conceniration, is
higher on the pure solvent, side, water moves from sclvent 1o
solution in order to equalize escaping-tendency differences.
The difference in escaping-tendency gives rise to what is
veferred to as the camotic pressure of the solution, which
might be visualized as [oliows. A semipermeable membrane
is placed over the end of a tube and a small amount of salt
solution placed over the membrane in the tube. The tube
then is immersed in a trough of pure water so that the upper
level of the salt solution initially is at the same level as the
water in the trough.  With time, solvent molecules will move
from solvent into the tube. The height of the solution will
rise until the hydrostatic pressure exerted by the column of
solution is equal Lo the osmolic pressure.

Osmotic Pressure of Nonelecetrolytes—[rom quantita-
tive studies with solutions ol varying concentration ol a
solute that does not ionize, it has been demonstrated that
osmotie pressure is proportional Lo the concentration of the
solute; ie, twice the concentration of a given nonelectrolyte
will produce twice the osmofic pressure in a given solvent.
('This is not strictly true in solutions of fairly high solute
concentration, but does hold quite well for dilute solutions.}

Furthermore, the osmotic pressures of sotutions of differ-
ent. nonelectrolytes are proportional to the number of mole-
cules in each solution. Stated in another manner, the os-
motic pressures of two nonelectrolyte solutions of the same
molal concentration are identical. Thus, a solution contain-
ing 34.2 g of sucrose {mol wt 342) in 1000 g of water has the
same osmotic pressure as a solution containing 180 g of
anhydrous dextrose (mol wt 180) in 1000 g of water. These
solutions are said to be {soosmotic with each olher because
they have identical osmeoetic pressures,

A study of the results of osmotic-pressure measurements
on different substances led the Dutch chemist Jacobus Hen-
ricus van’t Hoff, in 1885, to suggest that the solute in a
solution may be considered as being analogous to the moie-
cules of a gas and the osmotic pressure as being produced by
the bombardment of the semipermeable membrane by the
molecules of solute. According to van't Holf's theory the
osmotic pressure of a solution is equal to Lthe pressure which
the dissolved substance would exert in the gaseous state if it
occupied a volume equal to the volume of the solution.
From this it follews that, just as in the case o a gas, there isa
proportionalily between pressure and concentration of dis-
solved substance. This proportionality is illustrated well by
the values of the osmotic pressure of solutions of sucrose at
0° as determined by the Earl of Berkeley and BG.J Hartley
and shown in Table V1.

In column PV of Table VI a quantitative conlirmation, at
least for fairly dilute solutions, of van’t Hoff’s oversimplified

Table VI—Osmotic Pressure of Sucrose Solutions

ValinL

in Which 1 g Prassuro

Molg is in Atmos
Conc. (g/L), C Dissoived, ¥* P P/C PY
10.00 34.2 0.65 0.065 22.2
20.00 17.1 i2n 0.064 217
45,00 7.60 2.91 0.065 22,5
93.70 3.G5 (.23 0.067 221

@ These figures were obtained by caleulating the volume of selution in whicl
342 tmaol wi) ¢ of sucrose would he dissolved.

though usefui generalization is shown by the constancy of
the values of the product PV, Recall thal. the producl ol the
pressure and the volume of a gas, at constant temperature, is
likewige constant (Boyle's law),

Van't HolT also deduced that the osmotic pressure must be
proportional to the absolute temperature, just as in Charles’
law for gases, which deduction was confirmed by the experi-
ments of several workers, From this it follows that the
equation PV = nR7T is valid for dilute solutions of nonelec-
trolytes jusl as a similar equation ig valid for gases. Howev-
er, even as Boyle’s law does not apply Lo gases under bigh
pressures and at low temperatures, so van’l Hoil's equation
for vsmotic pressure does not apply in concentrated solu-
tions.

Osmotic Pressure of Electrolytes--In discussing the
generalizations concerning the osmotic pressure of solutions
of nonclectrolyles it was stated that the osmotic pressures of
two solutions of the same molal coneentration are identical.
This generatization, however, cannot he made for sojutions
ol eleclrolytes, ie, acids, alkalies and salts (see Chapter 17).

Tor example, sodium chloride is assumed to ionize as

NaCl — Na* -+ Cl™

It is evident that cach molecule of sodium chloride that
ionizes produces two ions and, il sodium chioride is com-
pletely ionized, there will he lwice as many particles as
would be the case if it were not. ionized at all. Furthermore,
if each ion has the same effecl on osmolic pressure as a
molecule, it might be expecled thatl the osmolie pressure of
the solution would e twice that of a solution containing the
game molal concentration of nonionizing substance.

For solutions which yield more than two ions as, for exam-
ple

K,80, —~ 2K" + 80,*
FeCl, — Fe + 3C1

it is to be expected that the complete dissociation of the
molecules would give rise to osmotic pressures that are three
and four times, respectively, the pressure ol solutions con-
taining an equivalent quantity of a nonionized solute. Ac-
cordingly, the equation PV = niRT, which may be employed
to caleulate the osmotic pressure of a dilule solution of a
nonelectroiyte, alse may be applied o dilute solutions of
electrolytes if it is changed to PV = (nR T, where the value of
{ approaches the number of ions produced by the ionization
of the strong electrolyles cited in the preceding examples.
For weak electrolytes { represents the total number of parti-
cles, ions and molecules together, in the solution, divided by
the number of molecules that would be present if the solute
did not. ionize. The experimental evidence indicales that in
dilute solutions, at least, the osmotic pressures approach the
predicted values. Itshould be emphasized, however, that in
more concentrated solutions of electrolytes the deviations
from this simple theory are considerable, due to interionic
attraction, solvation and other factors.

Biological Aspects of Osmeotic Pressure—Osmotic-
pressure experiments were made as early as 1884 by the
Dutch hotanist Hugo de Vries in his study of plasmolysis,
which term is applied to the contraction of the contents of
plant cells placed in solutions of comparatively high osmotic
pressure. The phenomenon is caused by the osmosis of
water out of the cell through the practically semipermeable
membrane surrounding the protoplasm, If suitable cells
{eg, the epiderma} cells of the leal of Tradescanta discolor)
are piaced in a solution of higher osmolic pressure than that
of the cell contents, water (ows out of the cell, causing the
contents to draw away from the celi wall. On the other
hand, if the cells are placed in solutions of lower osmotic
pressure, water enters the cell, producing an expansion
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which is limited by the rigid ¢ell wall. By immersing cells in
a series of solutions of varying solute concentration, a sofu-
tion may be found in which plasmolysis is barely detectable
or absent. The osmeotic pressure of such a solution is then
the same, or very nearly the same, as that of the cell contents,
and it is then said that the solution is isotonic with the cell
confents. Solutions of greater concentration than this are
said to be hypertonic and solutions of laower concentration,
hypotonic.

Red blood cells, or erythroeytes, have been studied simi-
larly by immersion into solutions of varying concentration of
different salutes. When introduced into water or into sodi-
um chloride solutions containing less than 0.90 g of solute
per 100 mL, human erythrocyles swell, and often burst,
because of the diffusion of water into the cell and the fact
that the cell wall is not sulficiently strong Lo resist the pres-
sure. Thig phenomenon is referred Lo as hemolysis. 1{ the
cells are placed in selutions containing more than 0.90 g of
sodium chloride per 100 ml, they lose water and shrink. By
immersing the cells in a solution containing exactly 0.90 g of
sodium chloride in 100 ml,, no change in the size of the cells
is observed; since in this solution the cells maintain their
“tone,” the solution is said Lo be isotonic with human eryth-
rocytes. [For the reasons indicated it is desirahle that solu-
tions to be injected into the blood should be made isotonic
with erythrocytes. The manner in which this may be done is
described in Chapter 79.

Distinction between Isoosmotic and Isotonic-—The
terms isoosmotic and isotonic are not to be considered as
equivalent, aithough a solution often may be described as
being both isoosmotic and isotonic. If a plant or animal cell
is in contact with a solution that has the same osmotic
pressure as the cell contents, there will be no net gain or loss
of water hy either solution provided the cell membrane is
impermeable (o all the solules present. Since the velume of
the cell contents remains unchanged, the “tone™, or normal
state, of the cell is maintained, and the solution in conlact
with the cell may be described not only as being isoosinotic
with the solution in the cell, but also as being isotonic with it.
I, however, one or more of the solules in contact with the
membrane can pass through the latter, it is evident that the
voiume of the cell contents will change, thus altering the
“tone” of the cell; in this case the two solutions may be
isoosmotic, yet not be isotonic.

It is possible that some substances used in an injection
dosage form can cause hemolysis of red blood cells, even
when their concentrations are such as to produce solutions
theoretically isoosmotic with the celis, because the soluies
diffuse through the membrane of the cells. For example, a
1.8% solution of urea has Lthe same osimotic pressure as a 0.9%
solution of sodium chloride, but the former solution pro-
duces hemolysis of red blood cells; obviously the urea solu-
tion is nol isctonic with the cells, To determine il a solution
is isotonic with eryithrocytes, it is necessary to determine the
concentration of solute at which the cells retain their normal
size and shape. A simple method for doing this was devised
by Setnikar and Temelcou,” who determined the concentra-
tion of a solution at which red blocd cetle maintained a
volume equal to that occupied in an isotonic solution of
sodium chioride. Fhe red cell volumes were determined by
centrifuging suspensions of them in different solutions, us-
ing a hematocrit tube.

Vapor-Pressure Lowering

When a nonvolatile solute is dissolved in a liquid solvent
the vapor pressure of the solvent is lowered. This easily can
be deseribed gualitatively by visualizing solvent molecules
on the surface of the solvent, which normally could escape
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into the vapor, being replaced by soluie molecules which
have little if any vapor pressure of their own. For ideal
solutions of nonelectrolytes the vapor pressure of the solu-
tion loliows Racult’s law

Po= X P00 (21)

where P is the vapor pressure of the solution, Px° is the
vapor pressure of the pure solvent and X, is the mole frac-
tion of solvent, This relationship states that the vapor pres-
sure of the solution is proportional to the number of mole-
cules of solvent in the solution. Rearranging Iiq 21 gives

(22)

where X is the mole {raction of the solute. This equation
states that the lowering of vapor pressure in the solution
relative to the vapor pressure of the pure solvent-—called
simply the relative vapor-pressure lowering——is equal Lo the
mole fraction of the solute. The absolute lowering of vapor
pressure of the selution is defined hy

P‘,\o - I)A = Xn])’\o (23)

Example—Calcutate the lowering of vapor pressure und the vapor
pressure at 20, of ¢ solution containing 50 g of anhydrows dextrose (mo}
wi 1B0,16) in 1000 g of water {imol wt 18.02),  Fhe vapor pressure of waler
at 20°, in ahsence of air, is 17.535 mm.

First, coleutale the lowering of vapor pressure, using g 23, In which

. . ) ;
X\ is the mole fraction of dextrose, defined by

y

na g

’

‘\B

where ny is the nuinber ol moles of solvent and nj is the number of moles
of solute, Substitoling numerical values

50
= D = (.278
™ T
= 3000y
Hyy 1802 8550
0.278

= 28 2 0.00498
B 555 4 0.278

the lowering of vapor pressure is
Ppo = Py = 0.00498 X 17,635
= {)0873 mm
‘The vapor pressure of the solulion is
P, = 17.585 — 0.0873

= 17,448 mm

Boiling-Point Elevation

In consequence of the [act that the vapor pressure of any
solution of a nonvolatile solute is less than that of the sol-
vent, the boiling point of the solution—the temperature al
whicls the vapor pressure is equal to the applied pressure
(commonly 760 mm)—must be higher than that of the sol-
vent., 'This is clearly evident in Fig 16-10.

The relationship between the elevation of boiling point
and the concenlration of nonvolatile, nonelectrolyle soiute
may De derived from the Clausius-Clapeyron equation (see
Chapter 15), which is

dp _P-aHy, (24)
dr R
Repiacing the differentinl expression dP/dT by AF/AT,
where A is the lowering of vapor pressure and AT, is the
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Fig 16-10. Vapor-pragsure-temperature diagram for water and an

aqueous solution, lllustrating elevation of boiling peint and fowering of
freezing paint of the latier.

elevation of boiling point, and introducing Pa°, the vapor
pressure of the solvent at its boiling point Ty, resulls in
> 0 A
MA{I‘J = !imﬂ__{{‘_‘lll (25)
A b

Since the Iowering of vapor pressure in an ideal solution is
AP = X Pye (26)

suhstitution of this equation inte lig 25, with rearrangement
to provide a solution for ATY, gives
" 9
g BTy X
ATy = S X

v

27

This equation may be used to caleulate the elevation of the
boiling point if the concentration of solute is expressed as
the mole fraction. A more common expression, however, is
in terms of the meolality m (the number of gram-moles of
solute per 1000 g of solvent), which relationship is derived as

iy ni m
= " = 98
Xy ha tny 1000/M, +m  L000/M 28)
A I3 A A

In these equations My is the molecular weight. of the solvent.
When the solutions are dilute, so that m is small, it may be
neglected in the denominator (but not in the numerator!) o
give the approximate equivalent in g 28. Substituting this
equivalent into lq 27 gives
, R TDQM Al
AT = Toooair 29

vap

Grouping the constants into a single term results in

ATy, = Kym (30
where
RT*M
h = e (31)
1000AH.

vap
and is called the molal boiling-point elevation constant.
The value of this constant for water, which boils at 373.1°
K, has a heat of vaporization of 539.7 cai/g and a molecular
weight of 18,02, is
_ 1,987 X 378.1% X 18,02

T LT P 0." ]_t o
1000 X 16,08 x 6ag.7 o8

Notwithstanding that Ky is called a molal boiling-point
elevation constant, it should not be interpreted as the actual
rise of boiling peint for a 1-molal solution. Such solutions
are generally too concentrated to exhibit the ideal behavior

K, (32)

assumed in deriving the equation for calculating the theoret-
ical value of the constant. In dilute solutions, however, the
actual boiling-point elevalion, calewlated to a I-molal basis,
approaches the theoretical value, the closer the more dilute
the solution,

The elevation of hoiling point of a dilule solulion of a
nonelectrolyte solute may be used Lo calculate the mol wi of
the latler. In o solution containing wyp g of solute of My in
g of solvent the molality m is

1000 1oy
M = (33)
waMy
substituting this inte Isg 30 and rearvanging gives
IG1000 w
B = ._.‘.’_.."_,7“,_@ (34)
waAT,

Freezing-Point Depression

The freezing point of a solvent is defined as the tempera-
ture at which the solid and liquid forms of the solvent coexist
in equilibrium at a fixed external pressure, commonly 1 atm
(760 mm of mercury). At this temperalure the solid and
liguid forms of the solvent must have the same vapor pres-
sure, for if Lthis were not so, the form having the higher vapor
pressure would change into that having the lower vapor
pressure.

The freezing point of a sclution is the temperature at
which the solid lormn of the pure solvent coexists in equilibri-
wm with the solution at a fixed external pressure, again
commenly 1 atm, Since the vapor pressure of a solulion is
lower than that of its solvent, it is obvious that solid solvent
and solution cannot coexist at the same temperature as solid
solvent and liquid solvent; only at some lower temperature,
where solid solvent and solution do have the same vapor
pressure, is equilihrium established. A schematic pres-
sure-temperature diagram for water and an agueous solu-
tion, not drawn to scale and exnggerated [or the purpose of
more effeclive illustration, shows the equilibrium conditions
involved in both freezing-point depression and boiling-point
elevation (I'ig 16-10).

The [reezing-point lowering of a solution may he quantita-
tively predicted for ideal solutions, or dilute solutions which
obey Raoult’s law, by mathematical operations similar to
{though somewhat more complex than) those used in deriv-
ing the boiling-point elevation constant. The equation for
the freezing point lowering, ATy, is

_RT*Mym

T = =K 35
(= T000AH,, T (o)
where
RT,*M,
L 36
£ 1000AH (36)

The value of K for water, which freezes at 273.1°K and has a
heat. of fusion of 79.7 cal/g, is

L. 1987 X 273.17 X 18.02
"7 1000 X 18.02 X 79.7

The molal freezing-point depression constant is nol in-
tended Lo represent the {reezing-point depression for a 1-
molal solution, which is too concentrated for the premise of
ideal behavior io be applicable. In dilute solutions the
freezing-poinl depression, calculated to a 1-molal basis, ap-
proaches the theoretical value, the agreerment between ex-
periment and theory being the better the more dilute the
solution.

1.86° (37)
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The {reezing point of a dilute solution of & nonelectrolyte
solute may be used, as was the boiling poing, to calewlate the
maolecular weight of the solute. The applicable squation is

B AT

‘The molecular weight of organic substances soluble in
molten camphor may be determined by observing the freez-
ing point of & mixture of the substance with camphor. This
procedure, called the Rost method, vses camphor hecause it
has a very large molal freezing-point-depression constant,
about 40°. Since the “constant” may vary with different
lots of camplor and with variations of technique, the meth-
od should be standardized using a solute of known molecular
weight.

Freezing-point determinations of molecular weights have
the advantage over boiling-point determinations of greater
accuracy and precision by virtue of the larger magnitude of
the freezing-point depression compared to boiling-poind. ele-
vation. Thus, in the ease of water the molal freezing-point
depression is approximately 8.5 times greater than the molal
boiling-point elevation.

(38)

Relationship between Osmotic Pressure and
Vapor-Pressure Depression

The lowering of vapor pressure and the development of
osmolic pressure in a sotution are both manifestations of the
hasic condition that the free energy of solvent molecules in
the pure soivent is greater than the {ree energy of solvent
molecules in the solution. Conseguently, solvent molecules
will transfer spontaneously, if given an opportunity, from
solvent to solution until equilibrium conditions are estab-
lished. 'The transfer can take place either through a mem-
brane permeable only to solventinolecules or, if such contact
between solvent and selution is not available, by distiliation
of solvent from pure soivent to solution, if access through a
vapor phase is provided.

If an experiment is performed with two sets of vessels
containing solution and solvent, as iliustrated in Fig 16-11,
differing only in that the Jong tube of one et has a semiper-
meable membrane attached to its lower end, while in the

- Liguid Rises .__ |
to Same Levol

Membrano
Permeable 1o
Onty Water Vapor\

{nitial
Tl Loval of ]
~Solytion—~""

i\
|

B Samiparmeoble
Membrane

. I B
T Solvent

A B
Fig 16-11, Transfer of sclvent to equat volumes of solution. A
Osmoticatly, through a semipermeable membrane separating solu-
tion and solvent, B By distillation, through a membrane separating
solution and solvent vapor.
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other a hypothetical membrane separates the vapor phases,
in time the saine hydroestatic pressure should develop in both
cases. For a definite volume, eg, a mole, of solvent trans-
ferred 1o the solution hy distillation the change of free ener-
gy, AG, in the process is

AG = RT n

P,
at. (39)
s I
Py
where 7 is the vapor pressure of the solution and P,° is the
vapor pressure of the solvent.
For the transfer of the same valume of solvent. by osmosis
the free-energy change is

AG = =V (40)

where Vy is the partiat molal volume of solvent (the volume
of 1 mole of kalvent in the solutjon) and # is the osmolic
pressure of the solution, Since the free-energy change is the
same in both processes

])
~Vyr=RTIn 4 (1)
Py
rearranging the equation yields
o 1) o
LN (49)
Va Pa

With this equation the osmotic pressure of n solution may
be calculated if its vapor pressure and the partial melsl
volume of the solvent are known, not only when the solution
is sufficiently dilute that Raocult’s law is cheyed but also
when the concentration is so high as to introduce substantial
deviation from the law,

TFrom Bq 42, which has some resemblance to van’t Hoff’s
empirical equation # V = nRT for dilute sclutions, the latter
eguation may be derived as follows. 1f a solution is suffi-
ciently dilute to correspond to Raoult’s law, then

Py= XaP,° = (1 = Xp)Py° (43}
and Lhen [8g 42 may be written
w0 (1 - Xy (44)
A

When Xp is small (as in a dilute solution}, the term ~n {1
X1) ean be shown to be approximately equal Lo X, so that

mo ==Xy {45)
A
In dilute selutions the approximations Xp = np/ny (where
nyy and n, are the maoles of solute and solvent, respectively)
and Vs = V/n, (where V is the volume of solution) may be
introduced, yielding

7V = ngRT (46}

which is van’s Hoff’s equation,

fdeal Behavior and Deviations

In setting out to derive mathematical expressions for coili-
gative properties, such phrases as “for ideal solutions™ or
“for dilute solutions™ were used Lo indicate the limitations of
the expressions. Samue] Glasstone defines an ideal selution
as “one which obeys Raoult’s law over the whole range of
conecentration and at all temperatures” and gives as speeific
characteristics of such solutions their formation only from
constituents which mix in the liquid state witheut heat
change and without volume change, These characterisiics
reflec the fact that addition of a solute to a selvent produces
no change in the forces between maolecules of the solvent.

MYLAN INST. EXHIBIT 1013 PAGE 34




226

CHAPTER 16

Thus, the molecules have the same escaping-tendency in the
solution as in the pure solvent and the vapor pressure ahove
the sotution is proportional to the ratio of the number of
solvent molecules in the surface of the solution to the num-
ber of the molecules in the surface of the solvent-—which is
the basis for Raoult’s law.

Any cbange in intermolecular forces produced by mixing
the components of a solution may result in deviation from
ideality; such a deviation may he expected particularly in
solutions containing both a polar and a nonpolar substance,
Solutions of eleciralytes, except at high dilution, are espe-
cially prone to depart from ideal behavior, even though al-
lowance is made for the additional particles that result from
ionization. When solute and solvent combine to form sol-
vales, the escaping-lendency of the solvent may be reduced
in consequence of the reduction in the number of free mole-
cules of solvent; thus, a negative deviation from Raoult’s law
is introduced. On the other hand, the escaping-tendency of
the solvent, in a solution of nonvolatile solute, may be in-
creased because the cohesive forces between molecules of
solvent are reduced by the solute; this resuits in a positive
deviation from Racult’s law, Chapter 17 considers devi-
ations {rom ideality in more detail.

While few solutions exhibit ideal behavior over a wide
range of concentration, most solutions behave ideally at
least in high dilution, where deviations from Raoult’s law are
negligible.

Comparison of Colligative Properties—In view of the
established interrelationships of the colligative properties of
ideal solutions ar very dilute real solutions, it is possible to
predict, by caleulation, the magnitude of all these properties
of such solutions if the concentration of the nonelectroiyte
solule is given. Also, if the magnitude of one of the proper-
ties, eg, the freezing point, is known for a solution of unspeci-
fied concentratlion, it is possible to calculale the vapor pres-
sure, boiling point and osmotic pressure, provided the solu-
tion is ideal or sufficiently dilute to show negligihle deviation
from ideality. To whal upper Hmit of concentration a non-
ideal solution remgins “sufficiently dilute” to show ideal
behavior is difficult to specily. The answer depends at least
in part on the degree of agreement expected between experi-
mental and theoretical values, Certainly, a I-melal concen-
tration is much too concentrated for a nonideal solution to
show conformance with ideal behavior and even in 0.1-molal
concentration, deviations are significant and for some pur-
poses may be excessive.

In dealing with colligative properties of solutions which do
not behave ideally, caution should be exercised in attempt-
ing to predict the magnitude of other colligative properties
from one that has been determined experimentally. Earlier,
an equation was derived for caleutating the vapor pressure of
a solution from its esmolic pressure, or vice versa, this equa-
ticn being valid even with solulions showing substantial
departures from ideal behavior. The equation is limited,
however, to a comparison of these colligative properties at
the same temperature. The degree of deviation from ideal
bebavior for one colligative property will be exactly the same
for another only when the temperature is the same for both,
1t does not follow that the degree of deviation of the colliga-
tive properties of a given nonideal solution will be the same
for all the properties since at least lwo of these ({reezing
point and hailing point) must be determined at guite differ-
ent temperatures. While in difute solutions the intermolec-
ular {and/or interionic) forees and interactions may change
little over the temperature interval between freezing and
boiling, in concentrated solutions tbe change may be
marked. In the absence of adequate knowledge about the
forces and interactions involved, only by experiment can one
establish the magnitude of the colligative properties of other
than very diluie nonideal solutions. It is important to keep

this in mind in estimating the osmotic pressure of a nonideal
solution at body temperature from a {reezing point deter-
mined some 37¢ lower. While in many cases--possibly the
majerity of them-—such an estimate is warranted by virtue
of essential constancy of the various forces and interactions
over a wide range of temperature, this is nol always the case
and the estimate may be significantly inaccurate,

Colligative Propertics of Electrolyte Solutions [See
Chapter 17)—Rarlier in this chapter attention was directed
to the increased osmotic pressure observed in solutions of
electrolytes, the enhanced elfect being atiributed to the
presence of ions, each of which acts, in general, in the satne
way 8s a molecule in developing osmotic pressure.  Similar
maghification of vapor-pressure lowering, boiling-point ele-
vation and freezing-peint depression occurs in solutions of
electrolyles. Thus, al a given constant temperature the
abnormal effect of an electrolyte on osmotic pressure is par-
alleled by abnormal lowering of vapor pressure; the other
colligative properties are, subject to variation of effect with
temperature, comparably intensified. Ingencral the magni-
tude of each colligative property is proportional Lo the total
number of particles (molecules and/or ions) in solution.

While in very dilute sclutions the osmotic pressure, vapor-
pressure lowering, boiling-peint increase and freezing-point
depression of sofutions of electrolyles would approach val-
ues 2, 3, 4, elc times greater for NaCl, Nay30, and NagP(y4
than in solutions of the same molality of a nonelectrolyie,
two other effects are chserved as the concentration of elec-
trolyteis increased. The {irst effect results in less than 2-, 3-
or 4-fold intensification of a culligative properly. This re-
duction is ascribed to interionic attraction between the posi-
tively and negatively charged jons, in consequence of which
the ions are not completely dissociated from each other and
do not exert their full effect in lowering vapor pressure, ete.
This deviation generally increases with increasing concen-
tration of electrolyte. The second effect intensifies the col-
ligative properties and is attributed to the altraction ol ions
for solvent molecules, which holds the solvent in solution
and reduces ils escaping-tendency, with consequent en-
hancement of Lhe vapor-pressure lowering. Solvation also
may reduce interionic atiraction and thereby further lower
the vapor pressure, These factors {and possibly others)
combine to effect a progressive reduction in the molal values
of colligative properties as the concentration of electrolyte is
inereased to 0.5 to 1 molal, bevond which the molal quanti-
ties either increase, sometimes quite ahruptly, or remain
almost constant.

Activity and Activity Coefficient

Various mathematical expressions are employed Lo relate
properties of chemical systems (equilibrium constants, coili-
gative properties, pH, etc) to the stoichiometric concentra-
tion of one or more moiecular, atomic or ionic species. In
deriving such expressions it either is stated or implied that
they are valid only so long as intermolecular, interatomic
and/or interionic forces may be ignored or remain constant,
under which restriction the system may be expected to be-
have ideally., But intermolecular, interatomic and/or intex-
tonic forces do exisl, and not only do they change as a result
of chemical reaction but also with variation in the concentra-
tion or pressure of the molecules, atoms or ions under obser-
vation. In consequence, mathematical expressions involy-
ing stoichiometric concentrations or pressures generally
have limited applicability. The conventional concentration
terms, while providing a count of molecules, atoms or ions
per unit volume, afford no indication of the physical or
chemical activity of the species measured, and H is this
activity which determines the physical and chemical proper-
ties of the system.
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In recognition of this, GN Lewis intreduced both the
quantitative coneepl and methods for evaluation of activity
as o true measure of the physical or chemical activity of
molecular, atomic or ionic species, whether in the state of
gas, liquid or solid, or whether present as a singie species or
in a mixture. Activilty may be considered toosely as a cor-
rected conceniration or pressure which lakes into account
not only the stoichiometric concentration or pressure but
also any intermolecular attractions, repulsions or interac-
tions hetween solute and solvent in solution, association and
ionization. Thus, aclivity measures the net effectiveness of
a chemical species. Because only relative values of activity
may be determined, a standard state must be chosen for
quantitative comparisons to be made, Indeed, because ac-
tivity measurements are needed for many different types of
syslems, several standard states must be selected. Since
this discussion is concerned mainly with solutions, the stan-
dard stale for the solvent is pure solvent, while for the solute
it is a hypothetical solution with free energy corresponding
to unit molality under conditions of ideal behavior of the
solution. The relationship of activity Lo concentration is
mecasured in terms of an activity coefficient which is dis-
cussed in Chapter 17,

Practical Applications of Colligative Properties

One of the most important pharmaceutical applications of
colligative properties is in the preparation of isotonic intra-
venous and isotonic lacrimal solutions, the details of which
are discussed in Chapter 79.

Other applications of the colligative properties are found
in experimental physiology. One such application is in the
immersion of tissues in salt solutions, which are isotonic with
the fluids of the tissue, in order to prevent changes or inju~
ries that may arise from osmosis.

The colligative properties of solutions also may be used in
determining the molecular weight of solutes or, in the case of
electrolytes, the extent of jonization. The method of deter-
mining molecular weight depends on the fact that each of the
colligative properties is altered by a constant value when a
definite number of molecules of solule is added to a solvent
[See Chapter 17]. For example, in dilute solutions the freez-
ing point of water is towered at the rate of 1.855° for each
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gram-molecular weight of a nonelectrolyie gissolved in 1000
g of water.*

The constant 1.855° is eommonly called the molal freez-
ing-point depression of water, To find the molecular
weight of a nonelectrolyte, therofore, all that, iz necessary is
Lo determine the freezing point of g dilute agueous solution
of known concentration of the noneleatrolyle and, by pro-
portion, to calculate the quantity tha{, would produce, theo-
retically, a depression of 1.855° when 1000 g of water is used
as the solvent. If the substance is insoluble in water, it may
he dissolved in another solvent, in which ¢age, however, the
freezing-point depression of a solution corresponding 1o a
gramn-molecular weight of the solute in 1000 g of solvent will
be some value other than 1.855°. In the case of benzene, for
example, this value is 5.12°; carbon telrachloride, 2.98%;
phenol, 7.27° and camphar, about 40° {see Freezing-Point
Depression, in this chapter).

The boiling-point elevation may be used similarly for de-
termining molecular weighls. The boiling poini of water is
raised al the rate of 0.52° for each gram-molecular weight of
solute dissobved in 1000 g of water,* the correspinding val-
ues for henzene, carbon tetrachloride and phenol being
2.57°, 4.88° and 3.60°, respectively. 'The observation of
vapor-pressure lowering and osmotic pressure likewise may
he used to calculate molecular weights.

To determine the extent to which an electrolyie is ionized,
il is necessary to know ils molecular weight, as determined
by some other method, and then Lo measure one of the four
colligative properties. The deviation of the results from
similar values for nonelectrolytes then is used in calculating
the extent of jonization.
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Electrolytes

In the preceding chapter, attention was divected to the
colligalive properties of nonelectrolytes, or substances
whose agueous solutions do not. conduct electricity. Sub-
stances whose aqueous solulions conduct electricity are
known as cleetrolyles, and are typified by inorganic acids,
bases and salts. In addition to the property of electrical
conductivity, selutions of electrolytes exhibit anomalous
colligative properties.

Colligative Properiies

In general, for nonelectrolytes, a given colligative propexty
of two equimolal solutions will be identical. This general-
ization, however, cannot be made for solutions of electro-
Lytes.

Van't Hoif pointed out that the osmotic pressure of a
solution of an electrolyte is considerably greater than the
osmotic pressure of a solution of a nonelectrolyte of the same
molal concentration. This anomaly remained unexplained
until 1887 when Arrhenius proposed a hypothesis which
forms Lhe basis for our modern theories of electroiyte solu-
lions.

This theory postulated that when electrolytes are dis-
solved in water they split up into charged particles known as
jons. Each of these ions carries one or more electrical
charges, with the total charge on the positive ions (cations)
heing equal to the total charge on the negative icns (anjons).
Thus, although a solution may contain charged particles, it
remains neutral. The increased osmotic pressure of such
solutions is due to the increased number of particles formed
in the process of ionization. For example, sodium chloride is
assumed to dissociate as

Na*C1™ P2 Na* + Cl-

It is evident that each molecule of sodium chloride which is
dissociated produces two ions and, if dissociation is com-
plete, there will he twice as many particles as would be the
case il it were not dissociated at all. Furthermore, if each
ion has the same effect on osmotic pressure as a molecule, it
might be expected that the osmotic pressure of the solution
would be twice that of a solution containing the same molat
concentration of a nonionizing solute.

Osmotic-pressure data indicate that, in very dilute salu-
tions of salts which yield {wo ions, the pressure is very nearly
double that of sotutions of equimolal concentrations of non-
electrolytes. Similar magnification of vapor-pressure low-
ering, hoiling-point elevation and freezing-point depression
occurs in dilute solutions of electrolytes.

Vaw’'t Hoffl defined a factor { as the ratio of the colligative
effect produced hy a concentration m of electrolyte, divided
hy the effect observed for the same concentration of nonelec-
trolyte, or

. w _ AP AT, AT,
ey (AP, (AT, (ATp,

in which =, AP, AT} and ATy refer to the osmotic pressure,
vapar-pressure lowering, boiling-point elevation and frecz-
ing-point depression, respectively, of the electrolyte. The
terms (), etc refer to the nonelectrolyle of the same con-
centration. In general, with strong electrolytes (those as-
sumed to be 100% ionized), the van’t Hoff factor is equal to
the numher of ions praoduced when the electrolyte goes into
solution (2 for NaCl and MgS0Qy, 3 for CaCly and NagSO,, 4
for FeClz and NagP(Qy, cte).

In very dilute solutions the osmotic pressure, vapor-pres-
sure lowering, boiling-point elevation and [reezing-point de-
pression of solutions of electroiytes approach values 2, 3, 4 or
more times greater {depending on Lhe type ol strong electro-
lyte) than in selutions of the same molality of nonelectrolyte,
thus confirming the hypothesis that an ion has the same
primary effect as a molecule on eolligalive properties. It
bears repeating, however, that two other effects are ohserved
as the concentration of electralvie is increased.

Phe first effect results in less than 2-, 3- or 4-fold intensifi-
cation of a colligative property. This reduction is ascribed
to interionic atlraction between the positively and negative-
ly charged ions, in consequence of which the ions are not
dissociated completely from each other and do not exert
their full effect on vapor pressure and other colligalive prop-
erties, This deviation generally increases with increasing
concentration of electrolyte.

The second effect intensifies the colligative properties and
is attributed to the attraction of ions for solvenl molecules
(called solvation, or, if waler is the solvent, hydration),
which holds the solvent in solution and reduces its escaping
tendency, with a consequenl enhancement of the vapor-
pressure lowering. Solvation also reduces interionic attrac-
tion and, thereby, further lowers the vapor pressure.

(1)

Conductivity

The ahility of metals to conduct an electric current results
from the mobility of electrons in the metals. This type of
conduclivity is called metallic conductance. On the other
hand, various chemical compounds-—notahly acids, bases
and salts—conduct electricity by viriue of ions present or
formed, rather than by electrons. This is called elecirolytic
conductance, and the conducting compounds are electro-
lytes. While the lact that certain electrolytes conduct elec-
tricity in the molten siate is important, their behavior when
dissolved in a solvent, particularly in water, is of greater
concern in pharmaceulical science.

The electrical conductivity (or conductance} of a solution
of an electrolyte is merely the reciprocal of the resistance of
the solution. Hence, to measure conductivily is actually to
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measure electrical resistance, commonly with a Wheatstone-
bridge apparatus, and then to calculate the conduclivity,
Fig 17-1 ia a represeniation of the component parts of the
apparatus.

The sclution Lo be measured is placed in a glass or quartz
cell having two inerl electrodes, commonly made of plati-
num or gold and coated wilth spengy platinum to absorb
gases, across which passes an alternating current generated
by an oacillalor at a frequency of about 1000 Hz. The reasen
for using alternating current is Lo reverse the electrolysis
that accurs during flow of current and which would cause
polarization of the electrodes and lead to abnoermal results.
The size of the electrodes and their dislance apart may he
varied to reduce very high resistance and increase very low
resistance in order to inerease the accuracy and precision of
measurement. Thus, solutions of high conductonce (low
resistance) are measured in cells having small electrodes
relatively far aparl, while solutions of low conductance (high
resistance} are measured in cells with large electrodes placed
close to each other,

Electrolytic resistance, like metallic resistance, varies di-
rectly with the length of the conducting medium and in-
versely with its cross-seclional area. The known resistance
required for the cireuit is provided by a resistance box con-
taining calibrated coils. Balancing of the bridge may be
achieved by sliding a contact over a wire of uniform resis-
tance until no (or minimum) current flows through the cir-
cutit, as detected either visually with a cathode-ray oscillo-
scope or audibly with earphones.

The resistance, in ohuns, is caleulated by the simple proce-
dure used in the Whealstone-bridge method. The recipro-
cal of the resistance is the conductivity, the units of which
are reciprocal ohms (also called mhos). As the numerical
value of the conductivity will vary with the dimensicns of the
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conductance cell, the value must be caleulated in terms of
specific conductance, L, which is the conductance in a cell
having electrodes of 1-sq cm cross-sectional area and 1 ¢
apart. ¥ the dimensions of the cell used in the experiment
were known, it would be possible o calceulate the specific
conductance, but this information actually is not required,
because it is possible—and much more convenient—to cali-
brate a cell by measuring in it the conductivity of a standard
solution of known specific conductance and then calculating
a “cell constant.” Since this constant is a function only of
the dimensions of the celi, it can be used to converl all
measurements in that cetl Lo specific conductivity. Solu-
tions of known concentration of pure potassium chloride are
used as standard solutions for this purpose.

Equivalent Conductance—In studying the variation of
conductance of electrolytes with dilution it is essential to
make allowance lor the degree of dilution in order that the
comparison of conductances may be made for identical
amounts of solute, This may be achieved by expressing
conductance measurements in terms of equivalent conduc-
tance, A, which is obfained by muliiplying the specific con-
ductance, L, by the volume in milliliters, V., of solution
conlaining 1 g-eq of solute. Thus

1000L,
C

where C is Lhe concentration of electrolyte in the solution in
g-Eq/L, ie, the normality of the solution. Tor example, the
equivalent conductance of 0.01 N potassium chloride solu-
tion, which has a specific conductance of 0.001413 mho/cm
may be calculated in either of the following ways

A = 0.001413 X 100,000 = 141.3 mho cm?/eq

A=LV, = (2)

or

_ 1000 X 0.001413 _ ., o

.01

Strong and Weak Electrolytes-—It is customary to clas-
sify electrolytes broadly as strong electrolytes and weak
electrolytes. The former category includes solutions of
strong acids, strong bases and most salis; the latter includes
wenk acids and bases, primarily organic acids, amines and a
few salts. The usual criterion for distinguishing belween
strong and weak electrolytes is the extent of ionization, An
elecirolyle existing entirely or very largely as ions is consid-
ered o strong electrolyte, while one that is a mixture of a
substantial proportion of molecular species along with ions
derived therefrom is a weak electrolyte. For the purposes of
tbis discussion, classification of electrolytes as strong or
weak will be on the basis of certain conductance characteris-
tics exhibited in agueous solulion,

The equivalent conductances of & nunber of electrolytes,
at different concentrations, are given in Table I and for
certain of these elecltrolyles again in PFig 17-2, where the

A

Table -—Equivalent Conductances at 25°

g-Eq/L HGt HAc NaCl

KCI Nal Kl NaAc

Inf dil 4261 390.6% 126.5

0.0005 422.7 67.7 124.5
0.001 421.4 49.2 123.7
0.005 415.8 22.9 1206
0,01 412.0 16,3 118.5
Q.02 407.2 11.6 115.8
Q.05 399.1 7.4 111.1
0.1 391.3 5.2 106.7

149.9 326.9 150.3 91.0
147.8 125.4 . 89.2
146.9 124.3 e 88.5
143.5 121.3 144.4 85.7
141.3 119.2 142.2 83.8
138.3 116.7 139.5 81.2
1334 i12.8 135.0 76.9
129.0 108.8 131.1 72.8

a The equivalent conductance at infinite dilution for acetic neid, & weak clectrolyte, is obtnined
by ndding the equivadent conductances of hydrochloric acid and sodiun acetate and subtracting

that of sedium chloride (see Lext for explanation),
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equivalenl conductance is plotted against the square root of
conceniration. By plotting the data in this maunner a linear
relationship is observed for strong electrolytes, while a
steeply rising curve is noted for weak electrolytes; this differ-
ence is a characteristic which distinguishes strong and weak
electrolytes. The interpretation of the steep rise in the
equivalent. conductance of wealk eleetrolytes is that the de-
gree of jonization increases with dilution, becoming com-
plete at infinite dilution. Interionic interference effects
generally have a minor role in the conductivity of weak
electrolytes. With strong electrolytes, which usually are
completely ionized, the increase in equivalent conductance
results not from increased ionization but rather from dimin-
ished ionic interference as the solution is diluted, in conse-
quence of which ions have grealer freedom of mobilily, ie,
increased conductance.

The value of the equivalent conductance extrapolated to
infinite dilution (zero concentration), designated by the
symbol Ap, has a special significance. [t represents the
equivalent conductance of the completely ionized electro-
Iyte when the ions are so far apart that there is no interfer-
ence with their migration due to interionic interactions. It
has been shown, by Kohlrausch, that the equivalent eonduc-
tonce of an electrolyte at infinite dilution is the sum of the
equivalent conductances of its component ions at infinite
dilution, expressed symbolically as

Table {|—Equivalent lonic Conductivities at Infinite Dilution,

at 25°

Calions [ Anions I

Ht 349.8 O~ 198.0

Li* 38.7 Ct- 76.3

Na! 50.1 Br- 78.4

K 73.5 " 76.8

NH G1.9 A 40.9
#HCn 59.5 1/28042— 769.8
Mg 53.0

Ay = lylcation) + [{anion) {3

The significance of Kohlrausch’s law is that each jon, at
infinite dilution, has a characteristic value of conductance
that is independent of the conductance of the oppositely
charged ion with which it is associated. Thus, if the equiva-
ient conductances of various ions are known, the conduc-
tance of any electrolyle may be caleulated simply by adding
the appropriate ionic conductances. Since the fraction of
current carried by cations (transference number of the cat-
fons) and by anions (transference number of anions) in an
electrolyte may be determined readily by experiment, jonic
conductances are known. Table Il gives Lhe equivalent jonic
conductances at infinite dilution of some cations and anions.
It is not necessary to have this information in order Lo caleu-
late the equivalent conductance ol an electrolyte, for Kohl-
rausch’s law permits the latter to be calculated by adding
and subtracting values of Ay for appropriate electrolytes.
For example, the value of Ay lor acetic acid may be caleulat-
ed as

Ag{CH,COOH) = A {HCL} + Ay(CH,COONa) — Ay(NaCl)
which is equivalent to
L(HY) 4 [,(CH,CO07) = Io(H") 4+ §,(C17) + I,(Na*} +
1,(CH,CO07) — [j(Nat) — 1,{C17)

This methed is especially useful for calculating Ay for
weak electrolytes such as aceticacid. Asis evident from Fig
17-2, the Ap value for acetic acid cannot he determined accu-
rately by extrapolation because of the steep rise of condue-
tance in dilute schutions, For strong electrolytes, on the
other hand, the extrapotation can be made very accurately.
Thus, in the example above, the values of Ag for HCL,
CH3C00Na and NaCl are determined easily by extrapola-
tion since the substances are strong electrolytes. Substitu-
tion of these extrapolated values, as given in Table I1, yields
a value of 390.6 for the value of Aq for CH;COOH.

Tonization of Weak Electrolytes—When Arrhenius in-
troduced his theory of ionization he proposed that the de-
gree of ionization, «, of an electrolyte is measured by the
ratio

o= A/An (4]

where A is the equivalent conductance of the elecirolyle at
any specified concentration of solution and Aq is the equiva-
lent conductance at infinite dilution. As strong electrolytes
were not then recognized as being 100% ionized, and inter-
jionic interference effects had not been evaluated, he he-
lieved the equation to be applicable Lo hoth strong and weals
electrolyles. Since it now is known that the apparent varia-
tion of ionization of strong electrolytes arises from a change
in the mobility of ions at different concentrations, rather
than [rom varying ionization, the equation is not applicable
to strong electrolytes. It does provide, however, a generally
acceptable approximation of the degree of ionization of weak
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electrolytes, for which deviations resulting from neglect of
activity coefficients and of some change of ionic mohililies
with concentration are, for most purposes, negligible, The
following example iilusirates the use of the equation to cal-
culate the degree of ionization of a typical weak electrolyte.

Evample——Caleulate the degree of fonization of 1 X 1073 N acetic ncid,

the equivalent. conductance of which is 48,15 mho cm?/Eq. The equiva-
lent conductance at infinite difution is 390.6 mho cin*/Eq.

_ 4815 _
390.6

% ionization = 100« = 12%

The degree of dissociation also can he calculated using the
van't Hoff factor, I, and the following equation

i—1
T (5)
v—1
where v is the number of ions into which the electrolyte
dissociates.
Example---A 1.0 X 1073 N solution of acetic acid has a van't Holf

foctor equal to 1,12, Caleulate the degree of dissociation of the acid at
this concentration.

Lipl 1121
v-1 2-1

=012

This resuit agrees with that oblained using equivalent condoctance and
Eq 4.

Modern Theories

The Arrhenius theory explains why solutions of electro-
tytes conduct electricity, why they exhibit enhanced colliga-
live properties and essentially is satisfactory for solulions of
weak electrolytes. Several deficiencies, however, do exist
when it is applied to solutions of strong electrolytes. 1t does
not explain the failure of strong electrolytes to follow the law
of mass aclion as applied to ionization; discrepancies exist
between the degree of ionization calculated from the van't
Hoff factor and the conductivity ratio for strong electrolyte
solutions having concentrations greater than about 0.5 M.

These deficiencies can be explained hy the following ob-
servatlions

1. Inthe molten state, strong electrolytes are excellent conductors of
oleetricity. ‘This suggests that {hese materials are alveady ionized in the
crystalline state. Further support for this is given by X-ray studies of
cerystals, which indicate that the units comprising the basic lattice strue-
ture of atrong clectrolytes are ions.

2. Arrhenius neglected the fact that jous in solution, being oppositely
charged, tend Lo associate through electrostatic attrnction, In selutions
of weak electrolyies, the number of ions is not Jarge and it is not surpris-
ing thal electrostatic attractions do not cause appreciable devintions
fromn theory., In dilute solutions, in which strong electrolytes are as-
sumed ¢ be 100% ionized, the pumber of jons is large, and interionic
attractions Decome major factors in determining the chemical properties
of these solutions. These effects should, and do, become more pro-
nounced as {he concentration of electrolyte or the valence of the jons is
ingreased.

It is not surprising, therefore, that the Arrhenius theory of
partial ionization involving the law of mass action and ne-
glecting ionic charge does not hold for solutions of strong
electrolytes. Neutral molecules of strong electrolytles, if
they do exist in solution, must arise from interionic attrac-
tion rather than from incomplete ionization.

Activity and Activity Coefficients—Due to increased
elecirostatic atlractions as a solution becomes more concen-
trated, the concentration of an ion becomes less efficient ns a
measure of ils net effectiveness. A more efficient measure
of the physical or chemical effectiveness of an ion is known
as its aetivity, which is a measure of an ion’s concentralion
related Lo its concentration al a universally adopted refer-
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ence-standard state. The relationship hetween the activity
and the concentration of an ion can he expressed as

a4 =my {6)

where m is the molal concentration, v is Lhe aclivity coeffi-
cient and a is the aclivity., The activity also can bhe ex-
pressed in terms of molar concentration, ¢, as

a=fc ¥

where [ is the activity coefflicient on a molar scale. In dilufe
solutions (below 0.01 M) the two activity coefficients are
identical, for all practical purposes.

The activity coeflicient may be determined in various
ways, such as measuring colligative properties, electromo-
tive force, solubility, distribution coefficients, ete. For a
strong electrolyte, the mean ionic activity coefficient, vy, or
fr, provides a measure of the deviation of the electrolyte
from ideal behavior. The mean fonic activity coefficients on
a molal basis for several strong electrolytes are given in
Tahle If. IL is characteristic of the electrolyles thal the
coefficients at first decrease with increasing concentration,
pass through a minimum and finally inerease wilh incredsing
conceniration of electrolyte.

Tonic Strength—Ionic strength is a measure of the inten-
sity of the electrical field in a solution and may he expressed
ns

u="hZezl (8)

where z; is the valence of ion i. The mean ionic activity
coefficient is a function of ionic strenglh as are such diverse
phenomena ns solubilities of sparingly soluhle substances,
rates of ionic reactions, effects of salts on pH of buffers,
electrophoresis ol proteins, ete.

The greater effectiveness of ions of higher charge typecna
specific property, coinpared with the effectiveness of the
same number of singly charged icus, generally coincides with
the ionic strength calculated by Eq 8. The variation of ionic
strength with the valence {charge) of the ions comprising a
strong electrolyte should he noted.

For univalent cations and univalent anions (called uniuni-
valent or 1-1) electrolyles, the fonic strength is identical
with molarity. For bivalenl cation and univalent anicn
(biunivalent or 2-1) electrelytes, or univalent cation and
hivalent anion (unibivalent or 1-2) electrolytes, the ionic
strength is three times the molarity. For bivalent cation
and bivalent anion (bibivalent or 2-2) electrolytes, the ionic
strength is four times the molarity. These relationships are
evident from the following example.

Example—Caiculate the ionic strength of 0.3 M solutions of NaCl,
NugS04, MeCly and MgS0y, respectively. For

NaCl 4 =% (0.1 X124+ 01 %1% =0.1
N2,80, & ="%(02X12+0.1X2% =03
MgCl, p="%01x2%+02x1%) =042
MgSO, w="%h01x22+01%x2% =04

The ionic strength of a solution containing more than one
electrolyle is the sum of the ionic strengths of the individual
salts comprising the solution. ¥For example, the ionic
strength of a solution containing NaCl, Na;SQy, MgClg and
MgSQy, each at a concentration of 0.1 M, is 1.1.

Debye-Hiickel Theory—The Dehye-Hiickel equations
which are applicable enly to very dilute solutions {aboul 0.02
@), may be extended to somewhat more concentrated solu-
tions {about 0.1 p) in the simplified form

(9
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Table lli-——Values of Some Saiiing«Ou('Constanls for
Various Barbilurates at 25°

Barbiluraie KCI KBr MNaCl NaBr
Amobarbital 0.168 0.095 0.212 0.143
Aprobarbital (L1336 {.062 0.184 0.120
Barbital (.092 {.042 0.136 0.088
Phenobarbital 0.002 0.034 (.132 0.078
Vinbarbital 0.125 0.036 0,143 0.096

'The mean ionic activity coefficient for aqueous solutions of
electrolytes at 25° can be expressed as

~0.5] 2,2
log /, = ———— e (10)
Ju

in which z, is the valenee of the cation and z.. is the valence
of the anton. When the ionic strength of the solution be-
comes high {approximately 0.3 to 0.5), these equations be-
come inadequale and a linear term in g is added. This is
iustrated for the mean ionic activity coefTicient.

~(0.51 z 2. u
log f, = ———mcr——+ K
1+ \[p',
in which K, is a “salting-out” constani chosen empirically
for each salt. This equation is valid for solutions with ionic
strength up to approximately 1.

Salting-Out Bffect-—The agueous solubility of a slightly
soluble organic substance generally is affected markedly by
the addition of an electrolyle. 'This effect particularly is
noticeable when the electrolyte concentration reaches 0.5 M
or higher. 1f the agueocus solution of the organic substance
has a dielectric constant lower than thal of pure water, its
solubility is decreased and the substance is “salted-out.”
The use of high concentrations of electrolytes, such as am-
moniwm sulfate or sodium suifate, for the separation of pro-
teins by differential precipitation is perhaps the most strik-
ing example of this effect. The agueous solutions of a few
substances such as hydroeyanic acid, glycine and cystine
have a higher dielectric constant thar thal of pure water,
and these substances are “salted-in.” These phenomena
can be expressed empirically as

log S = log Sy + Kan

(1)

(12)

in whiclt Sy represents the solubility of the organic substance
in pure water and 8 is the solubility in the elecirvolyte solu-
tion. The slope of the straight lne obtained by plotting log
& versus m is positive lor “salting-in” and negative for salt--
ing-out. Interms of ionic strength this equation becomes

log S =log Sy + K,/u (13}

where K" = K, for univalent saits, K = K,/3 for unibivalent
salts and K, = K./4 for bivalent salts. ‘The salting-out
constant depends on the temperature as well ag the nature of
hoth the organic substance and the electrolyte. The effect
of the electrolyte and the organic substance can be seen in
Table III. In all instances, if the anion is constant, the
sodivm calion has & greater salting-out effect than the potas-
sium cation, probably due to the higher charge density of the
former. Although the reasoning is less clear, it appears that
for a constant cation, chloride anion has a greater effect than
bromide anion upon the salting-out phenomenon.

Acids and Bases

Arrhenius defined an acid as a substance that yields hy-
drogen ions in agueous solution and a base as a subslance

that yields hydroxy) ions in aqueous selution, Iixcept for
the fact that hydrogen ions neutralize hydroxyl ions Lo form
water, ne complementary relationship between acids and
bases (such as that between exidanis and reductants, for
example) is evident in Arrhenius’ definitions for these sub-
stances; rather, their oppositeness of character is empha-
sized. Moreover, no accound is taken of the behavior of
acids and bases in nenagueous solvents.  Also, while acidity
is associated with so clementary a particle as the proton
(hydrogen jon), basicity is attributed to so relatively com-
plex an association of atows as the hydroxyl jon. Tt would
seem that a simpler concept of a base could be devised.

Proton Concept—In pondering the objections to Arrhen-
iug’ definitions, Brgnsted and Bjerrum in Denmark and
Lowry in England developed, and in 1923 announced, amore
salisfactory, and more general, theory of acids and bases.
According to this theory an acid is a substance capable of
yielding a proton (hydrogen ion), while a base is a substance
capable of accepting a proten. This complementary rela-
tionship may be expressed by the general equation

acid

The pair of substances thus related through mutual ability
to gain or lose a prolon is ealled a conjugale aeid-base pair.
Specific examples of such pairs are

Acid Base

HCles HY + €17

CH,CO0H = H* + CH,C00™
NI, e Y + NH,
HCO, ™ = H" + ¢0,%
H, PO, = HY + HPO
H,0 = H* + OH"
H,O" == H' -+ H,0
AI(H0) 2 e HY 4 AIH,0),0H9%*

1t i3 apparent thal not only molecules but also cations and
anions may funclion as acids or bases.

The complementary nature of the acid-base pairs listed is
reminiscent of the complementary relationship of pairs of
oxidants and reductants where, however, the abilily to gain
or lose one or more ¢lectrons—rather than protons—is the
distinguishing characteristic.

Oxidant Reductant
Jed? 4 g we [
Nat+¢” = Na

AR

However, these examples of acid-base pairs and oxidant—
reductant pairs represent reactions that ore possible in prin-
cipleonly. Qrdinarily acids will not release free prolons any
more than reductants will release free electrons, That is,
protons and elecirons, respectively, can be fransferred only
from one substance (an ion, atom or molecule) to another.
Thus, it is a fundamental fact of chemistry that oxidation of
one substance will oceur ondy if reduction of another sub-
stance oceurs simulianeously. Stated in another way, elec-
trons will be released from the reductant {oxidation) only if
an oxidant capable of accepting electrons (reduction) is
present. Tar this reason oxidation-reduction reactions
must involve two conjugate oxidant-reductant pairs of sub-
slances
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oxidant, + reductant, == reductant, + oxidant,

where Subscript 1 represents one conjugate oxidant-reduc-
tant pair and Subscript 2 represents the other.

Similarly, an acid will nol release a proton unless a base
capable of accepting it is present simultaneously., This
means that any actual manifestation of acid-base behavior
must involve interaction between two sets of conjugate acid-
base pairs, represented as

A+ By

acid; hase;

......

+ Ay

acid;

B,

base,

In such a reaction, which is called protolysis or a protolytic
reaction, A, and B, constitute one conjugate acid-base pair
and A; and B; the olher; the proton given up by A; (which
thereby hecomes B;) is transferred to By (which becomes
Ag).

When an acid, such as hydrochloric, is dissolved in water, a
protolytic reaction occurs.

HCl + Hy0 = CI~

bases

ncid; base; acidy
The ionic species HyO", called hydronium or cxonium ion,
always is forined when an acid is dissolved in water. Often,
for purposes of convenience, this is writlen simply as H* and
is called hydrogen ion, although the “bare” ion practically is
nonexistent in solution,

When a base, eg, ammonia, is dissolved in water the reac-
tion of protolysis is

NH: + Hy0 ==

base;

NH.* + OH-

acids acid) base,

The proton theory of acid-base function makes the con-
cept of hydrolysis superfluous. When, for example, sodium
acetale is dissolved in water, this acid-base interaction oc-
curs

CH,C00~ + Hy0 == CHyCOOH + OH~

base acidy acid, base;

In an aquecus solution of ammonium chloride the reaction is
NH,* + Hy0 = NH; + H.0t

acid base; hase; acid,

Transfer of protons (protolysis) is not limited to dissimilar
conjugate acid-base pairs. In the preceding examples Hz0
sometimes behaves as an acid and atl other times as a base.
Such an amphoteric substance is called, in Br¢nsted’s ter-
minology, an amphiprotic substance,

Electron-Pair Conecept—While the proton concept of
acids and bases provides a mnore general definition for these
subsiances, it does not indicate the basic reason for proton
transfer, nor dees it explain how such substances as sulfur
trioxide, horon trichloride, stannic chloride or carbon diox-
ide—none of which is capahle of donating a proton—can
behave as acids. Both deficiencies of the proton theory are
avoided in the more inclusive definition of acids and bases
proposed by Lewis in 1923, In 1916 he proposed that shar-
ing of a pair of elecirons by two atoms eslablished a bond
{covalent) between the atvms; therefore, an acid is a sub-
stonce capable of sharing a pair of electrons made available
by another substance called a base, thereby forming a coor-
dinate covalent bond, The base is the substance that do-
nates a share in its electron pair to the acid. The following
equation illustrates how Lewis’ definitions explain the
transfer of a proton (hydrogen ion) to ammonia to form
ammaonium ion.
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H H 1
H+ 4 :N:H - | H:N:»4
H H

The reaction of boron trichloride, which according lo the
Lewis theary is an acid, with ammonia is similar, for the
boron lacks an electron pair i il is to attain a stalle octel
configuration, while ammonia has a pair of electrons which
may be shared, thus

Cl H CIH
Cl:B + :N:H - Cl:B:N:H
Cl 21 CIH

Leveling Effect of a Solvent—When the strong acids
such as HCIQ,, Ha804, HCE or HNQ; are dissoived in water
the solutions—if they are of identical normality and are not
too concentrated—all have about the same hydrogen-ion
concentration, indicating the acids to be of aboul the same
strength. The reason for this is that each one of the acids
undergoes practically complete protolysis in water.

HCl + H,0 ~Cl- + H30*

acid,  base base;  acidy

This phenomenon, called the leveling effect of water, occurs
whenever the added acid is stronger than the hydronium ion.
Such a reaction mnanifesis the tendency of proton-transfer
reactions to proceed spontaneously in the direction of forin-
ing a weaker acid or weaker base.

Since the strongest acid that can exist in an amphiprotic
solvent is the conjugate acid form of the solvent, any siron-
ger acid will undergo protolysis to the weaker solvent acid.
Since HCIO,, Hy50,4, HCl or HNQ; are ali stronger acids
than the hydronium ion, they are converled in water to the
bydronium ion.

When the strong bases sodium hydride, sodium amide or
sodium ethoxide are dissolved in waler, each reacts with
water to form sodium hydroxide. These reaclions illustrate
the leveling effect of water on bases. Since the hydroxide
fon is the strongest base which can exist in water, any base
stronger than the hydroxide ien undergoes protolysis Lo hy-
droxide.

Intrinsic differences in the acidity of acids become evident
if they are dissolved in a relntively poor proton aceeptorsuch
as anhydrous acetic acid. Perchloric acid (HCiQy), a strong
acid, undergoes practically complete reaction with acetic
acid

HCI0, + CH;COO0H — 10,4~ + CHzCOOH.*
acid; bascy base, acids
(strong) {strong) {(weak) {weak)

but sulfuric acid and bydrochloric acid behave ns weak acids.
It is because perchloric acid is a very strong acid when dis-
solved in glacial acetic acid that it has found many important
applications in analytical chemistry as a titrant for a variety
of substances which behave as bases in ncetic acid, Because
of its ability to differentiate the acidity of various acids, it is
called a differentiating solvent for acids; this property re-
sults from its relatively weak proton-acceptor tendency. A
solvent that differentiates basicity of different hases must
bave a weak proton-donor tendency; it is called a differenti-
ating solvent for bases. 'T'ypical of solvents in this category
is liquid ammonia. Solvents that have hoth weak proton-
donor and proton-acceptor tendencies are called aprotic sol-
vents and may serve as differentiating solvents for both
acids and bases; they have little if any action on solutes and
gerve mainly as inert dispersion media for the solutes. Use-
ful aprotic solvents are benzene, toluene or hexane.
Yonization of Acids and Bases-—-Acids and bases com-
monly are classified as strong or weak acids and strong or
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weak bases depending on whether they are ionized exten-
sively or slightly in agueous solutions. 1f, for example, I N
aqueous solutions of hydrochlorie acid and acelic acid are
compared, it is found thatl the former is a better conductor of
electricity, reacts much more readily with metals, catalyzes
cerlain reactions more efficiently and possesses a more acid
taste than the latter. Both solutions, however, will neutral-
ize identical amounts of alkali. A similar comparison of 1 N
solutions of sodium hydroxide and ammonia reveals the
former to be more “active” than the latter, although both
solutions will neutralize identical gquantities of acid.

T'he differences in the properties of the two acids is attrib-
uted to differences in the concentration of hydrogen {more
accurately hydroniwm) fon, the hydrechloric acid being ion-
ized to a grealer extent and, therefare, containing a higher
conceniralion of hydrogen ion than acetic acid. Similarly,
most of the differences helween the sodiun hydroxide and
ammonia solutions are aliributed to the higher hydroxyl-ion
concentlration in the former.

The ionization of incompletely ionized acids may be con-
sidered a reversible reaction of the type

HA <= H" + A~

where HA is the molecular acid and A~ is ils anjon,  An
equilibrium expression based on the law of mass action may
e applied 1o the reaction

= BIAT]
Ko=)

where K, is the jonization or dissociation constant, and the
brackets signify coneentration. For any given acid in any
specified solvent and at any constant temperature, K, re-
mains relatively constant as the concentration of acid is
varied, provided the acid is weakly lonized. With increas-
ingly stronger acids, however, progressively larger deviations
oceur.

Although the strength of an acid commonly is measured in
terns of the ionization or dissociation constant defined in
&g 14, the process of jonization probabty is never as simple
as shown above. A proton simply will not detach itself from
one molecule unless il is accepted simultaneously by another
molecule. When an acid is dissolved in waler, the latter acts
as a base, accepling a proton (Brgnsted’s definition of a
base) by donating a sharve in a pair of electrons (Lewis’
definition of a base). This reaction may be wrilten

HA + {0 =A- + H,0F

hases aeidy

(14)

acid, bases
Application of the law of mass action to this reaction gives

_ [H,07){A7]

S o ML S A
[ A][H,0] (15)
since [HyO] is a constant this equation may be written
[H,0"][A7]
K, =t
; [HA] (16)

This equation is identical with Eq 14 because [Ha0%] is
numerically equai to JH*].

Acids which are capable of donating more than one proton
are termed polyprotic, The ionization of a polyprotic acid
oceurs in stages and can be illustrated by considering the
equilibria involved in the ionization of phosphoric acid

H,PO, + H,0 =+ H,PO,” + H,0*

HPO2™ + H,0 w2 PO 4 H,0°

Application of the law of mass action to this series of reac-
tions gives

_ {H,PO, ][R0

K, = 17
R ERTON ar
HPO,2)|H,0"
K., = i_..“m‘_”H*OW] {18)
- [HQPO,{']]
PO (HLO0
= LSMJ (m

3 .
[HPO,*

If the three expressions for the ionization constants are mul-
tiphied tagether, an overall ionization, K, can be obtained

K= KKK, = PO, 11H,0')"
e [HyPO,]

Each of the successive ionizations is suppressed by the hy-
dronium ion formed from preceding stages according to Le
Chatelier’s principle. The successive dissocintion constants
always decrease in value, since successive protons must be
removed {rom species thal are always more negatively
charged. This can be seen from the data in Table IV, in
which K, for phosphoric acid is approximately 100,000 times
greater than Ky, which is in turn appreximately 100,000
thnes greater than Ky Although successive dissociation
constants are always simaller, the difference is notl always as
great as it is for phosphoric acid.  Tartaric acid, lor example,
has K| = 9,12 X 10~ and Ky = 4.27 X 1075,

Lonization of a base ean be illustrated by using the specific
substance NHj for an example.  According to Brynsted and
Lewis, when the base NHy is dissolved in water, the latier
aels as an acid, donating a proton to NHy, which accepts it by
offering a share in a pair of electrons on the nitrogen atom.
This reaction is written

(20)

0¥~
base acid

The equilibrium expression for this reaction is

_[NH,OH)

= et (1)
[NH,]{H,0]
with [H;0] constant this expression may be wrilten
NH,*][0H"
_ INB(0H7] .

b INH)

Tonization of Watler—Although it is a poor conductor of
electricity, pure water does ionize through a process known
as autoprotolysis, in the following manner

211,0 «= H,0* + OH"
Application of the law of mass action to this reaction gives
_ [H,0%][0H7]

|H,0?

where K is the equilibrium constant for the reaction. Since
the concentration of HsQ {molecular waler) is very much
greater than either the hydronium-ion or hydroxyl-ion con-
centrations, it can be considered to be constant and can be
combined wilth X to give a new constant, K, known as Lhe
ion produet of water, and Eq 23 becomes

]<w = [H30+} [OI{-] (24}

The numerical value of J{,, varies with temperature; al 25° it
is approximately equal to 1 X 10774,

Since the autopratolysis of pure water yields one hydroni-
um lon for each hydroxyl ion produced, [HxO"] must be
equal to [OH™]. At 25° each has a value of 1 X 1077 moles/

{23)
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Table IV—Dissoclation Constants in Water at 25°

Substance K
Weak Acids
Acetic 1.75 X 1073
Acetylsalicylic 3.27 X 10~
Barbital 1.23 X 10-8
Barbituric 1.05 X 1074
Benzoic 6.30 X 103
Benzyl penicillin 1.74 X 1073
Boric K, 58 x10-W
Caffeine 1 XxX10°M
Carbonic K\ 4.31 X 10~7
K, 4.7 X101
Citric (1H,0) K, 70 x10-4
K, 1.8 x10-%
K, 4.0 x 1077
Dichloroacetic 5 %1072
Ethylenediaminetetra- K, 1 X102
acetic acid (EDTA) K, 2.14 X 1073
K, 6.92 X 1077
K, 55 x10°1
Formic 1.77 X 10~4
Glycerophosphoric K, 3.4 %102
K, 64 %1077
Glycine K, 4.5 X103
K, 1.7 x10°¥®
Lactic 1.39 X 107
Mandelic 429 x 101
Monochloroacetic 1.4 x10-3
Oxalic (2H,0) K 55 X102
K, 53 x10°%
Phenobarbital 39 %108
Phenol 1 x10-1°
Phosphonc K, 7.5 x107?
K, 62 x10°8
K; 2.1 x10°®
Picric 42 x107!
Propionic 1.34 X 107
Saccharin 2.5 x10-2
Salicylic 1.06 X 10-3
Succinic K, 6.4 Xx10°°
K, 23 x10-¢
Sulfadiazine 3.3 x1077
Sulfamerazine 8.7 x10-8
Sulfapyridine 36 x10°°
Sulfathiazole 7.6 X108
Tartaric K, 96 X107
K, 4.4 X 10°%
Trichloroacetic 1.3 x 107!
Weak Bases
Acetanilide 4.1 X 107M(40°)
Ammonia 1.54 X 107°
Apomorphine 1.0 x 107
Atropine 45 x10°%
Benzocaine 6.0 X102
Caffeine 4.1 X 10°11(40°)
Cocaine 2.6 x10°6
Codeine 9 Xx10°°
Ephedrine 23 x10°%
Morphine 74 %1077
Papaverine 8 Xx107?
Physostigmine K, 76 X107
K, 57 x10-1
Pilocarpine K, 7 X107t
K, 2 X 10°13
Procaine 7 %x10°¢
Pyridine 14 x10°%
Quinine K, 1.0 x10°¢
K, 1.3 x10°'
Reserpine 4 %107
Strychnine K, 1 x10°¢
K, 2 x 10-12
Theobromine 4.8 X 10714(40°)
Thiourea 1.1 x10-%
Urea 1.5 x 10~
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liter (1 X 10-7 X 1 X 10-7 = K, = 1 X 10714). A solution in
which [H30*] is equal to [OH "] is termed a neutral solution.

If an acid is added to water, the hydronium-ion concentra-
tion will be increased and the equilibrium between hydroni-
um and hydroxyl ions will be disturbed momentarily. To
restore equilibrium, some of the hydroxyl ions, originally
present in the water, will combine with a part of the added
hydronium ions to form nonionized water molecules, until
the product of the concentrations of the two ions has been
reduced to 10-. When equilibrium again is restored, the
concentrations of the two ions no longer will be equal. If, for
example, the hydronium-ion concentration is 1 X 103 N
when equilibrium is established, the concentration of hy-
droxyl ion will be 1 X 10~1! (the product of the two concen-
trations being equal to 10~1). Since [H30*] is much greater
than [OH"), the solution is said to be acid or acidic.

In a similar manner, the addition of an alkali to pure water
momentarily disturbs the equilibrium between hydronium
and hydroxy) ions. To restore equilibrium, some of the
hydronium ions originally present in the water will combine
with part of the added hydroxyl ions to form nonionized
water molecules. The process continues until the product of
the hydronium and hydroxyl ion concentrations again is
equal to 10-4. Assuming that the final hydroxyl-ion con-
centration is 1 X 10~ N, the concentration of hydronium ion
in the solution will be 1 X 1071%.  Since [OH"] is much
greater than [H;0*), the solution is said to be basic or alka-
line.

Relationship of K, and K,—A particularly interesting
and useful relationship between the strength of an acid and
its conjugate base, or a base and its conjugate acid, exists.
For illustration, consider the strength of the base NH; and
its conjugate acid NH¢*, in water. The behavior of NH;asa
base is expressed by

NH, + H,0=NH,* + OH"
for which the equilibrium, as formulated earlier is
(NH,*]{OH"]
Ky=——
(NH,]
The behavior of NH,* as an acid is represented by
NH,* + H,0 = NH, + H,0*

(25)

the equilibrium constant for which is

- [NH,][H;0*]

¢ (NH,]
Multiplying Eqgs 25 and 26
_ INH,][H,0*][NH,"][0H"]
[NH,*][NH,]

It is obvious that the product

K,=K K, (28)
where K,, is the ion product of water as defined in Eq 24.

The utility of this relationship, which is a general one for

any conjugate acid-base pair, is evident from the following
deductions: (1) the strength of an acid may be expressed in
terms either of the K, or the K, of its conjugate base, or vice
versa; (2) the K, of an acid may be calculated if the K of its
conjugate base is known, or vice versa and (3) the stronger an
acid is, the weaker its conjugate base, or vice versa.

Bases which are capable of interacting with more than one
proton are termed polyacidic, and can be illustrated by

PO + H,0 =HPO} + OH"™
HPO,*” + H,0 = H,PO,” + OH"

(26)

KK, @7
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H,PO," + H,0 « H,PO, + OH™

Applying the law of mass action to this series of reactions,
and using the concepts outlined in Eqs 25 to 28, it becomes
ohvious that the relationship between the various K, and K,
values for phosphoric acid are

K, =K XK= K XKy=K

where J(,|, Ko and K5 refer to the equilibria given by gs
17, 18 and 19, respectively; Ky, Kip and K3 refer to the
reaction of PO, HPOZ and H.PO,™, respectively, with
walter. )

Flectronegativity and Dissociation Constants—Table
1V pives the dissociation constants of several weak acids and
weak bases, in waler, at 25°. ° As pointed oul previously,
strong acids and strong bases do not obey the law of mass
action, so thatl dissecialion constants cannot he formulated
for these strong electrolytes.

From an inspection of this table it is evident that great
variations occur in the strength of weak acids and weak
hases. 'The effect of various substituents on the strength of
acids and bases depends on the electronegativity of the sub-
stitugnt atom or radical. For example, the substitution of
one chlorine atom into the molecule of acelic acid increases
the degree of ionization of the acid. Substitution of two
chlorine aloms further increases the degree of ionization,
and introduction of three chlorine aloms produces a still
stronger acid, Acetic acid ionizes primarily hecause the
oxygen atom adjacent to the hydrogen atom of the carhoxyl
group has a stronger affinity for electrons than has the hy-
drogen atom. Thus, when acetic acid is dissolved in water
the polar molecules of the latter have a stronger affinity for
the hydrogen of acetic acid than the latter, The acetic acid
jonizes as a consequence of this difference in aftinities.
When an atom of chlorine is introduced into the acetic acid
molecule, forming CICH,COO, the electrons in the nole-
cule are attrocted very strongly Lo the chiorine because of its
relatively high electronegativily, ithe bond hetween the hy-
drogen and the oxygen in the carboxyl group thereby weak-
ened and the degree of ionizalion increased. Introduction of
two, or three chlorine aloms weakens the bond further and
increases the strength of the acid.  On the other hand, sub-
stitution of chlorine into the molecule of ammonia reduces
the strength of the base because of its decreased affinity for
the hydrogen ion.

Ionic Strength and Dissociation Constants—Most so-
lutions of pharmaceutical inleresl are in a concentration
range such that the ionic strength of the solution may have a
marked effect on ionic equilibria and observed dissociation
constants. One method of correcting dissociation constants
for solutions with an ionie strength up to about 0.3 is to
caleulale an apparent dissociation constant, pl(," as

Bl (07 — 1Y .f
pkK, = pK, + Oﬂ(y___l)__!ﬁ
1+

in which pX, is the tabulated thermodynamic dissociation
constant, Z is the charge on the acid and p is the ionic
gtrength,

Ezample-—Cateutaie pl¢y’ for suecinie acid al an jonic strength of 0.1,
Assume that pJ s 5.63. The charge on the acid species is —1.
0.51 (=2~ 1) J0.1

1+ 401
= 5,63 — 0.37 = 5.26

XK, (29

ad

{30)

piy = 563 4

Determination of Dissocialion Constants--Although
the dissociation censtant of a weak acid or base can he
oblained in a wide variety of ways including conductivity
measurements, or ullraviolet or visible absorplion spectrom-

etry, the most widely used method is potentiometric pH
measurement {see Potentiometry, page 244). The simplest
method involving potentiometric pH measurement. is based
on the measurement of the hydronium-ion concentration of
a solution containing equimolar concentrations of the acid
and a strong-base salt of the acid. The principle of this
method is evident from an inspection of Eq 16; when equi-
molar concentrations of HA (the acid) and A~ (the salt} are
present, the disseciation constant, K, numerically is equal
to the hydronium-ion concenlration (also, the pK, of the
acid is equal to the pH of the solutier). Although this
methed js simple and rapid, the dissociation constant ol-
tained is not sufficiently accurate for many purposes.

In order to oblain the dissociation constant. of & weak acid
with a high degree of accuracy and precision, a dilute solu-
tien of the acid (about 1073 to 1071 M) is tifrated with a
strong base, and the pH of the solution taken after each
addition of base. The resulting data can be handled in a
wide variety of ways, perhaps the hest of which is the method
proposed by Benet and Goyan.! The proton balance equa-
tion for a wealt acid, HA, being titrated with a strong base
such as KOH, would be

(K] + [14,0™] = [OH] + {A7) (31)

in which [K*] is the concentration of the base added. Equa-
tion 31 can be rearranged to give

7.=[A7] = [K*] + [H,0"] ~ [0H") (42)

When g weak monoprotic acid is added to water, it ean exist
in the unionized form, HA, and in the ionized form, A~
After equilibrium is estahlished, the sum of the concentra-
tions of both species must he equal to €y, the stoichiometric
{added) concentration of acid or

C, = [HA] + [A7] = [HA] + Z (33)
The term, [HA], can be replaced using g 16 to give
[HO0MZ
2, = - + 4 34
= (34)
which can be rearranged Lo
Z(11,0"
Z=C,~ [ i 71 (35)

o

According to Bg 35, if Z, which is obtained from the experi-
menial data using Fq 32, is plotted versus the terms
Z[H40"}, a straight line results with a slope equal to 1/K,,
and an mtercept equal to C,. In addition to oblaining an
accurale estimate for the dissociation constant, the stoichio-
metric concentration of the substance being titrated is ob-
tained also. This is of hnportance when the substance being

titrated cannot he purified, or has an unknown degree of

solvation. Similar equations can be develeped for ohtaining
the dissociation constant for a weak base.!

The dissociation constants for dipretic acids can be oh-
tained by defining P as the average nuinber of protons disso-
ciated per mole of acid or

P = 2/C, (36)

and
HOP _ K, [H,0] (1 = P)
2-py T -

A plot of I5q 37 should yield a straight line with a slope equal
to K and an intercept of J(s; dividing the intercept by the
slope yields Ko,

Micro Dissociation Constants-The dissociation con-
stants for polyprotic acids, as determined hy potentiometric
titration, are generally known as macro, or titration con-

(37)
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stants. Since it is known that carboxyl groups are stronger
acids than protonated amino groups, there is no difficulty in
assigning K, and Ky, as determined by Eq 37 to the carboxyl
and amino groups, respectively, of a substance such as gly-
cine hydrochloride. In other chemicals or drugs such as
phenylpropanolamine, in which the two acidic groups are
the phenolic and the protonated amino group, the assign-
ment of dissociation constants is more difficult. This is
because, in general, both groups have dissociation constants
of equal magnitude. Thus, there will be two ways of losing
the first proton and two ways of losing the second, resulting
in four possible species in solution. This can be illustrated
using the convention of assigning a + to a positively charged
group, a ¢ to an uncharged group and a — to a negatively
charged group. Thus, +0 would represent the fully proton-
ated phenylpropanolamine, +— the dipolar ion, 00 the un-
charged molecule and 0—, the anion. The total ionization
ascheme, therefore, con be writien
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%y -
P =
+0 0
P <
2 00 t4

The micro constants are related Lo the macro constants as
Ky =ky+hy (38)
KKy = lhy = hoky (39)

It can be seen from Eq 38 that unless k; or ks is very much
smaller than the other, the observed macro constant is a
composite of the two and cannot he assigned to one or the
other acidie group in a nonambiguous way.

Methods for determining k; are given by Riegelman? and
Niebergall et al.? Once k), K7 and K3 have been determined,
all of the other micro constants can be obtained from Egs 38
and 39.

pH

The numerical values of hydronium-ion concentration
may vary enormously; for a normal solution of a strong acid
the value is nearly I, while for a normnal solution of a strong
base it is approximately 1 X 10714 je, a variation of
100,000,000,000,000 hetween these two limits, Because of
the inconvenience of dealing with such large numbers, S¢r-
enson, in 1909, proposed that hydronium-ion concentration
De expressed in terms of the logarithm (log) of its reciprocal.
To this value he assigned the symbol pH. Mathematically it
is written

1
pH = log {(40)
[H,0%]
and since the logarithm of ¥ is zero, the equation also may be
written

pH = — log[H,0%]

from which it is evident that pH also may be defined as the
negative logarithm of the hydronium-ion concentration. In
general, this type of notation is used Lo indicate the negative
Jogarithm of the term that is preceded by the “p,"” which
gives rise to the following

(41)

pOH = ~ log [OH™] (42)
pK =—log K {43)
Thus, taking logarithms of Iiqs 26 and 28 gives
pK, + pK, = pK, - {44)
pH + pOH = pK,, {45)

The relationship of pH to hydronium-ion and hydroxyl-ion
concentrations may be seen in T'able V.,
The following examples illustrate the conversion from ex-

ponential to “p” notation

1. Caleulnte the pH corresponding to a hydronium-ion concentralion
of 1 X 1071 g-ion/L.

Solution:

1
SH = fog
! E X 101

= log 10,000 or log {1 X 10"
log {1 X 10%%) = 44
pH = 4

Table V-—Hydronium-lon and Hydroxyl-toen Concentrations

Normality in Neormality in
Terms of Terms of
pH Hydronium fon Hydroxyl lon
0 1 104
1 101 1078
Increasing 2 107 1012
acidity 3 10-3 100
4 1074 10-10
] 105 10-¢
6 10-% 10-%
Neutral point 7 10-7 1077
8 1078 1076
9 107 1078
Increasing 10 0=t 10—
alkalinity 11 10— 1073
12 102 1072
13 ]0--1.’! 10".'!
14 10-H i

2, Calculate the pH corresponding Lo a hydrenium ion-congeniration
of 6.000036 N {or g-ion/L)  {Note—This more frequently is wrillen as a
number muitiplied by a power of 10, thes, 3.6 X 10~ [or 0.000036.)

Solution
.
3.6%107°

= log 28,000 or log (2.8 X 10)
log (2.8 % 10+1) = log 2.8 + log 1™

pH = log

log 2.8 = +0.44

log 10+ = £+4.00

pH = 4.44

Thig problem may alse be solved as follows
pld = ~jog (4.6 X 107)

log 3.6 = +0.56

tog 107% = 5,00
= —4.44 = log (3.6 X 107
pH = ~(—4,44) = +4.44 = 4.44

[Leel]

The following examples illustrate the conversion of “p’ no-

tation to exponential notation:

1. Caleulate the hydrenium-ion concentration correspending tea pH
of 4.44,
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Selution

pH =

IH]O‘ = antilog of 4.44 = 28,000 (rounded off}
1y
[1,01] = ?S%iiﬁ = 000046 or 3.6 X 107°

This calculation alse may be made as

+4.44 = ~log [H,0*]
or ~4.44 = +log [H,07)

In finding the anlilog of —4.44 it should be kept in mind that the
mantissa (the number Lo the right of the decimal point} of a log (o the
Lase 10 {the commeon or Briggsing logarithm base) is elweys positioe but
that the eharacteristic (e number o the let of the decimal point) may
he positiveor negative. As the entive log —4.44 is negative, it s sbvious
that one cannot look up the antilog of ~044. However, the number
—4.44 also may be writfen (- 5.00 1 0.56) or, as more oflen written, 5.56,
where the bar across the characleristic indicates that it alone is negative,
while the rest of the number is positive.  Looking up the antilog of (.56 iL
is found 10 be 3.6 and, as the antiog of =500 is 1072, it follows that the
hydrontum-ion concentration must be 3.8 X 107" moles/L..

2. Caleulate the hydrenicm-ion concentration carresponding to a pH
of 10.17.

Solution
10.17 = —log {H,0
-10.17 = log [H,0"]
~10.17 = (~1L00 + 0.83) = T1.83

The antilog of 0.83 = 6.8
The antilog of —~11.60 = 1074
The hydronium-ion concentration is therelore 6.8 X 1071 moles/1..

in the section on Jonization of Water it was shown that
the hydronium-ion concentration of pure water, at 26°, is 1
% 1077 N, corresponding to a pH of 7.* This ligure, there-
fore, is designated as the neutral point and all values helow a
pH of 7 represent acidity; the smaller the number, the great-
er the acidity. Values above 7 represent alkalinity; the larg-
er the number, the greater the atkalinity. The pH scale
usually runs from 0 to 14, but mathematically there is no
reason why negative numbers or numbers above 14 should
nof be used. In practice, however, such walues are never
encountered hecause solutions which might he expected to
have such values are too concentrated to be ionized exten-
sively or the interionic aliraction is so greail as 1o materially
reduce ionic activily,

1t should be emphasized strongly that the generalizations
stated concerning neutralily, acidity and alkalinity hold ex-
actly only when (1) the solvent is water, (2) Lthe temperature
is 258° and (3) there are no other lactors Lo cause deviation
from the simply formulated equilibvia underlying the defini-
tion of pH given in the preceding discussion.

Species Concentration

When a weak acid, H,4A, is added to water, n + 1 species,
including the unionized acid, can exist.  After equilibrivm is

*The pH of the purest water oblainable, so-cajled “conductivity”
water, is 7.0 when the measurement is carefully made under conditions
1o exelude carbon dioxide and prevent errors inherent in the measwring
technigue (such as acidity ov atkalinity of the indicator).  Upon agitating
tiis waler in the presence of carbon dioxide in the atimosphere (equitibe-
um water) the value drops rapidly 1o 5.7, which is the pH ol nearly all
distilled waters that have been exposed 1o the stmosphere for even a
short time,

established, the sum of the concentrations of all species must,
be equal to C,, the stoichiometric (added) concentration of
acid. Thus, for a triprotie acid HzA

C, = |HgA] + [H,A7] + [HA®] + |A*]

In addition, the concentralions of all acidic and basic species
in solution vary with pH, and can be represented solely in
terms of equilibrium constants and the hydronium-ion con-
centration, These relationships may be expressed as

lHaA] = [H.‘{Oi.}” C[:/D
M, A7) = [H 0%V I L IGE /D

in which iz represents the total number of dissociable hydro-
gens in the parent acid, J is the number of protons dissociat-
ed, C, is the stoichiometric concentration of acid and K
represents the acid dissociation constants, The term Disa
power series in [Ha0*] and I, starting with [Hz0%] raised to
the nth power. The last term is the product of all the
dissociation constants. The intermediate terms can he gen-
erated from the last term by substituting [H;07] for K, 1o
cbtain the next-to-last term, then substituting [Hy0'] for
K.y to obtain the next term, etc, until the first term is
reached. The following examples show the denominator, 1,
Lo be used for various types of acids

(48)

(47)
(48)

HA: D= [H0' + K, [H,0%]? +
K K [H,O0' + K KK, (49)

H,A™ D= (H,0" + K [H,0] + KK, {50)

Ha%: 1= [H,0" + K, {51)
The numerator, in all instances, is C, multiplied by the term
from the denominator that has [HaO%] raised io the n ~
power, Thus, for diprotic acids such as carhonie, succinic,
tartaric, etc

[H,A] = [H;0°1'C, (52)
T HO T+ K H0M 4 KK,
[HA"] = K,{H,0"]C, (53)
M0+ K [H,0' + K K,
KK,C
[A2~]= 152 2% (54)

H, 0" + H,07] + 9
(H, 0" + K| [H,0"] + KK,

Example—Caleulate the coneentrations of all suceinic acid species in
1.0 X 1077 M solution of succinic acid at pH 6.0, Asswme that K, = 6.4
X105 und Ky = 2.3 x 1076,

Eqs 52-54 have Lbe same denominator, D, which can be
calculated as

D = [H,0"* + K,[H,0"] + K K,

10X 107+ 64X 107X 1.0X 107+ 6.4 X
1077 % 2.3 % 1079

= 1.0% 107 4 6.4 X 1071 4+ 14,7 X 107
=219 % 1071

Therefore

IH?O* ]2(:((
H. B e =
[H,A] ==

10X 107 x 1O X 107®

TR = 4.7 X100 M
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A = KlHOYIC,
D
-11 -3
64X 107 X TOX IS _ ooy
212 x 107"
G
A2— = A2 -
At = e
~11 -3
14,7 X 107 X LOX 107 ooyt pr

21.2 x 107

Proton Baiance Equation

In the Brgnsted-Lowry system the total number of pro-
tons released by acidic species must equal the total number
of protons consumed by basic species. This resulls in a very
useful relationship known as the proton balance equation
(PBE), in which the sum of the conceniration terms for
species that form by proton consumption is equated to the
sum of the concentration terms for species that are formed
by the release of protons, The PBE forms the basis of a
unified approach to pH calculations, since it is an exacl
accounting of all proton transfers occurring in solution,

When HC] is added to water, for example, it dissociates
yielding one Cl~ for each proton released. Thus, Cl™ is a
species formed by the release of a proton. In the same
solution, and actually in all agueous solutions

2H,0 = H;0* + OH~

where H3O% is formed by proton consumption and OH™ is
farmed by proton relense. Thus, the PBE is

[H,0*} = [OH™] + [CI7] (55)

In general, the PBE can be formed in the following man-
ner

1. Start with the species added Lo water.

2. Place all species that can form when protons are released on the
right side of the equation.

3. Place all species that can form when protons are consumed on the
left side of the equation,

4. Add [H;07] to the left side of the equation and [OH =] to the right
side of the equation. These result {rom the interaction of two molecules
of water ag shown above,

Example—When HaPQy is added to water, the species HyPO,;~ forms
with the release of one proton, HPQ42~ forms with the release of two
protons and PO forms with the release of three protons to give the
following PBE

{H,0"} = |OH"] + [HPO,] + 2[HPO2) + 3[PO,S)  (56)

Example—When NagHP(Q), is added to water, it dissociates info two
Nat and one HPO,~, The sodium ion is neglected in the PBEsince it is
not, formed from the release or consumplion of protons. The species
HPQ4?", however, may renct with water to give HpPPO,4™ with the con-
sumption of ene proton, HyPPO, with the consumption of two protons,
and PO with the release of one proton to give the following PBE

[H,0%] + [HPO, ] + 2[H,PO,] = [OH7] + (PO] (67

Calculations

The pH of solutions of acids, bases and salts may be
calculated using the concepts presented in the preceding
seclions,

Strong Acids or Bases

When a strong acid such as HCl is added to water, the
following reactions occur
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HCl+ H,0 -~ H,0* + CI™
2H,0 = H,0* + OH"
The proton balance equation for this system would be
[H,0" = [OH7] + [CI7] (58)

In most instances {(C, > 4.5 X 10~7 M) the JOH"] would be
negligible compared to the [C17] and the equation simplifies
to

[H30+] = ICI_] = Cu (59)

Thus, the hydronjum-ion concentration of a solution of a
strong acid would be equal to the stoichiometric concentra-
tion of the acid. 'This would be anticipated, since strong
acids generally are agsurned to be 100% ionized.

The pH of a 0.005 M solution of HCI therefore is calculat-
ed as

pH = ~log 0.005 = 2.30

In a similar manner the hydroxyl-ion concentration for a
solution of & strong base such as NaOH would be

IOH"} = [Na"] =, {(60)
and the pH of a 0.005 M sotution of NaOH would be
pOH = —~log 0.005 = 2.30
pH =pK,,— pOH = 14.00 — 2.30 = 11.70

Weak Acids or Bases

If a weal acid, HA, is added to water, it will equilibrate
with its conjugate base, A™, as

HA + H,0 = H,0* + A~

Accounting for the ionization of water gives the following
proton balance equation for this system
[H;0%] =[OH7] + [A7] (61)

The concentration of A~ as a function of hydronium-ion
conceniration can be obtained as shown previcusly to give

K,.C
[H,0FF = [OH7] 4 s (62)
07 = [OH7] [H,0%] + K,
Algebraic simplification yields
C,~ [H, 0% +[0H"
o -, Cm HOT 0D

([H;0*] —=[OH])
In most instances for solutions of weak acids, {HsO*"] »
{OH"] and the equation simplifies Lo give

[H;0"* + K, [H,0%] —¥,C, =0 (64)

This is a quadratic equation® which yields

-K, + K2+ 4K,C,
2

since [Hz07] ean never be negative. Furthermore, if [H;07]
is less than 5% of C,, Eq 64 is simplified further to give

[H,0%] = (65)

* The general solution Lo a quadratic equation of the form

aX?4+bX +c=0

x = Tb ik Vb? - da
2a
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[1{301.] = \/I(EIIC(I

It generally is preferable to use the simplest equation to
cateulate [Hy0'). However, when [Hy0" is caleulated, it
must be compared 1o C, in order to determine whether the
assumption Cy 3 [Hz0'] is valid. If the assumption is nol
valid, the quadratic equation should be used.

(66)

Example--Caleulate the pH of 2 5.00 X 10-% M solution of a weal acid
having o K, = 1.90 X 1075,
[H407]

JKC,

ft

1.90 X 1072 X 5.00 X 107°
= 3,08 % 1077 M

Stace O {00 X 1075 M) is not mueh greater than [Hy0*], the quadrat-

]

tration and simplifying, in the samne manner as shown for a
wealk acid, gives

(€, ~ JOH7] + [H,0')

ic equation {15y 65) should be used

[H,0%) =

= 0,96 X 107 M
pH = ~log (2.26 X 107%) = 4.65

Note that the assummption [HzO] 5 [OH ] isvalid. The hydrenium-ion
concentration esleuinted from g 66 has a relative error of 36% when
compared 1o the carrect. vatue oliained {rom Bq G5.

When a sall olhtained from a strong acid and a weak
hage-—e.g., ammenium chloride, morphine sulfaie, pilocar-
pine hydrochloride, ete—is dissolved in water, it dissociates
as

BHX~ % BHY + X~

in which BIH" is the protonated form of the base B, and X is
the anion of a strong acid, Since X is the anion of a strong
acid, it is too weak a base to undergo any [urther reaction
with water. The protenated base, however, can act as a
weak acid to give

BH* + H,0 = B + H,0"

Thus, Egs 65 and 66 are valid, with €, being equal 1o the
concentration of the sall in solution, I K, for the protonat-
ed base is not available, it can he obtained by dividing K, for
the base I3, into K.

Example—Caleulate the pH of a 0.026 M solution of ammonium
c:hiull;i[le. Assume that K, for ammonia is 1.74 X 107" and K, is £.00 X
§0m M,

K, s
K, =5 100X 1077 595X 10710

K, 1.74x10"
{H,0"] = JK,C,

=BIEX 107 W% 26X 1072
=387 X 1W0M
pH = ~log (3.87 X 107} = 5.41
Since , is much greater than [H40#] and [1:07] is much greater than

[O14-], the assumptions are valid and the value ealeulated for pH is
sulficiently aceurate.

Weak Bases

When a weak base, I3, is dissolved in water it ionizes to give
the conjugate acid as

B 4+ HyO == BH" + QH~
The proton balanee equation for this system is
[BH'] + [H,0"] = [OH

Substituting [BH"] as a function of hydronium-ion coneen-

(67)

[OH7) =K, (68)
" oH ] - [H,0) ’
i [OM-] » [H307], as is true generally
JOR™ % + KO - K,Cy =0 (69)
whicl: is a quadratic with the following solulien
k), KK
[OH"] = — Y - bt (70)
If Cp 3 JOH], the quadratic equation simplifies to
1,90 % 107 4+ J(150 X 10792+ 4(1,90 X 107% X 5.00 % 107%)
2
|OH"] = JK,C, (71)

Once [OH™] is caleutated, it can he converted to pO, which
can be subtracted from pk,. to give pH.

Example—Culealate the pH ol a 4.50 X 1074 M solution of a weal base
having Ky = 2.00 X 107 Assume that K = L0 X 1071,

[OH7] = JK L
o 00X 107K RO 1072
= .00 % 1078 = 3.00 % 107 M
Both assumptions are valid.

pOH = —log 8.00 X 1077 = 2.52
pH = 14.00 — 2,52 = 11.48

When salts obtained from strong bases and weak acids (eg,
sodium acetale, sodium sulfathiazole, sodium benzoate, etc)
are dissolved in water, they dissociale as

Nata 2% Na* + A”

inwhich A~ is the conjugate base of the weak acid, HA. The
Nat undergoes no further reaction with water. The A”,
however, acls as a weak base to give

A"+ H,0 = HA + OH™

Thus, Bgs 70 and 7% are valid, with Cp being equal to the
concentration of the salt in solution. The value for K, can
be obtained by dividing K, for the conjugate acid, HA, into
K.

Example--Caleulate the pH of a 0.05 M solutien of sodium aceinte.
Assume that J, for aeetic acid = 175 X 1075 and K, = 1.00 % 10°M1,

K - K 1.00x 1074
y =t i
K, 1mx10?

= 5,71 x 107"
OB = (R0, = 571 X 107" X 5.0 X 107
=54 X 1070 M
Both assumptions are valid

pOH = —log (5.84 % 107%) = 5,27
pH = 14,00 - 5.27 = 8,73
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Ampholytes

Substances such as NaHCOy and NaH,POy are termed
ampholyles, and are capable of functioning hoth as acids
and bases. When an ampholyte of the type NallA is dis-
solved in waler, the following series of reactions can oceur

Na"HA™ ™% Na* + HA™

HA™ 4+ H,0 = A + H,0"
HA™ + H,0~ HyA + OH™
9H,0 = H,0* + OH"
The total proton balance equation (PBE) for the system is
[Hy0"] + (H,A] = [OH] + [A*7] (72)

Substituting both [HpA] and [A%-] as a function of [Hy0*)
(see Eqgs 52 and 54), yields
H,0"* C,
[H,0*] + (1,077 C, =
[H,0%)% + K, [H,0%] + K,K,

K, KK,
[H,0]  [H,0%]* + K,|H,0%) + K K,

This gives a fourth-order equation in {H30%], which can be
simplified using certain judicious assumptions to

K\K,C
= kSl et e
[H;07] \/f——‘(l +C, (73)

In most instances, C, > K; and the equation further simpli-
fies to

1,01 = JK;K; (14)

and [Ha0"] becomes independent of the concentration of
the salt. A special property of ampholytes is that the con-
centration of the species HA™ is maximum at the pH corre-
sponding to Eq 74.

When the simplest amino acid salt, glycine hydrochloride,
is dissolved in water, it acts as a diprotic acid and ionizes as

*NH,CH,COOH + H,0 = *NH,CH,CO0™ + H0"
*NH,CH,CO0™ + Hy0 = NH,CH,C00™ + H,0*

The form, *NHzCHoCOO, is an ampholyte since it also can
act as a weak base

*NH,CH,C00™ + 1,0 «= *NH,CH,COOH + OH~

This type of substance, which carries both a charged acidic
and a charged basic moiety on the same molecule is termed a
zwitteripn and, since the two charges balance each other, the
molecule asts essentially as a neutral molecule. The pH at
which the zwitterion concentration is maximum is known as
the isoelectric point, which can be calcuiated from Eq 74,

On the acid side of the isoeleclric point, amino acids and
proteins are catiomic and incompatible with anionic materi-
als such as the naturally occurring gums used as suspending
and/or emulsifying agents. On the alkaline side of the iso-
fa]ectric point, amino acids and proteins are anionic and
incompatible with cationic materials such as henzalkonium
chloride.

Salts of Weah Acids and Weak Bases

. When a sait such as ammonium acetate (which is derived
from a weak acid and a weak base) is dissolved in water, it
undergoes the following reactions

BH*A™ "5 BH* + A”
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BH* 4+ H,0 == B + H,0"
A”+ H,0+= HA +0H"
The total PBIE for this system is
[H;0"] + [HA] = {OH"] + [B] (75)
Replacing [HA) and [B] as a function of [Hz0"), gives
H,0YC, K,/C,
[H,0] + Lml,m = [OH ] + i (76)
(H,0' + K, [H, 0% + K,/
in which C, is the concentration of salt, ¥, is the jonization
constant of the conjugate acid formed from ihe reaction
between A~ and water and K, is the ionization constant for
the protonated base, BH*. 1n general, [H;07], {OH™}, K,
and K, usually are smaller than C; and the equation simpli-
fies to

(H,0] = JK.K; (7

texample—Caleulate the pH of a 0.01 M solution of ammonium ace-
tate. The ammonium ion has a K, equal to 5.75 X 1073 which repre-

senls K, in 15g 77, Acetic acid has a K, of 1.75 X 1078, whicl represents
K,inEq1?

[H,0%) = y1.76 X 1079 X 5,75 % 10”7
= 1.06 X 1077
pH = —log (1.05 X 1077} = 6,08

All of the assuinpiions are valid.

Buffers

The terms buffer, buffer solution and buffered solution,
when used with reference to hydrogen-ion concentration or
pH, refer to the abilily of a system, particularly an agueous
solution, to resist a change of pH on adding acid or aikali, or
on dijution with a solvent.

If an acid or base is added to water, the pH of the latter is
changed markedly, for water has no ability to resist change
of pH; it is completely devoid of buffer action, Even a very
weak acid such as carbon dioxide changes the pH of water,
decreasing it from 7 to 5.7 when the small concentration of
carbon dioxide present in air is equilibrated with pure water.
This extreme susceptibility of distilled water Lo a change of
pH on adding very smnall amounts of acid or base is often of
great concern in pharmaceutical operations. Solutions of
neutral salts, such as sodiun chloride, similarly lack ability
to resist change of pH on adding acid or base; such solutions
are called unbuffered.

Characteristic of buffered solutions, which undergo small
changes of pH on additien of acid or base, is the presence
cither of a weak acid and a salt of the weal acid, or a weak
base and a salt of the weak base. An example of the former
syslem is acetic acid and sodium acetate; of the latter, am-
monium hydroxide and ammonium chloride. From the pro-
ton concepl of acids and bases discussed earlier, il is appar-
ent that such buffer action invelves a conjugale acid-base
pair in the solution. It wili be recalled that acetate ion is the
conjugate base of acetic acid, and that ammonium ion is the
conjugate acid of ammonia (the principal constituent of
what commonty is calied ammonium hydrexide).

T"he mechanism of action of the acetic acid-sodium ace-
tate buffer pair is that the acid, which exists largely in molee-
ular (nonionized) form, combines with hydroxyl ion that
may be added to form acetate ion and water, thus

CH,CO0H + O0H™ — CH;CO0™ + H,0

while the acetate ion, which is a base, coinbines with hydro-
gen (more exactly hydronium) ion that may be added to
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form easentially nonionized acetic acid and waler, represent-
ad as

CH,CO0™ + H,0" —~ CH,CO0H + H,0

As will be iilustrated later by an example, the change of pH is
slight as long as the amount of hydronium or hydroxyl ion
added does not exceed the capacity of the buffer system Lo
neutralize it.

The ammonig-ammeniom chloride pair functions as a
buffer because the ammonia combines with hydronium ion
that may be added to form ammonitn jon and water, thus

NH, + H,0" > NH,* + H,0

Ammonium jon, which is an acid, combines with added hy-
droxyl ion to form ammonia and water, as

NH,* + OH" ~» NHy + H,0

Again, the change of pH is slight if the amount of added
hydronium or hydroxyl ion is net in excess of the capacity of
the system Lo neutralize it

Besides these two general types of buflers, a third appears
to exist. This is the buffer system composed of two saits, as
monobasic potassium phosphate, KH,P0,, and dibasic po-
tassium phosphate, KoHPO,. This is not, however, a new
type of buffer; it is actually a weak-acid-conjugate-base
buffer in which an ion, HoPPO, ™, sexrves as the weak acid, and
HPO2 is its conjugate base. When hydroxy! ion is added
to this buffer the following reaction takes place

H,PO,” + OH™ - HPO + H,0
and when hydroniumn ion is added
HPO ™ + H O — H,PO” + Hy0

1t is apparent that the mechanism of action of this type of
buffer is essentially the same as that of the weak-acid-conju-
gate-base buffer composed of acetic acid and sodium ace-
tate.

Caleulations—A buffer system composed of a conjugate
acid-base pair, NaA ~ HA (such as sodium acetate and
acelic acid}, would have a PBE of

(1,07 + [HA] = [OH7] + [A7] (78}

Replacing [HA] and [A~] a5 a function of hydrenium-ion
concentration gives

H,0"1C

o+ O o G

[H0' + K, H,0"] + K,

where Cy is the concentration of the salt, NaA, and C, is the

concentration of the weak acid, HA. This equation can be

rearranged to give

K (

A

{(79)

(C, — TH,0%] +[OH])
(€, + {H,0%] ~ |OR™])

In general, both (Y and Cy are much greater than [Hy0"),
which is in Lurn much greater than [OH], and the equation
simplifies to

[M,0'] = K, {80

K
[H,0") = ——= 81)
“h
or, expressed in terms of pH, as
c-.’l
pH = pK, + jog s (82)

{1

This equation is generally called the Henderson-Hassel-
balch equation, It applies to all buffer systems formed from

a single conjugate acid--base pair, regardless of the nature of

the salts. TFor example, it applies equally well Lo the follow-

ing huffer systems: ammonia—ammonium chloride, mono-
sodium phosphate-disodium phosphate, phenobarbital-so-
dium phencbarbital, ete.  In the ammonig-ammonium chlo-
ride system, ammonia is obviously the base nnd the
ammonium ion is the acid (C, equal to the concentration of
thesalt). Inthe phosphate system, monosadium phosphate
is the acid and disodium phosphate is the base. For the
phenobarbital buffer system, phenobarbital is the acid and
the phenobarhital anion is the base (Cj, equal to the coneen-
tration of sodium phenobarbital).

As nn example of the application of this equation, the pH
of a buffer solution containing acetic acid and sodium ace-
tate, each in 0.1 M concentration, may be calculated. The
K, of acetic acid, as defined abave, is 1.8 X 1075, at 25°.

Solution
First, the pl, of acetic acid is caleulated

pK,=—log K, =—~log 1.8 X 107"
= = log 1.8 = log 107°
= 0,26 ~ (-5} = 44.74
Substituting this value into g 82

1
0.] + 474 = 4474
Q.1

pH = log

The Henderson-Hasselbaleh equation predicts that any
solutions containing the same molar concentralion of acetic
acid as of sodium ncetate will hove the same pH. Thus, a
solution of 0.01 M concentration of each will have the same
nH, 4.74, as one of 0.1 M concentration of each component.
Actually, there will be some difference in the pH of the
solutions, for the activity coefficient of the components var-
ies with concentration. FFor most practical purposes, howev-
er, the approximate values of pi{ calculated by the equation
are satisfactory. Tt should be pointed out, however, that the
buffer of higher concentration of each component will have a
much greater capacily for neutralizing added acid or base
and this point will be discussed further under Buffer Capac-
iy

The Henderson-Hasselbalch equation is useful alse for
caleulating the ratio of molar concentrations of a buffer
system required to produee a solution of specific pH. As an
example, suppose that an acetic ncid-sodium acetate buffer
of pH 4.5 is to be prepared.  What ratio of the butfer compo-
nents should be used?

Solution
Rearranging g 82, which is used (o calculate the pif of weak acid-
sait type huffers, gives

base
log 1asel -y g
o8 i{lﬁid] P Pha

= 4.5 -~ 4,76 = —0.24 = (9.76 ~ 10)

“JL%] = antilog of (9.76 — 10) = 0.575

|neid}
The interpretation of this result is that the proportion of
sodium acelate to acetic acid should be 0.575 mole of the
former to I mole of the latter to produce a pH of 4.5, A
solution containing 0.0575 mole of sedium acetate and 0.1
mole of acelic acid per liter would meet this reguirement, as
would also one containing 0.00575 mole of sodium acetate
and 0.01 mole of acetic acid per liter. ‘The actual concentra-
tion selected would depend chiefly on the desired buffer
capacity.

Buffer Capacity—The ahility of a buller solution to re-
sist changes in pH upon addition of acid or alkali may be
measured in terms of buffer capacity. In the preceding
discussion of huffers, it has been seen that, in a general way,
the conceniration of acid in a wenk-acid-conjugate-base
buffer determines the capacity to “neutralize” added base,
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while the concentration of sall of the weak acid determines
the capacily to neulralize added acid.  Similarly, in a weak-
base-conjugate-acid buffer the concentration of the weak
hase establishes the buffer capacily toward added acid,
while the concentration of the conjugate acid of the weak
hase determines the capacity toward added base. When the
hufler is equimolar in the concentrations of weak acid and
conjugate base, or of weak base and conjugale acid, it has
equal buffer capacity toward added strong acid or strong
base.

Van Slvke, the biochemist, introduced a quantitative ex-
pression for evaluating buffer capacity, This may he de-
fined as the amount, in gram-equivalents (g-Exq) per liter, of
strong acid ar strong base, required to be added to a solution
to change its pH by 1 unif; a solution has a buffer capacity of
1 when 1 L requires 1 g-Fq of strong base or acid to change
the pH 1 unit {in practice, considerably smaller increments
are measured, expressed as the ratio of acid or base added to
the change of pH produced). From this delinition it ia
apparent that the smaller the pH change in a solution caused
by the addition of a specified quantity of acid or alkali, the
preater the buffer capacity of the solution.

The following numerical examples illustrate certain basic
principles and caleulations concerning buffer aclion and
huffer capacity.

Example 1--What is the change of pH on adding 0.01 mole of NaOH
1o 1'L of 0.10 M acetic acid?

(&) Caloulate the pH of a 0.10 molar solution of acetic acid

[H;0% = \/R',',c':;,é"'i TR X0 R 1O X 107 = 1,33 X 1070
pH = ~log 1.33 X 1073 = 2.88

() Onadding 0.01 mole of NaO to & liter of this solution, 0.01 mole
of acelic acid is converted to 8.01 mole of sodium acelate, thereby de-
ereasing C, 1o 0.09 M, and Oy = 1.0 X 107% M. Using the Henderson-
Hasselhach equation gives
0.01
oH = 4.76 -+ log ~om = 476 — 0,95 = 3.81
' PR 08
The pH change is, therefore, 0.93 unit. The buffer capacity as defined
whove is caleulated Lo be

moles of NaOH added _ )y
change in pH

Example 2 What is the change of pil on adding ¢.1 mole of NaOH 1o
1 L of bulfer solution 0.1 M in zeetic acid and 0.1 M in sodivum acetate?

{a)  T'he pH of the buffer solution before adding NaOIl is

pH = log [225¢] 4 e
facid]

0.1
= log = o+ 4.6 = 4.76
Op o1 0

(L) On adding 0.01 mole of NaOIE per liter to this buffer solution,
0.01 mole of acetic acid is converted o 0.01 mole of sodivm acetale,
thereby decrensing the conceslralion of neid 1o (L0Y A and increasing e
concentrasion of base 10 0,13 M. The pH is caleulated as

0.1
e ] ¥ et
pH = log 6,00

= (.0BG + 4.76 = 4.85

1

- 4.6

f

The change of pH in this case is onty (.09 unit, about ¥y the change in the
preceding example. The buffer capacity is caleulated as

----- =0l
change of pH 0.09

T'hus, the buffer capacity of the acetic acid-sodiom acefale huffer solu-
tion 3 approximately 10 times that of the acetic acid solution.

Asg is in part evident from these examples, and may be
further evidenced by caleulations of pll c¢hanges in other
systems, the degree of buffer action and, therefore, the buff-
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er capacity, depend on the kind and concentration of the
buffer components, the pH region involved and the kind of
acid or alkalj added.

Strong Acids and Bases as “Bafflers”—In the foregoing
discussion, buffer action was attributed Lo systems of (1)
weak ocids and their conjugate bases, (2) weak bases and
their conjugate acids and (3) certain acid-base pairs which
can function in the manner either of System 1 or 2,

The ahilily to resist change in pH on adding acid or alkali
is possessed also by relatively concentrated solutions of
strong acids and strong bases, If 1o 1L of pure water having
apHol 7.0is added 1 mL of 0.01 M hydrochloric acid, the pH
is reduced Lo about 5.0. If the same volume of the acid is
added to 1 L of 6.001 M hydrochloric acid, which has a pH of
about 8, the hydronium-ien concentration is increased only
about 1% and the pH is reduced hardly at all. The nature of
this buffer action is quite different from that of the true
huffer solutions, 'The very simple explanation is that when
L mL of 0.01 M HCL, which represents 0,00001 g-13q of hydre-
nium ions, is added to the 0.0000001 g-Kg of hydronium ions
in 1 I, of pure waler, the hydronium-ion concentration is
increased 100-fold (equivalent to 2 p}t units), but when the
sane amount is added to the 0.001 g-Eq of hydronivm ions in
1 L of 0.001 M HCY, the increase is oniy 1/100 the concentra-
tion already present. Similarly, if I mI. of ¢.03 M NaOH is
added to 1 1. of pure waler, the pH is increased to 9, while if
the same volume is added to [ L of 0.001 molar NaQH, the
pH is increased almost immeasurably.

In general, solutions of strong acids of pH 3 or less, and
solutions of strong bases of pH 11 or more, exhibit this kind
of buffer action by virtue of the relatively high concentration
of hydronium or hydroxyl ions present. The USY includes
among its Standard Buffer Solutions a series of hydrochio-
ric acid buffers, covering Lhe pH range 1.2 to 2.2, which also
contain potassiumn chloride. The sall does not participate in
the buffering mechanism, as is the case with salts of weak
acids; instead, it serves as a nonreaclive constituent required
to maintain the proper electrolyte environment of the solu-
tions, '

Determination of pH

Colarimelry

A velatively simple and inexpensive method for determin-
ing the approximate pH of a solution depends on the fact
that some conjugate acid base pairs (indicators) possess one
colar in the acid form and another coler in the base form.
Assume that the acid form of a particular indicator is red,
while the base form is yellow. The color of a selution of this
indicator will range from red, when it is sufficiently acid, to
yellow, when it is sufficiently alkaline. In the intermediate
pH range (the transition interval) the color will be a hlend of
red and yellow depending upon the ralio of the base to the
acid form. In genersl, although there are slight differences
between indicators, color changes apparent to the eye cannot
e discerned when the ratio of base to acid form, or acid to
base form exceeds 10:1. The use of Eq 82 indicates that the
transition range of most indicalors is equal to the pK, of the
indicator 4:1 pH unit, or a useful range of approximately 2
pH units, Standard indicatar solutions can be made at
known pH values within the transition range of the indica-
tor, and the pH of an unknown solution deternined by
adding the indicator to it and comparing the resulling color
with the standard solutions, Details of this procedure can
be found in RPS-14. Another method for using these indi-
cators is Lo apply them to thin sirips of {ilter paper. A drop
of the unknown solution is placed on a piece of Lhe indicator
paper and the resulting color compared to a color chart
supplied with the indicator paper. These papers are avail-
able in a wide variety of pH ranges.
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Patentiometry

Llectrometric methods for the determination of pH are
based on the lact that the difference of electrical potential
helween two suitable electrodes dipping into a solution con-
taining hydronium ions depends on the concentration {or
activity) of the latier. The development of a potential dif-
ference is not a specific properly of hydronium ions. A
solution of any ion will develop a potential proportional {o
the concentration of that ion if a suitable pair of electrodes is
placed in the selution.

The relationship between the potential difference and
concentration of an fon in equilibrium with the electrodes
may be derived as follows. When a metal is immersed inte a
solution of one of its salts, there is a tendency [or the metal to
go inte solution in the form of ions. This tendency is known
as the solution pressure of the metal and is comparable 1o
the tendency of sugar molecules, for example, to dissolve in
water, The metallic ions insolution tend, on the other hand,
to become discharged by forming atoms, this effect being
proportionat to the osmotic pressure of the ions. In order
for an atom of a metal Lo go into solution as a positive ion,
electrons, equal in number to the charge on the ion, must be
left behind on the metal electrode with the result that the
latter becomes negatively charged. The positively charged
ions in solution, bowever, may become discharged as atoms
by taking up electrons from the metal electrode. Depending
on which effect predominates, the electrical charge on the
electrode will be either positive or negative and may be
quantitatively expressed by the following equation proposed
by Nernst in 1889

oo BT P

E P In P
where I is the potential difference or electromotive force, K
is the gas constant {8.316 joules), 7'is the absclute tempera-
ture, r is the valence of the ion, ¥ is the Faraday of electricily
(96,500 coulombs), p is the osmotic pressure of the ions and
P is the solution pressure of the metal.

Inasmuch as it is impossible to measure the potential
difference between one electrode and a solution with any
degree of ecrtainty, it is customary to use two electrodes and
to measure the potential difference between them, If two
electrodes, both of the same metal, are immerzed separately
in solutions containing ions of that metal, at osmotic pres-
sure py and pg, respectively, and connected by means of a
tube confaining a nonreacting salt selution {a so-called “salt-
bridge™), the potential developed across the two electrades
will be equal (o the difference between the potential differ-
ences of the individual electrodes; thus

—_— . _RT. B

f, = [t el A E—p— ——

E=E —K, - In P,

Since both electrodes are of the same metal, P) = F; and the
equation may be simplified to

{83)

84
nFo By 84

RT RT RT, By
E =% - 1 LIS ) 85
nlt R nlt 1Pz nl In Py ®3

In place of osmotic pressures it is permisgible, for dilute
golutions, Lo substitute the concentrations ¢; and ¢p which
were found (see Chapter 16, page 222) to be proportional to
py and py. The equation then becomes
= E?; In

nk ey

i

N2

{86)

If either ¢; or cs is known, it is obvious that the value of the
other may be found if the potential difference, E, of this ceil
can be measured.

For the determination of hydronium-ion concentration or
pH, an electrode at which an equilibrium between hydrogen

Hydrogen-ion concentration chain.

Fig 17-3.

gas and hydronium jon can be established must be used in
place of metallic electrodes. Such an electrode may be made
by electrolytically coating a strip of platinun, or other noble
metal, with platinum black and saturating the latter with
pure hydrogen gas. This device functions as a hydrogen
electrode. Two such electrodes may be assembled as shown
in Fig 17-3,

In ihis diagram one electrode dips into Solution A, con-
taining a known hydronium-ion concentration, and the oth-
er electrode dips into Solution B, containing an unknown
hydronium-ion concentration. The two electrodes and so-
lutions, sometimes called half-cells, then are connected by a
bridge of neutral salt solution, which has no significant elfect
on the solutions it connects. The polential difference across
the two electrodes is measured by means of a potentiometer,
P. 1lthe concentration, 1, of hydroniwm ion in Solution A is
1 N, Eq 86 simplifies to

y = EL L 87
il ey
or in terms of Briggsian logarithms
R1 1 (88)

E = 2,303~ log,,
nl B1o ¢y
If for logia 1/cy there is substituted its equivalent pH, the
equation becomes
RT
nk
and finally by substituting numerical values for B, n, T and

F, and assuming the temperature to be 20°, the following
simple relationship is derived

E = 2.303

pH (89)

E
= 5 - - = e,
E =0.0581 pH or pH 005eT
The hydrogen electrode dipping into a solution of known
hydronium-ion concentration, called the reference elec-
trode, may be replaced by a calomel elecirode, one type of
which is shown in Fig 17-4. The elements of a calomel
electrode are mercury and calomel in an agueous solution of
potassium chloride. The potential of this electrode is con-
stant, regardiess of the hydronium-ion concentration of the
golution inte which it dips. The potential depends on the
equilibrium which is set. up between mercury and mercurous
ions from the calomel, but the concentration of the latter is
governed, according to the solubility-product principle, by
the concentration of chloride ions, which are derived mainly
from the potassium chloride in the solution. Therefore, the
potential of this electrode varies with the concentration of
potagsium chloride in the electrolyte.
Because the calomel electrode always indicates voitages
which are higher, by a constant value, than those obtained

(90)
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Fig 17-4. Catomel slectrode.

when the normal hydrogen electrode chain shown in Fig 17-3
is used, it is necessary to subtract the potential due Lo the
calomel electrode itself from the observed voltage. As the
magnitude of this vollage depends on the concentration of
potassium chloride in the calomel-electrode electrolyte, it is
necessary to know the concentration of the former. For
most purposes a saturated potassium chloride solution is
used which produces potential difference of 0.2488 v. Ac-
cordingly, before using Eq 85 for the cajculation of pH from
the voltage of a cell made up of a calemel and a hydregen
electrode dipping into the solution to be tested, 0.2488 v
must be subtracted from the chserved potential difference,
Expressed mathematically, 18q 91 is used for caleulating pH
from the potential difference of such a cell.

o K - 0.2488
0.0581

In measuring the polestial difference between the elec-
trodes, it is imperative that very little current be drawn from
the eell, for with current flowing the voltage changes, owing
to polarization effects at the electrode. Because of this it is
not possible to make accurate measurements with a volime-
ter which requires appreciable current 1o operate it. In its
place a polentiometer is used which does not draw a curvent
from the cell being measured.

There are many limitations to the use of the hydrogen
electrode:

pH (91}

It eannot be used in solutions containing strong oxidants sueh as ferrie
irog, dichromates, nitric acid, peroxide or chlorine or reductants, such as
sulfierous acid and hydrogen sulfide.

It is affected by the presence of organie compounds which are fairly
casily reduced.

I cannot be used suceesslully in selutions containing cations that fall
Lelow hydrogen in the electrochemical series.

BErratic results are eblained in the mensurement of unbuffered solu-
tions uniess special precautions are taken.

It is troubleseme fo prepare and maintain.

Since other electrodes more vonvenient 1o use now are avail-
able, the hydrogen electrede today is used rarely. Neverthe-
less, it is the ultimate standard for pH measurements.

T avoid some of the difficulties with the hydrogen elec-
trode, the guinkydrone electrode was introduced and was
popular for a long time, particularly for measurements of
flcid solutions, The unusual feature of this electrode s that
1L consists of a piece of gold or platinum wire or foil dipping
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inte the solution to be tested, in which has been dissolved a
small quantity of quinbydrone. A calomet electrode may be
used [or reference, just as i determinations with the hydro-
gen electrode,

Quinhydrone consists of an equimolecular mixtuze of qui-
none and hydroguinone; the relationship between these sub-
stances and hydrogen-ion concentration is

Quinone -+ 2 hydrogen jons + 2 electrons == hydroguinone

In a solution containing hydrogen ions the potential of the
guinhydrone electrode is related logarithmically to hydroni-
um-ion concentration if the ratio of the hydroquinone con-
centration Lo that of quinone is constant and practically
equal to one. T'his ratio is maintained in an acid solution
containing an excess of quinhydrone, and measurements
may be made quickiy and accurately; however, quinhydrone
cannot. be used in selutions more alkaline than pH 8.

An cleetrode which, because of its simplicily of operation
and freedom {rom contamination or change of the solution
being tested, has replaced both the hydrogen and guinhy-
drone electrodes is the glass electrode. 1L functions by vir-
tue of the fact that when a thin membrane of a special
composition of glass separates two solutions of different pH
there is developed across the membrane a potential differ-
ence which depends on the pH of both sofutions, If the ptl
of one of the solutions is known, the other may be calculated
from the potentianl difference. In practice, the glass elec-
trode usually consists of a bulb of the special glass fused to
the end of o tube of ordinary glass. Inside the bullris placed
a solution of known pH, in contact with an internal silver~
silver chloride or other electrode. This glass electrode and
another reference electrode are immersed in the solution to
lre tested and the potential difference is measured. A poten-
tiometer providing electronic amplification of the small cur-
rent produced is employed. The modern instruments avail-
able permit reading the pH directly and provide also for
compensation of variations due to temperature in the range
of 0-50° and to the small but variable asynunetry potential
inherent in the glass electrode.

Pharmaceutical Significance

In the broad realm of knowledge concerning the prepara-

tion and action of drugs few, if any, variables are so impoy- -

tant as pH. TFor the purpose of this presentation, four prin-
cipal types of pH-dependence of drug systems will be dis-
cussed: solubility, stability, activity and absorption.

Drug Solubility

If a salt, NaA, is added to water Lo give a concentration C,,
the following reaclions oceur

A
Na'A™ 25 Na® + A~

A=+ H,0 = HA + OH"

If the pH of the solution is lowered, more of the A~ would be
eonverted Lo the unionized acid, HA, in accordance with Le
Chatelier’s principle.  Hventually, a pH will be obtlained,
below which the amount of HA formed exceeds its aqueous
solubility, S¢, and the acid will precipitate [rom solution; this
pH can be designated as pH,. At this point, at which the
amount of HA formed just equais Sp, a mass balance on the
total amount of drog in solution yields

C, = [HA] +[A7] =S, + [A7] (99)

Replacing [A~] as a function of hydronium-ion concentra-
tion gives
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K.C,

C,= 8+ e (93)
T 1,01, 4 K,

where K, is the ionization constant for the conjugate acid,
HA, and [H307], refers to the hydronium-ion concentration

above which precipitation will occur, This equation can be
rearranged Lo give

i.I.IﬁO"V]p = I(u (; - {94)
Taking logarithms gives
Ci— 5y
pH, = pK, +log —o = (95)

2y
Thus, the pH belew which precipitation occurs is a fanction
of the amount of sali added initially, the pK, and the solubil-
ity of the free acid formed from the salt.
The analogous eguation [or salts of weak bases and strong
acids (such as pilocarpine hydrochloride, cocaine hydrocklo-
ride or codeine phosphate} would be

S
1

(‘s - S(l
in which pk, refers to the protonated form of the weak base.

Example--Below what plf will free phenobarbitat hegin to precipitale
from & solution initially containing 1.3 g of soditmn phenoharhital /100
milsat 2527 'Phe molar solubilily of phenobarbital is 0.0050 and its pi,
is 7.41. The molecular weight of sodium phenobarbital is 254,

The molar eoncentration of sall initially added is
A3 gom M
mol wt 25

0.051 — 0.008
pH, = 741 + log T

= 741 + 0.96 = 8.37

pHl, = pK, + log (96)

-

&

Example - Above what pH will free cocaine bogin o precipitate from
a solution initially contmining 0.0294 mole of coenine hydrochloride/L?
The pk), of cocaine is 5,59, and its molar solubility is 580 X 107%

pK, = pK, - pK, = 14.00 - 5.58 = 8.41

0.0056
H. = 841 A+ Jogr —eoatO
PH, = 8 ok e~ 00056

= 8.41 + (~0.68) =778

Drug Stability

One of the most diversified and fruitful areas of study is
Lthe investigation of the effect of hydrogen-ion concentration
on the stability or, in more general terms, the reactivity of
pharmaceutical systems. The evidence for enhanced stabii-
ity of syslems when these are maintained within a narrow
range of pIl, as well as of progressively decreasing stability
as the pH departs from the optimum range, is abundant.
Stability (or instability) of a system may result from gain or
loss of a proton (hydrogen ion) by a substrate molecule—of-
ten accompanied by an electronic renrrangement-—which
reduces (or increases) the reactivity of the molecule. Insta-
hility results when the substance desired to remain un-
changed is converled to one or more other, unwanted, sub-
stances. In aqueous solution, instability may arise through
the catalytic effect of acids or bases, the former by transfer-
ring a proton o the substrate molecule, the latter by accept-
ing a prolon,

Specificillustrations of the effect of hydrogen-ien concen-
tration on the stability of medicinals are myriad; only a few
will be given here, these being chusen Lo show the impor-
tance of pH adjustment of solutions thal require steriliza-
tion.

Morphine solutions are net decomposed during a 60-min
exposure at a termperature of 100° if the pH is less thon 5.5;
neuiral and alkaline selutions, however, are highly unstable.
Minimum hydrolytic decomposition of selutions of cocaine
oceurs in the range of pH of 2 Lo 5; in one study a solution of
cocaine hydrochloride, initiatly at a pH of 5.7, remained
stable during 2 months (although the pH dropped 1o 4.2 in
this time), while another solution buffered to aboul pH 6
underwen( approximately 30% hydrolysis in the same time.
Similarly, solutions of procaine hydrochloride containing
some hydrochloric acid showed no appreciable decomposi-
tion; when dissolved in water alone, 5% of the procaine hy-
drochloride hydrobyzed, while when buffered to pHl 8.5, from
19 1o 35% underweni decomposition by hydrolysis. Solu-
tions of thiamine hydrochloride may be sterilized hy auto-
claving without appreciable decomposition if the pH is be-
low 5; ahove this, thismine hydrochloride is unstable.

The stability of many disperse systems, and especially of
certain emulsions, is oflen pH-dependent. Information
concerning specific emulsion systems, and the effect of pH
upon them, may be found in Chapler 19.

Drug Activity

Drugs that arve weak acids or weak bases, and hence may
exist in ionized or nonionized form (or a mixture of hoth),
may be active in one form but not in the other; often such
drugs have an optimum pH range for maximum activity.
Thus, mandelic acid, benzoic acid or salicylic acid have pro-
nounced antibacterial activity in nenionized form but have
practicaily no such activity in ionized form. Accordingly,
these substances require an acid environment o function
effectively as antibacterial agents. TFor example, sodium
henzoate is effective as & preservative in 4% coneentration at
pH 7.0, in 0.06 to 0.1% concentration al pH 3.5 to 4.0 and in
0.02 to 0.03% concentration at pH 2.3 to 2.4. Other antibac-
terial agents, on the other hand, are active principally, if not
entirely, in cationic form. Included in this category are the
acridines and quaternary ammoniumn compounds.

Drug Absorption

The degree of ionization and lipoid solubility of a drug are
two important factors that delermine the rate of absorption
of drags [rom the gastrointestinal tract and, indecd, their
passage through cellular membranes generally. Drugs
which are weak organic acids or bases, and which in nonion-
ized form are soluble in lipids, apparently are absorbed
through cellular membranes by virtue of the lipoidal nature
of the membranes. Completely ionized drugs, on the other
hand, are absorbed poorly, if at all. Rates of absorption of a
variety of drugs are related to their ionization constants and
in many cases may be predicted quantitatively on the basis
of this relationship. Thus, not only the degree of the acidic
or basic character of a drug but consequently alse the pH of
the physiotogical medium (gastric or intestinal fluid, plas-
ma, cerebrospinal fluid, ete) in which a drug is dissolved or
dispersed—since this pH determines the extent to which the
drug will be converted to ionic or nonionic form—become
important parameters of drug absorption, Further infor-
mation on drug absorption is given in Chapter 35.
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Interfacial Phenomena

Very often it is desirable or necessary in the development
of pharmaceutical dosage forms to produce multiphasic dis-
persions by mixing together two or more ingredients which
are not mutually miscible and capable of forming homoge-
neous solutions. Examples of such dispersions include sus-
pensions (solid in liquid), emulsions (liquid in liquid) and
foams (vapor in liquids). Because these systems are not
homogeneous and thermodynamically stable, over time they
will show some tendency to separate on standing to produce
the minimum possible surface area of contact between
phases. Thus, suspended particles agglomerate and sedi-
ment, emulsified droplets cream and coalesce and the bub-
bles dispersed in foams collapse, to produce unstable and
nonuniform dosage forms. In this chapter the fundamental
physical chemical properties of dispersed systems will be
discussed, along with the principles of interfacial and colloi-
dal physics and chemistry which underly these properties.

Interfacial Forces and Energetics

In the bulk portion of each phase, molecules are attracted
to each other equally in all directions, such that no resultant
forces are acting on any one molecule. The strength of these
fprcgs determines whether a substance exists as a vapor,
liquid or solid at a particular temperature and pressure.

At the boundary hetween phases, however, molecules are
acted upon unequally since they are in contact with other
molecules exhibiting different forces of attraction. For ex-
ample, the primary intermolecular forces in water are due to
hydrogen bonds, whereas those responsible for intermolecu-
lar bonding in hydrocarbon liquids, such as mineral oil, are
due to London dispersion forces.

Because of this, molecules situated at the interface con-
:ain Potential forces of interaction which are not satisfied

elative to the situation in each bulk phase. In liquid sys-
‘;ﬁms such unbalanced forces can be satisfied by spontaneous
ovement of molecules from the interface into the bulk
Fntii? This leavgs fewer molecu!es per unit area at the
aCtuajace (greater intermolecular distance) and reduces the
contact area between dissimilar molecules.
0 c:gtattempt to reverse th.is process by increasing the area
oi act between phases, ie, bringing more molecules into
nterface, causes the interface to resist expansion and to
\

Dr . . .
Scho“zog"ﬂfl authored the section on Interfacial Phenomena. Dr
aut'horeil:lut.hored the section on Colloidal Dispersions. Dr Swarbrick
the section on Particle Phenomena and Coarse Dispersions.

behave as though it is under a tension everywhere in a tan-
gential direction. The force of this tension per unit length
of interface generally is called the interfacial tension, except
when dealing with the air-liquid interface, where the terms
surface and surface tension are used.

To illustrate the presence of a tension in the interface,
consider an experiment where a circular metal frame, with a
looped piece of thread loosely tied to it, is dipped into a
liquid. When removed and exposed to the air, a film of
liquid will be stretched entirely across the circular frame, as
when one uses such a frame to blow soap bubbles. Under
these conditions (Fig 19-14), the thread will remain col-
lapsed. If now a heated needle is used to puncture and
remove the liquid film from within the loop (Fig 19-1B), the
loop will stretch spontaneously into a circular shape.

The result of this experiment demonstrates the spontane-
ous reduction of interfacial contact between air and the
liquid remaining and, indeed, that a tension causing the loop
to remain extended exists parallel to the interface. The
circular shape of the loop indicates that the tension in the
plane of the interface exists at right angles or normal to every
part of the looped thread. The total force on the entire loop
divided by the circumference of the circle, therefore, repre-
sents the tension per unit distance of surface, or the surface
tension.

Just as work is required to extend a spring under tension,
work should be required to reverse the process seen in Figs
19-14 and B, thus bringing more molecules to the interface.
This may be seen quantitatively by considering an experi-
ment where tension and work may be measured directly.
Assume that we have a rectangular wire with one movable
side (Fig 19-2). Assume further that by dipping this wire
into a liquid, a film of liquid will form within the frame when
it is removed and exposed to the air. As seen earlier in Fig
19-1, since it comes in contact with air, the liquid surface will
tend to contract with a force, F, as molecules leave the
surface for the bulk. To keep the movable side in equilibri-
um, an equal force must be applied to oppose this tension in
the surface. We then may define the surface tension, v, of
the liquid as F/2/, where 2! is the distance of surface over
which F is operating (2! since there are two surfaces, top and
bottom). If the surface is expanded by a very small dis-
tance, Ax, one can then estimate that the work done is

W = FAx N
and therefore
W = y2lAx (2)

257
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‘
Fig 19-1. A circular wire frame with a loop of thread loosely tied to

it: (A) a liquid film on the wire frame with a loop in it; (B) the film
inside the loop is broken.!
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Fig 19-2. A movable wire frame containing a film of liquid being
expanded with a force, F.
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Since
AA = 2lAx (3)

where AA is the change in area due to the expansion of the
surface, we may conclude that

W =~4A4A (4)

Thus, the work required to create a unit area of surface,
known as the surface free energy/unit area, is equivalent to
the surface tension of a liquid system, and the greater the
area of interfacial contact between phases, the greater the
free-energy increase for the total system. Since a prime
requisite for equilibrium is that the free energy of a system
be at a minimum, it is not surprising to observe that phases
in contact tend to reduce area of contact spontaneously.

Liquids, being mobile, may assume spherical shapes
(smallest interfacial area for a given volume), as when eject-
ed from an orifice into air or when dispersed into another
immiscible liquid. If a large number of drops are formed,
further reduction in area can occur by having the drops
coalesce, as when a foam collapses or when the liquid phases
making up an emulsion separate.

Surface tension is expressed in units of dynes/cm, while
surface free energy is expressed in ergs/cm?. Since an erg is
a dyne-cm, both sets of units are equivalent.

Values for the surface tension of a variety of liquids are
given in Table I, while interfacial tension values for various
liquids against water are given in Table II. Other combina-
tions of immiscible phases could be given but most heteroge-
neous systems encountered in pharmacy usually contain wa-
ter. Values for these tensions are expressed for a particular
temperature. Since an increased temperature increases the
thermal energy of molecules, the work required to bring
molecules to the interface should be less, and thus the sur-
face and interfacial tension will be reduced. For example,
the surface tension of water at 0° is 76.5 dynes/cm and 63.5
dynes/cm at 75°.

As would be expected from the discussion so far, the rela-
tive values for surface tension should reflect the nature of
intermolecular forces present; hence, the relatively large val-
ues for mercury (metallic bonds) and water (hydrogen
bonds), and the lower values for benzene, chloroform, carbon
tetrachloride and the n-alkanes. Benzene with = electrons

Table |—Surface Tension of Various Liquids at 20°

Surface tension,

Substance dynes/cm
Mercury 476
Water 72.8
Glycerin 63.4
Oleic acid 32.5
Benzene 28.9
Chloroform 27.1
Carbon tetrachloride 26.8
1-Octanol 26.5
Hexadecane 274
Dodecane 25.4
Decane 23.9
Octane 21.8
Heptane 19.7
Hexane 18.0
Perfluoroheptane 11.0
Nitrogen (at 75°K) 9.4

Table ll—Interfacial Tension of Various Liquids against
Water at 20°

Interfacial tension,

Substance dynes/cm
Decane 52.3
Octane 51.7
Hexane 50.8
Carbon tetrachloride 45.0
Chloroform 32.8
Benzene 35.0
Mercury 428
Oleic acid 15.6
1-Octanol 8.51

exhibits a higher surface tension than the alkanes of compa-
rable molecular weight, but increasing the molecular weight
of the alkanes (and hence intermolecular attraction) in-
creases their surface tension closer to that of benzene. The
lower values for the more nonpolar substances, perfluoro-
heptane and liquid nitrogen, demonstrate this point even
more strongly.

Values of interfacial tension should reflect the differences
in chemical structure of the two phases involved; the greater
the tendency to interact, the less the interfacial tension.
The 20-dynes/cm difference between air-water tension and
that at the octane-water interface reflects the small but
significant interaction between octane molecules and water
molecules at the interface. This is seen also in Table II, by
comparing values for octane and octanol, oleic acid and the
alkanes, or chloroform and carbon tetrachloride.

In each case the presence of chemical groups capable of
hydrogen bonding with water markedly reduces the interfa-
cial tension, presumably by satisfying the unbalanced forces
at the interface. These observations strongly suggest that
molecules at an interface arrange themselves or orient so as
to minimize differences between bulk phases.

That this occurs even at the air-liquid interface is seen
when one notes the relatively low surface-tension values of
very different chemical structures such as the n-alkanes,
octanol, oleic acid, benzene and chloroform. Presumably, in
each case, the similar nonpolar groups are oriented toward
the air with any polar groups oriented away toward the bulk
phase. This tendency for molecules to orient at an interface
is a basic factor in interfacial phenomena and will be dis-
cussed more fully in succeeding sections.

Solid substances such as metals, metal oxides, silicates
and salts, all containing polar groups exposed at their sur-
face, may be classified as high-energy solids, whereas nonpo-
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Fig 19-3. Adipic acid crystal showing various faces.?

Table lll—Values of v,, for Solids of Varying Polarity

Solid Yo (dynes/cm)
Teflon 19.0
Paraffin 25.5
Polyethylene 37.6
Polymethyl methacrylate 45.4
Nylon 50.8
Indomethacin 61.8
Griseofulvin 62.2
Hydracortisone 68.7
Sodium Chloride 155
Copper 1300

lar solids such as carbon, sulfur, glyceryl tristearate, polyeth-
ylene and polytetrafluoroethylene (Teflon) may be classi-
fied as low-energy solids. It is of interest to measure the
surface free energy of solids; however, the lack of mobility of
molecules at the surface of solids prevents the observation
and direct measurement of a surface tension. It is possible
to measure the work required to create new solid surface by
cleaving a crystal and measuring the work involved. How-
ever, this work not only represents free energy due to ex-
posed groups but also takes into account the mechanical
energy associated with the crystal (ie, plastic and elastic
deformation and strain energies due to crystal structure and
imperfections in that structure).

Also contributing to the complexity of a solid surface is the
heterogeneous behavior due to the exposure of different
crystal faces, each having a different surface free energy/unit
area. For example, adipic acid, HOOC(CH,),COOH, crys-
tallizes from water as thin hexagonal plates with three dif-
ferent faces, as shown in Fig 19-3. Each unit cell of such a
crystal contains adipic acid molecules oriented such that the
hexagonal planes (faces) contain exposed carboxyl groups,
while the sides and edges (A and B faces) represent the side
view of the carboxyl and alkyl groups, and thus are quite
nonpolar. Indeed, interactions involving these different
faces reflect the differing surface free energies.?

Other complexities associated with solid surfaces include
surface roughness, porosity and the defects and contamina-
tion produced during a recrystallization or comminution of
the solid. In view of all these complications, surface free
energy values for solids, when reported, should be regarded
as average values, often dependent on the method used and
not necessarily the same for other samples of the same sub-
stance.

In Table III are listed some approximate average values of
s for a variety of solids, ranging in polarity from Teflon to
copper, obtained by various indirect techniques.

Adhesional and Cohesional Forces

Of prime importance to those dealing with heterogeneous
systems is the question of how two phases will behave when
brought in contact with each other. It is well known, for
Instance, that some liquids, when placed in contact with
other liquid or solid surfaces, will remain retracted in the
form of a drop (known as a lens), while other liquids may
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exhibit a tendency to spread and cover the surface of this
liquid or solid.

Based upon concepts developed to this point, it is appar-
ent that the individual phases will exhibit a tendency to
minimize the area of contact with other phases, thus leading
to phase separation. On the other hand, the tendency for
interaction between molecules at the new interface will off-
set this to some extent and give rise to the spontaneous
spreading of one substance over the other.

In essence, therefore, phase affinity is increased as the
forces of attraction between different phases (adhesional
forces) become greater than the forces of attraction between
molecules of the same phase (cohesional forces). If these
adhesional forces become great enough, miscibility will oc-
cur and the interface will disappear. The present discussion
is concerned only with systems of limited phase affinity,
where an interface still exists.

A convenient approach used to express these forces quan-
titatively involves the use of the terms work of adhesion and
work of cohesion.

The work of adhesion, W,, is defined as the energy per cm?
required to separate two phases at their boundary and is
equal but opposite in sign to the free energy/cm? released
when the interface is formed. In an analogous manner the
work of cohesion for a pure substance, W,, is the work/cm?
required to produce two new surfaces, as when separating
different phases, but now both surfaces contain the same
molecules. This is equal and opposite in sign to the free
energy/cm? released when the same two pure liquid surfaces
are brought together and eliminated.

By convention, when the work of adhesion between two
substances, A and B, exceeds the work of cohesion for one
substance, eg, B, spontaneous spreading of B over the sur-
face of A should occur with a net loss of free energy equal to
the difference between W, and W.. If W, exceeds W,, no
spontaneous spreading of B over A can occur. The differ-
ence between W, and W, is known as the spreading coeffi-
cient, S; only when S is positive will spreading occur.

The values for W, and W, (and hence S) may be expressed
in terms of surface and interfacial tensions, when one con-
siders that upon separation of two phases, A and B, y4p ergs
of interfacial free energy/cm? (interfacial tension) are lost,
but that v 4 and vp ergs/cm? of energy (surface tensions of A
and B) are gained; upon separation of bulk phase molecules
in an analogous manner, 2v 4 or 2vp ergs/cm? will be gained.
Thus

Wo=v4+v5=v4p (5)
and
W. =2y, or2vyg (6)
For B spreading on the surface of A, therefore
Sg=va+ 78— Yap— 2vp (7
or
Sp=v4~= (v + 748 (8)

Utilizing Eq 8 and values of surface and interfacial tension
given in Tables I and II, S can be calculated for three repre-
sentative substances—decane, benzene, and oleic acid—on
water at 20°.

Decane: S =728~ (23.9 + 52.3) =-34
Benzene: S =728~ (28.9 + 35.0) 8.9
Oleic acid: S =72.8 — (32.5 + 15.6) 24.7

As expected, relatively nonpolar substances such as decane
exhibit negative values of S, whereas the more polar materi-
als yield positive values; the greater the polarity of the mole-
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cule, the more positive the value of S. The importance of
the cohesive energy of the spreading liquid may be noted
also by comparing the spreading coefficients for hexane on
water and water on hexane:

Suw=T28-(180+508) = 40

Swin = 18.0 — (72.8 + 50.8) = —105.6

Here, despite the fact that both liquids are the same, the
high cohesion and air-liquid tension of water prevents
spreading on the low-energy hexane surface, while the very
low value for hexane allows spreading on the water surface.
This also is seen when comparing the positive spreading
coefficient of hexane to the negative value for decane on
water.

To see whether spreading does or does not occur, a powder
such as talc or charcoal can be sprinkled over the surface of
water such that it floats; then, a drop of each liquid is placed
on this surface. As predicted, decane will remain as an
intact drop, while hexane, benzene and oleic acid will spread
out, as shown by the rapid movement of solid particles away
from the point where the liquid drop was placed originally.

An apparent contradiction to these observations may be
noted for hexane, benzene and oleic acid when more of each
substance is added, in that lenses now appear to form even
though initial spreading occurred. Thus, in effect a sub-
stance does not appear to spread over itself.

It is now established that the spreading substance forms a
monomolecular film which creates a new surface having a
lower surface free energy than pure water. This arises be-
cause of the apparent orientation of the molecules in such a
film so that their most hydrophobic portion is oriented to-
wards the spreading phase. [tis the lack of affinity between
this exposed portion of the spread molecules and the polar
portion of the remaining molecules which prevents further
spreading.

This may be seen by calculating a final spreading coeffi-
cient where the new surface tension of water plus monomo-
lecular film is used. For example, the presence of benzene
reduces the surface tension of water to 62.2 dynes/cm so that
the final spreading coefficient, Sr, is

Sp=622-(289+35.0)=-17

The lack of spreading exhibited by oleic acid should be
reflected in an even more negative final spreading coeffi-
cient, since the very polar carboxyl groups should have very
little affinity for the exposed alkyl chain of the oleic acid
film. Spreading so as to form a second layer with polar
groups exposed to the air would also seem very unlikely, thus
leading to the formation of a lens.

Wetting Phenomena

In the experiment described above it was shown that tale
or charcoal sprinkled onto the surface of water float despite
the fact that their densities are much greater than that of
water. In order for immersion of the solid to occur, the
liquid must displace air and spread over the surface of the
solid; when liquids cannot spread over a solid surface spon-
taneously, and, therefore, S, the spreading coefficient, is
negative, we say that the solid is not wetted.

An important parameter which reflects the degree of wet-
ting is the angle which the liquid makes with the solid sur-
face at the point of contact (Fig 19-4). By convention, when
wetting is complete, the contact angle is zero; in nonwetting
situations it theoretically can increase to a value of 180°,
where a spherical droplet makes contact with solid at only
one point.

VAPOR

LIQUID 6
YASLi Sy

TR

Fig 19-4. Forces acting on a nonwetting liquid drop exhibiting a
contact angle of 4.3

In order to express contact angle in terms of solid-liquid-
air equilibria, one can balance forces parallel to the solid
surface at the point of contact between all three phases (Fig
19-4), as expressed in

Ysy = vs. + vLvcos 8 9)

where vsv, vsz, and yLy represent the surface free ener-
gy/unit area of the solid-air, solid-liquid, and liquid-air
interfaces, respectively. Although difficult to use quantita-
tively because of uncertainties with ysy and ys, measure-
ments, conceptually the equation, known as the Young
equation, is useful because it shows that the loss of free
energy due to elimination of the air-solid interface by wet-
ting is offset by the increased solid-liquid and liquid-air
area of contact as the drop spreads out.

The Ly cos 8 term arises as the horizontal vectorial com-
ponent of the force acting along the surface of the drop, as
represented by v, . Factors tending to reduce vy and vysz,
therefore, will favor wetting, while the greater the value of
vsv the greater the chance for wetting tooccur. This is seen
in Table IV for the wetting of a low-energy surface, paraffin
(hydrocarbon), and a higher energy surface, nylon, (polyhex-
amethylene adipamide). Here, the lower the surface ten-
sion of a liquid, the smaller the contact angle on a given solid,
and the more polar the solid, the smaller the contact angle
with the same liquid.

With Eq 9 in mind and looking at Fig 19-5, it is now
possible to understand how the forces acting at the solid-

Table IV—Contact Angle on Paratfin and Nylon for Various
Liquids of Ditfering Surface Tension

Surface tenston, Contact angle
Substance dynes/cm Paraffin Nylon
Water 72.8 105° 70°
Glycerin 63.4 96° 60°
Formamide 58.2 91° 50°
Methylene iodide 50.8 66° 41°
a-Bromonaphthalene 44.6 47° 16°
tert-Butylnaphthalene 33.7 38° spreads
Benzene 28.9 24° “
Dodecane 25.4 17° «“
Decane 23.9 7° *
Nonane 22.9 spreads “
ysy  VAPOR
YLy
SOLID
8 :{ 8
7
St Lioup

Fig 19-5. Forces acting on a nonwettable solid at the air+liquid+so-
lid interface: contact angle § greater than 90°.
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Table V—Critical Surface Tensions of Various Polymeric

Solids
Yo
Polymeric Solid Dynes/cm at 20°
Polymethacrylic ester of ¢’-octanol 10.6
Polyhexafluoropropylene 16.2
Polytetrafluoroethylene 18.5
Polytrifluoroethylene 22
Poly(vinylidene fluoride) 25
Poly(vinyl fluoride) 28
Polyethylene 31
Polytrifluorochloroethylene 31
Polystyrene 33
Poly(vinyl alcohol) 37
Poly(methyl methacrylate) 39
Poly(vinyl chloride) 39
Poly(vinylidene chloride) 40
Poly(ethylene terephthalate) 43
Poly(hexamethylene adipamide) 46

liquid-air interface can cause a dense nonwetted solid to
float if vsr, and .y are large enough relative to ysy.

The significance of reducing v,y was first developed em-
pirically by Zisman when he plotted cos 6 vs the surface
tension of a series of liquids and found that a linear relation-
ship, dependent on the solid, was obtained. When such
plots are extrapolated to cos 6 equal to one or a zero contact
angle, a value of surface tension required to just cause com-
plete wetting is obtained. Doing this for a number of solids,
it was shown that this surface tension (known as the critical
surface tension, y.) parallels expected solid surface energy
vsv; the lower v, the more nonpolar the surface.

Table V indicates some of these v. values for different
surface groups, indicating such a trend. Thus, water with a
surface tension of ahout 72 dynes/cm will not wet polyethyl-
ene (y. = 31 dynes/cm), but heptane with a surface tension
of about 20 dynes/cm will. Likewise, Teflon (polytetrafluo-
roethylene) (y. = 19) is not wetted by heptane but is wetted
by perfluoroheptane with a surface tension of 11 dynes/cm.

One complication associated with the wetting of high-
energy surfaces is the lack of wetting after the initial forma-
tion of a monomolecular film by the spreading substance.
As in the case of oleic acid spreading on the surface of water,
the remaining liquid retracts because of the low-energy sur-
face produced by the oriented film. This phenomenon, of-
ten called autophobic behavior, is an important factor in
many systems of pharmaceutical interest since many solids,
expected to be wetted easily by water, may be rendered
hydrophobic if other molecules dissolved in the water can
form these monomolecular films at the solid surface.

Capillarity

Because water shows a strong tendency to spread out over
a polar surface such as clean glass (contact angle 0°), one
would expect to observe the meniscus which forms when
water is contained in a glass vessel such as a pipet or buret.
This behavior is accentuated dramatically if a fine-bore cap-
illary tube is placed into the liquid (Fig 19-6); not only will
the wetting of the glass produce a more highly curved menis-
¢us, but the level of the liquid in the tube will be appreciably
higher than the level of the water in the beaker.

The spontaneous movement of a liquid into a capillary or
narrow tube due to surface forces is defined as capillarity
and is responsible for a number of important processes in-
Volving the penetration of liquids into porous solids. In
Contrast to water in contact with glass, if the same capillary
18 placed into mercury (contact angle on glass: 130°). not
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Fig 19-6. Capillary rise for a liquid exhibiting zero contact angle !

Fig 19-7. Capillary tall for a liquid exhibiting a contact angle, 4,
which is greater than 90°."

only will the meniscus be inverted (see Fig 19-7), but the
level of the mercury in the capillary will be lower than in the
beaker. In this case one does not expect mercury or other
nonwetting liquids to easily penetrate pores unless external
forces are applied.

To quantitate the factors giving rise to the phenomenon of
capillarity, let us consider the case of a liquid which rises toa
height, h, above the bulk liquid in a capillary having a radius,
r. If (as shown in Fig 19-6) the contact angle of water on
glass is zero, a force, F, will act upward and vertically along
the circle of liquid-glass contact. Based upon the definition
of surface tension this force will be equal to the surface
tension, v, multiplied by the circumference of the circle, 2xr.
Thus

F = v2nr (10)

This force upward must support the column of water, and
since the mass, m, of the column is equal to the density, d,
multiplied by the volume of the column, wr2h, the force W
opposing the movement upward will be

W = mg = nridgh (11)

where g is the gravity constant.
Equating the two forces at equilibrium gives

aridgh = y2xr (12)
so that
2y
==L 13
rdg (13)

Thus, the greater the surface tension and the finer the capil-
lary radius, the greater the rise of liquid in the capillary.

If the contact angle of liquid is not zero (as shown in Fig
19-8), the same relationship may be developed, except the

Fig 19-8. Capillary rise for a liquid exhibiting a contact angle, .
which is greater than zero but less than 90°.1
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vertical component of F which opposes the weight of the
column is F cos 8 and, therefore

h=27c050

rdg (14)

This indicates the very important fact that if 8 is less than
90°, but greater than 0°, the value of h will decrease with
increasing contact angle until at 90° (cos # = 0), h = 0.
Above 90°, values of h will be negative, as indicated in Fig
19-7 for mercury. Thus, based on these equations we may
conclude that capillarity will occur spontaneously in a cylin-
drical pore even if the contact angle is greater than zero, but
it will not occur at all if the contact angle becomes 90° or
more. In solids with irregularly shaped pores the relation-
ships between parameters in Eq 14 will be the same, but they
will be more difficult to quantitate because of nonuniform
changes in pore radius throughout the porous structure.

Pressure Differences across Curved Surfaces

From the preceding discussion of capillarity another im-
portant concept follows. In order for the liquid in a capil-
lary to rise spontaneously it must develop a higher pressure
than the lower level of the liquid in the beaker. However,
since the system is open to the atmosphere, both surfaces are
in equilibrium with the atmospheric pressure. In order to
be raised above the level of liquid in the beaker and produce
a hydrostatic pressure equal to hgd, the pressure just below
the liquid meniscus, in the capillary, P;, must be less than
that just below the flat liquid surface, Py, by hgd, and there-
fore

Py— P, = hgd (15)
Since, according to Eq 14
2y cos 8
h = ——————
rgd
then
P,— P, _2ycosb (16)

r

For a contact angle of zero, where the radius of the capillary
is the radius of the hemisphere making up the meniscus,

2
PO—P1=—:'—

17)

The consequences of this relationship (known as the Laplace
equation) are important for any curved surface when r be-
comes very small and v is relatively significant. For exam-
ple, a spherical droplet of air formed in a bulk liquid and
having a radius, r, will have a greater pressure on the inner
concave surface than on the convex side, as expressed in Eq
17.

Another direct consequence of what Eq 17 expresses is the
fact that very small droplets of liquid, having highly curved
surfaces, will exhibit a higher vapor pressure, P, than that
observed over a flat surface of the same liquid at P. The
equation (Eq. 18) expressing the ratio of P/P to droplet
radius, r, and surface tension, v, is called the Kelvin equa-
tion where

2vM
2.303RTpr

and M is the molecular weight, R the gas constant in ergs per
mole per degree, T is temperature and p is the density in
g/ecm3. Values for the ratio of vapor pressures are given in
Table VI for water droplets of varying size. Such ratios
indicate why it is possible for very fine water droplets in

log P/P’ = (18)

Table VI—Ratio of Observed Vapor Pressure to Expected
Vapor Pressure of Water at 25° with Varying Droplet Size

P/pP'a Droplet size, um
1.001 1

1.01 0.1

1.1 0.01

2.0 0.005

3.0 0.001

4.2 0.00065
5.2 0.00060

2 P is the observed vapor pressure and P’ is the expected value for “bulk"
water.

clouds to remain uncondensed despite their close proximity
to one another.

This samé behavior may be seen when measuring the
solubility of very fine solid particles since both vapor pres-
sure and solubility are measures of the escaping tendency of
molecules from a surface. Indeed, the equilibrium solubili-
ty of extremely small particles has been shown to be greater
than the usual value noted for coarser particles; the greater
the surface energy and smaller the particles, the greater this
effect.

Adsorption

Vapor Adsorption on Solid Surfaces

It was suggested earlier that a high surface or interfacial
free energy may exist at a solid surface if the unbalanced
forces at the surface and the area of exposed groups are quite
great.

Substances such as metals, metal oxides, silicates, and
salts—all containing exposed polar groups—may be classi-
fied as high-energy or hydrophilic solids; nonpolar solids
such as carbon, sulfur, polyethylene, or Teflon (polytetraflu-
oroethylene) may be classified as low-energy or hydrophobic
solids (Table III). Whereas liquids satisfy their unbalanced
surface forces by changes in shape, pure solids (which exhib-
it negligible surface mobility) must rely on reaction with
molecules either in the vapor state or in a solution which
comes in contact with the solid surface to accomplish this.

Vapor adsorption is the simplest model demonstrating
how solids reduce their surface free energy in this manner.

Depending on the chemical nature of the adsorbent (solid)
and the adsorbate (vapor), the strength of interaction be-
tween the two species may vary from strong specific chemi-
cal bonding to interactions produced by the weaker more
nonspecific London dispersion forces. Ordinarily, these lat-
ter forces are those responsible for the condensation of rela-
tively nonpolar substances such as Ny, O,, CO; or hydrocar-
bons.

When chemical reaction occurs, the process is called che-
misorption; when dispersion forces predominate, the term
physisorption is used. Physisorption occurs at tempera-
tures approaching the liquefaction temperature of the va-
por, whereas, for chemisorption, temperatures depend on
the particular reaction involved. Water-vapor adsorption
to various polar solids can occur at room temperature
through hydrogen-bonding, with binding energies interme-
diate to physisorption and chemisorption.

In order to study the adsorption of vapors onto solid sur-
faces one must measure the amount of gas adsorbed/unit
area or unit mass of solid, at different pressures of gas.
Since such studies usually are conducted at constant tem-
perature, plots of volume adsorbed vs pressure are referred
to as adsorption isotherms. If the physical or chemical
adsorption process is monomolecular, the adsorption iso-
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Fig 19-9  Adsorption isotherms for ammonia on charcoal.*

therm should look like those shown in Fig 19-9. Note the
significant increase in adsorption with increasing pressure,
followed by a leveling off. This leveling off is due either to a
saturation of available specific chemical groups, as in chemi-
sorption, or to the entire available surface being covered by
physically adsorbed molecules. Note also the reduction in
adsorption with increasing temperature which occurs be-
cause the adsorption process is exothermic. Often in the
case of physical adsorption at low temperatures, after ad-
sorption levels off, a marked increase in adsorption occurs,
presumably due to multilayered adsorption. In this case
vapor molecules essentially condense upon themselves as
the liquefaction pressure of the vapor is approached. Figure
19-10 illustrates one type of isotherm generally seen with
multilayered physisorption.

In order to have some quantitative understanding of the
adsorption process and to be able to compare different sys-
tems, two factors must be evaluated; it is important to know
what the capacity of the solid is or what the maximum
amount of adsorption is under a given set of conditions and
what the affinity of a given substance is for the solid surface
or how readily does it adsorb for a given amount of pressure?
In effect, this second term is the equilibrium constant for the
process.

Va

Adsorbed,

Volume of Vapor

0.2 0.4 0.6 [oX:) [Xe]

Relative Pressure

Fig 19-10. Typical plot for multilayer physical adsorption of a vapor
on a solid surface.
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A significant development along these lines was intro-
duced by Langmuir when he proposed his theory of mono-
molecular adsorption. He postulated that for adsorption to
occur a solid must contain uniform adsorption sites, each
capable of holding a gas molecule. Molecules colliding with
the surface may bounce off elastically or they may remain in
contact for a period of time. It is this contact over a period
of time that Langmuir termed adsorption.

Two major assumptions were made in deriving the equa-
tion: (1) only those molecules striking an empty site can be
adsorbed, hence, only monomolecular adsorption occurs,
and (2) the forces of interaction between adsorbed molecules
are negligible and, therefore, the probability of a molecule
adsorbing onto or desorbing from any site is independent of
the surrounding sites.

The derivation of the equation is based upon the relation-
ship between the rate of adsorption and desorption, since at
equilibrium the two rates must be equal. Let p equal the
number of molecules striking each sq cm of surface/sec.
From the kinetic theory of gases

= __p___ ]_9

4T rmkT) (19
where p is the gas pressure, m is the mass of the molecule, & is
the Boltzmann gas constant, and T is the absolute tempera-
ture. Thus, the greater p, the greater the number of colli-
sions. Let a equal the fraction of molecules which will be
held by the surface; then a is equal to the rate of adsorption
on the bare surface. However, if 8 is“the fraction of the

surface already covered, the rate of adsorption actually will
be

R, = au(1 - 6) (20)

In a similar manner the rate of molecules leaving the surface
can be expressed as

Ry=+6 (21)

where v is the rate at which molecules can leave the surface
and 6 represents the number of molecules available to de-
sorb. The value of v strongly depends on the energy associ-
ated with adsorption; the greater the binding energy, the
lower the value of y. At equilibrium, R, = R, and

v8 = au(l — 6) (22)

Isolating the variable term, p, and combining all constants
into k, the equation can be written as

k
B 1 +pkp (23)
and, since 8 may be expressed as
6= & (24)
Vi

where V, is the volume of gas adsorbed and V, is the volume
of gas covering all of the sites, Eq. 23 may be written as

_ Vukp
4 1+4+kp

(25)

A test of fit to this equation can be made by expressing it in
linear form

+-2 (26)

The value of k is, in effect, the equilibrium constant and may
be used to compare affinities of different substances for the
solid surface. The value of V,, is valuable since it indicates
the maximum number of sites available for adsorption. In
the case of physisorption the maximum number of sites is
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actually the total surface area of the solid and, therefore, the
value of V, can be used to estimate surface area if the
volume and area/molecule of vapor are known.

Since physisorption most often involves some multilay-
ered adsorption, an equation, based on the Langmuir equa-

tion, the B.E.T. equation, is normally used to determine V,,
and solid surface areas. Equation 27 is the B.E.T. equation:

V= V.cp
® (pa— D)1+ (C— D(p/py)

where ¢ is a constant and pq is the vapor pressure of the
adsorbing substance.5 The most widely used vapor for this
purpose is nitrogen, which adsorbs nonspecifically on most
solids near its boiling point at —195° and appears to occupy
ahout 16 A2/molecule on a solid surface.

(27)

Adsorption from Solution

By far one of the most important aspects of interfacial
phenomena encountered in pharmaceutical systems is the
tendency for substances dissolved in a liquid to adsorb to
various interfaces. Adsorption from solution is generally
more complex than that from the vapor state because of the
influence of the solvent and any other solutes dissolved in
the solvent. Although such adsorption is generally limited
to one molecular layer, the presence of other molecules often
makes the interpretation of adsorption mechanisms much
more difficult than for chemisorption or physisorption of a
vapor. Since monomolecular adsorption from solution is so
widespread at all interfaces, we will first discuss the nature
of monomolecular films and then return to a discussion of
adsorption from solution.

Insoluble Monomolecular Films

It was suggested above that molecules exhibiting a ten-
dency to spread out at an interface might be expected to
orient so as to reduce the interfacial free energy produced by
the presence of the interface. Direct evidence for molecular
orientation has been obtained from studies dealing with the
spreading on water of insoluble polar substances containing
long hydrocarbon chains, eg, fatty acids.

In the late 19th century Pockels and Rayleigh showed that
a very small amount of olive or castor oil—when placed on
the surface of water—spreads out, as discussed above. If
the amount of material was less than could physically cover
the entire surface only a slight reduction in the surface
tension of water was noted. However, if the surface was
compressed between barriers, as shown in Fig 19-11, the
surface tension was reduced considerably.

Devaux extended the use of this technique by dissolving
small amounts of solid in volatile solvents and dropping the
solution onto a water surface. After assisting the water-
insoluble molecules to spread, the solvent evaporated, leav-
ing a surface film containing a known amount of solute.

Compression and measurement of surface tension indicat-
ed that a maximum reduction of surface was reached when
the number of molecules/unit area was reduced to a value
corresponding to complete coverage of the surface. This
suggested that a monomolecular film forms and that surface

Film covered

TSR TTTITTT Ty S

Fig 19-11. Insoluble monomolecular film compressed between a
fixed barrier, B, and a movable barrier, A.6

tension is reduced upon compression because contact
tween air and water is reduced by the presence of the me-
molecules. Beyond the point of closest packing the fil
apparently collapses very much as a layer of corks floating o
water would be disrupted when laterally compressed beyong
the point of initial physical contact.

Using a refined quantitative technique based on theg
studies, Langmuir? spread films of pure fatty acids, 3100h01:
and esters on the surface of water. Comparing a Serieg 0%
saturated fatty acids, differing only in chain length, he foung
that the area/molecule at collapse was independent of chaip
length, corresponding to the cross-sectional area of a mole.
cule oriented in a vertical position (see Fig 19-11). He fur.
ther concluded that this molecular orientation involved as.
sociation of the polar carboxyl group with the water phase
and the nonpolar acyl chain out towards the vapor phage,

In addition to the evidence for molecular orientatigy,
Langmuir’s work with surface films revealed that each sy},
stance exhibits film properties which reflect the interactiong
between molecules in the surface film. This is best seen by
plotting the difference in surface tension of the clean syr.
face, o, and that of the surface covered with the film, Y, vs
the area/molecule, A, produced by film compression (total
area + the number of molecules). The difference in surface
tension is called the surface pressure, =, and thus

(28)

Figure 19-12 depicts such a plot for a typical fatty acid
monomolecular film. At areas greater than 50 A2%/molecule
the molecules are far apart and do not cover enough surface
to reduce the surface tension of the clean surface to any
extent and thus the lack of appreciable surface pressure,
Since the molecules in the film are quite free to move lateral-
ly in the surface, they are said to be in a two-dimensional
“gaseous” or “vapor” state.

As the intermolecular distance is reduced upon compres-
sion, the surface pressure rises because the air-water surface
is being covered to a greater extent. The rate of change in r
with A, however, will depend on the extent of interaction
between film molecules; the greater the rate of change, the
more “condensed” the state of the film.

In Fig 19-12, from 50 A2 to 30 A2/molecule, the curve
shows a steady increase in r, representative of a two-dimen-
sional “liquid” film, where the molecules become more re-
stricted in their freedom of movement because of interac-
tions. Below 30 A%/molecule the increase in 7 occurs over a
narrow range of A, characteristic of closest packing and a
two-dimensional “solid” film.

Any factor tending to increase polarity or bulkiness of the
molecule—such as increased charge, number of polar
groups, reduction in chain length, or the introduction of

7l’=‘yo_‘y.

s} 2

30 [+
£
AT
~
@20
z
»
a
LRTR 8

A
| [ 1 1 L ]

20 30 40 50 &0 70
AREA PER MOLECULE (A2)

Fig 19-12. A surface pressure-area curve for an insoluble mono-
molecular film: Region A, “‘gaseous” film; Region B, ‘‘liquid"’ film:
Region C, “‘solid" film; Region D, film collapse
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tic Tings. side chains, and double bonds—should re-
o2 ? lecular interactions, while the longer the alkyl chain
mo ulky the polar group. the closer the molecules

ar
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and tg::gsac and the stronger the extent of interaction in
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he film-

Soluble Films and Adsorption from Solution

£ a fatty acid exhibits highly “gaseous” film l?ehavior on

I seous surface, we should expect a relatively sxpall
an aqe in = with Aovera considerable range of compression.
ch:ii-ng . for short-chain compounds—eg, lauric acid (12 car-
In e()e a’nd decanoic acid—not only is the change in = small
b(i):}? decreasing A but at a point just before the expected
w .
closest packmgl laree:e the surface pressure becomes constant

ithout any collapse. . .
wli? E:luric Zcid is converted to the laurate ion, or if a shorter

hain acid such as octanoic acid is used, spreafiing on m-'ater
fmd compression of the surface produces no ‘l‘ncrease ’l‘n T
the more polar the molecule (hence, the more “gaseous” the
film), the higher the area/molecule where a constant surface

essure 0CCUrs. ) )

prThis behavior may be explamc_ed by assuming that polar
molecules form monomolc?cular films when spread on water
but that, upon compression, they are caused to enter the
aqueous bulk solution rather than to remain as an intact
insoluble film. The constant surface pressure with in-
creased compression arises because a constant number of
molecules/unit area remain at the surface in equilibrium
with dissolved molecules. The extent of such behavior will
be greater for substances exhibiting weaker intermolecular
interaction and greater water solubility.

Starting from the other direction, it can be shown that
short-chain acids and alcohols (when dissolved in water)
reduce ta1e surface tension of water, thus producing a surface
pressure, just as with insoluble films (see Eq 28). That
dissolved molecules are accumulating at the interface in the
form of a monomolecular film is suggested from the similar-
ity in behavior to systems where slightly soluble molecules
are spread on the surface. For example, compressing the
surface of a solution containing *‘surface-active” molecules
.has no effect on the initial surface pressure, whereas increas-
ing bulk-solution concentration tends to increase surface
pressure, presumably by shifting the equilibrium between
surface and bulk molecules.

At this point we may ask, why should water-soluble mole-
cules.leave an aqueous phase and accumulate or “adsorb” at
an air-solution interface? Since any process will occur
Spontaneously if it results in a net loss in free energy, such
must be the case for the process of adsorption.

. A number of factors will produce such a favorable change
in free energy. First, the presence of the oriented monomo-
i;Eltii:ular film reduces the surface free energy of the air-water
Interface. Second, the hydrophobic group on the molecule
‘2 In a lower state of energy at the interface, where it no
nger is as surrounded by water molecules, than when it is in
'f:_}ie bulk-solution phase. Increased interaction between
1 1: ;nolecules also will contribute to this process.
o urther reduc.tion in free energy occurs upon adsorption
o use of the gain in entropy associated with a change in
ater structure. Water molecules, in the presence of dis-
solved alkyl chaing a highly organized or “ice-like”
an the re more highly organized or “ice-like
such Y are as a pure bulk phase; hence, the entropy of
Structured water is lower than that of bulk water.
€ Process of adsorption requires that the “ice-like”
Structyre « 1t ptiC q h
an incre, melt” as the chains go to the interface and, thus,
of molec?ﬁe lr(; _the entr.opy. of water occurs. .The z.idsorption
Y Water €s dissolved in oil can occur hut it is not influenced
men tiones(fr ucture changes and, hence, only the first factors
are important here.
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It is very rare that significant adsorption can occur at the
hydrocarbon-air interface since little loss in free energy can
occur by bringing hydrocarbon chains with polar groups
attached to this interface; however, at oil-water interfaces
the polar portions of the molecule can interact with water at
the interface, leading to significant adsorption.

Thus, whereas water-soluble fatty acid salts are adsorbed
from water to air-water and oil-water interfaces, their un-
dissociated counterparts, the free fatty acids, which are wa-
ter insoluble, form insoluble films at the air-water interface,
are not adsorbed from oil solution to an oil-air interface, but
show significant adsorption at the oil-water interface when
dissolved in oil.

From this discussion it is possible also to conclude that
adsorption from aqueous solution requires a lower solute
concentration to obtain the same level of adsorption if the
hydrophobic chain length is increased or if the polar portion
of the molecule is less hydrophilic. On the other hand,
adsorption from nonpolar solvents is favored when the sol-
ute is quite polar.

Since soluble or adsorbed films cannot be compressed,
there is no simple direct way to estimate the number of
molecules/unit area coming to the surface under a given set
of conditions. For relatively simple systems it is possible to
estimate this value by application of the Gibbs equation,
which relates surface concentration to the surface-tension
change produced at different solute activities. The deriva-
tion of this equation is beyond the scope of this discussion,
but it arises from a classical thermodynamic treatment of
the change in free energy when molecules concentrate at the
boundary between two phases. The equation may be ex-
pressed as

_.a dy
RT da

where T is the moles of solute adsorbed/unit area, R is the
gas constant, T is the absolute temperature and dvy is the
change in surface tension with a change in solute activity, da,
at activity a. For dilute solutions of nonelectrolytes, or for
electrolytes when the Debye-Hickel equation for activity
coefficient is applicable, the value of a may be replaced by
solute concentration, c. Since the term dc/c is equal to d In
¢, the Gibbs equation is often written as
1 dy

RTdInc

In this way the slope of a plot of y vs In ¢ multiplied by 1/RT
should give T at a particular value of c. Figure 19-13 depicts
typical plots for a series of water-soluble surface-active
agents differing only in the alkyl chain length. Note the
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Fig 19-13. The effect of increasing chain length on the surface
activity of a surfactant at the air-aqueous solution interface (each
figure depicted to differ by two methylene groups with A, the longest
chain, and D, the shortest).
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greater reduction of surface tension that occurs at lower
concentrations for longer chain-length compounds. In ad-
dition, note the greater slopes with increasing concentration,
indicating more adsorption (Eq 30), and the abrupt leveling
of surface tension at higher concentrations. This latter be-
havior reflects the self-association of surface-active agent to
form micelles which exhibit no further tendency to reduce
surface tension. The topic of micelles will be discussed later
on page 268.

If one plots the values of surface concentration, I, vs
concentration, ¢, for substances adsorbing to the vapor-liq-
uid and liquid-liquid interfaces, using data such as those
given in Fig 19-13, one generally obtains an adsorption iso-
therm shaped like those in Fig 19-9 for vapor adsorption.
Indeed, it can be shown that the Langmuir equation (Eq 25)
can be fitted to such data when written in the form

T ke
r 1+ ke (31)
where @'y, is the maximum surface concentration attained
with increasing concentration and %’ is related to k in Eq 25.
Combining Eqs 29 and 31 leads to a widely used relationship
between surface tension change [I (see Eq 28) and solute
concentration, ¢, known as the Syszkowski equation:

I=Tr,RTIn(1+kc) (32)

Mixed Films

It would seem reasonable to expect that the properties of a
surface film could be varied greatly if a mixture of surface-
active agents were in the film. Asan example, consider that
a mixture of short- and long-chain fatty acids would be
expected to show a degree of “condensation” varying from
the “gaseous’ state, when the short-chain substance is used
in high amount, to a highly condensed state when the longer
chain substance predominates. Thus, each component in
such a case would operate independently by bringing a pro-
portional amount of film behavior to the system.

More often, the ingredients of a surface film do not behave
independently, but, rather, interact to produce a new surface
film. An obvious example would be the combination of
organic amines and acids which are oppositely charged and
would be expected to interact strongly.

In addition to such polar-group interactions, chain—chain
interaction will strongly favor mixed condensed films. An
important example of such a case occurs when a long-chain
alcohol is introduced along with an ionized long-chain sub-
stance. Together the molecules form a highly condensed
film despite the presence of a high number of like charges.
Presumably this occurs as seen in Fig 19-14, by arranging the
molecules so that ionic groups alternate with alcohol groups;
however, if chain—chain interactions are not strong, the ionic
species often will be displaced by the more nonpolar union-
ized species and “desorb” into the bulk solution.

On the other hand, sometimes the more soluble surface-
active agent produces surface pressures in excess of the col-
lapse pressure of the insoluble film and displaces it from the
surface. This is an important concept because it is the
underlying principle behind cell lysis by surface-active
agents and some drugs, and behind the important process of

Fig 19-14. A mixed monomolecular film. ®: a long-chain ion; O:
a long-chain nonionic compound.

Adsorption on Solid Surfaces From Solution

Adsorption to solid surfaces from solution may occur i
dissolved molecules and the solid surface have chep
groups capable of interacting. Nonspecific adsorption
will occur if the solute is surface active and if the surface ,
of the solid is high. This latter case would be the sam,
occurs at the vapor-liquid and liquid-liquid interfaces,
with adsorption to liquid interfaces, adsorption to soliq ,
faces from solution generally leads to a monomolecular
er, often described by the Langmuir equation or by
empirical, yet related, Freundlich equation

x/M = kc"®

where x is the grams of solute adsorbed by M grams of g
in equilibrium with a solute concentration of¢. The tery
and n are empirical constants. However, as Giles8
pointed out, the variety of combinations of solutes anq
ids, and, hence the variety of possible mechanisms of ads,
tion, can lead to a number of more complex isotherms.
particular, adsorption of surfactants and polymers, of g
importance in a number of pharmaceutical systems, is
not well understood on a fundamental level, and ma
some situations even be multilayered. '

Adsorption from solution may be measured by separa
solid and solution and either estimating the amount of
sorbate adhering to the solid or the loss in concentratio
adsorbate from solution.

In view of the possibility of solvent adsorption, the la
approach really only gives an apparent adsorption.
example, if solvent adsorption is great enough, it is poss
to end up with an increased concentration of solute a
con&act with the solid; here, the term negative adsorptic
used.

Solvent not only influences adsorption by competing
the surface but, as discussed in connection with adsorp
at liquid surfaces, the solvent will determine the escaj
tendency of a solute; eg, the more polar the molecule, the
the adsorption that occurs from water. This is seen in
19-15, where adsorption of various fatty acids from w.
onto charcoal increases with increasing alkyl chain lengt
nonpolarity. It is difficult to predict these effects bui
general, the more chemically unlike the solute and sols
and the more alike the solid surface groups and solute,

*/m, Millimoles per Grom C

)|
o] 1 2 3
Concentration, Moles per Liter

Fig 19-15. The relation between adsorption and molecular wei¢

fatty acids.?
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Fig 19-16. The adsorption of a cationic surfactant, LN*, onto a
neggatively charged silica or glass surface, exposing a hydrophobic
surface as the solid is exposed to air. "

eater the extent of adsorption. Another factor which
must be kept in mind is that charged solid surfaces, such as
polyelectrolytes. will strongly adsorb oppositely charged sol-
utes. This is similar to the strong specific binding seen in
gas chemisorption and it is characterized by significant
monolayer adsorption at very low concentrations of solute.
See Fig 19-16 for an example of such adsorption.

Surface-Active Agents

Throughout the discussion so far, examples of surface-
active agents (surfactants) have been restricted primarily to
fatty acids and their salts. It has been shown that both a
hydrophobic portion (alkyl chain) and a hydrophilic portion
(carboxyl and carboxylate groups) are required for their
surface activity, the relative degree of polarity determining
the tendency to accumulate at interfaces. It now becomes
important to look at some of the specific types of surfactants
available and to see what structural features are required for
different pharmaceutical applications.

The classification of surfactants is quite arbitrary, but one
!Jased on chemical structure appears best as a means of
lr_\troducing the topic. It is generally convenient to catego-
rize surfactants according to their polar portions since the
nonpolar portion is usually made up of alkyl or aryl groups.
T,h? major polar groups found in most surfactants may be
filV§ded as follows: anionie, cationic, amphoteric and non-
lonic. As we shall see, the last group is the largest and most
widely l}sed for pharmaceutical systems, so that it will be
emphasized in the discussion that follows.

Types

&é::lnzsmc Agents—The .m.ost commonly used anionic sur-
sulfate | are those contalplgg carboxylate, .sulfonate, and
25 508 lons. Those containing carboxylate ions are kpown
natm‘;)lsfand are generally prepared by the saponification of
Comm atty acid glycc?rldes in alkaline solution. The most
um ar:: catlgns assoc1atefi with soaps are so@mm, potassi-
enéth Of}n;)lmum, aqd triethanolamine, while the chain
cd the fatty acids ranges from 12 to 18.

length, OFEtr}:ee of water :a,olublhty is greatly influenced by the
or oxa e alky} chain and the presence of double bonds.
ro mple, sodium stearate is quite insoluble in water at
condit; Mperature, whereas sodium oleate under the same

On8 i3 quite water soluble.
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Table VIl—Etfect of Aerosol OT Concentration on the
Surface Tension of Water and the Contact Angle of Water
with Magnesium Stearate

Concentration,

mX 108 Ysv (/]
1.0 60.1 120°
3.0 19.8 113°
5.0 45.1 104°
8.0 40.6 89°

10.0 38.6 80°
12.0 37.9 71°
15.0 35.0 63°
20.0 32.4 54°
25.0 29.5 50°

Multivalent ions, such as calcium and magnesium, pro-
duce marked water insolubility, even at lower alkyl chain
lengths; thus, soaps are not useful in hard water which is
high in content of these ions. Soaps, being salts of weak
acids, are subject also to hydrolysis and the formation of free
acid plus hydroxide ion, particularly when in more concen-
trated solution.

To offset some of the disadvantages of soaps, a number of
long-alkyl-chain sulfonates, as well as alkyl aryl sulfonates
such as sodium dodecylbenzene sulfonate, may be used; the
sulfonate ion is less subject to hydrolysis and precipitation in
the presence of multivalent ions. A popular group of sulfo-
nates, widely used in pharmaceutical systems, are the dial-
kyl sodium sulfosuccinates, particularly sodium bis-(2-
ethylhexyl)sulfosuccinate, best known as Aerosol OT or do-
cusate sodium. This compound is unique in that it is both
oil and water soluble and hence forms micelles in both
phases. It reduces surface and interfacial tension to low
values and acts as an excellent wetting agent in many types
of solid dosage forms (see Table VII).

A number of alkyl sulfates are available as surfactants, but
by far the most popular member of this group is sodium
lauryl sulfate, which is widely used as an emulsifier and
solubilizer in pharmaceutical systems. Unlike the sulfo-
nates, sulfates are susceptible to hydrolysis which leads to
the formation of the long-chain alcohol, so that pH control is
most important for sulfate solutions.

Cationic Agents—A number of long-chain cations, such
as amine salts and quaternary ammonium salts, are often
used as surface-active agents when dissolved in water; how-
ever, their use in pharmaceutical preparations is limited to
that of antimicrobial preservation rather than as surfac-
tants. This arises because the cations adsorb so readily at
cell membrane structures in a nonspecific manner, leading
to cell lysis (eg, hemolysis), as do anionics to a lesser extent.
It is in this way that they act to destroy bacteria and fungi.

Since anionic and nonionic agents are not as effective as
preservatives, one must conclude that the positive charge of
these compounds is important; however. the extent of sur-
face activity has been shown to determine the amount of
material needed for a given amount of preservation. Qua-
ternary ammonium salts are preferable to free amine salts
since they are not subject to effect by pH in any way; howev-
er, the presence of organic anions such as dyes and natural
polyelectrolytes is an important source of incompatibility
and such a combination should be avoided.

Amphoteric Agents—The major group of molecules fall-
ing into this category are those containing carboxylate or
phosphate groups as the anion and amino or quaternary
ammonium groups as the cation. The former group is repre-
sented by various polypeptides, proteins, and the alkyl beta-
ines, while the latter group consist of natural phospholipids
such as the lecithins and cephalins. In general, long-chain
amphoterics which exist in solution in zwitterionic form are
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more surface-active than ionic surfactants having the same
hydrophobic group since in effect the oppositely charged
ions are neutralized. However, when compared to nonion-
ics, they appear somewhere between ionic and nonionic.

Nonionic Agents—The major class of compounds used
in pharmaceutical systems are the nonionic surfactants since
their advantages with respect to compatibility, stability, and
potential toxicity are quite significant. It is convenient to
divide these compounds into those that are relatively water
insoluble and those that are quite water soluble.

The major type of compounds making up this first group
are the long-chain fatty acids and their water-insoluble de-
rivatives. These include (1) fatty alcohols such as lauryl,
cetyl (16 carbons) and stearyl alcohols; (2) glyceryl esters
such as the naturally occurring mono-, di- and triglycerides;
and (3) fatty acid esters of fatty alcohols and other alcohols
such as propylene glycol, polyethylene glycol, sorbitan, su-
crose and cholesterol. Included also in this general class of
nonionic water-insoluble compounds are the free steroidal
alcohols such as cholesterol.

To increase the water solubility of these compounds and
to form the second group of nonionic agents, polyoxyethy-
lene groups are added through an ether linkage with one of
their alcohol groups. The list of derivatives available is
much too long to cover completely, but a few general catego-
ries will be given.

The most widely used compounds are the polyoxyethylene
sorbitan fatty acid esters which are found in both internal
and external pharmaceutical formulations. Closely related
compounds include polyoxyethylene glyceryl, and steroidal
esters, as well as the comparable polyoxypropylene esters.
It is also possible to have a direct ether linkage with the
hydrophobic group as with a polyoxyethylene-stearyl ether
or a polyoxyethylene—alkyl phenol. These ethers offer ad-
vantages since, unlike the esters, they are quite resistant to
acidic or alkaline hydrolysis.

Besides the classification of surfactants according to their
polar portion, it is useful to have a method that categorizes
them in a manner that reflects their interfacial activity and
their ability to function as wetting agents, emulsifiers, solu-
bilizers, etc. Since variation in the relative polarity or non-
polarity of a surfactant significantly influences its interfacial
behavior, some measure of polarity or nonpolarity should be
useful as a means of classification.

One such approach assigns a hydrophile-lipophile balance
number (HLB) for each surfactant and, although developed
by a commercial supplier of one group of surfactants, the
method has received wide-spread application. The HLB
value, as originally conceived for nonionic surfactants, is
merely the percentage weight of the hydrophilic group divid-
ed by five in order to reduce the range of values. On a molar
basis, therefore, a 100% hydrophilic molecule (polyethylene
glycol) would have a value of 20.

Thus, an increase in polyoxyethylene chain length in-
creases polarity and, hence, the HLB value; at constant polar
chain length, an increase in alkyl chain length or number of
fatty acid groups decreases polarity and the HLB value.
One immediate advantage of this system is that to a first
approximation one can compare any chemical type of surfac-
tant to another type when both polar and nonpolar groups
are different.

HLB values for nonionics are calculable on the basis of the
proportion of polyoxyethylene chain present; however, in
order to determine values for other types of surfactants it is
necessary to compare physical chemical properties reflecting
polarity with those surfactants having known HLB values.

Relationships between HLB and phenomena such as wa-
ter solubility, interfacial tension, and dielectric constant
have been used in this regard. Those surfactants exhibiting
values greater than 20 (eg, sodium lauryl sulfate) demon-

strate hydrophilic behavior in excess of the polyoxyethylene
groups alone. Table XIX, page 304, presents HLB values
for a variety of surface-active agents.

Surfactant Properties in Solution and Micelle
Formation

As seen in Fig 19-13, increasing the concentration of sur-
face-active agents in aqueous solution causes a decrease in
the surface tension of the solution until a certain concentra-
tion where it then becomes essentially constant with increas-
ing concentration. That this change is associated with
changes also taking place in the bulk solution rather than
just at the surface can be seen in Fig 19-17, which shows the
same abrupt change in bulk solution properties such as solu-
bility, equivalent conductance and osmotic pressure as with
surface properties. The most reasonable explanation for
these effects is that the solute molecules self-associate to
form soluble aggregates which exhibit markedly different
properties from the monomers in solution. Such aggregates
(Fig 19-18A) appear to exhibit no tendency to adsorb to the
surface since the surface and interfacial tension above thig
solute concentration do not change to any significant extent.
Such aggregates, known as micelles, form over such a very
narrow range of concentrations that one can speak of a criti-
cal micellization concentration (cmc). These micelles form
for essentially the same reasons that cause molecules to be
adsorbed; the lack of affinity of the hydrophobic chains for
water molecules and the tendency for strong hydrophobic
chain-chain interactions when the chains are oriented close-
ly together in the micelle, coupled with the gain in entropy
due to the loss of the ice-like structure of water when the
chains are separated from water, lead to a favorable free
energy change for micellization. The longer the hydrophobic
chain or the less the polarity of the polar group, the greater
the tendency for monomers to “escape” from the water to
form micelles and, hence the lower the cmc (see Fig 19-13).

In dilute solution (still above the cmc) the micelles can be
considered to be approximately spherical in shape (Fig 19-
184 and B), while at higher concentrations they become

c
A / E
\
> \
3 \
8 7 A
[N \
2
@
b
2
c
o
a
b3
\B
0 D
0 cme
Surfactant concentration
Fig 19-17. Effect of surfactant concentration and micelle formation

on various properties of the aqueous solution of an ionic surfactant.
A: Surface tension; B: interfacial tension; C: osmotic pressure; D:
equivalent conductivity; E: solubility of compound with very l0W
solubility in pure water !
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N e Surface-active anion

@ Counterion
W Water molecule
smmm Oil molecule

Fig 19-18. Ditferent types of micelles. A: Spherical micelle of ar« anionic surfactant; B: spherical micelle of a nonionic surfactant; C:

cylindrical micelle of an ionic surfactant: D: lamellar micelle of an “onic surfactant; £: reverse micelie of an anionic surfactant in oi

more asymmetric and eventually assume cylindrical (Fig 19-
18C) or lamellar (Fig 19-18D) structures. It is important to
Tecognize that equilibrium, and hence reversibility, exists
betwegn the monomers and the various types of micelles.
The sizes of such micelles depend on the number of mono-
mers per micelle and the size and molecular shape of the
individual monomers. In Table VIII are given the cmc and
number of monomers per micelle for different types of sur-
factants. Note for the nonionic surfactants that the longer
the Qolyoxyethylene chain, and hence the more polar and
kier the molecule, the higher the cmc, ie the less the
tendency for micelle formation. It is also possible for oil-
ioluble surfactants to show a tendency to self-associate into
lgeilersg micell_es in nonpolar solvents, as depicted in Fig 19-
solv’ with their polar groups all oriented away from the
o aent. In general these micelles tended to I_Je smaller and
in BEregate over a wider range of concentrations than seen
Water, and therefore, to exhibit no well-defined cme.

|11

Micellar Solubilization

As seen in Fig 19-18, the interior of surfactant micelles
formed in aqueous media consists of hydrocarbon “tails” in
liquid-like disorder. The micelles, therefore, resemble min-
iscule pools of liquid hydrocarbon surrounded by shells of
polar “head groups.” Compounds which are poorly soluble
in water but soluble in hydrocarbon solvents, can be dis-
solved inside these micelles, ie, they are brought homoge-
neously into an overall aqueous medium.

Being hydrophobic and oleophilic, the solubilized mole-
cules are located primarily in the hydrocarbon core of the
micelles (see Fig 19-194). Even water-insoluble drugs usu-
ally contain polar functional groups such as hydroxyl,
carbonyl, ether, amino, amide, and cyano. Upon solubiliza-
tion, these hydrophilic groups locate on the periphery of the
micelle among the polar headgroups of the surfactant in
order to become hydrated (see Fig 19-19B). For instance,
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Table Vili—Critical Micelle Concentrations and Micellar Aggregation Numbers of Various Surtactants in Water at Room

Temperature
Surfactant
molecules/
Structure Name CMC, mM/L micelle

n-C;1Hy3COOK Potassium laurate 24 50
n-CgH7SO;3Na Sodium octant sulfonate 150 28
n-CioHS03Na Sodium decane sulfonate 40 40
n-CisH2580;Na Sodium dodecane sulfonate 9 54
n-CoHys0S0;3Na Sodium lauryl sulfate 8 62
n-C1aHys0S0;3Na Sodium lauryl sulfate? 1 96

Sodium di-2-ethylhexyl sulfosuccinate 5 48
n-CioHa N(CHj)3Br Decyltrimethylammonium bromide 63 36
n-CaHasN(CH3)3Br Dodecyltrimethylammonium bromide 14 50
n-C1(HasN(CH3)3Br Tetradecyltrimethylammonium bromide 3 75
n-C14HogN(CHy)3Cl Tetradecyltrimethylammonium chloride 3 64
n-CsHasNH,Cl Dodecylammonium chloride 13 55
n-C12H2s0(CH,CH0)sH Octaoxyethylene glycol monododecyl ether 0.13 132
n-C12H25O(CH2CH20)8Hb 0.10 301
n-Cy2Hos(CH,CH0)1oH Dodecaoxyethylene glycol monododecyl ether 0.14 78
n-C12H250(CH2CH20) 12Hb 0.091 116
¢-CgH 7-CeH4-O(CH,CH10)o -H Decaoxyethylene glycol mono-p,¢-octylphenyl ether (octoxynol 9) 0.27 100

e Interpolated for physiologic saline, 0 154 M NaCl.
b At 55° instead of 20°.
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Fig 19-19. The locations of solubilizates in spherical micelles. A:
nonionic surfactant (polar solubilizate) 12

ionic surfactant (solubilized molecule has a hydrophilic group); C:

when cholesterol or dodecanol is solubilized by sodium lau-
ryl sulfate, their hydroxyl groups penetrate between sulfate
ions and are even hound to them by hydrogen bonds, while
their hydrocarbon portions are immersed among the dodecyl
tails of the surfactant which make up the core of the micelle.

Micelles of polyoxyethylated nonionic surfactants consist
of an outer shell of hydrated polyethylene glycol moieties
and a core of hydrocarbon moieties. Compounds like phe-
nol, cresol, benzoic acid, salicylic acid, and esters of p-
hydroxy and p-aminobenzoic acids have some solubility in
water and in oils but considerable solubility in liquids of
intermediate polarity like ethanol, propylene glycol or aque-
ous solutions of polyethylene glycols. When solubilized by
nonionic micelles, they are located in the hydrated outer
polyethylene glycol shell as shown in Fig 19-19C. Since
these compounds have hydroxyl or amino groups, they fre-
quently form complexes with the ether oxygens of the sur-
factant by hydrogen bonding.

Solubilization is generally nonspecific: any drug which is
appreciably soluble in oils can be solubilized. Each has a
solubilization limit, comparable to a limit of solubility,
which depends on temperature and on the nature and con-
centration of the surfactant. Hartley distinguishes two cat-

SURFACE ACTIVE AGENT

— POLYOXYETHYLENE CHAIN

_ —— HYDROCARBON CHAIN

1
SOLUBILIZATE

lonic surfactant (solubilized molecule has no hydrophilic groups); B:

egories of solubilizates. The first consists of comparatively
large, asymmetrical and rigid molecules forming crystalline
solids, such as steroids and dyes. These donot blend in with
the normal paraffin tails which make up the micellar core;
because of dissimilarity in structure, they remain distinct as
solute molecules. They are sparingly solubilized by surfac-
tant solutions, a few molecules/micelle at saturation (see
Table IX). The number of carbon atoms in the micellar
hydrocarbon core required to solubilize a molecule of steroid
or dye at saturation is of the same order of magnitude as the
number of carbon atoms of bulk liquid dodecane or hexade-
cane per molecule of steroid or dye in their saturated solu-
tions in these liquids.

Since solubilization depends on the presence of micelles, it
does not take place below the cme. It can, therefore, be used
to determine the cme, particularly when the solubilizate is a
dye or another compound easy to assay. Plotting the maxi-
mum amount of a water-insoluble dye solubilized by aque-
ous surfactant, or the absorbance of its saturated solutions,
versus the surfactant concentration produces a straight line
which intersects the surfactant concentration axis at the
cme. Above the ecme, the amount of solubilized dye is direct-
ly proportional to the number of micelles and, therefore,
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Table IX—Micellar Solubllization Capacities of Ditterent
Surfactants for Estrone?
Moles
surfactant/
mole
Concentration Temp, solubilized
Surfactant range, molarity  °C estrone
dium laurate 0.025-0.023 40 91
ggdium oleate 0.002-0.35 40 53
Godium lauryl sulfate 0.004-0.15 40 71
Sodium cholate 0.09-0.23 20 238
Sodium deoxycholate 0.007-0.36 20 476
Diamyl sodium sulfosuccgnate 0.08-0.4 40 833
Dioctyl sodium sulfosuccma!:e 0.002-0.05 40 196
Tetradecyltrimethylammonium
bromide 0.005-0.08 20 45
Hexadecylpyridinium chloride ~ 0.001-0.1 20 32
Polysorbate 20 0.002-0.15 20 161
Polysorbate 60 0.0008-0.11 20 83

proportional to the overall surfactant concentration. Below
the cme, no solubilization takes place. This is represented
by Curve E of Fig 19-17.

The second category of compounds to be solubilized are
often liquid at room temperature and consist of relatively
gmall, symmetrical, and/or flexible molecules such as many
constituents of essential oils. These molecules mix and
blend in freely with the hydrocarbon portions of the surfac-
tants in the core of the micelles, so as to become indistin-
guishable from them. Such compounds are extensively sol-
ubilized and in the process usually swell the micelles: they
augment the volume of the hydrocarbon core and increase
the number of surfactant molecules per micelle. Their solu-
bilization frequently lowers the cmc.

Microemulsions'+-16

Microemulsions are liquid dispersions of water and oil
that are made homogeneous, transparent, and stable by the
addition of relatively large amounts of a surfactant and a
cosurfactant. Oil is defined as a liquid of low polarity and
low miscibility with water, eg, toluene, cyclohexane, mineral
or vegetable oils.

Microemulsions are intermediate in properties between
micelles containing solubilized oils and emulsions. While
emulsions are lyophobic and unstable, microemulsions are
on the borderline between lyophobic and lyophilic colloids.
True microemulsions are thermodynamically stable.l?
Therefore, they are formed spontaneously when oil, water,
surfactants, and cosurfactants are mixed together. The un-
stable emulsions require input of considerable mechanical
energy for their preparation, which may be supplied by col-
loid mills, homogenizers or ultrasonic generators.

Both emulsions and microemulsions may contain high
volume fractions of the internal phase. For instance, some
O/W systems contain 75% (v/v) of oil dispersed in 25% water,
although lower internal phase volume fractions are more
common.

At low surfactant concentrations, viz, low multiples of the
¢mce, micelles are spheres (Fig 19-18A, B and E) or ellipsoids.

hen an ol is solubilized by micelles in water, it blends into
the micellar core formed by the hydrocarbon tails of the
surfactant molecules (Fig 19-19) and swells the micelles.

Spherical or ellipsoidal micelles are nearly monodisperse,
and their mean diameters are in the range of 25 to 60 A.

Icroemulsion droplets also have a narrow droplet size dis-
tribution with a mean diameter range of approximately 60 to

0 A. Since the droplet diameters are less than %, of the
Wavelength of light (4200 A for violet and 6600 A for red
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light), microemulsions scatter little light and are, therefore,
transparent or at least translucent.

Emulsions have very broad droplet size distributions.
Only the smallest droplets, with diameters of about 1000 to
2000 A, are below the resolving power of the light micro-
scope. The upper size limit is 25 or 50 um (250,000 or
500,000 A). Because emulsion droplets are comparable in
size, or larger than the wavelength of visible light, they
scatter it more or less strongly depending on the difference
in refractive index between oil and water. Thus, most emul-
sions are opaque.

The three disperse systems—micellar solutions, microe-
mulsions, and emulsions—can be of the O/W (oil-in-water)
or W/O type. Aqueous micellar surfactant solutions can
solubilize oils and lipid-soluble drugs in the core formed by
their hydrocarbon chains. Likewise, oil-soluble surfactants
like sorbitan monooleate and docusate sodium form “reverse
micelles” in oils (Fig 19-18E) capable of solubilizing water in
the polar center. The solubilized oil in the former micelles
and the solubilized water in the latter may in turn enhance
the micellar solubilization of oil-soluble and water-soluble
drugs, respectively.

Oil-soluble drugs have been incorporated into O/W emul-
sions by dissolving them in the oil phase before emulsifica-
tion.!®8 By the same token, it may be possible to dissolve
oil-soluble drugs in a vegetable oil and make an oral or
parenteral O/W microemulsion. The advantage of such mi-
croemulsion systems over conventional emulsions is their
smaller droplet size and superior shelf stability. Aqueous
micellar solutions!® and O/W microemulsions?® have both
been used as aqueous reaction media for oil-soluble com-
pounds.

Emulsions and micellar solutions of oils solubilized in
aqueous surfactant solutions consist of three components,
oil, water and surfactant. Microemulsions generally require
a fourth component, called cosurfactant. Commonly used
cosurfactants are linear alcohols of medium chain length,
which are sparingly miscible with water. Since the cosurfac-
tants as well as the surfactants are surface-active, they pro-
mote the generation of extensive interfaces through the
spontaneous dispersion of oil in water, or vice-versa, result-
ing in the formation of microemulsions. The large interfa-
cial area between oil and water permits the extensive forma-
tion of a mixed interfacial film consisting of surfactant and
cosurfactant. This film is called the “interphase” because it
is thicker than the surfactant monolayers formed at oil-
water interfaces in emulsions. The interfacial tension at the
oil-water interface in microemulsions approaches zero,
which also contributes to their spontaneous formation. Ac-
cording to another viewpoint, microemulsions are regarded
as micelles extensively swollen by large amounts of solubi-
lized oil.

Typical formulations for an O/W and a W/O microemul-
sion are shown in Table X. The ratio, g surfactant/g solubi-
lized or emulsified oil or water is in the range of 2 to 20 for
micellar solutions and 0.01 to 0.1 for emulsions. Microemul-
sions have intermediate values: The ratios for the formula-
tions in Table X are near unity. In industrial formulations,

Table X—Microemulsion Formulations

Content in
microemulsions, %
Compound Function O/W w/0
Sodium lauryl sulfate  Surfactant 13 10
1-Pentanol Cosurfactant 8 25
Xylene Oil 8 50
Water n 15
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the ratios are closer to 0.1 to reduce costs. Microemulsions
are used in such diverse applications as floor polish and
agricultural pesticide formulations and in tertiary petro-

leum recovery. The use of O/W microemulsions as aqueous
vehicles for oil-soluble drugs to be administered by the per-
cutaneous, oral or parenteral route is being investigated.

Colloidal Dispersions

Historical Background of Colloids

The term colloid, derived from the Greek word for glue,
was applied ca 1850 by the British chemist Thomas Graham
to polypeptides such as albumin and gelatin, to vegetable
gums such as acacia, starch and dextrin, and to inorganic
compounds such as gelatinous metal hydroxides and Prus-
sian blue (ferric ferrocyanide). These compounds did not
crystallize, and diffused very slowly when dissolved or dis-
persed in water. They could be separated from ordinary
solutes such as salts and sugar, called “crystalloids,” as the
latter diffused through the fine pores of dialysis membranes
made from animal gut which retained the “colloids.” “Crys-
talloids” crystallized readily from solution.21.22

Von Weimarn was the first to identify colloidality as a
state of subdivision of matter rather than as a category of
substances. Many of Graham’s “colloids,” especially pro-
teins, have been crystallized. Moreover, von Weimarn was
able to prepare all “crystalloids” investigated in the colloidal
state. Colloidal dispersions by the condensation method
resulted from high relative supersaturation, which produced
a large number of small nuclei.21-23.28 For instance, clear,
transparent solidified jellies were prepared by cooling aque-
ous solutions of CaCl,, Ba(SCN), and Aly(SQ,)s, and aque-
ous-alcoholic solutions of NaCl, KCI, NH,Cl, KSCN, NaBr
and NH,NO; which were nearly saturated at room tempera-
ture.?8

Colloid chemistry became a science in its own right around
1906, when Wolfgang QOstwald wrote the booklet “The
World of the Neglected Dimensions.” In it, he focused on
colloidal systems as a state of matter that has disperse
phases intermediate in size between small molecules or ions
in solution and large, visible particles in suspension. Ost-
wald became the first editor of the journal Kolloid-Zeitsch-
rift in 1907. The studies of colloidal systems and surface or
interfacial phenomena are intimately related. The proper-
ties of colloidal dispersions are largely governed by the na-
ture of the surface of their particles. The division of the
American Chemical Society specializing in colloidal systems
and interfaces is called the “Division of Colloid and Surface
Chemistry,” while the pertinent session of the Gordon Re-
search Conferences is called “Chemistry at Interfaces.”

Colloid and surface chemistry deals with an unusually
wide variety of industrial and biological systems. A few
examples are catalysts, lubricants, adhesives, latexes for
paints, rubbers and plastics, soaps and detergents, clays,
packaging films, cigarette smoke, liquid crystals, cell mem-
branes, mucous secretions and aqueous humors.

Definitions and Classifications

Colloidal Systems and Interfaces

Colloidal dispersions consist of at least two discrete
phases, namely, one or more disperse, dispersed or internal
phases and a continuous or external phase called the disper-
sion medium or vehicle. What distinguishes colloidal dis-
persions from solutions and coarse dispersions is the particle
size of the disperse phase. Systems in the colloidal state
contain one or more substances that have at least one dimen-
sionin the range of 10 to 100 A (1 Angstrom unit = 1083cm =

10719 m) or 1-10 nm (1 nanometer = 10~° m) at the lower
end, and a few micrometers (um) at the upper end (1 ym =
10* A = 105 m). Thus blood, cell membranes, the thinner
nerve fibers, milk, rubber latex, fog and beer foam are collo;-
dal systems. Some types of materials, such as many emul-
sions, and oral suspensions of most organic drugs, are coarser
than true colloidal systems but exhibit similar behavior,
Even though serum albumin, acacia and povidone form true
or molecular solutions in water, the size of the individual
solute molecules places such solutions in the colloidal range
(particle size > 10 A).21-%7

The following features distinguish colloidal dispersions
from coarse suspensions. Disperse particles in the colloidal
range are usually too fine to be visible in a light microscope,
because at least one dimension measures 1 um or less. They
are often visible in the ultramicroscope and always in the
electron microscope. Coarse suspended particles are fre-
quently visible to the naked eye and always in the light
microscope. Colloidal particles, as opposed to coarse parti-
cles, pass through ordinary filter paper but are retained by
dialysis or ultrafiltration membranes. Because of their
small size, colloidal dispersions undergo little or no sedimen-
tation or creaming: Brownian motion maintains the dis-
perse particles in suspension (see below).

Except for high polymers, most soluble substances can be
prepared either as low-molecular-weight solutions, or as col-
loidal dispersions or coarse suspensions depending on the
choice of the dispersion medium and the dispersion tech-
nique.26-28

Because of the small size of colloidal particles, appreciable
fractions of their atoms, ions or molecules are located in the
boundary layer between a particle and air (surface) or be-
tween a particle and a liquid or solid (interface). Theionsin
the surface of a sodium chloride crystal and the water mole-
cules in the surface of a rain drop are subjected to unbal-
anced forces of attraction, whereas the ions or molecules in
the interior of the materials are surrounded by similar ions
or molecules on all sides, with balanced force fields. Thus a
surface free energy component is added to the total free
energy of colloidal particles, which becomes relatively more
important as the particles become smaller, ie, as greater
fractions of their ions, atoms or molecules are located in their
surface or interfacial region. Hence the solubility of very
fine solid particles and the vapor pressure of very small
liquid droplets are larger than the corresponding values of
coarse particles and large drops of the same materials, re-
spectively.

Specific Surface Area—Decreasing particle size in-
creases the surface-to-volume ratio, which is expressed as
the specific surface area A,p, namely, the area A (cm?) per
unit volume V (1 ¢cm?) or per unit mass M (1 gram). For a
sphere, A =4 7-r2and V = 4/3 x r3. If the density, d, of the
material is expressed in g/cm3, the specific surface area is

A_ 4z 3 o, ., 3 _
A == =% -/ J_ 2 1
2=V Taer rcm cm rcm

or
SA_A_ ar’ 3
M VA 4/3xrd rd 8
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ple X1—Effect of Comminution on Specific Surface Area
-:: a Volume of 47/3 cm?, Divided into Uniform Spheres of

Radius R
Number of spheres R Ay cm?/cm?

1 1em 3

103 0.l1cm =1mm 3xX10
106 0.1 mm 3 x10?
109 0.0 mm =10 um 3 x10°
Jo' I um Y X 1
10 O lpem }X [
[ Ol gm A X Lo
[Q-: LOA = [ nm o XL
1023 1 3x 108

Shaded region corresponds to colloidal particle-size range

Table XI illustrates the effect of comminution on the
specific surface area of 4 r/3 cm? of a material consisting
initially of one sphere of 1 cm radius. As the material is
broken up into an increasingly larger number of smaller and
smaller spheres, its specific surface area increases commen-
surately.

The solid adsorbents activated charcoal and kaolin have
specific surface areas of about 6 X 106 cm2/g and 10¢ cm?/g,
respectively. One gram of activated charcoal, because of its
extensive porosity and internal voids, has an area equal to L
acre.

In conclusion, colloidal systems by definition are those
polyphasic systems where at least one dimension of the dis-
perse phase measures between 10 or 100 A and a few micro-
meters. The term “colloidal” designates a state of matter
characterized by submicroscopic dimensions rather than
certainsubstances. Any dispersed substance with the prop-
er dimension or dimensions is in the colloidal state.

Physical States of Disperse and Continuous Phases

A useful classification of colloidal systems (systems in the
colloidal particle size range) is based on the state of matter of
the disperse phase and the dispersion medium, ie, whether
they are solid, liquid or gaseous.??” Table XII summarizes
the various combinations and lists examples. A sol is the
colloidal dispersion of a solid in a liquid or gaseous medium.
Prefixes designate the dispersion medium, such as hydrosol,
alcosol, aerosol for water, alcohol and air, respectively. Sols
are fluid. If the solid particles form bridged structures pos-
sessing some mechanical strength, the system is called a gel
(hydrogel, alcogel, aerogel).
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Interaction Between Disperse Phase and Dispersion
Medium

A second useful classification of colloidal dispersions,
originated by Ostwald, is based on the affinity or interaction
between the disperse phase and the dispersion medium.238
It refers mostly to solid-in-liquid dispersions. According to
this classification, colloidal dispersions are divided into the
two broad categories of lyophilic and lyophobic. Some solu-
ble, low-molecular-weight substances have molecules with
both tendencies, forming a third category called association
colloids.

Lyophilic Dispersions—Where there is considerable at-
traction between the disperse phase and the liquid vehicle,
ie, extensive solvation, the system is said to be lyophilic
(solvent-loving). If the dispersion medium is water, the
system is said to be hydrophilic. Such solids as bentonite,
starch, gelatin, acacia and povidone swell, disperse or dis-
solve spontaneously in water.

Hydrophilic colloidal dispersions can be subdivided fur-
ther as follows:

True solutions, formed by water-soluble polymers (acacia and povi-
done).

Gelled solutions, gels or jellies 1f the polymers are present at high
concentrations and/or at temperatures where their water solubility is
low Examples of such hydrogels are relatively concentrated solutions
of gelatin and starch, which set to gels on cooling, or of methylcellulose,
which gel on heating.

Particulate dispersions, where the solids do not form molecular solu-
tions but remain as discrete though minute particles. Bentonite and
microcrystalline cellulose form such hydrosols.

Lipophilic or oleophilic substances have pronounced af-
finity for oils. Oils are nonpolar liquids consisting mainly of
hydrocarbons, with few polar groups and low dielectric con-
stants. Examples are mineral oil, benzene, carbon tetra-
chloride, vegetable oils (cottonseed or peanut oil) and essen-
tial oils (lemon or peppermint oil). Substances which form
oleophilic colloidal dispersions include polymers like poly-
styrene and unvulcanized or gum rubber, which dissolve
molecularly in benzene, magnesium or aluminum stearate or
which dissolve or disperse in cottonseed oil, and activated
charcoal, which forms sols or particulate dispersions in all
oils.

Because of the high affinity or attraction between the
dispersion medium and the disperse phase, lyophilic disper-
sions form spontaneously when the liquid vehicle is brought
into contact with the solid phase. They are thermodynami-
cally stable and reversible, ie, they are easily reconstituted
even after the dispersion medium has been removed from
the solid phase.22.24-27

Table Xll—Classification of Colloidal Dispersions According to State of Matter

Oisperse Dispersion Medium (Vehicle)

Phage Solid Liqud Gas

Solid Zinc oxide paste (zinc oxide + starch Sols: Bentonite Magma NF. Solid aerosols: Smoke, dust.
in petrolatum). Toothpaste Trisulfapyrimidines Oral Epinephrine Bitartrate Inhalation
{dicalcium phosphate or calcium Suspension USP. Magnesia and Aerosol USP. Isoproterenol
carbonate with sodium Alumina Oral Suspension USP. Sulfate Inhalation Aerosol.
carboxymethyleellulose binder). Tetracycline Oral Suspension USP.
Pigmented plastics (titanium

.. dioxide in polyethylene).

Liquid Absorption bases (aqueous medium in Emulsions: Mineral Oil Emulsion Liquid aerosols: Mist, fog. Nasal
Hydrophilic Petrolatum USP). USP. Soybean oil in water relief sprays (naphazoline
Emulsion bases (oil in Hydrophilic emulsion for IV feeding. Milk. hydrochloride solution).
Ointment USP). Butter. Mayonnaise. Betamethasone Valerate Topical

Aerosol USP. Pavidone-Iodine
Gas Topical Aerosol.

Solid foams (foamed plastics and
rubbers). Pumice.

Foams. Carbonated beverages.
Effervescent salts in water.

No colloidal dispersions.
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Lyophobic Dispersions—When there is little attraction
between the disperse phase and the dispersion medium, the
dispersion is said to be [yophobic (solvent-hating). Hydro-
phobic dispersions consist of particles that are not hydrated,
so that water molecules interact with or attract one another
in preference to solvating the particles. They include aque-
ous dispersions of oleophilic materials such as polystyrene or
gum rubber (latex), steroids and other organic lipophilic
drugs, paraffin wax, magnesium stearate, and of cottonseed
or soybean oil (emulsion). While lipophilic materials are
generally hydrophobic, materials like sulfur, silver chloride
and gold form hydrophobic dispersions without being lipo-
philic. Water-in-oil emulsions are lyophobic dispersions in
lipophilic vehicles.

Because of the lack of attraction between the disperse and
the continuous phase, lyophobic dispersions are intrinsically
unstable and irreversible. Their large surface free energy is
not lowered by solvation. The dispersion process does not
take place spontaneously, and once the dispersion medium
has been separated from the disperse phase, the dispersion is
not easily reconstituted. The dividing line between hydro-
philic and hydrophobic dispersions is not very sharp. For
instance, gelatinous hydroxides of polyvalent metals such as
Al(OH); and Mg(OH),, and clays such as bentonite and
kaolin, possess some characteristics of both.2224.27

Association Colloids—Organic compounds which con-
tain large hydrophobic moieties together with strongly hy-
drophilic groups in the same molecule are said to be amphi-
philic. While the individual molecules are generally too
small to bring their solutions into the colloidal size range,
they tend to associate in aqueous or oil solutions into mi-
celles (see above). Because micelles are large enough to
qualify as colloidal particles, such compounds are called
association colloids.

Lyophobic Dispersions

Most of the discussion of lyophobic dispersions deals with
hydrophobic dispersions or hydrosols (hydrophobic solids or
liquids dispersed in aqueous media) because water is the
most widely used vehicle. They comprise aqueous disper-
sions of insoluble organic and inorganic compounds which
usually have low degrees of hydration. Organic compounds
which are preponderantly hydrocarbon in nature and pos-
sess few hydrophilic or polar groups are insoluble in water
and hydrophobic.

Hydrophobic dispersions are intrinsically unstable. The
most stable state of such systems contains the disperse
phase coalesced into large crystals or drops, so that the
specific surface area and surface free energy are reduced to a
minimum. Therefore, mechanical, chemical or electrical
energy must be supplied to the system to break up the
disperse phase into small particles, providing for the in-
crease in surface free energy resulting from the parallel in-
crease in specific surface area. Furthermore, special means
must be found to stabilize hydrophobic dispersions, pre-
venting the otherwise spontaneous coalescence or coagula-
tion of the disperse phase after it has been finely dispersed.

Preparation and Purification of Lyophobic Dispersions

Colloidal dispersions are intermediate in size between true
solutions and coarse suspensions. They can be prepared by
aggregation of small molecules or ions until particles of col-
loidal dimensions result (condensation methods), or by re-
ducing coarse particles to colloidal dimensions through com-
minution or peptization (dispersion methods).

Dispersion Methods—The first method, mechanical
disintegration of solids and liquids into small particles and
their dispersion in a fluid vehicle, is frequently carried out

by input of mechanical energy via shear or attrition. Equip-
ment such as colloid and ball mills, micronizers and, for
emulsions, homogenizers is described in Chapters 83 and 88
and in Ref 29. Dry grinding with inert, water-soluble dilut-
ing agents also produces colloidal dispersions. Sulfur hy-
drosols may be prepared by triturating the powder with urea
or lactose followed by shaking with water.

Ultrasonic generators provide exceptionally high concen-
trations of energy. Successful dispersion of solids by means
of ultrasonic waves can only be achieved with comparatively
soft materials such as many organic compounds, sulfur, tal-
cum, and graphite. Where fine emulsions are mandatory,
such as soybean oil-in-water emulsions used for intravenous
feeding, emulsification by ultrasound waves is the method of
choice.® The formation of aerosols is described in Chapter
92.

It should be reiterated that hydrosols of hydrophobic sub-
stances are intrinsically unstable. While mechanical disin-
tegration may break up the disperse phase into colloidal
particles, the resultant dispersions tend towards separation
of that phase. Recrystallization, coagulation or coalescence
causes the disperse particles to become progressively coarser
and fewer, ultimately resulting in the separation of a macro-
scopic phase. To avoid this, stabilizing agents must be add-
ed during or shortly after the dispersion process (see below).
For instance, lecithin may be used to stabilize soybean oil
emulsions.

Peptization is a second method for preparing colloidal
dispersions. The term, coined by Graham, is defined as the
breaking up of aggregates or secondary particles into smaller
aggregates or into primary particles in the colloidal size
range. Particles which are not formed of smaller ones are
called “primary.” Peptization is synonymous with defloc-
culation. It can be brought about by the removal of floccu-
lating agents, usually electrolytes, or by the addition of de-
flocculating or peptizing agents, usually surfactants, water-
soluble polymers or ions which are adsorbed at the particle
surface.24.27

The mechanisms of the following examples are explained
in subsequent sections. When powdered activated charcoal
is added to water with stirring, the aggregated grains are
broken up only incompletely and the resultant suspension is
gray and translucent. The addition of 0.1% or less of sodium
lauryl sulfate or octoxynol disintegrates the grains into fine-
ly dispersed particles forming a deep black and opaque dis-
persion. Ferric or aluminum hydroxide freshly precipitated
with ammonia can be peptized with small amounts of acids
which reduce the pH below the isoelectric points of the
hydroxides (see below). Even washing the gelatinous pre-
cipitate of AI(OH); with water tends to peptize it. In quan-
titative analysis, the precipitate is therefore washed with
dilute solutions of ammonium salts that act as flocculating
agents, rather than with water.

Condensation Methods—The preparation of sulfur hy-
drosols is employed to illustrate condensation or aggregation
methods. Sulfur is insoluble in water but somewhat soluble
in alcohol. When an alcoholic solution of sulfur is mixed
with water, a bluish white colloidal dispersion results. In
the absence of added stabilizing agents, the particles tend to
agglomerate and precipitate on standing. This technique of
dissolving the material in a water-miscible solvent such as
alcohol or acetone and producing a hydrosol by precipitation
with water is applicable to many organic compounds, and
has been used to prepare hydrosols of natural resins like
mastic, of stearic acid and of polymers (the so-called pseudo-
latexes).

For sulfur, another less common physical method is to
introduce a current of sulfur vapor into water. Condensa-
tion produces colloidal particles. Alternatively, the very
fine powder produced by condensing sulfur vapor on cold
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. faces (sublimed sulfur or flowers of sulfur) can be
(Sj?:ﬁ;;:dam water by addition of a suitable surfactant to
hydrosol.
prgiziizal};nethods include the reaction between hydrogen
sulfide and sulfur dioxide, eg, by bubbling H,S into an aque-

ous SO, solution:
2H,8+80,—+38 +2H,0

The same reaction occurs when aqueous solgtions contain-
ing sodium sulfide and sulfite are acidified with an excess of
sulfuric or hydrochloric acid. Another reaction is the de-
composition of sodium thiosulfate by SUlfUI:lC acid, using
either very dilute or very concentrated solutions to obtain
colloidally dispersed sulfur:

H,SO; + 3 Na;8,0; — 48 + 3 Na,SO, + H,0

Both reactions also produce pentathionic acid, H,S504, as a
by-product. The preferential adsorption of the pentathion-
ate anion at the surface of the sulfur particles confers a
negative electric charge on the particles, stabilizing the sol
(see below).?2%27 When powdered sulfur is boiled with a
slurry of lime, it dissolves with the formation of calcium
pentasulfide and thiosulfate. Subsequent acidification pro-
duces the colloidal “milk of sulfur,” which on washing and
drying yields Precipitated Sulfur USP (see Chapter 82).

Sols of ferric, aluminum, chromic, stannic and titanium
hydroxides or hydrous oxides are produced by hydrolysis of
the corresponding chlorides or nitrates:

AICl; + 3 H,0 = AI(OH), + 3 HCI

Hydrolysis is promoted by boiling the solution and/or by
adding a base to neutralize the acid formed.

Double decompositions producing insoluble salts can lead
to colluidal dispersions. Examples are silver chloride and
nickel sulfide:

NaCl + AgNO, — AgCl + NaNO,
(NH,),8 + NiCl, — NiS + 2 NH,CI

Compare also the preparation of White Lotion, which con-
tains precipitated zine sulfide and sulfur (Chapter 63). Re-
ducing salts of gold, silver, copper, mercury, platinum, rho-
dium and palladium with formaldehyde, hydrazine, hydrox-
ylamine, hydroquinone or stannous chloride produces
hydrosols of the metals. These are strongly colored, eg, red
or blue.21.22.27
Radioactive Colloids—Colloidal dispersions containing
radioactive isotopes find increasing diagnostic and thera-
beutic application in nuclear medicine. Radioactive col-
loids that accumulate in tumors and/or lesions or emboli,
l{ldicating their location and size, may be used as diagnostic
ald_s- Radioactive colloids with a particle size of about 300
, Injected intravenously, locate mainly in the reticuloendo-
thelial systems of liver, spleen and other organs and are used
In scintillation imaging. The radiation emitted by the col-
0ids is made visible by stationary or scanning devices which
show the location, size and shape of the organ being investi-
gated, as well as any tumors within. Radiocolloids are use-
‘_ﬂ}n anticancer radiation therapy because of their low solu-
bility, radiation characteristics, and their ability to accumu-
ate and remain located in certain target organs or tumors.30
Colloidal gold Au 198 is made by reducing a solution of
gold (198Ay) chloride either by treatment with ascorbic acid
or by heating with an alkaline glucose solution. Gelatin is
added ag 5 protective colloid (see below). The particle size
Tanges from 50 to 500 A with a mean of 300 A. The color of
the 30 jg cherry-red in transmitted light. Violet or blue sols
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have excessively large particle sizes and should be discarded.
Colloidal gold is used as a diagnostic and therapeutic aid (see
Chapter 33). The half-life of 198Au is 2.7 days.

Technetium 99m sulfur colloid is prepared by reducing
sodium pertechnetate #™T¢ with sodium thiosulfate. The
product, a mixture of technetium sulfide and sulfur in the
colloidal particle size range, is stabilized with gelatin. It is
used chiefly in liver, spleen and bone scanning. Its half-life
is 6.0 hour.

Microspheres of gelatin or human serum albumin can be
Rrepared in fairly narrow particle-size ranges from 100-200

through 45-55 um. A variety of 8- and y-emitting radio-
nuclides such as 131], ¥mTe 113m[p o S1Cp can be incorporat-
ed to label the microspheres. Such products have been used
to scan heart, brain, urogenital and gastrointestinal tracts,
liver, and in pulmonary perfusion and inhalation studies.3?

Refer to Chapters 32 and 33 for an in-depth discussion of
radioisotopes.

Organic compounds that are weak bases, such as alkaloids,
are usually much more soluble at lower PH values where they
are ionized than at higher pH values where they exist as the
free base. Increasing the PH of their aqueous solutions well
above their pKa may cause precipitation of the free base.
Organic compounds which are weak acids, such as barbitu-
rates, are usually much more soluble at higher pH values
where they are ionized than at lower PH values where they
are in the un-ionized acid form. Lowering the pH of their
solutions well below their pKa may cause precipitation of
the un-ionized acid. Depending on the supersaturation of
the un-ionized acids or bases and on the presence of stabiliz-
ing agents, the resultant dispersions may be in the colloidal
range.

Kinetics of Particle Formation—When the solubility of
a compound in water is exceeded, its solution becomes su-
persaturated and the compound may precipitate or crystal-
lize. The rate of precipitation, the particle size (whether
colloidal or coarse), and the particle size uniformity or distri-
bution (whether a narrow distribution and nearly monodis-
perse or homodisperse particles, or a broad distribution and
polydisperse or heterodisperse particles) depend on two
successive and largely independent processes, nucleation
and growth of nuclei.

When a solution of a salt or of sucrose is supercooled, or
when a chemical reaction produces a salt in a concentration
exceeding its solubility product, separation of the excess
solid from the supersaturated solution is far from instanta-
neous. Clusters of ions or molecules called nuclei must
exceed a critical size before they become stable and capable
of growing into colloidal size crystals. These embryonic
particles have much more surface for a given weight of mate-
rial than large and stable crystals, resulting in higher surface
free energy and greater solubility.

Whether nucleation takes place depends on the relative
supersaturation. If C is the actual concentration of the
solute before crystallization has set in, and C; is its solubility
limit, C — C; is the supersaturation and (C - Cy)/C, is the
relative supersaturation. Von Weimarn recognized that the
rate or velocity of nucleation (number of nuclei formed per
liter per second) is proportional to the relative supersatura-
tion. Nucleation seldom occurs at relative supersaturations
below 3. The foregoing statement refers to homogeneous
nucleation, where the nuclei are clusters of the same chemi-
cal composition as the crystallizing phase. If the solution
contains solid impurities, such as dust particles in suspen-
sion, these may act as nuclei or centers of crystallization
(heterogeneous nucleation).

Once nuclei have formed, the second process, crystalliza-
tion, begins. Nuclei grow by accretion of ions or molecules
from solution forming colloidal or coarser particles until the
supersaturation is relieved, ie, until C = C,. The rate of
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crystallization or growth of nuclei is proportional to the
supersaturation. The appropriate equation,

dt )

is similar to the Noyes-Whitney equation governing the dis-
solution of particles (see Chapter 31) except that C < C, for
the latter process, making dm/dt negative. In both equa-
tions, m is the mass of material crystallizing out in time ¢, D
is the diffusion coefficient of the molecules or ions of the
solute, § is the length of the diffusion path or the thickness of
the liquid layer adhering to the growing particles, and A, is
their specific surface area. The presence of dissolved impu-
rities may affect the rate of crystallization and even change
the crystal habit, provided that these impurities are surface-
active and become adsorbed on the nuclei or growing crys-
tals.2223.25-28 For instance, 0.005% polysorbate 80 or octox-
ynol 9 significantly retard the growth of methylprednisolone
crystals in aqueous media. Gelatin or povidone, at concen-
trations <0.10%, retard the crystal growth of sulfathiazole in
water.

Von Weimarn found that the particle size of the crystals
depends strongly on the concentration of the precipitating
substance. At a very low concentration and slight relative
supersaturation, diffusion is quite slow because the concen-
tration gradient is very small. Sufficient nuclei will usually
form to relieve the slight supersaturation locally. Crystal
growth is limited by the small amount of excess dissolved
material available to each particle. Hence, the particles
cannot grow beyond colloidal dimensions. This condition is
represented by points A, D and G of the schematic plot of
von Weimarn (Fig 19-20). At intermediate concentrations,
the extent of nucleation is somewhat greater but much more
material is available for crystal growth. Coarse crystals
rather than colloidal particles result (points B, E or H).

At high concentrations, nuclei appear so quickly and in
such large numbers that supersaturation is relieved almost
immediately, before appreciable diffusion occurs. The high
viscosity of the medium also slows down diffusion of excess
dissolved ions or molecules, retarding crystal growth without
substantially affecting the rate of nucleation. A large num-
ber of very small particles results which, because of their
proximity, tend to link, producing a translucent gel (points C
and F). Onsubsequent dilution with water, such gels usual-
ly yield colloidal dispersions.

Thus, colloidal systems are usually produced at very low
and high supersaturations. Intermediate values of super-
saturation tend to produce coarse crystals. Low solubility is
a necessary condition for producing colloidal dispersions. If
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Fig 19-20. Effect of the concentration of the precipitating material
and of aging on particle size.?® Curves ABC, DEF and GHI corre-
spond to increasing aging. Both axes are on a logarithmic scale.

the solubility of the precipitate is increased, for instance by
heating the dispersion, a new family of curves will result,
similar in shape to ABC, DEF, and GHI of Fig 19-20, but
displaced upwards (towards larger particle sizes) and to the
right (towards higher concentrations).25-28

Condensation methods generally produce polydisperse
sols because nucleation continues while established nuclei
grow. The particles in the resultant dispersion grew from
nuclei formed at different times and had different growth
periods.

A useful technique for preparing monodispersed sols in
the colloidal range by precipitation consists in forming all
the nuclei in a single, brief burst: When, in the course of the
precipitation process, the rate of homogeneous nucleation
becomes appreciable, a brief period of nucleation relieves
the supersaturation partially to such an extent that no new
nuclei form subsequently. By controlling the precipitation
process, it is rendered so slow that the supersaturation re-
mains too small for further nucleation. Therefore, the nu-
clei formed in the initial burst grow uniformly by diffusion of
the precipitating material as the precipitation process pro-
ceeds slowly. Throughout the rest of the precipitation, the
supersaturation never again reaches sufficiently high values
for forming new nuclei. It is relieved by continuous growth
of the existing nuclei.??25.31

Controlled hydrolysis of salts of di- and trivalent cations
in aqueous solution at elevated temperatures has been used
to produce colloidal dispersions of metal (hydrous) oxides of
uniform size and shape, in a variety of well-defined shapes
(eg, sphere, lath, cube, disc, hexagonal). Complexation of
the cations, concentration and temperature control the rate
of hydrolysis and, hence, the chemical composition, crystal-
linity, shape and size of the dispersed phase.3?

A feature of Fig 19-20 is that aging increases the particle
size. Curves ABC, DEF and GHI correspond to increasing
times after mixing the reagents. Typical ages are 10-30
min, several hours, and weeks or years, respectively. This
gradual increase in particle size of crystals in their mother
liquor is a recrystallization process called Ostwald ripening.
Very small particles have a higher solubility than large parti-
cles of the same substance owing to their greater specific
surface area and higher surface free energy. 1In a saturated
solution containing precipitated particles of the solute in a
wide range of particle sizes, the very smallest particles dis-
solve spontaneously and the material deposits onto the large
particles. The growth of the large crystals at the expense of
the very small ones occurs because this process lowers the
free energy of the dispersion. As mentioned above, the most
stable system is the suspension of a few coarse crystals,
whereas the colloidal dispersion of a great many fine parti-
cles of the same substance is intrinsically less stable.

The spontaneous coarsening of colloidal dispersions on
aging is accelerated by a relatively high solubility of the
precipitate and can be retarded by lowering the solubility or
by adding traces of surface-active compounds which are
adsorbed at the particle surface. For instance, barium sul-
fate precipitated by mixing concentrated solutions of sodi-
um sulfate and barium chloride is largely in the colloidal
range and passes through filter paper. The colloidal parti-
cles gradually grow in size by Ostwald ripening, forming
large crystals which can be removed quantitatively by filtra-
tion. Heating the aqueous dispersion speeds up this recrys-
tallization by increasing the solubility of barium sulfate in
water. The addition of ethyl alcohol lowers the solubility,
retarding Ostwald ripening so that the dispersion remains in
the colloidal state for years.

Mathematically the effect of particle size on solubility is
expressed as

- M 34)
S=S,exp (rpRT) (
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Table Xiit—Effects of Particle Size on Solubility

r(um) S
0.01 18-
0.10 1.128.
1.0 1.01 8.

10 1.001 S.

M = 500;y =30 ergs/cm% p =1

where S is the solubility of a spherical crystal of radius r, S
is the solubility of an infinitely large crystal (r = «), M is the
molecular weight, p is the density, v is the crystal/solvent
interfacial tension, R is the gas constant and T is the abso-
Jute temperature. Only approzimations can be obtained
with this equation because the particles are not spheres, and
v values are different for different crystal faces. Table XIII
shows the magnitude of particle size effects on the solubility
for reasonable values of M, v and p. It is evident that with
particles in the colloidal range, ie, r 2 1 um, S values become
appreciably greater than that for a coarse crystal, hence the
tendency for very fine particles to dissolve and for coarse
crystals to grow at the expense of the former. This differ-
ence in solubility explains why difficulty is encountered in
preparing and stabilizing suspensions of very fine particles
of certain substances.

Two techniques are used to increase the solubility of very
slightly soluble drugs and, hence, their rate of dissolution in
vivo. Many organic compounds exist in various polymor-
phic modifications. For instance, corticosterone, testoster-
one, sulfaguanidine and pentobarbital each have four poly-
morphic forms, with different melting points and crystal
structures. The three metastable polymorphs have higher
solubilities than the stable form. Solvates of solid drugs, eg,
hydrates, have different crystalline structures and either
higher or lower solubilities than the anhydrous forms. The-
ophylline monohydrate is less soluble than the anhydrous
form while succinylsulfathiazole is less soluble than its sol-
vate with 1-pentanol. Milling and grinding organic crystals
may produce significant proportions of amorphous or
strained crystalline material, which has higher solubility
than the original crystalline material.33

Another process by which particles in colloidal dispersions
grow in size is by agglomeration of individual particles into
%g%regates. This process, called coagulation, is discussed

elow.

Purification of Hydrosols by Dialysis and Ultrafiltration

Many hydrosols contain low molecular-weight, water-sol-
uble impurities. Inorganic dispersions often contain salts
formed by the reaction producing the disperse phase. Salts
are especially objectionable in the case of hydrophobic dis-
persions because they tend to coagulate such dispersions.
Protein solutions often contain salts added as part of the
separation procedure. The blood of patients with renal
insufficiency contains excessive concentrations of urea and
other low-molecular-weight metabolites and salts. These
dissolved impurities of small molecular size are removed
from the colloidal dispersions by means of membranes with
pore openings smaller than the colloidal particles.

Membranes—Conventional filter papers are permeable
to colloidal particles as well as to small solute molecules.

ong the early membranes capable of retaining colloidal
particles but permeable to small solute molecules were pig’s
bladt.ier and parchment. Most membranes in current use
consist of cellulose, cellulose nitrate prepared from collodi-
on, cellulose acetate or synthetic polymers, and are available
in a variety of shapes, gauges, and pore sizes. Gel cello-
Phane is most widely used. It consists of sheets or tubes of

DISPERSE SYSTEMS 277

cellulose made by extruding cellulose xanthate solutions
(viscose) through slit or annular diesintoa sodium bisulfate/
sulfuric acid bath which decomposes the xanthate, precipi-
tating the regenerated cellulose in a highly swollen or gel
state. If the cellulose film were permitted to dry after puri-
fication and washing with water, it would crystallize and
shrink excessively, losing most of its extensive micropore
structure and turning somewhat brittle. The film is there-
fore impregnated with glycerin before drying. Glycerin re-
mains in the film rather than evaporating like water. It
reduces the shrinkage and blocks crystallization. This ac-
tion prevents the collapse of the porous gel structure and
plasticizes the film, keeping it flexible. A typical dialysis
tube made from sausage casing swells to about twice its
thickness in water and has an average pore diameter of 34 A.
While the pore structure of cellophane films used in dialysis
and ultrafiltration causes retention of colloidal particles but
permits the passage of small solute molecules, osmotic mem-
branes are only permeable to water and retain small solute
molecules as well as colloidal particles.

Dialysis—The colloidal dispersion is placed inside a sac
made of sausage casing dipping in water. The small solute
molecules diffuse out into the water while the colloidal mate-
rial remains trapped inside because of its size. The rate of
dialysis is increased by increasing the area of the membrane,
by stirring, and by maintaining a high concentration gradi-
ent across the membrane. For the latter purpose, the water
is replenished continuously or at least frequently. A mem-
brane configuration which provides a particularly extensive
transfer area for a given volume of dispersion is the hollow
fiber. A typical fiber measures 175 um inside diameter and
9295 um outside diameter. The dispersion to be dialyzed is
circulated inside a bundle of parallel fibers while water is
circulated outside the fibers throughout the bundle. Dialy-
sis of the diffusing species takes place across the thin fiber
wall. Dialysis is used in the laboratory to purify sols and to
study binding of drugs by proteins, as well as in some manu-
facturing processes.

Electrodialysis—If the low-molecular-weight impurities
to be removed are electrolytes, the dialysis can be speeded
up by applying an electric potential to the sol which pro-
duces electrolysis. An electrodialyzer (Fig 19-21} is divided
into three compartments by two dialysis membranes sup-
ported by screens. The two outer compartments, in which
the two electrodes are placed, are filled with water while the
sol is placed into the center compartment. Under the influ-
ence of the applied potential, the anions migrate from the sol
into the anode (right) compartment while the cations mi-
grate into the cathode compartment. Low-molecular-
weight nonelectrolyte solutes diffuse into either compart-
ment.

Colloidal particles are usually charged and therefore tend
to migrate towards the membrane sealing off the compart-
ment with the electrode of opposite charge. The combina-
tion of electrophoresis (see below) and gravitational sedi-
mentation produces the accurmulation of negatively charged
sol particles shown in Fig 19-21. Hence the supernatant

£
4

w__JDt 1

SoL

) )

Electrodialyzer showing electrodecantation

———

>—”) WATER WATER

o

Fig 19-21.
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liquid can be changed by decantation. This process, which
may be used to speed up electrodialysis, is called electrode-
cantation.21.25

Ultrafiltration—When a sol is placed in a compartment
closed by a dialysis membrane and pressure is applied, the
liquid and the small solute molecules are forced through the
membrane while the colloidal particles are retained. This
process, called ultrafiltration, is based on a sieving mecha-
nism in which all components smaller than the pore size of
the filter membrane pass through it. The pressure differ-
ence required to push the dispersion medium through the
ultrafilter is provided by gas pressure applied on the sol side
or by suction on the filtrate side. The membrane is usually
supported on a fine wire screen.24-27

As ultrafiltrate is being removed, the sol becomes more
concentrated because a constant amount of disperse parti-
cles is confined to a decreasing volume of liquid. Some
dissolved small molecules or ions are left in the sol together
with the residual water. To avoid the increase in concentra-
tion of the colloidal particles and remove the dissolved im-
purities completely, the ultrafiltrate squeezed from the sol is
replenished continuously or intermittently with an equal
volume of water. During ultrafiltration. solids tend to accu-
mulate on and near the membrane. To prevent this buildup
and maintain uniform composition throughout the sol, it is
stirred.

Bundles of hollow fibers are used for ultrafiltration in the
laboratory and on large scale. To withstand higher pres-
sures, the wall thickness of the fibers used in ultrafiltration
is usually greater than that of fibers used exclusively for
dialysis. When hollow fibers are fouled by excessive accu-
mulation of solids on the inner wall, they are cleaned by
backflushing with water or ultrafiltrate.

Hemodialysis—The blood of uremic patients is dialyzed
periodically in “artificial kidney” dialyzers to remove urea,
creatinine, uric acid, phosphate and other metabolites, and
excess sodium and potassium chloride. The dialyzing fluid
contains sodium, potassium, calcium, chloride and acetate
ions (the latter are converted in the body to bicarbonate),
dextrose and other constituents in the same concentration as
normal plasma. Since it contains no urea, creatinine, uric
acid, phosphate nor any of the other metabolites normally
eliminated by the kidneys, these compounds diffuse from
the patient’s blood into the dialyzing fluid until their con-
centration is the same in blood and fluid. Sodium and
potassium chloride diffuse from blood to fluid because of
their higher initial concentration in the blood, and continue
to diffuse until the concentration is equalized. The volume
of dialyzing fluid is much greater than that of blood. The
great disparity in volume and the replenishment of dialyzate
with fresh fluid ensure that the metabolites and the excess of
electrolytes are removed almost completely from the blood.
Hemodialysis is also employed in acute poisoning cases.

Plasma proteins and blood cells cannot pass through the
dialysis membrane because of their size. Edema resulting
from water retention can be relieved by ultrafiltration
through the application of a slight pressure on the blood side
or a partial vacuum on the fluid side.

The three geometries used to circulate the blood and the
dialyzing fluid in a countercurrent fashion are a coil of flat-
tened cellulose tubing wound concentrically with a support-
ing mesh screen around a core, a stack of flat cellulose sheets
separated by ridged or grooved plates, and hollow fibers.
The regenerated cellulose used in the former two is precipi-
tated from a cuprammonium solution. The hollow cellulose
acetate fibers have an outside diameter of about 270 um and
a wall thickness of 30 um.3* The advantage of hollow fibers
is their compactness. A bundle of 10,000 fibers 18 cm long
has a surface area of 1.4 m2

Particle Shape, Optical, and Transport Properties of
Lyophobic Dispersions

Hydrophobic materials handled by pharmacists in aque-
ous dispersion range from metallic conductors to inorganie
precipitates to organic solids and liquids which are electrie
insulators. Despite the great diversity of the hydrophobic
disperse phase, their hydrosols have certain common charac.
teristics.

Particle Shape and Particle Size Distribution—Botp
of these properties depend on the chemical and physical
nature of the disperse phase and on the method employed to
prepare the dispersion. Primary particles exist in a great
variety of shapes. Their aggregation produces an even
greater variety of shapes and structures. Precipitation and
mechanical comminution generally produce randomly
shaped particles unless the precipitating solids possess pro-
nounced crystallization habits or the solids being ground
possess strongly developed cleavage planes. Precipitated
aluminum hydroxide gels and micronized particles of sulfon.

amides and other organic powders have typical irregular

random shapes. An exception is bismuth subnitrate. Even
though its particles are precipitated by hydrolyzing bismuth
nitrate solutions with sodium carhonate, its particles are
lath-shaped. Precipitated silver chloride particles have a
cubic habit which is apparent under the electron micro.-
scope. Lamellar or plate-like solids in which the molecular
cohesion between layers is much weaker than within layers
frequently preserve their lamellar shape during mechanical
comminution, because milling and micronization break up
stacks of thin plates in addition to fragmenting plates in the
lateral dimensions. Examples are graphite, mica and ka-
olin. Figure 19-22 shows a Georgia crude clay as mined.
Processing yields the refined, fine-particle kaolinite of Fig
19-23. Similarly, macroscopic asbestos and cellulose fibers

consist of bundles of microscopic and submicroscopic fibrils. .

Mechanical comminution or beating splits these bundles

into the component fibrils of very small diameters as well as

cutting them shorter.
Microcrystalline cellulose is a fibrous thickening agent
and tablet additive made by selective hydrolysis of cellulose.

-

Fig 19-22.

Scanning electron micrograph of a crude kaolin clay 25
mined. Processing yields the fine particte material of Fig 19-23
(courtesy, John L Brown, Engineering Experiment Station, Georgia
Institute of Technology).
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Fig 19-23. Transmission electron micrograph of a well crystallized,
fine-particle kaolin. Note hexagonal shape of the clay platelets
(courtesy, John L Brown, Engineering Experiment Station, Georgia
institute of Technology).

Native cellulose consists of crystalline regions where the
polymer chains are well aligned and in registry, with maxi-
mum interchain attraction by secondary valence forces,
called crystallites, and of more disordered regions having
lower density and reduced interchain attraction and crystal-
linity, the so-called “amorphous” regions. During treat-
ment with dilute mineral acid, the acid penetrates the amor-
phous regions relatively fast and hydrolyzes the polymer
chains into water-soluble fragments. If the acid is washed
out before it penetrates the crystalline regions appreciably,
the crystallites remain intact. Wet milling and spray-dry-
ing the aqueous suspension produces spongy and porous
aggregates of rod-shaped or fibrillar bundles shown in Fig
19-24. These aggregates, averaging 100 um in size, were
embrittled by the acid treatment and lost the elasticity of
the native cellulose. They are well compressible and capa-
ble of undergoing plastic deformation, a property important
In tableting. Their porosity permits the aggregates to ah-
sorh liquid ingredients while still remaining a free-flowing
powder, thus preventing these liquids from reducing the
ﬂO“{ability of the granulation or direct-compression mass
during tableting. The swelling of the cellulosic particles in
Water speeds up the disintegration of the ingested tablets.
Additional shear breaks up the aggregated bundles into
the individual, needle- or rod-shaped cellulose crystallites
shown in Fig 19-25. The latter, which average 0.3 um in
length and 0,02 um in width, are of colloidal dimensions.
ese primary particles act as suspending agents in water,
Producing thixotropic structured vehicles. At concentra-
tions above 10%, eg 14 or 15%, the cellulose microcrystals gel
Wate-r to ointment consistency by swelling and producing a
soﬁ.tlnuous network of rods extending throughout the entire
se icle. Attraction between the elongated particles is pre-
Umably due to flocculation in the secondary minimum (see
UEIOW)- Treatment of the microcrystalline mass with sodi-
m cal'.boxymethylcellulose facilitates its disintegration into
€ primary needle-shaped particles and enhances their
ickening action.
ile in the special cases of certain clays and cellulose,
N Minution produces lamellar and fibrillar particles, re-
Pectively, as a rule regular particle shapes are produced by

com
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Fig 19-24. Scanning electron micrograph of Avicel PH-102 tablet-
ing grade microcrystalline cellulose. The aggregates of fiber bundles
are porous and compressible (courtesy, FMC Corporation; Avicel is a
registered trademark of FMC Corporation).

., s 1 '\\“ o p
Fig 19-25. Transmission electron micrograph of Avicel RC-591
thickening grade microcrystalline cellulose. The needles are individ-
ual cellulose crystallites; some are aggregated into bundles (courtesy,
FMC Corporation; Avicel is a registered trademark of FMC Corpora-
tion).

condensation rather than by disintegration methods. Col-
loidal silicon dioxide is called fumed or pyrogenic silica
because it is manufactured by high-temperature, vapor-
phase hydrolysis of silicon tetrachloride in an oxy-hydrogen
flame, ie, a flame produced by burning hydrogen in a stream
of oxygen. The resultant white powder consists of submi-
croscopic spherical particles of rather uniform size (narrow
particle size distribution). Different grades are produced
by different reaction conditions. Relatively large, single
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spherical particles are shown in Fig 19-26. Their average
diameter is 50 nm (500 A), corresponding to the compara-
tively small specific surface area of 50 m?2/g. Smaller spheri-
cal particles have correspondingly larger specific surface ar-
eas; the grade with the smallest average diameter, 5 nm, has
a specific surface area of 380 m*/g. During the manufactur-
ing process, the finer-grade particles tend to sinter or grow
together into chain-like aggregates resembling pearl neck-
laces or streptococci (see Fig 19-27).

Since fumed silica is amorphous, its inhaled dust causes no
gilicosis. The spheres of colloidal silicon dioxide are nonpo-
rous. While the density of the spherical particles is 2.13
g/cm3, the bulk density of their powder is a mere 0.05 g/cm?;
the powder is extremely light. This results in two pharma-
ceutical and cosmetic applications for colloidal silicon diox-
ide. It is used to increase the fluffiness or bulk volume of
powders. Even more than microcrystalline cellulose, the
high porosity of silica enables it to absorb a variety of liquids
from fluid fragrances to viscous tars, transforming them into
free-flowing powders that can be incorporated into tablets or
capsules. The porosity in colloidal silicon dioxide is due
entirely to the enormous void space between the particles,
which themselves are solid.

When these ultrafine particles are incorporated at levels
as low as 0.1 to 0.5% into a powder consisting of coarse
particles or granules, they coat the surface of the latter and
act as tiny ball bearings and spacers, improving the flowabi-
lity of the powder and eliminating caking. This action is
important in tableting. Moreover, colloidal silicon dioxide
improves tablet disintegration.

The surface of the particles contains siloxane (Si—0—Si)
and silanol {(Si—OH) groups. When colloidal silicon dioxide

Fig 19-26.

Transmission electron micrograph of Aerosif OX 50,
ground and dusted on. The spheres are translucent to the electron
beam, causing overlapping portions to be darker owing to increased
thickness (courtesy, Degussa AG of Hanau, West Germany; Aerosil is

a registered trademark of Degussa). The suffix 50 indicates the

specific surface area in m?/g.

Fig 19-27. Transmission electron micrograph of Aerosil 130,
ground and dusted on. The spheres are fused together into chain-like
aggregates (courtesy, Degussa AG of Hanau, West Germany; Aerosil
is a registered trademark of Degussa). The suffix 130 gives the
specific surface area in m?/g.

powder is dispersed in nonpolar liquids, the particles tend to
adhere to one another by hydrogen bonds between their
surface groups. With finer grades of colloidal silicon diox-
ide, the spherical particles are linked together into short
chain-like aggregates as shown in Fig 19-27, thus agglomer-
ating into loose three-dimensional networks which increase
the viscosity of the liquid vehicles very effectively at levels as
low as a few percent. These hydrogen-bonded structures
are torn apart by stirring but rebuilt while at rest, conferring
thixotropy to the thickened liquids.

The grades which consist of relatively large and unat-
tached spherical particles, such as those of Fig 19-26, are less
efficient thickening agents as they lack the high specific
surface area and the asymmetry of the finer grades, which
consist of short chains of fused spherical particles. In the
latter category is Aerosil 200, the grade most widely used asa
pharmaceutical adjuvant, whose primary spheres, which are
extensively sintered together, have an average diameter of
12 nm. At levels of 8 to 10%, it thickens liquids of low
polarity such as vegetable and mineral oils to the consistency
of ointments, imparting considerable yield values to them.
The consistency of ointments thickened with colloidal sili-
con dioxide is not appreciably reduced at higher tempera-
tures. Incorporation of colloidal silicon dioxide into oint-
ments and pastes, such as those of zinc oxide, also reduces
the syneresis or bleeding of the liquid vehicles.

Hydrogen-bonding liquids like alcohols and water solvate
the silica spheres, reducing the hydrogen bonding between
particles. These solvents are gelled at silica levels of 12-18%
or higher.

Latexes of polymers are aqueous dispersions prepared by
emulsion polymerization. Their particles are spherical be-
cause polymerization of solubilized liquid monomer takes
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place inside spherical surfactant .mice.lles_whjch sw?ll be-
cause additional monomer keeps (.jllfoSlng into the micelles.
Examples include latex-ba_s.ed paints. Some clays grow as
plate-like particles possessing stralgh!: edges and hexagonal
angles, eg bentonite and kao_lm (see Fig 19-23). Other qlays
have lath-shaped (nontronite) or needle-shaped particles
ite).

(a%ﬁlﬁlsgific;tion produces spherical droplets to .minimize
the oil-water interfacial area. Cooling the emulslgn .below
the melting point of the disperse phase freezes it in t}}e
spherical shape. For instance, paraffin can be emulsified in
g0° water; cooling to room temperature produces a hydrosol
with spherical particles. )

Sols of viruses and globular proteins, which are hydrophil-
ic, contain compact particles possessing definite geometri.c
shapes. Poliomyelitis virus is spherical, tobacco mosaic vi-
rus is rod-shaped, while serum albumin and the serum glob-
ulins are prolate ellipsoids of revolution (football-shaped).

Dispersion methods produce sols with wide particle size
distributions. Condensation methods may produce essen-
tially monodisperse sols provided specialized techniques are
employed. Monodisperse polystyrene latexes are available
for calibration of electron micrographs (see Fig 19-23). Bio-
logic hydrophilic polymers, such as nucleic acids and pro-
teins, form largely monodisperse particles, as do more highly
organized structures such as lipoproteins and viruses.

Light-Scattering by Colloidal Particles—The optical
properties of a medium are determined by its refractive
index. When the refractive index is uniform throughout,
light will pass the medium undeflected. Whenever there are
discrete variations in the refractive index caused by the
presence of particles or by small-scale density fluctuations,
part of the light will be scattered in all directions. An
optical property characteristic of colloidal systems, called
tne Tyndall beam, is familiar to everyone in the case of
aerosols. When a narrow beam of sunlight is admitted
through a small hole into a darkened room, the presence of
the minute dust particles suspended in air is revealed by
bright flashing points.

A beam of light striking a particle polarizes the atoms and
molecules of that particle, inducing dipoles which act as
secondary sources and reemit weak light of the same wave-
length as the incident light. This phenomenon is called
light-scattering. The scattered radiation propagates in all
directions away from the particle. In a bright room, the
lilg){lt scattered by the dust particles is too weak to be notice-
able.

Colloidal particles suspended in a liquid also scatter light.
When an intense, narrowly defined beam of light is passed
through a suspension, its path becomes visible because of the
scattering of light by the particles in the beam. This Tyn-
dall beam becomes most visible when viewed against a dark
background in a direction perpendicular to the incident
beam. The magnitude of the turbidity or opalescence de-
pends on the nature, size and concentration of the particles.
When clear mineral oil is dispersed in an equal volume of a
Clgar aqueous surfactant solution, the resultant emulsion is
milky white and opaque due to light scattering. Microemul-
8lons, where the emulsified droplets are about 40 nm (400 A)
in diameter, ie, much smaller than the wavelength of visible
light, are transparent and clear to the naked eye.

The dark-field microscope or ultramicroscope, which per-
mits observation of particles much smaller than the wave-
lengt_h of light, was the only means of detecting submicro-
Scopic particles before the advent of electron microscopy. A
Special cardioid condenser produces a hollow cylinder of
1ght and converges it into a hollow cone focused on the
S.ampl.e. The sample is at the apex of the cone, where the
t‘ght intensity is high. After passing through the sample,

€ cone of light diverges and passes outside of the micro-
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scope objective. A homogeneous sample thus gives a dark
field. A similar effect can be produced with a regular Abbe
condenser outfitted with a central stop and a strong light
source. Colloidal particles scatter light in all directions.
Some of the scattered light enters the objective and shows up
the particles as bright spots. Thus, even particles smaller
than the wavelength of light can be detected, provided their
refractive index differs sufficiently from that of the medium.
Dissolved polymer molecules and highly solvated gel parti-
cles do not scatter enough light to become visible. Asym-
metric particles like flat bentonite platelets give flashing
effects as they rotate in Brownian motion, because they
scatter more light with their basal plane perpendicular to the
light beam than edgewise. Brownian motion, sedimenta-
tion, electropboretic mobility, and the progress of floccula-
tion can be studied with the dark-field microscope. Poly-
dispersity can be estimated qualitatively because larger par-
ticles scatter more light and appear brighter. The resolving
power of the ultramicroscope is no greater than that of the
ordinary light microscope. Particles closer together than
0.2 um appear as a single blur.

Turbidity may be used to measure the concentration of
dispersed particles in two ways. In turbidimetry, a spectro-
photometer or photoelectric colorimeter is used to measure
the intensity of the light transmitted in the incident direc-
tion. Turbidity, r, is defined by an equation analogous to
Beer’s law for the absorption of light (see Chapter 30),24.2527
namely

1
T ; In 1,
where I, and I, are the intensities of the incident and trans-
mitted light beams, and [ is the length of the dispersion
through which the light passes.

If the dispersion is less turbid, the intensity of light scat-
tered at 90° to the incident beam is measured with a nephe-
lometer. Both methods require careful standardization
with suspensions containing known amounts of particles
similar to those to be measured. The concentration of col-
loidal dispersions of inorganic and organic corapounds and
of bacterial suspensions can thus be measured by their tur-
bidity.

The turbidity or Tyndall effect of hydrophilic colloidal
systems like aqueous solutions of gums, proteins and other
polymers is far weaker than that of lyophobic dispersions.
These solutions appear clear to the naked eye. Their tur-
bidity can be measured with a photoelectric cell/photomulti-
plier tube and serves to determine the molecular weight of
the solute.

The theory of light scattering was developed in detail by
Lord Rayleigh. For white nonabsorbing nonconductors or
dielectrics like sulfur and insoluble organic compounds, the
equation obtained for spherical particles whose radius is
small compared to the wavelength of light A is+%7

4ax?ni(n, — ngy)? )
— ol 0 10 o (1+cos"0)
Nd%e

I, is the intensity of the unpolarized incident light; I, is the
intensity of light scattered in a direction making an angle §
with the incident beam and measured at a distance d. The
scattered light is largely polarized. The concentration c is
expressed as the number of particles per unit volume. The
refractive indices n; and ng refer to the dispersion and the
solvent, respectively.

Since the intensity of scattered light is inversely propor-
tional to the fourth power of the wavelength, blue light (A =
450 nm or 4500 A) is scattered much more strongly than red
light (A = 650 nm or 6500 A). With incident white light,
colloidal dispersions of colorless particles appear blue when

I=1,
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viewed in scattered light, ie, in lateral directions such as 90°
to the incident beam. Loss of the blue rays due to preferen-
tial scattering leaves the transmitted light yellow or red.
Preferential scattering of blue radiation sideways accounts
for the blue color of the sky, sea, cigarette smoke, and diluted
milk and for the yellow-red color of the rising and setting sun
viewed head-on.

The particles in pharmaceutical suspensions, emulsions
and lotions are generally larger than the wavelength of light
A. When the particle size exceeds /20, destructive interfer-
ence between light scattered by different portions of the
same particle lowers the intensity of scattered light and
changes its angular dependence. Rayleigh’s theory was ex-
tended to large and to strongly absorbing and conducting
particles by Mie and to nonspherical particles by
Gans, 1222427 By using appropriate precautions in experi-
mental techniques and in interpretation, it is possible to
determine an average particle size and even the particle size
distribution of colloidal dispersions and coarser suspensions
by means of turbidity measurements.

Diffusion and Sedimentation—The molecules of a gas
or liquid are engaged in a perpetual, random thermal motion
which causes them to collide with one another and with the
container wall billions of times per second. Each collision
changes the direction and the velocity of the molecules in-
volved. Dissolved molecules and suspended colloidal parti-
cles are continuously and randomly buffeted by the mole-
cules of the suspending medium. This random bombard-
ment imparts to solutes and particles an equally unceasing
and erratic movement called Brownian motion, after the
botanist Robert Brown who first observed it under the mi-
croscope with an aqueous pollen suspension. The Brownian
motion of colloidal particles mirrors on a magnified scale the
random movement of the molecules of the liquid or gaseous
suspending medium, and represents a three-dimensional
random walk.

Solute molecules and suspended colloidal particles under-
go rotational and translational Brownian movement. For
the latter, Einstein derived the equation

.‘E = Vl 2Dt
where  is the mean displacement in the x-direction in time ¢
and D is the diffusion coefficient. Einstein also showed that
for spherical particles of radius r under conditions specified

in Chapter 20 for the validity of Stokes’ law and Einstein's
law of viscosity

RT
6ryrN

where R is the gas constant, T the absolute temperature, N
Avogadro’s number, and » the viscosity of the suspending
medium.

The diffusion coefficient is a measure of the mobility of a
dissolved molecule or suspended particle in a liquid medi-
um. Representative values at room temperature, in
cm?/sec, are 4.7 X 1076 for sucrose and 6.1 X 10-7 for serum
albumin in water. With a diffusion coefficient of 1 X 10-7
cm?/sec, Brownian motion causes a particle to move by an
average distance of 1 ¢cm in one direction in 58 days, by 1 mm
in 14 hr, and by 1 um in 0.05 sec. Smaller molecules diffuse
faster in a given medium. Assuming spherical shape, the
radius of a serum albumin molecule is 35 A and that of a
sucrose molecule 4.4 A. The ratio of the radii of the two
molecules 35/4.4 = 7.9, is nearly identical with the inverse
ratio of their diffusion coefficients in water, 4.7 X 10-6/6.1 X
10~7 = 7.7, in agreement with the above equation. Diffusion
coefficients of steroids and other molecules of similar size
dissolved in absorption bases based on petrolatum are gen-
erally in the 10719 to 108 cm?/sec range. Steroids have only
slightly higher molecular weights than sucrose. Their much

D=

smaller diffusion coefficients are due to the much higher
viscosity of the vehicle.

Dynamic light-scattering or photon-correlation spectros-
copy is based on the fact that the light scattered by particles
in Brownian motion undergoes a minute shift in wavelength
by the usual Doppler effect. The shift is so small that it can
be detected only by laser light beams, which are strictly
monochromatic and very intense. The wavelength shift,
which shows up as line broadening, is used to determine the
diffusion coefficient of the particles,23-26 which in turn yields
their radius according to the equation above.

Brownian motion and convection currents maintain dis-
solved molecules and small colloidal particles in suspension
indefinitely. As the particle size and r increase, the Brown-
ian motion decreases; x is proportional to r~1/2. Provided
that the density of the particle dp and of the liquid vehicle d L
are sufficiently different, larger particles have a greater ten-
dency to settle out when dp > d|, or to rise to the top of the
suspension when dp < d; than smaller particles of the same
material.

The rate of sedimentation is expressed by the Stokes’
equation (Eq 35), which can be rewritten as

_ 2(dp—d;)rigt
I

where h is the height through which a spherical particle
settles in time ¢. The rate of sedimentation is proportional
to r2.  Thus, with increasing particle size, the Brownian
motion diminishes while the tendency to sediment increases.
The two become equal for a critical radius when the distance
h through which the particle settles equals the mean dis-
placement x due to Brownian motion in the same time inter-
val t.% In most pharmaceutical suspensions, sedimentation
prevails. Intravenous vegetable oil emulsions do not tend to
cream because the mean droplet size, ca 0.5 um, is smaller
than the critical radius.

Passive diffusion caused by a concentration gradient and
carried out through Brownian motion is important in the
release of drugs from topical preparations (see Chapter 87)
and in the gastrointestinal absorption of drugs (see Chapter
35).

Viscosity—Most lyophobic dispersions have viscosities
not much greater than that of the liquid vehicle. This holds
true even at comparatively high volume fractions of the
disperse phase unless the particles form continuous network
aggregates throughout the vehicle, in which case yield values
are ohserved. Most O/W and W/O emulsions have specific
viscosities not much greater than those predicted by Ein-
stein’s modified law of viscosity (see Eq 11 of Chapter 20 and
text). For instance, emulsions containing 40% v/v of the
internal phase generally have viscosities only three to five
times higher than that of the continuous phase. By con-
trast, the apparent viscosities of lyophilic dispersions, espe-
cially of polymer solutions, are several orders of magnitude
greater than the viscosity of the solvent or vehicle even at
concentrations of only a few percent solids. Lyophilic dis-
persions are also generally much more pseudoplastic or
shear-thinning than lyophobic dispersions (see Chapter 20).

h

Electric Properties and Stability of Lyophobic
Dispersions

Difference between Lyophilic and Lyophobic Disper-
sions—Lyophilic or solvent-loving solids are called hydro-
philic if the solvent is water. Owing to the presence of high
concentrations of hydrophilic groups, they dissolve or dis-
perse spontaneously in water as far as is possible without
breaking covalent bonds. Among hydrophilic groups are
ionized ones which dissociate into highly hydrated ions like
carboxylate, sulfonate or alkylammonium ions, and organic
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like hydroxyl, carbonyl, aming, and imino
through hydrogen bonding.

The free energy of dissolution or dispersion, AG,, of hy-
drophilic solids includes a large negative (.exothern_nc) heat

rop thalpy of solvation, AH., and a large increase in entro-
or ezs Since AG, = AH, — TAS;, AG, has a large negative
pyiue' S.the dissolution of hydrophilic macromolecules and
Zﬁe dispersion of hydrophilic particulate solids in water oc-
cur spontaneously (see Chapter 16), overcoming the pgrallel
increases in surface area and surface free energy. Dissolu-
tion and dispersion take place so that water can come into
contact and interact w1_th the hydrophlllc groups of the sol-
ids (enthalpy of sol}/atlon), and to increase the numbe:r of
available configur)atlons of the macromolecules and particles

increase).

(er']IPyrlngan der Waals energies of attraction between dis-
solved macromolecules or dispersed hydrophilic solid parti-
cles are smaller than AG, and are, therefore, insufficient to
cause separation of a solid polymer phase or agglomeration
through flocculation or coagulation of the dispersed parti-
cles. Furthermore, the hydration layer surrounding dis-
solved macromolecules and dispersed particles forms a bar-
rier preventing their close approach.

Hydrophobic solids and liquids such as organic com-
pounds consisting largely of hydrocarbon portions with few
if any hydrophilic functional groups, like cholesterol and
other steroids, and some nonionized inorganic substances
like sulfur, are hydrated slightly or not at all. Hence they do
not disperse or dissolve spontaneously in water: AG; is
positive because of a positive (endothermic) AH, term, mak-
ing the reverse process (agglomeration) the spontaneous
one. Aqueous dispersions of such hydrophobic solids or
liquids can be prepared by physical means which supply the
appropriate energy to the system (see above). They are
unstable, however. The van der Waals attractive forces
between the particles cause them to aggregate, since the
solvation forces which promote dispersal in water are weak.
If aqueous dispersions of hydrophobic solids are to resist
reaggregation (coagulation and flocculation). they must be
stabilized. Stabilizing factors include electric charges at the
particle surface (due to dissociation of ionogenic groups of
the solid or pertaining to adsorbed ions such as ionic surfac-
tants) and the presence of adsorbed macromolecules or non-
lonic surfactants. These stabilizing factors do not alter the
intrinsic thermodynamic instability of lyophobic disper-
sions; AG, is still positive so that the reverse process of
phase separation or aggregation is energetically favored over
dispersal. They establish kinetic barriers which delay the
aggregation processes almost indefinitely; the dispersed par-
ticles cannot come together close enough for the van der
Waals attractive forces to produce coagulation.2#26.27 These
stabilization mechanisms are discussed below.

The reductions in surface area and surface free energy
accompanying flocculation or coagulation are small because
1rr9gular solid particles, being rigid, touch only at a few
boints upon aggregation. The loose initial contacts may
grow with time by sintering or recrystallization. Sintering
consists of the “fusion” of primary particles into larger pri-
mary particles which propagates from initial small areas of
coantact. This recrystallization process is spontaneous be-
Cause it decreases the specific surface area of the disperse
§ollq and the surface free energy of the dispersion. Sinter-
Ing 1s analogous to Qstwald ripening, the recrystallization
Process of transferring solid from colloidal to coarse particles
discussed above. Low solubility and the presence of ad-
SOrbe.d surface-active substances retard both processes.

Origin of Electric Charges—Particles can acquire
charges from several sources. [n proteins, one end group of
the D9IYDeptide chain and aspartic and glutamic acid units
contribute carboxylic acid groups, which are ionized into

functional groups
which bind water
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carboxylate ions in neutral to alkaline media. The other
chain end group and lysine units contribute amino groups,
arginine units contribute guanidine groups, and histidine
units contribute imidazole groups. The nitrogen atoms of
these groups become protonated in neutral to acid media.
For electroneutrality, these cationic groups require anions,
such as Cl~ if hydrochloric acid was used to make the medi-
um acid and to supply the protons. The neutralizing ions,
called counterions, dissociate from the ionogenic basic func-
tional groups and can be replaced by other ions of like
charge: they are not an integral part of the protein particle
but are located in its immediate vicinity. The alkylammon-
ium, guanidinium and imidazolium ions, which are attached
to the protein molecule by covalent bonds, confer a positive
charge to it. In neutral and alkaline media, Na*t, K*, Ca?*
and Mg?* are among the counterions neutralizing the nega-
tive charges of the carboxylate groups. The latter are cova-
lently attached to and constitute an integral part of the
protein particle, conferring a negative charge to it.

At an intermediate pH value, which ranges from 4.5 to 7
for the various proteins, the carboxylate anions and the
alkylammonium, guanidinium, and imidazolium cations
neutralize each other exactly. There is no need for counter-
ions since the ionized functional groups which are an integral
part of the protein molecule are in exact balance. At this pH
value, called the isoelectric point, the protein particle or
molecule is neutral; its electric charge is neither negative
nor positive, but zero.222427

Many other organic polymers contain ionic groups and
are, therefore, called polyelectrolytes (polymeric electro-
lytes or salts). Natural polysaccharides of vegetable origin
such as acacia, tragacanth, alginic acid and pectin contain
carboxylic acid groups, which are ionized in neutral to alka-
line media. Agar and carrageenan as well as the animal
polysaccharides heparin and chondroitin sulfate, contain
sulfuric acid hemiester groups, which are strongly acidic and
ionize even in acid media. Cellulosic polyelectrolytes in-
clude sodium carboxymethylcellulose, while synthetic car-
boxylated polymers include carbomer, a copolymer of acrylic
acid.

Aluminum hydroxide, Al{OH)s, is dissolved by acids and
alkalis forming aluminum ions, Al3*, and aluminate ions,
[AL(OH)4] -, respectively. In neutral or weakly acid media,
at acid concentrations too low to cause dissolution, an alumi-
num hydroxide particle has some positive charges attribut-
able to incompletely neutralized positive Al3* valences.
The portion of the surface of an aluminum hydroxide parti-
cle represented schematically below has one such positive
charge neutralized by a Cl~ counterion:

/HO

O>u— OH
H

Al® 1

Py

:

SN
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In weakly alkaline media, at base concentrations too low to
transform the aluminum hydroxide particles completely
into aluminate and dissolve them, they bear some negative
charges due to the presence of a few aluminate groups. The
portion of the particle surface represented schematically
below has one such negative group neutralized by a Na*
counterion:
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At a pH of 8.5 ta 9.1,%37 there are neither [AI(OH)y]* nor
[Al(OH)4]~ ions in the particle surface but only neutral
Al(OH); molecules. The particles have zero charge and
therefore need no counterions for charge neutralization.
This pH is the isoelectric point. In the case of inorganic
particulate compounds such as aluminum hydroxide, it is
also called zero point of charge.

Bentonite clay is a lamellar aluminum silicate. Each lat-
tice layer consists of a sheet of hydrated alumina sandwiched
between two silica sheets. Isomorphous replacement of
A3t by Mg?* or of Si** by Al3* confers net negative charges
to the thin clay lamellas in the form of cation-exchange sites
resembling silicate ions built into the lattice. The counter-
ions producing electroneutrality are usually Na* (sodium
bentonite) or Ca’* (calcium bentonite). The zero point of
charge is probably close to that of quartz, silica gel and other
silicates, namely, at a pH of about 1.5 to 2.

Silver iodide sols can be prepared by the reaction

AgNO, + Nal — Agl(s) + NaNO,

In the bulk of the silver iodide particles, there is a 1:1 stoi-
chiometric ratio of Ag* to I~ ions. If the reaction is carried
out with an excess silver nitrate, there will be more Ag* than
I~ ions in the surface of the particles. The particles will thus
be positively charged and the counterions surrounding them
will be NO;~. If the reaction is carried out using an exact
stoichiometric 1:1 ratio of silver nitrate to sodium iodide or
with an excess sodium iodide, the surface of the particles will
contain an excess [~ over Ag* ions, 242527 The particles will
be negatively charged, and Na* will be the counterions sur-
rounding the particles and neutralizing their charges.

An additional mechanism through which particles acquire
electric charges is by the adsorption of ions, 25?7 including
ionic surfactants.

Electric Double Layers—The surface layer of a silver
iodide particle prepared with an excess of sodium iodide
contains more I~ than Ag* ions, whereas its bulk contains
the two ions in exactly equimolar proportion. The aqueous
solution in which this particle is suspended contains rela-
tively high concentrations of Nat and NO3~, a lower concen-
tration of I, and traces of H*, OH™ and Ag*.

The negatively charged particle surface attracts positive
ions from the solution and repels negative ions: the solution
in the vicinity of the surface contains a much higher concen-
tration of Na*, which are the counterions, and a much lower
concentration of NO3~ ions than the bulk of the solution. A
number of Na* ions equal to the number of excess I~ ions in
the surface (ie, the number of I~ ions in the surface layer
minus the number of Ag* ions in the surface layer) and
equivalent to the net negative surface charge of a particle are
pulled towards its surface. These counterions tend to stick
to the surface, approaching it as closely as their hydration
spheres permit (Helmholtz double layer), but the thermal
agitation of the water molecules tends to disperse them
throughout the solution. As a result, the layer of counter-
ions surrounding the particle is spread out. The Na* con-
centration is highest in the immediate vicinity of the nega-
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Fig 19-28. Electric double layer at the surface of a silver iodide
particle (upper part} and the corresponding potentials {lower part).
The distance from the particle surface, plotted on the horizontal axis,
refers to both the upper and lower parts.

tive surface, where they form a compact layer called the
Stern layer, and decreases with distance from the surface,
throughout a diffuse layer called the Gouy-Chapman layer:
the sharply defined negatively charged surface is surround-
ed by a cloud of Nat counterions required for electroneutra-
lity. The combination of the two layers of oppositely
charged ions constitutes an electric double layer. It isillus-
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; art of Fig 19-28. The horizontal axis
tr;‘;‘::eﬁst?}?e t’é)igs)t::nce from the particle surface in both the
re tom parts.
w?rigdellj:cttric potential of a plane is equal to Fhe wox:k

.ot electrostatic forces required to bring a unit electric
agains from infinity (in this case, from the bulk of the solu-
cparge that plane. If the plane is the surface of the particle,
tion) t?;ential is called surface or yq potential, which mea-
the p?;he total potential of the double layer. This is the
sures odynamic potential which operates in galvanic cells.
toher;loviig away from the particle surface towards the bulk

r11 tion in the direction of the horizontal axis, the potential
(sio " rapidly across the Stern layer because the Na* ions in
tﬁgli);snmediabe vicinity of the surface screen Na* ions farther
removed, in the dlffuse part of the double layer, fmfn the
effect of the negative surface charge. Thg decrease in po-
tential across the Gouy-Chapman layer is more gradual.
The diffuse double layer gradually comes to an end as the
composition approaches that of the bulk liquid where the
anion concentration equals the cation concentration, and
the potential approaches zero asymptotically. ‘In view of the
indefinite end point, the thickness § of the diffuse double
layer is arbitrarily assigned the value of the distance over
which the potential at the boundary between the Stern and
Gouy-Chapman layers drops to 1/e = 0.37 of its value.2+27
The thickness of double layers usually ranges from 10 to
1000 A. It decreases as the concentration of electrolytes in
solution increases, more rapidly for counterions of higher
valence. The value of § is approximately equal to the recip-
rocal of the Debye-Hiickel theory parameter, «.

Of practical importance, because it can be measured ex-
perimentally, is the electrokinetic or { (zeta) potential. In
aqueous dispersion, even relatively hydrophobic inorganic
particles and organic particles containing polar functional
groups are surrounded by a layer of water of hydration at-
tached to them by ion-dipole and dipole-dipole interaction.
When a particle moves, this shell of bound water and all ions
located inside it move along with the particle. Conversely, if
water or a solution flows through a fixed bed of these solid
particles, the hydration layer surrounding each particle re-
mains stationary and attached to it. The electric potential
atthe plane of shear or slip separating the bound water from
the free water is the { potential. It does not include the
Stern layer and only that part of the Gouy-Chapman layer
which lies outside the hydration shell. The various poten-
tials are shown on the bottom part of Fig 19-28.

Stabilization by Electrostatic Repulsion—When two
uncharged hydrophobic particles are in close proximity,
they attract each other by van der Waals secondary valences,
mainly by London dispersion forces. For individual atoms
and molecules, these forces decrease with the seventh power
of the distance between them. In the case of two particles,
every atom of one attracts every atom of the other particle.
Because the attractive forces are nearly additive, they decay
much less rapidly with the interparticle distance as a result
of this summation, approximately with the second or third
power. Since energies of attraction are equal to force x
distance, they decrease approximately with the first or sec-
ond power of the distance. Therefore, whenever two parti-

€s approach each other closely, the attractive forces take
over and cause them to adhere. Coagulation occurs as the
Primary particles aggregate into increasingly larger second-
ary particles or flocs.

If: Fhe dispersion consists of two kinds of particles with
Positive and negative charges, respectively, the electrostatic
attraction between oppositely charged particles is superim-
Posed on the attraction by van der Waals forces, and coagu-
ation is accelerated. If the dispersion contains only one
th » @8 iS_customary, all particles have surface charges of

€ same sign and density. In that case, electrostatic repul-
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Fig 19-29. Curves representing the van der Waals energy of attrac-
tion (WA), the energy of electrastatic repulsion (ER), and the net
energy of interaction (DPBAS) between two identical charged parti-
cles, as a function of the interparticle distance.

sion tends to prevent the particles from approaching closely
enough to come within effective range of each other’s van der
Waals attractive forces, thus stabilizing the dispersion
against interparticle attachments or coagulation. The elec-
trostatic repulsive energy has a range of the order of é.

A quantitative theory of the interaction between lyopho-
bic disperse particles was worked out independently by Der-
jaguin and Landau in the USSR and by Verwey and Over-
beek in the Netherlands in the early 1940s.2124-27.38 De.
tailed calculations are also found in Chapter 21 of RPS-17.
The so-called DLVO theory predicts and explains many but
not all experimental data. Its refinement to account for
discrepancies is still continuing.

The DLVO theory is summarized in Fig 19-29, where
curve WA represents the van der Waals attractive energy
which decreases approximately with the second power of the
interparticle distance, and curve ER represents the electro-
static repulsive energy which decreases exponentially with
distance. Because of the combination of these two opposing
effects, attraction predominates at small and large distances
whereas repulsion may predominate at intermediate dis-
tances. Negative energy values indicate attraction, and pos-
itive values repulsion. The resultant curve DPBA, obtained
by algebraic addition of curves WA and ER, gives the total,
net energy of interaction between two particles.

The interparticle attraction depends mainly on the chemi-
cal nature and particle size of the material to be dispersed.
Once these have been selected, the attractive energy is fixed

MYLAN INST. EXHIBIT 1013 PAGE 84



286 CHAPTER 19

and cannot readily be altered. The electrostatic repulsion
depends on ¢ or the density of the surface charge and on the
thickness of the double layer, both of which govern the
magnitude of the { potential. Thus, stability correlates to
some extent with this potential.?? The { potential can be
adjusted within wide limits by additives, especially ionic
surfactants, water-miscible solvents, and electrolytes (see
below). If the absolute value of the { potential is small, the
resultant potential energy is negative and van der Waals
attraction predominates over electrostatic repulsion at all
distances. Such sols coagulate rapidly.

The two identical particles whose interaction is depicted
in Fig 19-29 have a large (positive or negative) { potential
resulting in an appreciable positive or repulsive potential
energy at intermediate distances. They are on a collision
course because of Brownian motion, convection currents,
sedimentation, or because the dispersion is being stirred.

As the two particles approach each other, the two atmos-
pheres of counterions surrounding them begin to interpene-
trate or overlap at point A corresponding to the distance d 4.
This produces a net repulsive (positive) energy because of
the work involved in distorting the diffuse double layers and
in pushing water molecules and counterions aside, which
increases if the particles approach further. If the particles
continue to approach each other, even after most of the
intervening solution of the counterions between them has
been displaced, the repulsion between their surface charges
increases the net potential energy of interaction to its maxi-
mum positive value at B. If the height of the potential
energy barrier B exceeds the kinetic energy of the approach-
ing particles, they will not come any closer than the distance
dp but move away from each other. A net positive potential
energy of about 25 2T units usually suffices to keep them
apart, rendering the dispersion permanently stable; & is the
Boltzmann constant and T is the absolute temperature. At
T = 298°K, this corresponds to 1 X 10~12 erg. The kinetic
energy of a particle is of the order of £T.

On the other hand, if their kinetic energy exceeds the
potential energy barrier B, the particles continue to ap-
proach each other past dg, where the van der Waals attrac-
tion becomes increasingly more important compared to the
electrostatic repulsion. Therefore, the net potential energy
of interaction decreases to zero and then becomes negative,
pulling the particles still closer together. When the parti-
cles touch, at a distance dp, the net energy has acquired the
large negative value P. This deep minimum in potential
energy corresponds to a very stable situation in which the
particles adhere. Since it is unlikely that enough kinetic
energy can be supplied to the particles or that their { poten-
tial can be increased sufficiently to cause them to climb out
of the potential energy well P, they are attached permanent-
ly to each other. When most or all of the primary particles
agglomerate into secondary particles by such a process, the
sol coagulates.

Any closer approach of two particles, than the touching
distance dp, is met with a very rapid rise in potential energy
along PD because the solid particles would interpenetrate
each other, causing atomic orbitals to overlap (Born repul-
sion).

Coagulation of Hydrophobic Dispersions—The height
of the potential energy barrier and the range over which the
electrostatic repulsion is effective (or the thickness of the
double layer) determine the stability of hydrophobic disper-
sions. Both factors are reduced by the addition of electro-
lytes. The transition between a coagulating and a stable sol
is gradual and depends on the time of observation. By using
standard conditions, however, it is possible to classify a sol as
either coagulated or coagulating, or as stable or fully dis-
persed.

To determine the value of the coagulating concentration

of a given electrolyte for a given sol, a series of test tubes jg
filled with equal portions of the sol. Identical volumes of
solutions of the electrolyte, of increasing concentration, are
added with vigorous stirring. After some time at rest (eg, 2
hours), the mixtures are agitated again. After an additiona]
shorter rest period (eg, ' hour), they are inspected for signé
of coagulation. The tubes can be classified into two groups,
one showing no signs of coagulation and the other showing at
least some signs, eg, visible flocs. Alternatively, they can he
classified into one group showing complete coagulation and
the other containing at least some deflocculated colloid left
in the supernatant. In either case, the separation between
the two classes is quite sharp. The intermediate agitation
breaks the weakest interparticle bonds and brings small
particles in contact with larger ones, thus increasing the
sharpness of separation between coagulation and stability.
After repeating the experiment with a narrower range of
electrolyte concentrations, the coagulation value ccv of the
electrolyte, ie, the lowest concentration at which it coagu-
lates the sol, is established with good reproducibility.2¢.25.27
Typical ccy data for a silver iodide sol prepared with an
excess of iodide are listed in Table XIV. The following
conclusions can be drawn from the left half of Table XIV:

1. The¢cy does not depend on the valence of the anion, since nitrate
and sulfate of the same metal have nearly identical values.

2. The differences among the ¢cys of cations with the same valence
are relatively minor. However, there is a slight but signiticant trend of
decreasing ccy with increasing atomic number 1n the alkali and in the
alkaline earth metal groups. Arranging these cations in the order of
decreasing c¢y produces the Hofmetster or lyotrapic series. [t governs
many other colloidal phenomena, including the effect of salts on the
temperature of gelation and the swelling of aqueous gels and on the
viscosity of hydrosols, the salting out of hydrophilic colloids, the cation
exchange on ion-exchange resins, and the permeability of membranes
toward salts. The series is also observed in many phenomena involving
only small atoms or ions and true solutions, including the ionization
potential and electronegativity of metals, the heats of hydration of cat-
ions, the size of the hydrated cations, the viscosity, surface tension and
infrared spectra of salt solutions, and the solubility of gases therein. For
monovalent cations, the lyotropic series is

Lit > Nat > K+ > NH;* > Rb* > Cs*
A similar lyotropic series exists for anions.2!.22.24-26

The lithium ion has a higher ccy than the cesium ion because it is more
extensively hydrated, so that Li* (aq), including the hydration shell, is
larger than Cs* (aq). Owing to its smaller size, the hydrated cesium ion
can approach the negative particle surface more closely than the hydrat-

Table XIV—Coagulation Values for Negative Silver lodide

Sol?

Electrolyte Cov, MMI/L Electrolyte Cev, MM/L
LiNO, 165 AgNO, 0.01
NaNO, 140 Iy (C1aHasNHa4)2S Oy 0.7
/5 Nas.SO, 141 Strychnine nitrate 1.7
KNO, 136 5 Morphine sulfate 2.5
Yo KaSO4 138
RbNO; 126

Mean 141
Mg(NOQ3)s 2.60 Quinine sulfate 0.7
MgSO4 2.57
Ca(NO3)a 2.40
Sr (N03)2 2.38
Ba(NO,), 2.26
Zn(NOQ)g 2.50
Pb(NO;), 2.43

Mean 2.45
AL(NQO3), 0.067
L&(NOg)g 0.069
Ce(NO3)4 0.069

Mean 0.068

2 From Ref 21 and unpublished data.
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terions, decreasing by one to two orders of magnitude for each
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lation values vary inversely with the sixth power
For mono-, di- and trivalent counter-

& mean ccv's of Table XIV are 141 : 2.45: 0.068, or 100: 1.7: 0.05, in

o agreement with the DLVO theory.

satisfactory
The following conclusion can be drawn from the right half of

Table XIV:

4. The cations on the right sif:le of Table ‘XIV constitute obvious
exceptions to the precec_hqg. _Ag+ is the potential-determining counter-
ion. Potential-determining ions are those whose concentration deter-
mines the surface potential. Whe;n sl‘lver nitrate is added to the negative
gilver iodide dispersion, some of its silver ions are incorporated into the
negatively charged surface of the partlc‘les a‘nd lower the magmtudg of
their charge by reducing the excess of I~ ions in the surface. Thus, silver
salts are exceptionally effective coagulating agents because they reduce
the magnitude of the Y as well as of the { potential. Indifferent salts.
which reduce only the latter, require much higher salt concentrations for
comparable reductions in the { potential. The other potential-det.er-
mining ion of silver iodide is I-. Alkali iodides bave higher ccy's than
141 millimole/liter because they supply iodide ions which enter the
surface layer of the silver iodide particles and increase its excess of I~
over Ag* ions, thereby making Yo more negative. Bromide and chloride
ions act similarly but less effectively.

The principal potential-determining ion for proteins 1s H*; those for
aluminum hydroxide are OH~ (and hence H*) and Al%*, but also Fe3*
and Cr3* which form mixed hydroxides with AI*.

5 The cationic surfactant in Table XIV and the alkaloidal salts.
which also behave as such, constitute the second exception to the
Schulze-Hardy rule. Surface-active compounds contain hydrophilic
and hydrophobic moieties in the same molecule, the latter being hydro-
carbon portions which by themselves are water-insoluble. Their dual
nature causes these compounds to accumulate in interfaces. Dodecy-
lammonium and alkaloidal cations displace inorganic monovalent cat-
ions from the Stern layer of a negatively charged silver 10dide particle
because they are attracted to it not only by electrostatic forces like
sodium ions but also by van der Waals forces between their hydrocarbon
moieties (dodecyl chains in the case of the dodecylammonium ions) and
the solid. Because they are strongly adsorbed from solution onto the
surface and do not tend to dissociate from it, surface-active cations are
very effective in reducing the { potential of the negative silver iodide
particles, ie, they have lower ccy than purely inorganic cations of the
same valence.

6. Anionic surfactants like those containing lauryl sulfate ions also
have a tendency to be adsorbed at solid-liquid interfaces. However,
because of electrostatic repulsion between the negatively charged sur-
facg of silver iodide particles whose surface layer contains an excess
iodide ions and the surface-active anions, adsorption usually does not
occur below the critical micelle concentration (see below). If such ad-
sorption does occur, it increases the density of negative charges in the
particle surface, raising the ccy of anionic surfactants above that corre-
sponding to their valence.

) Ionic solids with surface layers containing the ionic species
in near proper stoichiometric balance, and most water-insol-
uble _organic compounds have relatively low surface charge
densities. They adsorb ionic surfactants of like charge from
solution even at low concentrations, which increases their
S}lrface charge densities and the magnitude of their { poten-
tials, stabilizing their aqueous dispersions.

The addition of water-miscible solvents such as alcohol,
g[ycerin, propylene glycol or polyethylene glycols to aqueous
dispersions lowers the dielectric constant of the medium.
This reduces the thickness of the double layer and, there-
fore, the range over which electrostatic repulsion is effective,
and lowers the size of the potential energy barrier. Addition
of solvents to aqueous dispersions tends to coagulate them.
At concentrations too low to cause coagulation by them-
selvgs, solvents make the dispersions more sensitive to coag-
ulation by added electrolytes, ie, they lower the ccv.

Progressive addition of the salt of a counterion of high
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valence reduces the ¢ potential of colloidal particles gradual-
ly to zero. Eventually, the sign of the { potential may be
inverted and its magnitude may increase again, but in the
opposite direction. The ¥ and { potentials of aqueous sul-
famerazine suspensions are negative above their isoelectric
points; those of bismuth subnitrate are positive. As dis-
cussed on page 297, the addition of A13* to the former and of
PO,3" to the latter in large enough amounts inverts the sign
of their ¢ potentials; their Y, potentials remain unchanged.
Surface-active ions of opposite charge may also produce
such charge inversion.

The superposition of the van der Waals attractive energy
with its long-range effectiveness and the electrostatic repul-
sive energy with its intermediate-range effectiveness fre-
quently produces a shallow minimum (designated S in Fig
19-29) in the resultant energy-distance curve at interparticle
distances dg several times greater than é. If this minimum
in potential energy is small compared to kT, Brownian mo-
tion prevents aggregation. For large particles such as those
of many pharmaceutical suspensions and for particles which
are large in one or two dimensions (rods and plates), the
secondary minimum may be deep enough to trap them at
distances dg from each other. This requires a depth of
several kT units. Such fairly long-range and weak attrac-
tion produces loose aggregates or flocs which can be dis-
persed by agitation or by removal or reduction in the concen-
tration of flocculating electrolytes.2125-27.38  This reversible
aggregation process involving the secondary minimum is
called flocculation. By contrast, aggregation in the deep
primary minimum P, called coagulation, is irreversible.

Stabilization by Adsorbed Surfactants—As discussed
ahove, surfactants tend to accumulate at interfaces because
of their amphiphilic nature. This process is an oriented
physical adsorption. Surfactant molecules arrange them-
selves at the interface between water and an organic solid or
liquid of low polarity in such a way that the hydrocarbon
chain is in contact with the surface of the solid particle or
sticks inside the oil droplet while the polar headgroup is
oriented towards the water phase. This orientation re-
moves the hydrophobic hydrocarbon chain from the bulk of
the water, where it is unwelcome because it interferes with
the hydrogen bonding among the water molecules, while
leaving the polar headgroup in contact with water so that it
can be hydrated.

Figure 19-30A shows schematically that at low surfactant
concentration and low surface coverage, the hydrocarbon
chains of the adsorbed surfactant molecules lie flat against
the solid surface. At higher surfactant concentrations, the
surfactant molecules are adsorbed in the upright position to
permit the adsorption of more surfactant per unit surface
area. Figure 19-30B shows a nearly close-packed monolayer
of adsorbed surfactant molecules. The terminal methyl
groups of their hydrocarbon tails are in contact with the
hydrophobic surface and the hydrocarbon tails are in lateral
contact with each other. London dispersion forces promote
attraction between both types of adjoining groups. The
polar headgroups protrude into the water and are hydrated.

The adsorption of ionic surfactants increases the charge
density and the { potential of the disperse particles. These
two parameters are low for organic substances lacking ionic
or strongly polar groups. The increase in electrostatic re-
pulsion among the nonpolar organic particles due to adsorp-
tion of surface-active ions stabilizes the dispersion against
coagulation. This “charge stabilization” is described by the
DLVO theory.

Most water-soluble nonionic surfactants are polyoxyethy-
lated (see above): Each molecule consists of a hydrophobic
hydrocarbon chain combined with a hydrophilic polyethyl-
ene glycol chain, eg CH3(CH3)15(OCH2CHy)0OH. Hydra-
tion of the 10 ether groups and of the terminal hydroxyl
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group renders the surfactant molecule water-soluble. It
adsorbs at the interface between a hydrophobic solid and
water, with the hydrocarbon moiety adhering to the solid
surface and the polyethylene glycol moiety protruding into
the water, where it is hydrated. The particle surface is thus
surrounded by a thin layer of hydrated polyethylene glycol
chains. This hydrophilic shell forms a steric barrier which
prevents close contact between particles and, hence, coagu-
lation (“‘steric stabilization”). Nonionic surfactants also re-
duce the sensitivity of hydrophobic dispersions toward coag-
ulation by salts, ie, they increase the coagulation values.®

In a flocculated dispersion, groups of several particles are
agglomerated into flocs. Frequently, the particles of a floc
are in physical contact. When a surfactant is added to a
flocculated sol, the dissolved surfactant molecules become
adsorbed at the surface of the particles. Surfactant mole-
cules tend to pry apart flocs by wedging themselves between
the particles at their areas of contact. This action opens up
for surfactant adsorption additional surface area that was
previously blocked by adhesion of another solid surface.
The breaking up of flocs or secondary particles is defined
above as deflocculation or peptization.

Ophthalmic suspensions should be deflocculated because
the large particle size of flocs causes eye irritation. Paren-
teral suspensions should be deflocculated to prevent flocs
from blocking capillary blood vessels and hypodermic sy-
ringes, and to reduce tissue irritation. Deflocculated sus-
pensions tend to cake, however, ie, the sediment formed by
gravitational settling is compact and may be hard to disperse
by shaking. Caking in oral suspensions is prevented by
controlled flocculation as discussed below.

Stabilization by Adsorbed Polymers—Water-soluble
polymers are adsorbed at the interface between water and a
hydrophobic solid if they have some hydrophobic groups
that limit their water solubility and render them amphiphi-
lic and, hence, surface-active. Such polymers also tend to
accumulate at the air-water interface and lower the surface
tension of the aqueous phase. A high concentration of ionic
groups in polyelectrolytes tends to eliminate surface activity
and the tendency to adsorb at interfaces, because the poly-
mer is excessively water-soluble. An example is sodium
carboxymethylcellulose. Polyvinyl alcohol is very water-
soluble due to the high concentration of hydroxyl groups and
does not adsorb extensively at interfaces. Polyvinyl alcohol
is manufactured by the hydrolysis of polyvinyl acetate,
which is water-insoluble. Incomplete hydrolysis of, say,
only 85% of the acetyl groups produces a copolymer which is
water-soluble but surface-active as well. Other surface-ac-
tive polymers include methylcellulose, hydroxypropy! cellu-
lose, high-molecular-weight polyethylene glycols (polyethyl-
ene oxides), and proteins. The surface activity of proteins is
due to the presence of hydrophobic groups in the side chains
at concentrations too low to cause insolubility in water.
Proteins are denatured upon adsorption at air-water and
solid-water interfaces.

The long, chain-like polymer molecules are adsorbed from
solution onto solid surfaces in the form of loops projecting
into the aqueous phase, as shown in Fig 19-314, rather than
lying flat against the solid substrate. Only a small portion of
the chain segments of an adsorbed macromolecule is actually
in contact with and adheres directly to the surface. Because
of its great length, however, there are enough of such areas of
contact to anchor the adsorbed macromolecule firmly onto
the solid. Figure 19-30 is drawn on a much more expanded
scale than Fig 19-31.

The sol particles are surrounded by a layer consisting of
the adsorbed polymer chains, the water of hydration associ-
ated with them, and water trapped mechanically inside the
chain loops. This sheath is an integral part of the particle
surface. The layers of adsorbed polymer prevent the parti-

Fig 19-30. Schematic representation of the physical adsorption of
surfactant molecules at a hydrophobic solid (S)/water (W) interface.
Cylindrical portions and spheres represent hydrocarbon chains and
polar headgroups of the surfactant molecules, respectively (A) low
surfactant concentration/low surface coverage; (B) near critical mi-
celle concentration/surface coverage near saturation
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Fig 19-31. Protective action (A) and sensitization (B) of sols of
hydrophobic particles by adsorbed polymer chains.

cles from approaching each other closely enough for the
interparticle attraction by London dispersion forces to pro-
duce coagulation. These forces are effective only over very
small interparticle distances of less than twice the thickness
of the adsorbed polymer layer.

The mechanisms of steric stabilization by which adsorbed
nonionic macromolecules prevent coagulation of hydropho-
bic sols (protective action) are also operative in the stabili-
zation of sols by nonionic surfactants. The difference be-
tween adsorbed nonionic surfactants and adsorbed polymers
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is that the hydrophilic polyethylene glycol moieties of the
adsorbed surfactant molecules protruding into water resem-
ble the chain ends of the adsorbed macromolecules rather
than their looped segments. The following protective
mechanisms are operative:

1. The layer of adsorbed polymer and enmeshed water surrounding
the partlclesn forms a mechantcal or steric barrier between them that
prevents the close interparticle approach necessary for coagulation. At
dense surface coverage. these layers are somewhat elastic. They may be
dented by a collision between two particles but tend to spring back.

9. When two particles approach so closely that their adsorbed poly-
mer layers overlap. the chain loops of the two opposing layers compress
and mix with or interpenetrate each other. The resulting restriction to
the freedom of motion of the chain segments n the overlap region
produces a negative entropy change which tends to make the free energy
change for the reduction in interparticle distance required for coagula-
tion positive. The reverse process of disentanglement of the two oppos-
ing adsorbed polymer layers resulting from separation of the particles
oceurs because (tis energetically more favorable. The particles are thus
prevented from coagulation by entropic repulsion through the mecha-
nism of entropic stabulization of the sol. This mechanism predominates
when the concentration of polymer in the adsorbed layer is low.

3. As the polymer layers adsorbed on two approaching particles
averlap and compress or interpenetrate each other, more polymer seg-
ments become crowded into a given volume of the aqueous region be-
tween the particles. The increased polymer concentration in the over-
lap region causes a local increase in osmotic pressure, which is relieved by
an influx of water. This influx to dilute the polymer loops pushes the
two particles apart, preventing coagulation.

4. If the adsorbed polymer has some ionic groups, stabilization by
electrostatic repulsion or charge stabilization described above is added
to the three steric stabilization mechanisms to prevent a close interparti-
cle approach and, hence, coagulation.

5. The adsorption of water-soluble polymers changes the nature of
the surface of the hydrophobic particles to hydrophilic, resulting in an
increased resistance of the sol to coagulation by salts. 4

The water-soluble polymers whose adsorption stabilizes
hydrophobic sols and protects them against coagulation are
called protective colloids. Gelatin and serum albumin are
the preferred protective colloids for stabilizing parenteral
suspensions because of their biocompatibility. These two
polymers, as well as casein (milk protein), dextrin (partially
hydrolyzed starch) and vegetable gums like acacia and trag-
acanth are metabolized in the human body. Cellulose deriv-
atives and most synthetic protective colloids such as povi-
done are not biotransformed. Because of this and because
of their large molecular size, polymers pertaining to the last
two categories are not absorbed but excreted intact when
they are administered in an oral dosage form.

A semiquantitative assessment of the stabilizing efficien-
¢y of protective colloids is the gold number, developed by
Zsigmondy. It is the largest number of milligrams of a
protective colloid which, when added to 10 mL of a special
standardized gold sol, just fails to prevent the change in
color from red to blue on addition of 1 mL of 10% NaCl
solution. The gold sol contains 0.0058% gold with a particle
size of about 250 A. Coagulation by sodium chloride causes
the color change. Representative gold numbers are 0.005 to
0.01 for gelatin, 0.01 for casein, 0.02 to 0.5 for egg albumin,
0.15 to 0.5 for acacia, and 1 to 7 for dextrin.?22? Gelatinis a
more effective protective colloid than acacia or dextrin be-
cause the presence of some hydrophobic side groups makes it
more surface active and causes more extensive adsorption
from solution. Other protective numbers are based on dif-
ferent hydrophobic disperse solids, eg, silver, Prussian blue,
sulfur, ferric oxide. The ranking of different protective
colloids depends somewhat on the substrate. When formu-
atll}g a disperse dosage form, one should measure the pro-
t"-fctlve action on the actual solid hydrophobic phase to be
dispersed as a sol.

ensitization is the opposite of protective action, namely,
adecrease in the stability of hydrophobic sols. It is brought
; out hy some protective colloids, at concentrations well
elO_W those at which they exert a protective action. A pro-
€ctive colloid may, at very low concentrations, flocculate a
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sol in the absence of added salts and/or lower the coagulation
values of the sol.

In the case of nonionic polymers or of polyelectrolytes
with charges of the same sign as the sol, flocculation is the
result of the bridging mechanism illustrated in Fig 19-31B.
At very low polymer concentrations, there are not nearly
enough polymer molecules present to cover each sol particle
completely. Since the particle surfaces are largely bare, a
single macromolecule may be adsorbed on two particles,
bridging the gap between them and pulling them close to-
gether. Flocs of several particles are formed when one parti-
cle is bridged or connected to two or more other particles by
two or more polymer molecules adsorbed jointly on two or

-possibly even three particles. Such flocculation usually oc-

curs over a narrow range and at very low values of polymer
concentrations. At higher concentrations, when enough
polymer is available to cover the surface of all particles
completely, bridging is unlikely to occur and the adsorbed
polymer stabilizes or peptizes the sol.23:40

The nonionic Polymer A of Fig 19-32 stabilizes the sol at
all concentrations. Neither sensitization by bridging nor by
charge neutralization is observed. The reason that Polymer
A lowers the positive ¢ potential of the sol slightly is that
increasing amounts of adsorbed polymer chains gradually
shift the plane of shear outward, away from the positively
charged surface. If Polymer A was a cationic polyelectro-
lyte, the { potential-protective colloid concentration plot
would gradually rise with increasing polymer adsorption
rather than drop.

Zeta potential, millivolts

Concentration of protective collod

) - - ¢

52 5|11
:3 K /8
1\ /
3| \||f

O Concentration of protective colloid

Fig 19-32. Protective action and sensitization: Polymer A exerts
protective action at all concentrations, while Polymer B sensitizes at
low concentrations and stabilizes at high concentrations. Horizontal
and vertical hatching indicates region of flocculation for a sol treated
with various concentrations of Polymers A and B, respectively. Clear
region underneath indicates sol is deflocculated.
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If the polymer has ionic groups of charge opposite to the
charge of the sol particles, limited adsorption neutralizes the
charge of the particles, reducing their { potential to near
zero. With stabilization by electrostatic repulsion thus in-
operative, and steric stabilization ineffective because of low
surface coverage with adsorbed polymer, the sol either coag-
ulates by itself or is coagulated by very small amounts of
sodium chloride. At higher polymer concentrations and
more extensive adsorption, charge reversal of the particles to
the sign of the charge of the polyelectrolyte reactivates
charge stabilization and adds steric stabilization, increasing
the coagulation value of the sol well above the initial value
before polymer addition.

For example, a partly hydrolyzed polyacrylamide with
about 20% of ammonium acrylate repeating units is an an-
ionic polyelectrolyte. At the ppm level, the polymer floccu-
lates aluminum hydroxide sols at a pH of 6 to 7, where the
sols are positively charged and the polyelectrolyte is fully
jonized. At a polymer concentration of 1:10,000, the sol
becomes negatively charged because extensive polymer ad-
sorption introduces an excess of —COO~ groups over =Al*
ions into the particle surface. Steric stabilization plus elec-
trostatic repulsion make the sol more stable against floccula-
tion by salts than it was before the polyacrylamide addition.

Polymer B in Fig 19-32 illustrates this example. The
curve in the lower plot indicates sensitization, with the coag-
ulation value of sodium chloride lowered by as much as 60%.
Zeta potential measurements can distinguish between sensi-
tization by bridging and by charge neutralization. The
charge reversal caused by adsorption of Polymer B shown in
the upper plot pinpoints charge neutralization as the cause
of sensitization. If Polymer B had a { potential-polymer
concentration plot similar to Polymer A, sensitization would
be ascribed to bridging.

Even water-soluble polymers which are too thoroughly
hydrophilic to be adsorbed by hydrophobic sol particles can
stabilize those sols. Their thickening action slows down
Brownian motion and sedimentation, giving the particles
less opportunity to come into contact and hence retarding
flocculation.

Electrokinetic Phenomena—When a dc electric field is
applied to a dispersion, the particles move towards the elec-
trode of charge opposite to that of their surface. The coun-
terions located inside their hydration shell are dragged along
while the counterions in the diffuse double layer outside the
plane of slip, in the free or mobile solvent, move toward the
other electrode. This phenomenon is called electrophore-
sis. If the charged surface is immobile, as is the case with a
packed bed of particles or a tube filled with water, applica-
tion of an electric field causes the counterions in the free
water to move towards the opposite electrode, dragging sol-
vent with them. This flow of liquid is called electroosmosts,
and the pressure produced by it, electroosmatic pressure.
Conversely, if the liquid is made to flow past charged sur-
faces by applying hydrostatic pressure, the displacement of
the counterions in the free water produces a potential differ-
ence between the two ends of the tube or bed called stream-
ing potential.

The three phenomena depend on the relative motion of a
charged surface and of the diffuse double layer outside the
plane of slip surrounding that surface. The major part of
the diffuse double layer is within the free solvent and can,
therefore, move along the surface.24—2741  All three electro-
kinetic phenomena measure the identical { potential, which
is the potential at the plane of slip.

The particles of pharmaceutical suspensions and emul-
sions are visible in the microscope or ultramicroscope, as are
bacteria, erythrocytes and other isolated cells, latex parti-
cles, and many contaminant particles in pharmaceutical so-
lutions. Their [ potential is conveniently measured by mi-

croelectrophoresis. A potential difference E applied be.
tween two electrodes dipping into the dispersion ang
separated by a distance d produces the potential gradient or
field strength E/d, expressed in v/cm. From the average
velocity v of the particles, measured with the eyepiece micro-
meter of a microscope and a stopwatch, the { potential is
calculated by the Smoluchowski equation

= (4mn\ (v )= (4
o= (%) (57) = (57)+

The electrophoretic mobility u = v/(E/d) is the velocity in a
potential gradient of 1 v/cm. Particle size and shape do not
affect the { potential according to the above equation. How-
ever, if the particle radius is comparable to é or smaller (in
which case the particles cannot be detected in a microscope),
the factor 4 is replaced by 6. The viscosity 5 and the dielec-
tric constant D refer to the aqueous medium in the double
layer and cannot be measured directly.** Using the values
for water at 25°, expressing the velocity in gm/sec and the
electrophoretic mobility in (um/sec)/(volts/cm), and con-
verting into the appropriate units reduces the Smoluchowski
equation to { = 12.9 u, with { given in millivolts (mV). If the
particle surface has appreciable conductance, the { potential
calculated by this equation may be low.254142  Dispersions
of hydrophobic particles with { potentials below 20-30 mV
are frequently unstable and tend to coagulate. On the other
hand, values as high as £180 mV have been reported for the {
potential 21:24:41

The chief experimental precautions in microelectrophore-
sis measurements are:

1. Electroosmosis causes liquid to flow along the walls of the cell
containing the dispersion. This in turn produces a return flow in the
center of the cell. The microscope must be focused on the stationary
boundary between the two liquid layers flowing in opposite directions in
order to measure the true velocity of the particles.

2. Only in very dilute dispersions is it possible to follow the motion of
single particles in the microscope field and to measure their velocity.
Since the { potential depends largely on the nature, ionic strength, and
pH of the suspending medium, dispersions should be diluted not with
water but with solutions of composition identical to their continuous
phase, eg, with their own serum separated by ultrafiltration or centrifu-
gation. The Zeta-Meter is a commercial microelectrophoresis appara-
tus of easy, fast and reproducible operation.

When the particles cannot be observed individually witha
microscope or ultramicroscope, other electrophoresis meth-
ods are employed.2427414344  In moving boundary electro-
phoresis, the movement of the boundary formed between a
sol or solution and the pure dispersion medium in an electric
field is studied. If the disperse phase is colorless, the
boundary is located by the refractive index gradient (Tiseli-
us apparatus, used frequently with protein solutions). If
several species of particles or solutes with different mobil-
ities are present, each will form a boundary moving with a
characteristic velocity. Unlike microelectrophoresis, this
method permits the identification of different colloidal com-
ponents in a mixture, the measurement of the electrophoret-
ic mobility of each, and an estimation of the relative
amounts present.

Zone electrophoresis theoretically permits the complete
separation of all electrophoretically different components,
requires much smaller samples than moving boundary elec-
trophoresis, and can be performed in simpler and less expen-
sive equipment. The method avoids convection by support-
ing the solution in an inert and porous solid like filter paper,
cellulose acetate membrane, agar, starch or polyacrylamide
gels cut into strips, or disks or columns of polyacrylamide
gel.

A strip of filter paper or gel is saturated with a conducting
buffer solution and a few microliters of the solution being
analyzed is deposited as a spot or narrow band. A potential
difference is applied between the ends of the strip which are
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in contact with the electrode compartments. The spot or
pand spreads and unfolds as each component migrates to-
wards one or the other elef:trode ata rate detern_nned pri-
marily by its electrophoretic mobility. Eyaporatlon of wa-
ter due to the heating effect of thfe e!ectrlc cu_rrent. may be
minimized by immersing the strip in a cooling liquid or
sandwiching it between impervious solid sheets. After a
sufficient time has elapged to afford go_od separation, the
strip is removed and drled.. Tl}e position of the spots or
bands corresponding to the _mdlv_ldual components is detect-
ed by color reactions or radioactive counting.

Zone electrophoresis is applied mainly in analysis and for
small-scale preparative separations. It does not permit mo-
bility measurements. Because several samples can be ana-
lyzed simultaneously (in parallel strips or gel columns), be-
cause only minute amounts of sample are needed, and be-
cause the equipment is simple and easy to operate, zone
electrophoresis is widely used to study the proteins in blood
serum, erythrocytes, lymph and cerebrospinal fluid, saliva,
gastric and pancreatic juices and bile.

Immunodiffusion combined with electrophoresis is called
immunoelectrophoresis.#34% The proteins in a fluid, includ-
ing the antigens, are first separated by gel electrophoresis.
A longitudinal trench is then cut along one or both sides of
the gel strip near the edge in the direction of the electropho-
resis axis. The trench is filled with the antibody solution.
On standing, antibody and antigen proteins diffuse in all
directions, including toward each other. Precipitation oc-
curs along an elliptical arc (precipitin band) wherever an
antigen meets its specific antibody. The precipitin bands
are either visible directly or may be developed by staining.
Since diseases frequently produce abnormal electrophoretic
patterns in body fluids, zone electrophoresis and immuno-
elecirophoresis are convenient and powerful diagnostic
techniques.

Isoelectric focusing*t® uses electrophoresis to separate
proteins according to their isoelectric points. At pH values
equal to their isoelectric points, proteins do not migrate in
an electric field because their net charge is zero. In a liquid
column on which a pH gradient is imposed, different species
arrange themselves so that the protein with the highest iso-
electric point will be located nearest to the cathode, which is
immersed in the solution of a strong base. The protein with
the lowest isoelectric point will be located nearest to the
anode, which is immersed in the solution of a strong acid.
The other proteins settle into intermediate positions, where
tht_e pH values are intermediate and equal to their isoelectric
points.

Hydrophilic Dispersions

Most liquid disperse systems of pharmaceutical interest
are aqueous. Therefore, most lyophilic colloidal systems
dgscussed below consist of hydrophilic solids dissolved or
dispersed in water. Most of the products mentioned below
are official in the USP or NF, where more detailed descrip-
tions may be found, also elsewhere in this text.

Hydrophilic colloids can be divided into particulate and
soluble materials. The latter are water-soluble linear or
branched polymers dissolved molecularly in water. Their
aqueous solutions are classified as colloidal dispersions be-
cause the individual molecules are in the colloidal particle
size range, exceeding 50 or 100 A. Particulate or corpuscular
hydrophilic colloidal dispersions are formed by solids which
swell and are peptized in water but whose primaryv particles
do not dissolve or break down into individual molecules or
lons. One subdivision of particulate hydrophilic colloids is
comprised of dispersions of cross-linked polymers whose

near, uncross-linked analogues are water-soluble.
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Particulate Hydrophilic Dispersions

The disperse phase of these sols consists of solids which in
water swell and break up spontaneously into particles of
colloidal dimensions. The disperse particles have high spe-
cific surface areas and are, therefore, extensively hydrated.
They have characteristic shapes. If the attraction between
individual particles is strong, the dispersions have yield val-
ues at relatively low solids content.

Bentonite is an aluminum silicate crystallizing in a layer
structure (see above), with individual lamellas 9.4 A thick.
Their top and bottom surfaces are sheets of oxygen ions from
silica plus an occasional sodium ion neutralizing a silicate
ion-exchange site. The clay particles consist of stacks of
these lamellas. Water penetrates inside the stacks between
lamellas to hydrate the oxygen ions, causing extensive swell-
ing. Bentonite particles in bentonite magma consist of sin-
gle lamellas and packets of a few lamellas with intercalated
water. The specific surface area amounts to several hun-
dred square meters per gram. Kaolin also has a layer struc-
ture, but does not swell in water because water does not
intercalate between individual lattice layers. Kaolin plates
dispersed in water are, therefore, much thicker than those of
bentonite, ca 0.04 to 0.2 um. In kaolin, hydrated alumina
lattice planes alternate with silica planes. Thus, one of the
two external surfaces of a kaolin plate consists of a sheet of
oxygen ions from silica, the other is a sheet of hydroxide ions
from hydrated alumina. Both surfaces are well hydrated.
Magnesium aluminum silicate (Veegum) is a clay similar to
bentonite but contains magnesium,; it is white whereas ben-
tonite is gray.

Additional hydrophilic particles producing colloidal dis-
persions in water are listed below. Colloidal silicon dioxide
consists of roughly spherical particles covered with siloxane
and silanol groups (pages 280-281). Titanium dioxide is a
white pigment with excellent covering power due to its high
refractive index. Microcrystalline cellulose (page 279) is
hydrophilic because of the hydroxyl and ether groups in the
surface of the cellulose crystals. Gelatinous precipitates of
hydrophilic compounds such as aluminum hydroxide gel,
aluminum phosphate gel, and magnesium hydroxide con-
sist of coarse flocs produced by agglomeration of the colloi-
dal particles formed in the initial stage of the precipitation.
They possess large internal surface areas, which is one of the
reasons why the first two are used as substrates for adsorbed
vaccines and toxoids.

Cross-linked Polymers—The polymers discussed below
are polyelectrolytes, ie, they contain ionic groups and would
be soluble in water in the absence of cross-linking. For
instance, sodium polystyrene sulfonate is a copolymer of
about 92% styrene and 8% divinylbenzene, which is sulfonat-
ed and neutralized to produce the cation-exchange resin

S0; Na* SO; Na*
0
CH—CH,7-—CH~—CH,—\~CH—CH#5
CH— CH,f~CH—CH;
SO; Na* /,
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Chains a-b and c—d are water-soluble linear polymer chains.
They are cross-linked or bound together via a phenylene
group as shown. There are many such cross-links tieing
every chain to two or more other chains, so that every atom
in a grain of ion-exchange resin is bound to every other atom
by primary, covalent bonds. The grains swell in water until
the cross-links are strained but do not dissolve, because this
would involve the rupture of primary valence bonds. Swell-
ing renders the ion-exchange sites in the interior of a grain
accessible to the gastrointestinal fluids. Partial exchange of
Na* by K* followed by excretion of the used resin in the
feces reduces hyperkalemia resulting from acute renal fail-
ure. Partial replacement of Na* by H* could reduce acido-
sis.

Cholestyramine resin is an anion-exchange resin contain-
ing the same backbone of cross-linked polystyrene, but sub-
stituted with —CHy;—N*(CH3);Cl- instead of sodium sulfo-
nate. Part of the chloride anions is exchanged or replaced
by bile salt anions, which are thus eliminated in the feces
bound to the resin grains rather than reabsorbed. Colesti-
pol hydrochloride is another orally administered anion-ex-
change resin used to increase the fecal excretion of bile salts.
It is an extensively cross-linked, insoluble but permeable
copolymer made from diethylenetriamine, tetraethylene-
pentamine, and epichlorohydrin. Strong cation- and anion-
exchange resins are used as sustained-release vehicles for
basic and acid drugs, respectively (see Chapter 91).

Polycarbophil is a copolymer of acrylic acid cross-linked
with a small amount of divinyl glycol. The weakly acidic
carboxyl groups are not ionized in the strongly acid environ-
ment of the stomach but only in the more nearly neutral
intestines. Therefore, swelling by osmotic influx of water
occurs mostly in the intestines, where imbibition of water
decreases the fluidity of stools associated with diarrhea.
Among natural polymers, tragacanth consists of 13 of a wa-
ter-soluble fraction, tragacanthin, and % of a gel fraction
called bassorin which swells in water but does not dissolve.
Starch consists of Y; of a fraction, soluble in hot water, called
amylose. The remainder, amylopectin, merely absorbs wa-
ter and swells. It owes its insolubility to extensive branch-
ing rather than cross-linking.

Soluble Polymers as Lyophilic Colloids

Most hydrophilic colloidal systems used in dosage forms
are molecular solutions of water soluble, high molecular
weight polymers. The polymers are either linear or slightly
branched but not cross-linked.

Classifications —According to their origin, water-soluble
polymers are divided into three classes. Natural polymers
include polysaccharides (acacia, agar, heparin sodium, pec-
tin, sodium alginate, tragacanth, xanthan gum) and poly-
peptides (casein, gelatin, protamine sulfate). Of these, agar
and gelatin are only soluble in hot water.

Cellulose derivatives are produced by chemical modifica-
tion of cellulose obtained from wood pulp or cotton to pro-
duce soluble polymers. Cellulose is an insoluble, linear
polymer of glucose repeat units in the ring or pyranose form
joined by B-1,4 glucosidic linkages. Each glucose repeat
unit (except for the two terminal ones) contains a primary
hydroxyl group on the No 6 carbon and two secondary hy-
droxyls on No 2 and 3 carbons. The primary hydroxyl is
more reactive. Chemical modification of cellulose consists
in reactions or substitutions of the hydroxyl groups. The
extent of such reactions is expressed as degree of substitu-
tion (DS), namely, the number of substituted hydroxyl
groups per glucose residue. The highest value is DS = 3.0.
Fractional values are the rule because the DS is averaged
over a multitude of glucose residues. A DS value of 0.6
indicates that some glucose repeat units are unsubstituted
while others have one or even two substituents.

Soluble cellulose derivatives are listed below. The DS
values correspond to the pharmaceutical grades. The
groups shown are the replacements for the hydrogen atoms
of the cellulosic hydroxyls. Official derivatives are methyl-
cellulose (DS = 1.65-1.93), —O—CHj and sodium carboxy-
methylcellulose (DS = 0.60-1.00), —0—CH;—COO~Nat,
Hydroxyethyl cellulose (DS = 1.0), —O0+CH,CH;—0+,H
and hydroxypropyl cellulose (DS = 2.5) are manufactured

-—0—(—(|:H—CH,—0—);H
CH,

by the addition of ethylene oxide and propylene oxide, re-
spectively, to alkali-treated cellulose. The value of n is
about 2.0 for the former and not much greater than 1.0 for
the latter. Hydroxypropyl methylcellulose is prepared by
reacting alkali-treated cellulose first with methyl chloride to
introduce methoxy groups (DS = 1.1-1.8) and then with
propylene oxide to introduce propylene glycol ether groups
(DS = 0.1-0.3). Ingeneral, the introduction of hydroxypro-
pyl groups into cellulose reduces the water solubility some-
what while promoting the solubility in polar organic solvents
like short-chain alcohols, glycols and some ethers.

The molecular weight of native cellulose is so high that
soluble derivatives of approximately the same degree of po-
lymerization would dissolve too slowly, and their solutions
would be excessively viscous even at concentrations of 1%
and less. Controlled degradation is used to break the cellu-
lose chains into shorter segments, reducing the viscosity of
the solutions of the corresponding soluble derivatives.
Commercial grades of a given cellulose derivative such as
sodium carboxymethylcellulose come in various molecular
weights or viscosity grades as well as with various degrees of
substitution, offering the pharmacist a wide selection.

Official cellulose derivatives which are insoluble in water
but soluble in some organic solvents include ethylcellulose
(DS = 2.2-2.7), —0—C:Hs; cellulose acetate phthalate (DS
= 1.70 for acetyl and 0.77 for phthalyl); and pyroxylin or
cellulose nitrate (DS = 2), —0—NO,. Collodion,a 4.0% w/v
solution of pyroxylin in a mixture of 75% (v/v) ether and 25%
(v/v) ethyl alcohol, constitutes a lyophilic colloidal system.

The third class, water soluble synthetic polymers, consists
mostly of vinyl derivatives including polyvinyl aleohol, po-
vidone or polyvinylpyrrolidone, and carbomer (Carbopol), a
copolymer of acrylic acid. High molecular weight polyeth-
ylene glycols are also called polyethylene oxides.

A second classification of hydrophilic polymers is based on
their charge. Nonionic or uncharged polymers include
methylcellulose, hydroxyethyl and hydroxypropyl cellulose,
ethylcellulose, pyroxylin, polyethylene oxide, polyvinyl alco-
hol and povidone. Anionic or negatively charged polyelec-
trolytes include the following carboxylated polymers: aca-
cia, alginic acid, pectin, tragacanth, xanthan gum and car-
bomer at pH values leading to ionization of the carboxyl
groups; sodium alginate and sodium carboxymethylcellu-
lose; also polypeptides at pH values above their isoelectric
points, eg, sodium caseinate. A stronger acid group is sulfu-
ric acid, which exists as a monoester in agar and heparin and
as a monoamide in heparin. Cationic or positively charge
polyelectrolytes are rare. Examples are polypeptides at P
values below their isoelectric points. Protamines are
strongly basic due to a high arginine content, with isoelectric
points around pH 12, eg protamine sulfate.

Gel Formation—As described in Chapter 20 and illus-
trated in Fig 20-7A, the flexible chains of dissolved polymers
interpenetrate and are entangled because of the constant
Brownian motion of their segments. The chains writhe an
forever change their conformations. Each chain is encas
in a sheath of solvent molecules that solvate its function
groups. In the case of aqueous solutions, water molecules
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are hydrogen-bonded to the hydrox.(yl groups of polinnyl
alcohol. hydroxyl groups and ether links of polysaccharides,
ether links of polyethylgne oxide or polyethylene glycol,
amide groups ot: polypeptides and povidone, and carboxylate
groups of anionic polye l_ectrolytes. The envelope pf water of
hydration prevents chains segments in close proximity from
touching and attracting one another by interchain hydrogen
ponds and van der Waals forqes as they do in the solid state.
The slippage of solvated chains past one another when the
solution flows is lubricated by the free solvent between their
solvation sheaths. )

Factors that lower the hydration of dissolved macromole-
cules reduce or thin out the sheath of hydration sepa_rating
adjacent chains. When the hydration is low, contiguous
chains tend to attract one another by secondary valence
forces including hydrogen bonds and van der Waals forces.
Hydrophobic bonding makes an important contribution to
interchain attraction between polypeptide chains even in
solution. Van der Waals forces and hydrogen bonds thus
establish weak and reversible cross-links between chains at
their points of contact or entanglement, bringing about
phase separation or precipitation.

Most water-soluble polymers have higher solubilities in
hot than in cold water and tend to precipitate on cooling, as
the sheaths of hydration surrounding adjacent chains be-
come too sparse to prevent interchain attraction. Dilute
solutions separate into a solvent phase practically free of
polymer and a viscous liquid phase containing practically all
of the polymer but still a large excess of solvent. This
process is called simple coacervation and the polymer-rich
liquid phase a coacervate.?47 If the polymer solution is
concentrated enough and/or the temperature low enough,
cooling causes the formation of a continuous network of
precipitating chains attached to one another through weak
cross-links consisting of interchain hydrogen bonds and van
der Waals forces at the points of mutual contact. Segments
of regularly sequenced polymer chains even associate later-
ally into crystalline bundles or crystallites. Irregular chain
structures as found in random copolymers, randomly substi-
tuted cellulose ethers and esters, and highly branched poly-
mers like acacia prevent crystallization during precipitation
from solution. Chain entanglements provide the sole tem-
porary cross-links in those cases. The network of associated
Qolymer chains immobilizes the solvent and causes the solu-
tiontoset toagel. Gelatinous precipitates or highly swollen
gocs may separate when cooling more dilute polymer solu-

ions,

Besides the chemical nature of polymer and solvent, the
t!lrf%e most important factors causing phase separation, pre-
Cipitation and gelation of polymer solutions are tempera-
ture, concentration and molecular weight. Lower tempera-
tures, higher concentrations and higher molecular weights
Promote gelation and produce stronger gels.

For a.typical gelatin, 10% solutions acquire yield values
and begin to gel at about 25°, 20% solutions at about 30° and
. 30% solutions at about 32°. The gelation is reversible: the

gels liquefy when heated abhove these temperatures. Gela-
tion is rarely observed ahove 34° regardless of concentration,
S0 thﬁt gelatin solutions do not gel at 37°. Conversely,
gelatin w1.ll dissolve readily in water at body temperature.
k ee_gelatlon.t,em;?erature or gel point of gelatin is highest at
centlszzliectnc point, w!lere the ?ttachment between adja-
carb: ns l_)y coulombic attraction or ionic bonds between

Xylate ions and alkylammonium, guanidinium or imi-
grouhum groups .is most ext.ensive.‘ Since tl}e carboxyl
are Ps are not 1onlzefi at gastric pH, interchain ionic bonds
5, ¢ Practically nonexistent, and interchain attraction is lim-

i
gelat!:o hydrogen bonds and van der Waals forces. The
depe::); temperature or the melting point of gelatin gels

S moze strongly on temperature and concentration
on pH.#849 The combination of an acid pH consider-
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ably below the isoelectric point and a temperature of 37°
completely prevents the gelation of gelatin solutions. Con-
versely, these two conditions promote rapid dissolution of
gelatin capsules in the stomach. Agar and pectic acid solu-
tions set to gels at only a few percent of solids.

Unlike most water-soluble polymers, methylcellulose, hy-
droxypropyl cellulose and polyethylene oxide are more solu-
ble in cold than in hot water. Their solutions therefore tend
to gel on heating (thermal gelation).

When dissolving powdered polymers in water, temporary
gel formation often slows the process down considerably.
As water diffuses into loose clumps of powder, their exterior
frequently turns to a cohesive gel of solvated particles encas-
ing dry powder. Such blobs of gel dissolve very slowly be-
cause of their high viscosity and the low diffusion coefficient
of the macromolecules. Especially for large-scale dissolu-
tion, it is helpful to disperse the polymer powder in water
before it can agglomerate into lumps of gel. In order to
permit dispersion to precede hydration and to prevent tem-
porary gel formation, the polymer powders are dispersed in
water at temperatures where the solubility of the polymer is
lowest. Most polymer powders, such as sodium carboxy-
methylcellulose, are dispersed with high shear in cold water
before the particles can hydrate and swell to sticky gel grains
agglomerating into lumps. Once the powder is well dis-
persed, the solution is heated with moderate shear to about
60° for fastest dissolution. Because methylcellulose hy-
drates most slowly in hot water, the powder is dispersed with
high shear in ¥; to % of the required amount of water heated
to 80 t0 90°. Once the powder is finely dispersed, the rest of
the water is added cold or even as ice, and moderate stirring
causes prompt dissolution. For maximum clarity, fullest
hydration and highest viscosity, the solution should be
cooled to 0 to 10° for about an hour.

The following are two alternative methods for preventing
the formation of gelatinous lumps upon addition of water.
The powder is prewetted with a water-miscible organic sol-
vent such as ethyl alcohol or propylene glycol that does not
swell the polymer, in the proportion of from three to five
parts solvent to each part of polymer. If other nonpoly-
meric powdered adjuvants are to be incorporated into the
solution, these are dry-blended with the polymer powder.
The latter should comprise Y, or less of the blend for best
results.

A pharmaceutical application of gelation in a nonaqueous
medium is the manufacture of Plastibase or Jelene
(Squibb), which consists of 5% of a low-molecular-weight
polyethylene and 95% of mineral oil. The polymer is soluble
in mineral oil above 90°, which is close to its melting point.
When the solution is cooled below 90°, the polymer precipi-
tates and causes gelation. The mineral oil is immobilized in
the network of entangled, and adhering, insoluble polyethyl-
ene chains which probably even associate into small crystal-
line regions. Unlike petrolatum, this gel can be heated to
about 60° without substantial loss in consistency.

Large increases in the concentration of polymer solutions
may lead to precipitation and gelation. One way of effec-
tively increasing the concentration of aqueous polymer solu-
tions is to add inorganic salts. The salts will bind part of the
water of the polymer solution in order to become hydrated.
Competition for water of hydration dehydrates the polymer
molecules and precipitates them, causing gelation. This
phenomenon is called salting out. Because of its high solu-
bility in water, ammonium sulfate is often used by biochem-
ists to precipitate and separate proteins from dilute solution.
To the pharmacist, salting out usually represents an unde-
sirable problem. It is reversible, however, and subsequent
addition of water redissolves the precipitated polymers and
liquefies their gels. Salting out may cause the polymer to
separate as a concentrated and viscous liquid solution or
simple coacervate rather than as a solid gel.
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The effectiveness of electrolytes to salt out, precipitate or
gel hydrophilic colloidal systems depends on how extensive-
ly the electrolytes are hydrated. The Hofmeister or lyotro-
pic series arranges ions in the order of increasing hydration
and increasing effectiveness in salting out hydrophilic col-
loids. The series, for monovalent cations, is

Cs* < Rb* < NH* < K+ < Na* < Li*
and for divalent cations,
Balt < Sr2* < Ca?t < Mg**

This series also arranges the cations in the order of decreas-
ing coagulating power or increasing coagulation values for
negative hydrophobiz sols (see Table XIV) and of increasing
ease of their displacement from cation exchange resins: K%t
displaces Na* and Li*. For anions, the lyotropic series in
the order of decreasing coagulating power and decreasing
effectiveness in salting out is

F- > citrate3~ > HPO,2~ > tartrate’” >
S0, > acetate™ > Cl~ > NO3™ > Cl0y~ >
Br- > ClOy~ > 1~ > CNS~

Iodides and thiocyanates and to a lesser extent bromides and
nitrates actually tend to increase the solubility of polymers
in water, salting them in.21.2224-26 These large polarizable
anions destructure water, reducing the extent of hydrogen
bonding among water molecules and thereby making more
of the hydrogen-bonding capacity of water available to the
solute. Most salts except nitrates, bromides, perchlorates,
iodides and thiocyanates raise the temperature of precipita-
tion or gelation of most hydrophilic colloidal solutions or
their gel melting points. Exceptions among hydrophilic col-
loids are methylcellulose, hydroxypropyl cellulose and poly-
ethylene oxide whose gelation temperatures or gel points
and gel melting points are lowered by salting out.

Hydrophobic aqueous dispersions are coagulated by elec-
trolytes at 0.0001-0.1 M concentrations (see Table XIV).
Moreover, the coagulation is irreversible. ie, removal of the
coagulating salt does not allow the coagulum to be redis-
persed, because the hydrophobic sols are intrinsically unsta-
ble. By contrast, most hydrophilic sols require electrolyte
concentrations of 1 M or higher for precipitation. Their
precipitation or gelation can be reversed, and the polymer
redissolved by removing the salt through dialysis or by add-
ing more water. Hydrophilic colloids disperse or dissolve
spontaneously in water, and their sols are intrinsically sta-
ble.

Most of the hydrophilic and water-soluble polymers men-
tioned above are only slightly soluble or insoluble in alcohol.
Addition of alcohol to their aqueous solutions may cause
precipitation or gelation because alcobol is a nonsolvent or
precipitant, lowering the dielectric constant of the medium,

and it tends to dehydrate the hydrophilic solute. Alcohol
lowers the concentrations at which electrolytes salt out hy-
drophilic colloids. Phase separation through the addition of
alcohol to an aqueous polymer solution may cause coacetva-
tion, ie, the separation of a concentrated viscous liquid
phase, rather than precipitation or formation of a gel. Su-
crose also competes for water of hydration with hydrophilic
colloids, and may cause phase separation. However, most
hydrophilic sols tolerate substantially higher concentrations
of sucrose than of electrolytes or alcohol. Lower viscosity
grades of a given polymer are usually more resistant to elec-
trolytes, alcohol and sucrose than grades of higher viscosity
and higher molecular weights.

Whenever hydrophilic colloidal dispersions undergo irre-
versible precipitation or gelation, chemical reactions are in-
volved. Neither dilution with water nor heating nor at-
tempts to remove the gelling or precipitating agent by wash-
ing or dialysis will liquefy those gels or redissolve the
gelatinous precipitates formed at lower polymer concentra-
tions. Carboxyl groups are not ionized in strongly acid me-
dia. If a polymer owes its solubility to the ionization of
these weakly acid groups, reducing the pH of its solution
below 3 may lead to precipitation or gelation. This is ob-
served with such carboxylated polymers as many gums, sodi-
um carboxymethylcellulose and carbomer. Hydrogen car-
boxymethylcellulose swells and disperses but does not dis-
solve in water. Neutralization to higher pH values returns
the carboxyl groups to their ionized state and reverses the
gelation or precipitation.

Only the sodium, potassium, ammonium and triethanol-
ammonium salts of carboxylated polymers are well soluble
in water. In the case of carboxymethylcellulose, salts with
heavy metal cations (silver, copper, mercury, lead) and triva-
lent cations (aluminum, chromic, ferric) are practically in-
soluble. Salts with divalent cations, especially of the alka-
line earth metals, have borderline solubilities. Generally,
higher degrees of substitution tend to increase the tolerance
of the carboxymethylcellulose to salts.

Precipitation or gelation occur due to metathesis when
inorganic salts of heavy or trivalent cations are mixed with
alkali metal salts of carboxylated polymers in solution. For
instance, if a solubie copper salt is added to a solution of
sodium carboxymethylcellulose, the double decomposition
can be written schematically as

R,COO™Na* + R,CO0™Na* + CuSO;, —

(6] Q.
7 N/ \

RC C CR, + Na:S0,
\O/”\O/R“ ;

R; and R. represent two carboxymethylcellulose chains
which are cross-linked by a chelated copper ion. Dissocia-
tion of the cupric carboxylate complex is negligible.

Particle Phenomena and Coarse Dispersions

The Dispersion Step

The pharmaceutical formulator is concerned primarily
with producing a smooth, uniform, easily flowing (pouring or
spreading) suspension or emulsion in which dispersion of
particles can be effected with minimum expenditure of ener-

In preparing suspensions, particle-particle attractive
forces need to be overcome by the high shearing action of
such devices as the colloid mill. or by use of surface-active
agents. The latter greatly facilitate wetting of lyophobic

powders and assist in the removal of surface air that shearing
alone may not remove; thus the clumping tendency of the
particles is reduced. Moreover, lowering of the surface free
energy by the adsorption of these agents directly reduces the
thermodynamic driving force opposing dispersion of the
particles.

In emulsification shear rates are frequently necessary for
dispersion of the internal phase into fine droplets. The
shear forces are opposed by forces operating to resist distor-
tion and subsequent breakup of the droplets. Again sur-
face-active agents help greatly by lowering interfacial ten-
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sion, which is the primary reve:rsible component resisting
droplet distortion. Surfa_cg-actlve agents also may play an
important role in determining whether an oil-in-water ora
water-in-oil emulsion preferentially survives the shearing

action. . . . .
Once the process of dispersion begins there develops si-
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multaneously a tendency for the system to revert to an ener-
getically more stable state, manifested by flocculation, co-
alescence, sedimentation, crystal growth, and caking phe-
nomena. If these physical changes are not inhibited or
controlled, successful dispersions will not be achieved or will
be lost during shelf life.

Seltling and lts Control

In order to control the settling of dispersed material in
suspension, the pharmacist must be aware of those physical
factors that will affect the rate of sedimentation of particles
under ideal and nonideal conditions. He must also be aware
of the various coefficients used to express the amount of
flocculation in the system and the effect flocculation will
have on the structure and volume of the sediment.

Sedimentation Rate

The rate at which particles in a suspension sediment is
related to their size and density and the viscosity of the
suspension medium. Brownian movement may exert a sig-
nificant effect, as will the absence or presence of flocculation
in the system.

Stokes’ Law—The velocity of sedimentation of a uniform
collection of spherical particles is governed by Stokes’ law,
expressed as follows:

b= 2r(p, — py)g
97

where v is the terminal velocity in cm/sec, r is the radius of
the particles in ¢m, p; and p; are the densities (g/cm?) of the
dispersed phase and the dispersion medium, respectively, g
is the acceleration due to gravity (980.7 cm/sec?) and 7 is the
Newtonian viscosity of the dispersion medium in poises
(g/cm sec). Stokes’ law holds only if the downward motion
of the particles is not sufficiently rapid to cause turbulence.
Micelles and small phospholipid vesicles do not settle unless
they are subjected to centrifugation.

While conditions in a pharmaceutical suspension are not
in strict accord with those laid down for Stokes’ law, Eq 35,
provides those factors that can be expected to influence the
rate of settling. Thus, sedimentation velocity will be re-
duced by decreasing the particle size, provided the particles
are kept in a deflocculated state. The rate of sedimentation
will be an inverse function of the viscosity of the dispersion
medium. However, too high a viscosity is undesirable, espe-
cially if the suspending medium is Newtonian rather than
shear-thinning (see Chapter 20), since it then becomes diffi-
cult to redisperse material which has settled. It also may be
Inconvenient to remove a viscous suspension from its con-

(35)

tainer. When the size of particles undergoing sedimenta-
tion is reduced to approximately 2 um, random Brownian
movement is observed and the rate of sedimentation departs
markedly from the theoretical predictions of Stokes' law.
The actual size at which Brownian movement becomes sig-
nificant depends on the density of the particle as well as the
viscosity of the dispersion medium.

Flocculation and Deflocculation—Zeta potential ¢, is a
measurable indication of the potential existing at the surface
of aparticle. When ¢, is relatively high (25 mV or more), the
repulsive forces hetween two particles exceed the attractive
London forces. Accordingly, the particles are dispersed and
are said to be deflocculated. Even when brought close to-
gether by random motion or agitation, deflocculated parti-
cles resist collision due to their high surface potential.

The addition of a preferentially adsorbed ion whose
charge is opposite in sign to that on the particle leads to a
progressive lowering of ¥,. At some concentration of the
added ion the electrical forces of repulsion are lowered suffi-
ciently that the forces of attraction predominate. Under
these conditions the particles may approach each other more
closely and form loose aggregates, termed flocs. Such a
system is said to be flocculated.

Some workers restrict the term flocculation to the aggre-
gation brought about by chemical bridging; aggregation in-
volving a reduction of repulsive potential at the double layer
isreferred to as coagulation. Other workers regard floccula-
tion as aggregation in the secondary minimum of the poten-
tial energy curve of two interacting particles and coagulation
as aggregation in the primary minimum. In the present
chapter the term flocculation is used for all aggregation
processes, irrespective of mechanism.

The continued addition of the flocculating agent can re-
verse the above process, if the zeta potential increases suffi-
ciently in the opposite direction. Thus, the adsorption of
anions onto positively charged deflocculated particles in sus-
pension will lead to flocculation. The addition of more
anions can eventually generate a net negative charge on the
particles. When this has achieved the required magnitude,
deflocculation may occur again. The only difference from
the starting system is that the net charge on the particles in
their deflocculated state is negative rather than positive.

Table XV—Relative Properties of Flocculated and Deflocculated Particles in Suspension

Deflocculated

Flocculated

L. Particles exist in suspension as separate entities.

2. Rate of sedimentation is slow, since each particle settles
separately and particle size is minimal.

3. Asediment is formed slowly.

4. The sediment eventually becomes very closely packed, due to
weight of upper layers of sedimenting material. Repulsive
forces between particles are overcome and a hard cake is
formed which is difficult, if not impossible, to redisperse.

5. The suspension has a pleasing appearance, since the suspended
material remains suspended for a relatively long time. The
supernatant also remains cloudy, even when settling is
apparent.

Particles form loose aggregates.

Rate of sedimentation is high, since particles settle as a floc, which
is a collection of particles.

A sediment is formed rapidly.

The sediment is loosely packed and possesses a scaffold-like
structure. Particles do not bond tightly to each other and a
hard, dense cake does not form. The sediment is easy to
redisperse, 30 as to reform the original suspension.

The suspension is somewhat unsightly, due to rapid sedimentation
and the presence of an obvious, clear supernatant region. This
can be minimized if the volume of sediment is made large.
Ideally, volume of sediment should encompass the volume of the
suspension.
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Some of the major differences between suspensions of floc-
culated and deflocculated particles are presented in Table
XV.

Effect of Flocculation—In a deflocculated system con-
taining a distribution of particle sizes, the larger particles
naturally settle faster than the smaller particles. The very
small particles remain suspended for a considerable length
of time, with the result that no distinct boundary is formed
between the supernatant and the sediment. Even when a
sediment becomes discernible, the supernatant remains
cloudy.

When the same system is flocculated (in a manner to be
discussed later), two effects are immediately apparent.
First, the flocs tend to fall together so that a distinct bound-
ary between the sediment and the supernatant is readily
observed; second, the supernatant is clear, showing that the
very fine particles have been incorporated into the flocs.
The initial rate of settling in flocculated systems is deter-
mined by the size of the flocs and the porosity of the aggre-
gated mass. Under these circumstances it is perhaps better
to use the term subsidence, rather than sedimentation.

Quantitative Expressions of Sedimentation and
Flocculation

Frequently, the pharmacist needs to assess a formulation
in terms of the amount of flocculation in the suspension and
to compare this with that found in other formulations. The
two parameters commonly used for this purpose are outlined
below.

Sedimentation Volume—The sedimentation volume, F,
is the ratio of the equilibrium volume of the sediment, V,, to
the total volume of the suspension, V. Thus,

F=V/V, (36)

As the volume of suspension which appears occupied by the
sediment increases, the value of F, which normally ranges
from nearly 0 to 1, increases. Inthe system where F = 0.75,
for example, 75% of the total volume in the container is
apparently occupied by the loose, porous flocs forming the
sediment. This is illustrated in Fig 19-33. When F =1, no
sediment is apparent even though the system is flocculated.
This is the ideal suspension for, under these conditions, no
sedimentation will occur. Caking also will be absent. Fur-
thermore, the suspension is esthetically pleasing, there being
no visible, clear supernatant.

Degree of Flocculation—A better parameter for com-
paring flocculated systems is the degree of flocculation, 8,
which relates the sedimentation volume of the flocculated
suspension, F, to the sedimentation volume of the suspen-
sion when deflocculated, F... It is expressed as

B8 =F/F, (37)

The degree of flocculation is, therefore, an expression of
the increased sediment volume resulting from flocculation.
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Fig 19-33. Sedimentation parameters of suspensions. Defloccu-
lated suspension: F. =0.15 Flocculated suspension: F= 0.75;8
=5.0.

If, for example, 8 has a value of 5.0 (Fig 19-33), this means
that the volume of sediment in the flocculated system is five
times that in the deflocculated state. If a second flocculated
formulation results in a value for 8 of say 6.5, this latter
suspension obviously is preferred, if the aim is to produce as
flocculated a product as possible. As the degree of floccula-
tion in the system decreases, 8 approaches unity, the theo-
retical minimum value.

Suspensions and their Formulation

A pharmaceutical suspension may be defined as a coarse
dispersion containing finely divided insoluble material sus-
pended in a liquid medium. Suspension dosage forms are
given by the oral route, injected intramusculary or subcuta-
neously, applied to the skin in topical preparations, and used
ophthalmically in the eye. They are an important class of
dosage form. Since some products are occasionally pre-
pared in a dry form, to be placed in suspension at the time of
dispensing by the addition of an appropriate vehicle, this
definition is extended to include these products.

There are certain criteria that a well-formulated suspen-
sion should meet. The dispersed particles should be of such
a size that they do not settle rapidly in the container. How-
ever, in the event that sedimentation occurs, the sediment
must not form a hard cake. Rather, it must be capable of
redispersion with a minimum effort on the part of the pa-
tient. Additionally, the product should be easy to pour,
pleasant to take, and resistant to microbial attack.

The three major problem areas associated with suspen-
sions are (1) adequate dispersion of the particles in the
vehicle, (2) settling of the dispersed particles, and (3) caking
of these particles in the sediment so as to resist redispersion.
Much of the following discussion will deal with the factors
that influence these processes and the ways in which they
can be minimized.

The formulation of a suspension possessing optimal phys-
ical stability depends on whether the particles in suspension
are to be flocculated or to remain deflocculated. One ap-
proach involves use of a structured vehicle to keep defloccu-
lated particles in suspension; a second depends on controlled
flocculation as a means of preventing cake formation. A

Particles

Addition of wetting agent and dispersion medium

|

Uniform dispersion of
deflocculated particles

1
— T 1

A B C

Addition of Additon of
flocculating agent flocculating agent

Incorporation of
structured vehicle

Flocculated ll

[ Flacculated
suspension

suspension
as final product |;

Deflocculated
suspension
in structured vehicle
as Ainal product

i
Incorporation of
struclured vehicle

Flocculated
A suspension
in structured vehicle

as final preduct

Fig 19-34. Alternative approaches to the formulation of suspen-
sions.
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third, a combination of the two previous me:thods, results in
a product with optimum stability. The various schemes are
illustrated in Fig 19-34: . )

Dispersion of Parthles—The dispersion step has been
discussed earlier in this .chapter. Surf_ace-actlv.e _agents
commonly are used as wetting agents; maximum efficiency is
obtained when the HLB value lies wgthm the range of 7 tg 9,
A concentrated solution of the wetting agent in .th.e vghlcle
may be used to prepare a slurry ot: the powder; this is dllutgd
with the required amount of vehl_c!e. Alcohol ar}d glycerin
may be used sometimes., in the inl’glal stages to disperse the
particles, thereby allowing the vehicle to penetrate the pow-
der mass. )

Only the minimum amount of wetting agent should be
used, compatible with producing an adequate dispersion of
the particles. Excessive amounts may lead to foaming or
impart an undesirable taste or odor to the product. Invari-
ably, as a result of wetting, the dispersed particles in the
vehicle are deflocculated.

Structured Vehicles—Structured vehicles are generally
aqueous solutions of polymeric materials, such as the hydro-
colloids, which are usually negatively charged in aqueous
golution. Typical examples are methylcellulose, carboxy-
methylcellulose, bentonite, and Carbopol. The concentra-
tion employed will depend on the consistency desired for the
suspension which, in turn, will relate to the size and density
of the suspended particles. They function as viscosity-im-
parting suspending agents and, as such, reduce the rate of
sedimentation of dispersed particles.

The rheological properties of suspending agents are con-
sidered elsewhere (Chapter 20). Ideally, these form pseudo-
plastic or plastic systems which undergo shear-thinning.
Some degree of thixotropy is also desirable. Non-Newtoni-
a1 materials of this type are preferred over Newtonian sys-
tems because, if the particles eventually settle to the bottom
of the container, their redispersion is facilitated by the vehi-
cle thinning when shaken. When the shaking is discontin-
ued, the vehicle regains its original consistency and the re-
dispersed particles are held suspended. This process of
redispersion, facilitated by a shear-thinning vehicle, presup-
poses that the deflocculated particles have not yet formed a
cake. If sedimentation and packing have proceeded to the
point where considerable caking has occurred, redispersion
is virtually impossible.

Controlled Flocculation—When using this approach

(see Fig 19-34, B and C), the formulator takes the defloccu-
lated, wetted dispersion of particles and attempts to bring
about flocculation by the addition of a flocculating agent;
most commonly, these are either electrolytes, polymers, or
surfactants. The aim is to control flocculation by adding
that amount of flocculating agent which results in the maxi-
mum sedimentation volume,
_ Electrolytes are probably the most widely used flocculat-
Ing agents. They act by reducing the electrical forces of
repulsion between particles, thereby allowing the particles
to form the loose flocs so characteristic of a flocculated
suspension. Since the ability of particles to come together
and form a floc depends on their surface charge, zeta poten-
tial measurements on the suspension, as an electrolyte is
added, provide valuable information as to the extent of floc-
culation in the system.

This principle is illustrated by reference to the following
€xample, taken from the work of Haines and Martin.®® Par-
tlcl_es of sulfamerazine in water bear a negative charge. The
serial addition of a suitable electrolyte, such as aluminum
chloride, causes a progressive reduction in the zeta potential
of the particles. This is due to the preferential adsorption of
t. e trivalent aluminum cation. Eventually, the zeta poten-
tial will reach zero and then become positive as the addition
of AICl, is continued.
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Fig 19-35. Typical relationship between caking, zeta potential and
sedimentation volume, as a positively charged flocculating agent is
added to a suspension of negatively charged particles. @®: zeta
potential; B: sedimentation volume

If sedimentation studies are run simultaneously on sus-
pensions containing the same range of AICl; concentrations,
a relationship is observed (Fig 19-35) between the sedimen-
tation volume, F, the presence or absence of caking, and the
zeta potential of the particles. In order to obtain a flocculat-
ed, noncaking suspension with the maximum sedimentation
volume, the zeta potential must be controlled so as to lie
within a certain range (generally less than 25 mV). This is
achieved by the judicious use of an electrolyte.

A comparable situation is observed when a negative ion
such as PO,3~ is added to a suspension of positively charged
particles such as bismuth subnitrate. Ionic and nonionic
surfactants and lyophilic polymers also have been used to
flocculate particles in suspension. Polymers, which act by
forming a ““bridge” between particles, may be the most effi-
cient additives for inducing flocculation. Thus, it has been
shown that the sedimentation volume is higher in suspen-
sions flocculated with an anionic heteropolysaccharide than
when electrolytes were used.

Work by Matthews and Rhodes,5!-%3 involving both ex-
perimental and theoretical studies, has confirmed the for-
mulation principles proposed by Martin and Haines. The
suspensions used by Matthews and Rhodes contained 2.5%
w/v of griseofulvin as a fine powder together with the anionic
surfactant sodium dioxyethylated dodecyl sulfate (10~3 mo-
lar) as a wetting agent. Increasing concentrations of alumi-
num chloride were added and the sedimentation height
(equivalent to the sedimentation volume, see page 295) and
the zeta potential recorded. Flocculation occurred when a
concentration of 1073 molar aluminum chloride was reached.
At this point the zeta potential had fallen from —46.4 mV to
—17.0 mV. Further reduction of the zeta potential, to —4.5
mV by use of 10~2 molar aluminum chloride did not increase
sedimentation height, in agreement with the principles
shown in Fig 19-35.

Matthews and Rhodes then went on to show, by computer
analysis, that the DL VO theory (see page 285) predicted the
results obtained, namely, that the griseofulvin suspensions
under investigation would remain deflocculated when the
concentration of aluminum chloride was 10~4 molar or less.
Only at concentrations in the range of 1072 to 10~2 molar
aluminum chloride did the theoretical plots show deep pri-
mary minima, indicative of flocculation. These occurred at
a distance of separation between particles of approximately
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50 A, and led Matthews and Rhodes to conclude that coagu-
lation had taken place in the primary minimum.

Schneider, et al®* have published details of a laboratory
investigation (suitable for undergraduates) that combines
calculations based on the DLVQO theory carried out with an
interactive computer program with actual sedimentation ex-
periments performed on simple systems.

Flocculation in Structured Vehicles—The ideal for-
mulation for a suspension would seem to be when flocculated
particles are supported in a structured vehicle.

As shown in Fig 19-34 (under C), the process involves
dispersion of the particles and their subsequent flocculation.
Finally, a lyophilic polymer is added to form the structured
vehicle. In developing the formulation, care must be taken
to ensure the absence of any incompatibility between the
flocculating agent and the polymer used for the structured
vehicle. A limitation is that virtually all the structured
vehicles in common use are hydrophilic colloids and carry a
negative charge. This means that an incompatibility arises
if the charge on the particles is originally negative. Floccu-
lation in this instance requires the addition of a positively
charged flocculating agent or ion; in the presence of such a
material, the negatively charged suspending agent may co-
agulate and lose its suspendability. This situation does not
arise with particles that bear a positive charge, as the nega-
tive flocculating agent which the formulator must employ is
compatible with the similarly charged suspending agent.

Chemical Stability of Suspensions—Particles that are
completely insoluble in a liquid vehicle are unlikely to un-

dergo most chemical reactions leading to degradation.
However, most drugs in suspension have a finite solubility,
even though this may be of the order of fractions of a micro-
gram per mL. As a result, the material in solution may be
susceptible to degradation. However, Tingstad and co-
workers® developed a simplified method for determining
the stability of drugs in suspension. The approach is based
on the assumptions that (1) degradation takes place only in
the solution and is first order, (2) the effect of temperature
on drug solubility and reaction rate conforms with classical
theory, and (3) dissolution is not rate-limiting on degrada-
tion.

Preparation of Suspensions—The small-scale prepara-
tion of suspensions may be readily undertaken by the prac-
ticing pharmacist with the minimum of equipment. The
initial dispersion of the particles is best carried out by tritu-
ration in a mortar, the wetting agent being added in small
increments to the powder. Once the particles have been
wetted adequately, the slurry may be transferred to the final
container. The next step depends on whether the defloccu-
lated particles are to be suspended in a structured vehicle,
flocculated, or flocculated and then suspended. Regardless
of which of the alternative procedures outlined in Fig 19-34
is employed, the various manipulations can be carried out
easily in the bottle, especially if an aqueous solution of the
suspending agent has heen prepared beforehand.

For a detailed discussion of the methods used in the large-
scale production of suspensions, see the relevant section in
Chapter 82.

Emulsions in Pharmacy

An emulsion is a dispersed system containing at least two
immiscible liquid phases. The majority of conventional
emulsions in pharmaceutical use have dispersed particles
ranging in diameter from 0.1 to 100 um. As with suspen-
sions, emulsions are thermodynamically unstable as a result
of the excess free energy associated with the surface of the
droplets. The dispersed droplets, therefore, strive to come
together and reduce the surface area. In addition to this
flocculation effect, also observed with suspensions, the dis-
persed particles can coalesce, or fuse, and this can result in
the eventual destruction of the emulsion. In order to mini-
mize this effect a third component, the emulsifying agent, is
added to the system to improve its stability. The choice of
emulsifying agent is critical to the preparation of an emul-
sion possessing optimum stability. The efficiency of
present-day emulsifiers permits the preparation of emul-
sions which are stable for many months and even years, even
though they are thermodynamically unstable.

Emulsions are widely used in pharmacy and medicine, and
emulsified materials can possess advantages not observed
when formulated in other dosage forms. Thus, certain me-
dicinal agents having an objectionable taste have been made
more palatable for oral administration when formulated in
an emulsion. The principles of emulsification have been
applied extensively in the formulation of dermatological
creams and lotions. Intravenous emulsions of contrast me-
dia have been developed to assist the physician in undertak-
ing X-ray examinations of the body organs while exposing
the patient to the minimum of radiation. Considerable at-
tention has been directed towards the use of sterile, stable
intravenous emulsions containing fat, carbohydrate, and vi-
tamins all in one preparation. Such products are adminis-
tered to patients unable to assimilate these vital materials
by the normal oral route.

Emulsions offer potential in the design of systems capable
of giving controlled rates of drug release and of affording

protection to drugs susceptible to oxidation or hydrolysis.
There is still a need for well-characterized dermatological
products with reproducible properties, regardless of whether
these products are antibacterial, sustained-release, protec-
tive, or emollient lotions, creams or ointments. The princi-
ple of emulsification is involved in an increasing number of
aerosol products.

The pharmacist must be familiar with the types of emul-
sions and the properties and theories underlying their prep-
aration and stability; such is the purpose of the remainder of
this chapter. Microemulsions, which can be regarded as
isotropic, swollen micellar systems are discussed in Chapter
83.

Emulsion Type and Means of Detection

A stable emulsion must contain at least three components;
namely, the dispersed phase, the dispersion medium, and
the emulsifying agent. Invariably, one of the two immisci-
ble liquids is aqueous while the second is an oil. Whether
the aqueous or the oil phase becomes the dispersed phase
depends primarily on the emulsifying agent used and the
relative amounts of the two liquid phases. Hence, an emul-
sion in which the oil is dispersed as droplets throughout the
aqueous phase is termed an oil-in-water, O/W, emulsion.
When water is the dispersed phase and an oil the dispersion
medium, the emulsion is of the water-in-oil, W/0, type.
Most pharmaceutical emulsions designed for oral adminis-
tration are of the O/W type; emulsified lotions and creams
are either O/W or W/O, depending on their use. Butter and
salad creams are W/O emulsions.

Recently, so-called multiple emulsions have been devel-
oped with a view to delaying the release of an active ingredi-
ent. Inthese types of emulsions three phases are present, ie,
the emulsion has the form W/O/W or O/W/0O. In these

MYLAN INST. EXHIBIT 1013 PAGE 97

P



«amulsions within emulsions,” any drug present in the in-
nermost phase must NOw Cross two phase boundaries to
reach the external, continuous, phage.

It is important for the pha.lrmamgt to _know_ the type of
emulsion he has prepared or is dealing with, since this can
affect its properties and perforr_nance. Unfortunately, the
several methods available can give incorrect results, and so
the type of emulsion determined by one method should
always be confirmed by means of a second method.

Dilution Test—This method depends on the fact that an
0/W emulsion can be diluted with water and a W/O _emul-
sion with oil. When oil is added to an O/W emulsion or
water to a W/O emulsion, the additive is not incorporated
into the emulsion and separation is apparent. The test is
greatly improved if the addition of the water or oil is ob-
served microscopically.

Conductivity Test—An emulsion in which the continu-
ous phase is aqueous can be expected to possess a much
higher conductivity than an emulsion in which the continu-
ous phase is an oil. Accordingly, it frequently happens that
when a pair of electrodes, connected to a lamp and an electri-
cal source, are dipped into an O/W emulsion, the lamp lights
due to passage of a current between the two electrodes. If
the lamp does not light, it is assumed that the system is W/O.

Dye-Solubility Test—The knowledge that a water-solu-
ble dye will dissolve in the aqueous phase of an emulsion
while an oil-soluble dye will be taken up by the oil phase
provides a third means of determining emulsion type.
Thus, if microscopic examination shows that a water-soluble
dye has been taken up by the continuous phase, we are
dealing with an O/W emulsion. If the dye has not stained
the continuous phase, the test is repeated using a small
amount of an oil-soluble dye. Coloring of the continuous
phase confirms that the emulsion is of the W/O type.

Formation and Breakdown of Dispersed Liquid
Droplets

An emulsion exists as the result of two competing process-
es, namely, the dispersion of one liquid throughout another
as droplets, and the combination of these droplets to reform
the initial bulk liquids. The first process increases the free
energy of the system, while the second works to reduce the
free energy. Accordingly, the second process is spontaneous
and continues until breakdown is complete; ie, the bulk
phases are reformed.

It is of little use to form a well-dispersed emulsion if it
quickly breaks down. Similarly, unless adequate attention
is given to achieving an optimum dispersion during prepara-
tion, the stability of an emulsion system may be compro-
mised from the start. Dispersion is brought about by well-
t_iesigned and well-operated machinery, capable of produc-
ing droplets in a relatively short period of time. Such
equipment is discussed in Chapter 83. The reversal back to
the bulk phases is minimized by utilizing those parameters
which influence the stability of the emulsion once it is
formed.

_ Dispersion Process To Form Droplets—Consider two
Immiscible liquid phases in a test tube. In order to disperse
one liquid as droplets within the other, the interface between
the two liquids must be disturbed and expanded to a suffi-
Clent degree so that “fingers” or threads of one liquid pass
Into the second liquid, and vice versa. These threads are

Unstable, and become varicosed or beaded. The beads sepa- |

rate and become spherical, as illustrated in Fig 19-36. De-
Pending on the agitation or the shear rate used, larger drop-
ets are also deformed to give small threads, which in turn
Produce smaller drops.

The time of agitation is important. Thus, the mean size of
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Fig 19-36. Effect of rate of coalescence on emulsion type. Rats 1:

O/W coalescence rate; Rate 2: W/QO coalescence rate. ®: oii; O:
water. For an explanation of Rates 1 and 2, refer to the discussion of
Davies on page 304.

droplets decreases rapidly in the first few seconds of agita-
tion. The limiting size range is generally reached within 1 to
5 minutes, and results from the number of droplets coalesc-
ing being equivalent to the number of new droplets being
formed. It is uneconomical to continue agitation any fur-
ther.

The liquids may be agitated or sheared by several means.
Shaking is commonly employed, especially when the compo-
nents are of low viscosity. Intermittent shakingis frequent-
ly more efficient than continual shaking, possibly because
the short time interval between shakes allows the thread
which is forced across the interface time to break down into
drops which are then isolated in the opposite phase. Con-
tinuous, rapid agitation tends to hinder this breakdown to
form drops. A mortar and pestle is employed frequently in
the extemporaneous preparation of emulsions. It is not a
very efficient technique and is not used on a large scale.
Improved dispersions are achieved by the use of high-speed
mixers, blenders, colloid mills and homogenizers. Ultrason-
ic techniques also have been employed and are described in
Chapter 83.

The phenomenon of spontaneous emulsification, as the
name implies, occurs without any external agitation. There
is, however, an internal agitation arising from certain physi-
cochemical processes that affect the interface between the
two bulk liquids. For a description of this process, see
Davies and Rideal in the Bibliography.

Coalescence of Droplets—Coalescence is a process dis-
tinct from flocculation (aggregation), which commonly pre-
cedes it. While flocculation is the clumping together of
particles, coalescence is the fusing of the agglomerates into a
larger drop, or drops. Coalescence is usually rapid when two
immiscible liquids are shaken together, since there is no
large energy barrier to prevent fusion of drops and reforma-
tion of the original bulk phases. When an emulsifying agent
is added to the system, flocculation still may occur but co-
alescence is reduced to an extent depending on the efficacy
of the emulsifying agent to form a stable, coherent interfa-
cial film. It is therefore possible to prepare emulsions that
are flocculated, yet which do not coalesce. Inaddition to the
interfacial film around the droplets acting as a mechanical
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barrier, the drops also are prevented from coalescing by the
presence of a thin layer of continuous phase between parti-
cles clumped together.

Davies® showed the importance of coalescence rates in
determining emulsion type; this work is discussed in more
detail on page 304.

Emulsifying Agent

The process of coalescence can be reduced to insignificant
levels hy the addition of a third component—the emulsify-
ing agent or emulsifier. The choice of emulsifying agent is
frequently critical in developing a successful emulsion, and
the pharmacist should be aware of

The desirable properties of emulsifying agents.

How different emulsifiers act to optimize emulsion stability.

How the type and physical properties of the emulsion can be affected
by the emulsifying agent.

Desirable Properties

Some of the desirable properties of an emulsifying agent
are that it should

/1. Be surface-active and reduce surface tension to below 10 dyn-
es/cm.
2. Be adsorbed quickly around the dispersed drops as a condensed.
nonadherent film which will prevent coalescence.

3 Impart to the droplets an adequate electrical potential so that
mutual repulsion occurs.

4. Increase the viscosity of the emulsion.

5. Be effective in a reasonably low concentration.

Not all emulsifying agents possess these properties to the
same degree; in fact, not every good emulsifier necessarily
possesses all these properties. Further, there is no one
“ideal” emulsifying agent because the desirable properties
of an emulsifier depend, in part, on the properties of the two
immiscible phases in the particular system under consider-
ation.

Interfacial Tension—Lowering of interfacial tension is
one way in which the increased surface free energy associat-
ed with the formation of droplets, and hence surface area, in
an emulsion can be reduced (Eq 29). Assuming the droplets
to be spherical, it can be shown that

_6vV
d

where V is the volume of dispersed phase in mL and d is the
mean diameter of the particles. In order to disperse 100 mL
of oil as 1-um (10~*-cm) droplets in water when vow = 50
dynes/cm, requires an energy input of

AF:GXSOXIOO
1% 1074

= 30 joules or 30/4.184 = 7.2 cal

In the above example the addition of an emulsifier that
will reduce v from 50 to 5 dynes/cm will reduce the surface
free energy from 7.2 to around 0.7 cal. Likewise. if the
interfacial tension is reduced to 0.5 dyne/cm, a common
occurrence, the original surface free energy is reduced a
hundredfold. Such a reduction can help to maintain the
surface area generated during the dispersion process.

Film Formation—The major requirement of a potential
emulsifying agent is that it readily form a film around each
droplet of dispersed material. The main purpose of this
film—which can be a monolayer, a multilayer, or a collection
of small particles adsorbed at the interface—is to form a
barrier which prevents the coalescence of droplets that come
into contact with one another. For the film to be an efficient

AF (38)

=30 X 107 ergs

barrier, it should possess some degree of surface elasticity
and should not thin out and rupture when sandwiched be-
tween two droplets. [f broken, the film should have the
capacity to reform rapidly.

Electrical Potential—The origin of an electrical poten-
tial at the surface of a droplet has been discussed earlier in
the chapter. Insofar as emulsions are concerned, the pres-
ence of a well-developed charge on the droplet surface is
significant in promoting stability by causing repulsion be-
tween approaching drops. This potential is likely to be
greater when an ionized emulsifying agent is employed.

Concentration of Emulsifier—The main objective of an
emulsifying agent is to form a condensed film around the
droplets of the dispersed phase. An inadequate concentra-
tion will do little to prevent coalescence. Increasing the
emulsifier concentration above an optimum level achieves
little in terms of increased stability. In practice the aim is to
use the minimum amount consistent with producing a satis-
factory emulsion.

It frequently helps to have some idea of the amount of
emulsifier required to form a condensed film, one molecule
thick, around each droplet. Suppose we wish to emulsify 50
g of an oil, density = 1.0, in 50 g of water. The desired
particle diameter is 1 pm. Thus,

Particle diameter = 1 pum =1 X 1074 cm

3
Volume of particle = lr—g— =0.524 X 1012 cm®

Total number of particles in 50 g
50

= 0.524 x 1012

Surface area of each particle = rd? = 3.142 X 1078 cm?

= 95.5 X 1012

Total surface area = 3.142 X 1078
X 95.5 X 10'2 = 300 X 10* cm?

If the area each molecule occupies at the oil/water inter-
face is 30 A2 (30 X 10716 cm?), we require

300 X 10* _ ; % 102! molecules
30 X 1016

A typical emulsifying agent might have a molecular weight
of 1000. Thus, the required weight is

1000 X 10 _ | gg .
6.023 X 107

To emulsify 10 g of oil would require 0.33 g of the emulsify-
ing agent, etc. While the approach is an oversimplification
of the problem, it does at least allow the formulator to make
a reasonable estimate of the required concentration of emul-
sifier.

Emulsion Rheology—The emulsifying agent and other
components of an emulsion can affect the rheologic behavior
of an emulsion in several ways and these are summarized in
Table XVI. It should be borne in mind that the droplets of
the internal phase are deformable under shear and that the
adsorbed layer of emulsifier affects the interactions between
adjacent droplets and also between a droplet and the contin-
uous phase.

The means by which the rheological behavior of emulsions
can be controlled have been discussed by Rogers.%®

Mechanism of Action

Emulsifying agents may be classified in accordance with
the type of film they form at the interface between the two
phases.

Monomolecular Films—Those surface-active agents
which are capable of stabilizing an emulsion do so by form-
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Table XVI—Factors Influencing Emulsion Viscosity3’

al phase L. .
1. ;nm:;lomlz)ne concentration (¢); hydrodynamic interaction be-

tween globules; flocculation, leading to formation of globule
ates.
é\l/gigzggity (n1); deformation of glpbules in shear.
Globule size, and size distribution, technique used to pre-
pare emulsion; interfacial tension between the two liquid
phases: globule behavior in shear; interaction with contin-
uous phase; globule interaction.
. Chemical constitution.
inuous phase
& ac.on%[ilsl::osits (n0), and other rheological properties.
b. Chemical constitution, polarity, pH; potential energy of
interaction between globules.
¢. Electrolyte concentration if polar medium.
3. Emulsifying agent ) . .

a. Chemical constitution; potential energy of interaction be-
tween globules.

b. Concentration, and solubility in internal and continuous
phases; emulsion type; emulsion inversion; solubilization of
liquid phases in micelles.

¢. Thickness of film adsorbed around globules, and its rheo-
logical properties, deformation of globules in shear; fluid
circulation within globules.

d. Electroviscous effect.

4. Additional stabilizing agents

Pigments, hydrocolloids, hydrous oxides; effect on rheologic

properties of liquid phases, and interfacial boundary region.

ing a monolayer of adsorbed molecules or ions at the oil/
water interface (Fig 19-37). In accordance with Gibbs’ law
(Eq 29) the presence of an interfacial excess necessitates a
reduction in interfacial tension. This results in a more sta-
ble emulsion because of a proportional reduction in the sur-
face free energy. Of itself, this reduction is probably not the
main factor promoting stability. More significant is the fact
that the droplets are surrounded now by a coherent mono-
layer which prevents coalescence between approaching
droplets. If the emulsifier forming the monolayer is ionized,
the presence of strongly charged and mutually repelling
droplets increases the stability of the system. With un-
ionized, nonionic surface-active agents, the particles may
still carry a charge; this arises from adsorption of a specific
ion or ions from solution.

Multimolecular Films—Hydrated lyophilic colloids
form multimolecular films around droplets of dispersed oil
(Fig 19-37). The use of these agents has declined in recent
years because of the large number of synthetic surface-active
agents available which possess well-marked emulsifying
properties. While these hydrophilic colloids are adsorbed at
an interface (and can be regarded therefore as “surface-
active™), they do not cause an appreciable lowering in sur-
face tension. Rather, their efficiency depends on their abili-
ty to form strong, coherent multimolecular films. These act
as a coating around the droplets and render them highly
resistant to coalescence, even in the absence of a well-devel-
oped surface potential. Furthermore, any hydrocolloid not
a}isorbed at the interface increases the viscosity of the con-
tinuous aqueous phase; this enhances emulsion stability.

Solid Particle Films—Small solid particles that are wet-
ted to some degree by both aqueous and nonaqueous liquid
Phases act as emulsifying agents. If the particles are too
hydrophilic, they remain in the aqueous phase; if too hydro-
Phobic, they are dispersed completely in the oil phase. A
second requirement is that the particles are small in relation
to the droplets of the dispersed phase (Fig 19-37).

Chemical Types

Em_ulsifying agents may also be classified in terms of their
chemical structure; there is some correlation between this
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Fig 19-37. Types of films formed by emulsifying agents at the
oil/water interface. Orientations are shown for O/W emulsions. &:
oil; O: water.

classification and that based on the mechanism of action.
For example, the majority of emulsifiers forming monomo-
lecular films are synthetic, organic materials. Most of the
emulsifiers that form multimolecular films are obtained
from natural sources and are organic. A third group is
composed of solid particles, invariably inorganic, that form
films composed of finely divided solid particles.

Accordingly, the classification adopted divides emulsify-
ing agents into synthetic, natural, and finely dispersed sol-
tds (Table XVII). A fourth group, the auxiliary materials
(Table XVIII), are weak emulsifiers. The agents listed are
designed to illustrate the various types available; they are
not meant to be exhaustive.

Synthetic Emulsifying Agents—This group of surface-
active agents which act as emulsifiers may be subdivided
into anionic, cationic, and nonionic, depending on the charge
possessed by the surfactant.

Anionics—In this subgroup the surfactant ion bears a
negative charge. The potassium, sodium, and ammonium
salts of lauric and oleic acid are soluble in water and are good
O/W emulsifying agents. They do, however, have a dis-
agreeable taste and are irritating to the gastrointestinal
tract; this limits them to emulsions prepared for external
use. Potassium laurate, a typical example, has the structure

CHg(CHz)mCOO_ K*

Solutions of alkali soaps have a high pH; they start to precip-
itate out of solution below pH 10 because the unionized fatty
acid is now formed, and this has a low aqueous solubility.
Further, the free fatty acid is ineffective as an emulsifier and
so emulsions formed from alkali soaps are not stable at pH
values less than about 10.

The calcium, magnesium and aluminum salts of fatty ac-
ids, often termed the metallic soaps, are water insoluble and
result in W/O emulsions.
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Table XViIl—Classification of Emulsifying Agents

Examples

Type Type of film
Synthetic (surface-active Monomolecular
agents)
Natural Multimolecular
Monomolecular
Finely divided solids Solid particle

Anionic

Soaps
Potassium laurate
Triethanolamine stearate

Sulfates
Sodium lauryl sulfate
Alkyl polyoxyethylene sulfates

Sulfonates
Dioctyl sodium sulfosuccinate

Cationic:

Quaternary ammonium compounds
Cetyltrimethylammonium bromide
Lauryldimethylbenzylammonium chloride

Nonionic.

Polyoxyethylene fatty alcohol ethers

Sorbitan fatty acid esters

Polyoxyethylene sorbitan fatty acid esters

Hydrophilic collotds.

Acacia

Gelatin

Lecithin

Cholesterol

Colloidal clays

Bentonite

Veegum

Metallic hydroxides:
Magnesium hydroxide

Table XVIll—Auxiliary Emulsifying Agents’S

Product Source and compaosition Principal use
Bentonite Colloidal hydrated aluminum silicate Hydrophilic thickening agent and stabilizer for O/
W and W/O lotions and creams
Cetyl alcohol Chiefly C;sH330H Lipophilic thickening agent and stabilizer for O/W

Glyceryl monostearate C17H3sCOOCH,CHOHCH,OH

Methylcellulose Series of methyl esters of cellulose

Sodium alginate
drate extracted from giant kelp

Sodium carboxymethyl- Sodium salt of the carboxymethyl esters of cellulose

Stzzlrlit::lgz(ied A mixture of solid acids from fats, chiefly stearic
and palmitic

Stearyl alcohol Chiefly C1gH3;0H

Veegum Colloidal magnesium aluminum silicate

The sodium salt of alginic acid, a purified carbohy-

lotions and ointments

Lipophilic thickening agent and stabilizer for O/W
lotions and ointments

Hydrophilic thickening agent and stabilizer for O/
W emulsions; weak O/W emulsifier

Hydrophilic thickening agent and stabilizer for O/
W emulsions

Hydrophilic thickening agent and stabilizer for O/
W emulsions

Lipophilic thickening agent and stabilizer for O/W
lotions and ointments, Forms a true emulsifier
when reacted with an alkali

Lipophilic thickening agent and stabilizer for O/W
lotions and ointments

Hydrophilic thickening agent and stabilizer for O/
W lotions and creams

Another class of soaps are salts formed from a fatty acid
and an organic amine such as triethanolamine. While these
O/W emulsifiers are also limited to external preparations,
their alkalinity is considerably less than that of the alkali
soaps and they are active as emulsifiers down to around pH
8. These agents are less irritating than the alkali soaps.

Sulfated alcohols are neutralized sulfuric acid esters of
such fatty alcohols as lauryl and cetyl alcohol. These com-
pounds are an important group of pharmaceutical surfac-
tants. They are used chiefly as wetting agents, although
they do have some value as emulsifiers, particularly, when
used in conjunction with an auxiliary agent. A frequently
used compound is sodium lauryl sulfate.

CH;3(CH.,) 1OCH20803_ Na*

Sulfonates are a class of compounds in which the sulfur
atom is connected directly to the carbon atom, giving the
general formula

CH3(CH2)nCstO3_ Na*

Sulfonates have a higher tolerance to calcium ions and do
not hydrolyze as readily as the sulfates. A widely used
surfactant of this type is dioctyl sodium sulfosuccinate.

Cationics—The surface activity in this group resides in
the positively charged cation. These compounds have
marked bactericidal properties. This makes them desirable
in emulsified anti-infective products such as skin lotions and
creams. The pH of an emulsion prepared with a cationic
emulsifier lies in the pH 4-6 range. Since this includes the
normal pH of the skin, cationic emulsifiers are advantageous
in this regard also.

Cationic agents are weak emulsifiers and are generally
formulated with a stabilizing or auxiliary emulsifying agent
such as cetostearyl alcohol. The only group of cationic
agents used extensively as emulsifying agents are the quater-
nary ammonium compounds. An example is cetyltrimethyl-
ammonium bromide.
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e ulsifiers should not be used in the same for-
Cat:!onlcvfi’t‘;1 anionic emulsifiers as they will interact.
mulation ibility may not be immediately apparent

: incompatl ) A ;
While f_zzil;i(é:tepvirtuaﬂy all of the desired antibacterial
asap ?

g ; ly have been lost.

activity Wflclﬁgfﬁig undissociated surfactants find wide-
Noguil’:e as emulsifying agents when they possess the
sprea palance of hydrophilic and lipophilic groups within
propel'l ule. Their popularity is based on the fact that,
the_motﬁ‘; an.ionic and cationic types, nonionic emulsifiers
unhket susceptible to pH changes and the presence of elec-
areln(:es The number of nonionic agents available is legion;
g:; ﬁos}: frequently used are the glyceryl esters, polyoxyetl}-
lene glycol esters and ethers, and 1_:he _sorbltan fatty acid

gste,s and their polyoxyethylene derivatives. .
A glyceryl ester, such as glycgn:yl ¥n(.)nos.;tearate, is too
hilic to serve as a good emulsifier; it is widely used as an

Esl?ﬁiary agent (Table XVIII) and has the structure
CH,00CC,;H,s
CHOH
CH.OH
Sorbitan fatty acid esters, such as sorbitan monopalmitate
O o
h"
:o:LC—CH,R
om

[R s (CisH3,1€O0]

are nonion.c oil-soluble emulsifiers that promote W/O emul-
sions. The polyoxyethylene sorbitan fatty acid esters, such
as polyoxyethylene sorbitan monopalmitate, are hydrophilic
water-soluble derivatives that favor O/W emulsions.

HO(CH O HOCH, 1 OH

H
~0 'goczH,),ou
HCOC,HY R
[Sum of w.x,v and 2z s 20,
R 15 (Cy4H 3,1C00 |

Polyoxyethylene glycol esters, such as the monostearate,
C17H35COO(CHQOCH2)AH, also are used widely.

Very frequently, the best results are obtained from blends
of nonionic emulsifiers. Thus, an O/W emulsifier custom-
arily will be used in an emulsion with a W/O emulsifier.
When blended properly, the nonionics produce fine-tex-
tured stable emulsions.

Natural Emulsifying Agents—Of the numerous emulsi-
fying agents derived from natural (ie, plant and animal)
Sources, consideration will be given only to acacia, gelatin,
lecithin, and cholesterol. Many other natural materials are
only sufficiently active to function as auxiliary emulsifying
agents or stabilizers.

Acacia is a carbohydrate gum that is soluble in water and
forms O/W emulsions. Emulsions prepared with acacia are
_Stable over a wide pH range. Because it is a carbohydrate it
13 necessary to preserve acacia emulsions against microbial
atta(.:k.by the use of a suitable preservative. The gum can be
Precipitated from aqueous solution by the addition of high
concentrations of electrolytes or solvents less polar than
water, such as alcohol.

Gela}tir.l, a protein, has been used for many years as an
emulmf_ymg agent. Gelatin can have two isoelectric points,
depepdmg on the method of preparation. So-called Type A
gelatlp, derived from an acid-treated precursor, has an iso-
electric point of between pH 7 and 9. Type B gelatin, ob-
tained from an alkali-treated precursor, has an isoelectric
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point of approximately pH 5. Type A gelatin acts best as an
emulsifier around pH 3, where it is positively charged; on the
other hand, Type B gelatin is best used around pH 8, where
it is negatively charged. The question as to whether the
gelatin is positively or negatively charged is fundamental to
the stability of the emulsion when other charged emulsifying
agents are present. In order to avoid an incompatibility, all
emulsifying agents should carry the same sign. Thus, if
gums (such as tragacanth, acacia or agar) which are negative-
ly charged are to be used with gelatin, Type B material
should be used at an alkaline pH. Under these conditions
the gelatin is similarly negatively charged.

Lecithin is a phospholipid which, because of its strongly
hydrophilic nature, produces O/W emulsions. It is liable to
microbial attack and tends to darken on storage.

Cholesterol is a major constituent of wool alcohols, ab-
tained by the saponification and fractionation of wool fat.
It is cholesterol that gives wool fat its capacity to absorb
water and form a W/O emulsion.

Finely Dispersed Solids—This group of emulsifiers
forms particulate films around the dispersed droplets and
produces emulsions which, while coarse-grained, have con-
siderable physical stability. It appears possible that any
solid can act as an emulsifying agent of this type, provided it
is reduced to a sufficiently fine powder. In practice the
group of compounds used most frequently are the colloidal
clays.

Several colloidal clays find application in pharmaceutical
emulsions; the most frequently used are bentonite, a colloi-
dal aluminum silicate, and Veegum (Vanderbilt), a colloidal
magnesium aluminum silicate. )

Bentonite is a white to gray, odorless, and tasteless powder
that swells in the presence of water to form a translucent
suspension with a pH of about 9. Depending on the se-
quence of mixing it is possible to prepare both O/W and W/0O
emulsions. When an O/W emulsion is desired, the benton-
ite is first dispersed in water and allowed to hydrate so as to
form a magma. The oil phase is then added gradually with
constant trituration. Since the aqueous phase is always in
excess, the O/W emulsion type is favored. To prepare a
W/O emulsion, the bentonite is first dispersed in oil; the
water is then added gradually.

While Veegum is used as a solid particle emulsifying
agent, it is employed most extensively as a stabilizer in
cosmetic lotions and creams. Concentrations of less than
1% Veegum will stabilize an emulsion containing anionic or
nonionic emulsifying agents.

Auxiliary Emulsifying Agents—Included under this
heading are those compounds which are normally incapable
themselves of forming stable emulsions. Their main value
lies in their ability to function as thickening agents and
thereby help stabilize the emulsion. Agents in common use
are listed in Table XVIII.

Emulsifying Agents and Emulsion Type

For a molecule, ion, colloid, or particle to be active as an
emulsifying agent, it must have some affinity for the inter-
face between the dispersed phase and the dispersion medi-
um. With the mono- and multilayer films the emulsifier is
in solution and, therefore, must be soluble to some extent in
one or both of the phases. At the same time it must not be
overly soluble in either phase, otherwise it will remain in the
bulk of that phase and not be adsorbed at the interface.
This balanced affinity for the two phases also must be evi-
dent with finely divided solid particles used as emulsifying
agents. If their affinity, as evidenced by the degree to which
they are wetted, is either predominantly hydrophilic or hy-
drophobic, they will not function as effective wetting agents.

The great majority of the work on the relation between
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Table XIX—Approximate HLB Values for a Number of

Emulsifying Agents

Generic or chemical name HLB
Sorbitan trioleate 1.8
Sorbitan tristearate 2.1
Propylene glycol monostearate 34
Sorbitan sesquioleate 3.7
Glycerol monostearate (non self-emulsifying) 3.8
Sorbitan monooleate 43
Propylene glycol monolaurate 4.5
Sorbitan monostearate 4.7
Glyceryl monostearate (self-emulsifying) 5.5
Sorbitan monopalimitate 6.7
Sorbitan monolaurate 8.6
Polyoxyethylene-4-lauryl ether 9.5
Polyethylene glycol 400 monostearate 11.6
Polyoxyethylene-4-sorbitan monolaurate 13.3
Polyoxyethylene-20-sorbitan monooleate 15.0
Polyoxyethylene-20-sorbitan monopalmitate 15.6
Polyoxyethylene-20-sorbitan monolaurate 16.7
Polyoxyethylene-40-stearate 16.9
Sodium oleate 18.0
Sodium lauryl sulfate 40.0

emulsifier and emulsion type has been concerned with sur-
face-active agents that form interfacial monolayers. The
present discussion, therefore, will concentrate on this class
of agents.

Hydrophile-Lipophile Balance—As the emulsifier be-
comes more hydrophilic, its solubility in water increases and
the formation of an O/W emulsion is favored. Conversely,
W/O emulsions are favored with the more lipophilic emulsi-
fiers. This led to the concept that the type of emulsion is
related to the balance between hydrophilic and lipophilic
solution tendencies of the surface-active emulsifying agent.

Griffin®® developed a scale based on the halance between
these two opposing tendencies. This so-called HLB scale is
a numerical scale, extending from 1 to approximately 50.
The more hydrophilic surfactants have high HLB numbers
(in excess of 10), while surfactants with HLB numbers from
1 to 10 are considered to be lipophilic. Surfactants with a
proper balance in their hydrophilic and lipophilic affinities
are effective emulsifying agents since they concentrate at
the oil/water interface. The relationship between HLB val-
ues and the application of the surface-active agent is shown
in Table XV. Some commonly used emulsifiers and their
HLB numbers are listed in Table XIX. The utility of the
HLB system in rationalizing the choice of emulsifying agents
when formulating an emulsion will be discussed in a later
section.

Rate of Coalescence and Emulsion Type—Davies® in-
dicated that the type of emulsion produced in systems pre-
pared by shaking is controlled by the relative coalescence
rates of oil droplets dispersed in the oil. Thus, when a
mixture of oil and water is shaken together with an emulsify-
ing agent, a multiple dispersion is produced initially which
contains oil dispersed in water and water dispersed in oil
(Fig 19-36). The type of the final emulsion which results
depends on whether the water or the oil droplets coalesce
more rapidly. If the O/W coalescence rate (Rate 1) is much
greater than W/O coalescence rate (Rate 2), a W/O emulsion
is formed since the dispersed water droplets are more stable
than the dispersed oil droplets. Conversely, if Rate 2 is
significantly faster than Rate 1, the final emulsion is an O/W
dispersion because the oil droplets are more stable.

According to Davies, the rate at which oil globules coalesce
when dispersed in water is given by the expression

Rate 1 = Cle_w‘/m (39)

The term C, is a collision factor which is directly proportion-
al to the phase volume of the oil relative to the water, and is
an inverse function of the viscosity of the continuous phase
(water). W, defines an energy barrier made up of several
contributing factors that must be overcome before coales-
cence can take place. First, it depends on the electrical
potential of the dispersed oil droplets, since this affects
repulsion. Second, with an O/W emulsion, the hydrated
layer surrounding the polar portion of emulsifying agent
must be broken down before coalescence can occur. This
hydrated layer is probably around 10 A thick with a consis-
tency of butter. Finally, the total energy barrier depends on
the fraction of the interface covered by the emulsifying
agent.

Equation 40 describes the rate of coalescence of water
globules dispersed in oil, namely

Rate 2 = Cze_WEIRT (40)
Here, the collision factor C; is a function of the water/oil
phase volume ratio divided by the viscosity of the oil phase.
The energy barrier W is, as before, related to the fraction of
the interface covered by the surface-active agent. Another
contributing factor is the number of —CHo— groups in the
emulsifying agent; the longer the alkyl chain of the emulsifi-
er, the greater the gap that has to be bridged if one water
droplet is to combine with a second drop.

Davies® showed that the HLB concept is related to the
distribution characteristics of the emulsifying agent be-
tween the two immiscible phases. An emulsifier with an
HLB of less than 7 will be preferentially soluble in the oil
phase and will favor formation of a W/O emulsion. Surfac-
tants with an HLB value in excess of 7 will be distributed in
favor of the aqueous phase and will promote O/W emulsions.

Preparation of Emulsions

Several factors must be taken into account in the success-
ful preparation and formulation of emulsified products.
Usually, the type of emulsion (ie, 0O/W or W/0) is specified;
if not, it probably will be implied from the anticipated use of
the product. The formulator’s attention is focused primari-
ly on the selection of the emulsifying agent, or agents, neces-
sary to achieve a satisfactory product. No incompatibilities
should occur between the various emulsifiers and the several
components commonly present in pharmaceutical emul-
sions. Finally, the product should be prepared in such a way
as not to prejudice the formulation.

Selection of Emulsifying Agents

The selection of the emulsifying agent, or agents, is of
prime importance in the successful formulation of an emul-
sion. In addition to its emulsifying properties, the pharma-
cist must ensure that the material chosen is nontoxic and
that the taste, odor, and chemical stability are compatible
with the product. Thus, an emulsifying agent which is en-
tirely suitable for inclusion in a skin cream may be unaccept-
able in the formulation of an oral preparation due to its
potential toxicity. This consideration is most important
when formulating intravenous emulsions.

The HLB System—With the increasing number of avail-
able emulsifiers, particularly the nonionics, the selection O
emulsifiers for a product was essentially a trial-and-error
procedure. Fortunately, the work of Griffin590 provided 2
logical means of selecting emulsifying agents. Griffin’s
method, based on the balance between the hydrophilic and
lipophilic portions of the emulsifying agent, is now widelly
used and has come to be known as the HLB system. Itis
used most in the rational selection of combinations of non-
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ie xX—Relationship between HLB Range and

b o
Ta Surtactant Application
HLB range Use
0-3 Antifoaming agents
46 W/O emulsifying agents
7-9 Wetting agents
8-18 O/W emulsifying agents
13-15 Detergents
10-18 Solubilizing agents

Table XXI—Required HLB Values for Some Common
Emulsion Ingredients

Substance w/0 Oo/W
Acid, stearic Ca. 17
Alcohol. cetyl ... 13
Lanolin, anhydrous 8 15
0il, cottonseed ... 75

mineral oil, light 4 10-12
mineral oil, heavy 4 10.5
Wax, beeswax 5 10-16
microcrystalline e 9.5

paraffin o 9

ionic emulsifiers, and we shall limit our discussion accord-
ingly.

%\g shown in Table XX, if an O/W emulsion is required,
the formulator should use emulsifiers with an HLB in the
range of 8-18. Emulsifiers with HL.B values in the range of
4-6 are given consideration when a W/O emulsion is desired.
Some typical examples are given in Table XIX.

Another factor is the presence or absence of any polarity in
the material being emulsified, since this will affect the polar-
ity required in the emulsifier. Again, as a result of extensive
experimentation, Griffin evolved a series of *‘required HLB”
values; ie, the HLB value required by a particular material if
it is to be emulsified effectively. Some values for oils and
related materials are contained in Table XXI. Naturally,
the required HLB value differs depending on whether the
final emulsion is O/W or W/O.

Fundamental to the utility of the HLB concept is the fact
that the HLB values are algebraically additive. Thus, by
using a low HLB surfactant with one having a high HLB it is
possible to prepare blends having HLB values intermediate
between those of the two individual emulsifiers. Naturally,
one should not use emulsifiers that are incompatible. The
following formula should serve as an example.

0O/W Emulsion

Liquid petrolatum (Required HLB 10.5) . .. R 50g
Emulsifyingagents ......... ............. R S5g
Sorbitan monaoleate (HLB 4.3)

Polyoxyethylene 20 sorbitan monoleate (HLB 15.0)
Water.qs ..

By simple algebra it can be shown that 4.5 parts by weight of
sorhitan monooleate blended with 6.2 parts by weight of
Polyoxyethylene 20 sorbitan monooleate will result in a
Isnilxed emulsifying agent having the required HLB of 10.5.
anlec; the formule} calls for 5 g, the required weights are 2.1 g
is di 9g, respectively. The oil-soluble sorbitan monooleate
ool 1ssolved in the oil and heated to 75°; the water-soluble
a yoxyethylene 20 sorbitan monooleate is added to the
p%‘;eOElS phase which is heated to 70°. At this point the oil
. Se 1s mixed w1}:h the aqueous phase and the whole stirred
ontinuously until cool.
prode formulator is not restricted to these two agents to
uce a blend with an HLB of 10.5. Table XXII shows
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Table XXll——Nonionic Blends having HLB Values of 10.5

Required amounts

Surfactant (%) to give
blend HLB HB =105
Sorbitan tristearate 2.1 34.4
Polyoxethylene 20 sorbitan 14.9 65.6
monostearate
Sorbitan monopalmitate 6.7 57.3
Polyoxyethylene 20 sorbitan 15.6 42.7
monopalmitate
Sorbitan sesquioleate 3.7 48.5
Polyoxyethylene lauryl ether 16.9 51.5

the various proportions required, using other pairs of emul-
sifying agents, to form a blend of HLB 10.5. When carrying
out preliminary investigations with a particular material to
be emulsified, it is advisable to try several pairs of emulsify-
ing agents. Based on an evaluation of the emulsions pro-
duced, it becomes possible to choose the best combination.

Occasionally, the required HLB of the oil may not be
known, in which case it becomes necessary to determine this
parameter. Various blends are prepared to give a wide
range of HLB mixtures and emulsions are prepared in a
standardized manner. The HLB of the blend used to emul-
sify the best product, selected on the basis of physical stabil-
ity, is taken to be the required HLB of the oil. The experi-
ment should be repeated using another combination of
emulsifiers to confirm the value of the required HLB of the
oil to within, say, £1 HLB unit.

There are methods for finding the HLB value of a new
surface-active agent. Griffin® developed simple equations
which can be used to obtain an estimate with certain com-
pounds. It has beenshown that the ability of a compound to
spread at a surface is related to its HLB. In another ap-
proach a linear relation between HLB and the logarithm of
the dielectric constant for a number of nonionic surfactants
has been observed. An interesting approach has been devel-
oped by Davies® and is related to his studies on the relative
rates of coalescence of O/W and W/O emulsions (page 304).
According to Davies, hydrophilic groups on the surfactant
molecule make a positive contribution to the HLB number,
whereas lipophilic groups exert a negative effect. Davies
calculated these contributions and termed them HLB Group
Numbers (Table XXIII). Provided the molecular structure
of the surfactant is known, one simply adds the various
group numbers in accordance with the following formula:

Table XX{ll—HLB Group Numbers®'

Group number
Hydrophilic groups
_S().;_Iqil+ 38.7
—COO"K* 21.1
—COO~Na* 19.1
N (tertiary amine) 94
Ester (sorbitan ring) 6.8
Ester (free) 2.4
—COOH 2.1
Hydroxyl (free) 1.9
—0— 1.3
Hydroxyl (sorbitan ring) 0.5
Lipophilic groups
—CH.—
CH,— ~0.475
—CH—
Derived groups
—(CH,—CH.,—0)— +0.33
—(CHys—CH,—CH.—0)— ~0.15
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HLB = Z(hydrophilic group humbers) —
m(group number/—CHy— group) + 7

where m is the number of —CHs— groups present in the
surfactant. Poor agreement is found between the HLB val-
ues calculated by the use of group numbers and the HLB
values obtained using the simple equations developed by
Griffin. However, the student should realise that the ahso-
lute HLB values per se are of limited significance. The
utility of the HLB approach (using values calculated by
either Griffin’s or Davies’ equations) is to (i) provide the
formulator with an idea of the relative balance of hydrophi-
licity and lipophilicity in a particular surfactant, and (ii)
relate that surfactant’s emulsifying and solubilizing proper-
ties to other surfactants. The formulator still needs to con-
firm experimentally that a particular formulation will pro-
duce a stable emulsion.

Later, Davies and Rideal®! attempted to relate HLB to the
Cuater/Cou partition coefficient and found good agreement
for a series of sorbitan surfactants. Schott? showed, howev-
er, that the method does not apply to polyoxyethylated oc-
tylphenol surfactants. Schott concluded that “so far, the
search for a universal correlation between HLB and another
property of the surfactant which could be determined more
readily than HLB has not been successful.”

The HLB system gives no information as to the amount of
emulsifier required. Having once determined the correct
blend, the formulator must prepare another series of emul-
sions, all at the same HLB, but containing increasing con-
centrations of the emulsifier blend. Usually, the minimum
concentration giving the desired degree of physical stability
is chosen.

Mixed Emulsifying Agents—Emulsifying agents are
frequently used in combination since a better emulsion usu-
ally is obtained. This enhancement may be due to several
reasons, one or more of which may be operative in any one
system. Thus, Jhe use of a blend or mixture of emulsifiers
may (1) produce the required hydrophile-lipophile balance
in the emulsifier, (2) enhance the stability and cohesiveness
of the interfacial film, and (3) affect the consistency and feel
of the product.

The first point has been considered in detail in the previ-
ous discussion of the HLB system.

With regard to the second point, Schulman and Cockbain
in 1940 showed that combinations of certain amphiphiles
formed stable films at the air/water interface. It was postu-
lated that the complex formed by these two materials (one,
oil-soluble; the other, water-soluble) at the air/water inter-
face was also present at the O/W interface. This interfacial
complex was held to be responsible for the improved stabil-
ity. For example, sodium cetyl sulfate, a moderately good
0O/W emulsifier, and elaidyl alcohol or cholesterol, both sta-
bilizers for W/O emulsions, show evidence of an interaction
at the air/water interface. Furthermore, an O/W emulsion
prepared with sodium cetyl sulfate and elaidyl alcohol is
much more stable than an emulsion prepared with sodium
cetyl sulfate alone.

Elaidyl alcohol is the trans isomer. When oleyl alcohol,
the cis isomer, is used with sodium cetyl sulfate, there is no
evidence of complex formation at the air/water interface.
Significantly, this combination does not produce a stable
O/W emulsion either. Such a finding strongly suggests that
a high degree of molecular alignment is necessary at the O/W
interface to form a stable emulsion.

Finally, some materials are added primarily to increase
the consistency of the emulsion. This may be done to in-
crease stability or improve emolliency and feel. Examples
include cetyl alcohol, stearic acid and beeswax.

When using combinations of emulsifiers, care must be
taken to ensure their compatibility, as charged emulsifying

agents of opposite sign are likely to interact and coagulate
when mixed.

Small-Scale Preparation

Mortar and Pestle—This approach invariably is used
only for those emulsions that are stabilized by the presence
of a multimolecular film (eg, acacia, tragacanth, agar, chon-
drus) at the interface. There are two basic methods for
preparing emulsions with the mortar and pestle. These are
the Wet Gum (or so-called English) Method and the Dry
Gum (or so-called Continental) Method.

The Wet Gum Method—In this method the emulsifying
agent is placed in the mortar and dispersed in water to form
amucilage. The oil is added in small amounts with continu-
ous trituration, each portion of the oil being emulsified be-
fore adding the next increment. Acacia is the most fre-
quently used emulsifying agent when preparing emulsions
with the mortar and pestle. When emulsifying a fixed oil,
the optimum ratio of oil: water :acacia to prepare the initial
emulsionis 4:2:1. Thus, the preparation of 60 mL of a 40%
cod liver oil emulsion requires the following:

Codliveroil ....oooiin i . 24g
ACACIA . .. i e e e e 6g
Water, Q8 . - vovvvvnneiiin e aas e 60 mL

The acacia mucilage is formed by adding 12 mL of water to
the 6 g of acacia in the mortar and triturating. The 24 g of
oil is added in increments of 1-2 g and dispersed. The
product at this stage is known as the primary emulsion, or
nucleus. The primary emulsion should be triturated for at
least 5 min, after which sufficient water is added to produce
a final volume of 60 mL.

The Dry Gum Method—In this method, preferred by
most pharmacists, the gum is added to the oil, rather than
the water as with the wet gum method. Again, the approach
is to prepare a primary emulsion from which the final prod-
uct can be obtained by dilution with the continuous phase.
If the emulsifier is acacia and a fixed oil is to be emulsified,
the ratio of oil : water: gum is again 4:2:1.

Provided dispersion of the acacia in the oil is adequate, the
dry gum method can almost be guaranteed to produce an
acceptable emulsion. Because there is no incremental addi-
tion of one of the components, the preparation of an emul-
sion by this method is rapid.

With both methods the oil: water:gum ratio may vary,
depending on the type of oil to be emulsified and the emulsi-
fying agent used. The usual ratios for tragacanth and acacia
are shown in Table XXIV.

The preparation of emulsions by both the wet and dry
gum methods can be carried out in a bottle rather than a
mortar and pestle.

Other Methods—An increasing number of emulsions are
being formulated with synthetic emulsifying agents, espe-
cially of the nonionic type. The components in such a for-

Table XXIV—Usual Ratios of Oil, Water and Gum Used to
Produce Emulsions

System Acacia Tragacanth

Fixed oils {excluding liquid petrolatum

and 4 40
linseed oil)

Water . 2 20

Gum 1 1

Volatile oils, plus liquid petrolatum and 2-3 20-30
linseed oil

Water 2 20

Gum 1 1
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mulation are separated into those that are oil-soluble and
those that are water-solublg. These are dissolved in their
respective solvents by heating to about 70 to 75°. When
solution is complete, the two phases are ml.xed and the prod-
uct is stirred until cool. This method, which requires noth-
ing more than two beaker§, a thermomete.r and a source of
heat. is necessarily used in thfe preparation _of emulstf)ns
containing waxes and other high-melting-point materials
that must be melted before they can be dispered in the
emulsion. The relatively simple methodology_mvolved in
the use of synthetic surfactant-type emulsifiers is one factor
which has led to their widespread use in emulsion prepara-
tion. This, in turn, has led to a decline in the use of the
natural emulsifying agents.

With hand homogenizers an initial rough emulsion is
formed by trituration in a mortar or shaking in a bottle.
The rough emulsion is then passed several times through the
homogenizer. A reduction in particle size is achieved as the
material is forced through a narrow aperture under pressure.
A satisfactory product invariably results from the use of a
hand homogenizer and overcomes any deficiencies in tech-
nique. Should the homogenizer fail to produce an adequate
product, the formulation, rather than the technique, should
be suspected.

For a discussion of the techniques and equipment used in
the large-scale manufacture of emulsions, see Chapter 83.

Stability of Emuisions

There are several criteria which must be met in a well-
formulated emulsion. Probably the most important and
most readily apparent requirement is that the emulsion pos-
sese adequate physical stability; without this, any emulsion
soon will revert back to two separate bulk phases. In addi-
tion, if the emulsified product is to have some antimicrobial
activity (eg, a medicated lotion), care must be taken to en-
sure that the formulation possesses the required degree of
activity. Frequently, a compound exhibits a lower antimi-
crobial activity in an emulsion than, say, in a solution. Gen-
erally, this is because of partitioning effects between the oil
and water phases, which cause a lowering of the “effective”
concentration of the active agent. Partitioning has also to
be taken into account when considering preservatives to
prevent microbiological spoilage of emulsions. Finally, the
chemical stability of the various components of the emulsion
should receive some attention, since such materials may be
more prone to degradation in the emulsified state than when
they exist as a bulk phase.

_In the present discussion, detailed consideration will be
llmgted to the question of physical stability. Reviews of this
topic have been published by Garrett? and Kitchener and
Mu.ssellwhite.64 For information on the effect that emulsifi-
cation can have on the biologic activity and chemical stabil-
Ity of materials in emulsions, see Wedderburn,5 Burt®® and

warbrick. 67
The theories of emulsion stability have been discussed by
I:’.ccles.to.n68 in an attempt to understand the situation in
t:g; a simple O/W emulsion and complex commercial sys-

.The three major phenomena associated with physical sta-
blllty are

1. . .
16 the The upward or downward movement of dispersed droplets relative
ly continuous phase, termed creamung or sedimentation, respective-

2. i ‘

s The aggregation and possible coalescence of the dispersed drop-
0 reform the separate, bulk phases.

o fversion. in which an O/W emulsion inverts to become a W/Q
8100, and ¢ce yersq,

nl(sll‘eaming and Sedimentation—Creaming is the upward
€ment of dispersed droplets relative to the continuous
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phase, while sedimentation, the reverse process, is the down-
ward movement of particles. Inanyemulsion one process or
the other takes place, depending on the densities of the
disperse and continuous phases. This is undesirable in a
pharmaceutical product where homogeneity is essential for
the administration of the correct and uniform dose. Fur-
thermore, creaming, or sedimentation, brings the particles
closer together and may facilitate the more serious problem
of coalescence.

The rate at which aspherical droplet or particle sediments
in a liquid is governed by Stokes’ law (Eq 35). While other
equations have been developed for bulk systems, Stokes’
equation is still useful since it points out the factors that
influence the rate of sedimentation or creaming. These are
the diameter of the suspended droplets, the viscosity of the
suspending medium, and the difference in densities between
the dispersed phase and the dispersion medium.

Usually, only the use of the first two factors is feasible in
affecting creaming or sedimentation. Reduction of particle
size contributes greatly toward overcoming or minimizing
creaming, since the rate of movement is a square-root func-
tion of the particle diameter. There are, however, technical
difficulties in reducing the diameter of droplets to below
about 0.1 um. The most frequently used approach is to raise
the viscosity of the continuous phase, although this can be
done only to the extent that the emulsion still can be re-
moved readily from its container and spread or administered
conveniently.

Aggregation and Coalescence—Even though creaming
and sedimentation are undesirable, they do not necessarily
result in the breakdown of the emulsion, since the dispersed
droplets retain their individuality. Furthermore, the drop-
lets can be redispersed with mild agitation. More serious to
the stability of an emulsion are the processes of aggregation
and coalescence. In aggregation (flocculation) the dis-
persed droplets come together but do not fuse. Coalescence,
the complete fusion of droplets, leads to a decrease in the
number of droplets and the ultimate separation of the two
immiscible phases. Aggregation precedes coalescence in
emulsions; however, coalescence does not necessarily follow
from aggregation. Aggregation is, to some extent, revers-
ible. While not as serious as coalescence, it will accelerate
creaming or sedimentation, since the aggregate behaves as a
single drop.

While aggregation is related to the electrical potential on
the droplets, coalescence depends on the structural proper-
ties of the interfacial film. In an emulsion stabilized with
surfactant-type emulsifiers forming monomolecular films,
coalescence is opposed by the elasticity and cohesiveness of
the films sandwiched between the two droplets. In spite of
the fact that two droplets may be touching, they will not fuse
until the interposed films thin out and eventually rupture.
Multilayer and solid-particle films confer on the emulsion a
high degree of resistance to coalescence, due to their me-
chanical strength.

Particle-size analysis can reveal the tendency of an emul-
sion to aggregate and coalesce long before any visible signs of
instability are apparent. The methods available have been
reviewed by Groves and Freshwater.6?

Inversion—An emulsion is said to invert when it changes
from an O/W to a W/O emulsion, or vice versa. Inversion
sometimes can be brought about by the addition of an elec-
trolyte or by changing the phase-volume ratio. For exam-
ple, an O/W emulsion having sodium stearate as the emulsi-
fier can be inverted by the addition of calcium chloride,
because the calcium stearate formed is a lipophilic emulsifi-
er and favors the formation of a W/O product.

Inversion often can be seen when an emulsion, prepared
by heating and mixing the two phases, is being cooled. This
takes place presumably because of the temperature-depen-
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dent changes in the solubilities of the emulsifying agents.
The phase inversion temperature, or PIT, of nonionic sur-
factants has been shown by Shinoda, et al™ to be influenced
by the HLB number of the surfactant. The higher the PIT
value, the greater the resistance to inversion.

Apart from work on PIT values, little quantitative work

has been carried out on the process of inversion; neverthe-
less, it would appear that the effect can be minimized by
using the proper emulsifying agent in an adequate concen-
tration. Wherever possible, the volume of the dispersed
phase should not exceed 50% of the total volume of the
emulsion.

Bioavailability from Coarse Dispersions

In recent years, considerable interest has focused on the
ability of a dosage form to release drug following administra-
tion to the patient. Both the rate and extent of release are
important. Ideally, the extent of release should approach
100%, while the rate of release should reflect the desired
properties of the dosage form. For example, with products
designed to have a rapid onset of activity, the release of drug
should be immediate. With a long-acting product, the re-
lease should take place over several hours, or days, depend-
ing on the type of product used. The rate and extent of drug
release should be reproducible from batch to batch of the
product, and should not change during shelf life.

The principles on which biopharmaceutics is based are
dealt with in some detail in Chapters 35 to 37. While most
published work in this area has been concerned with the
bioavailability of solid dosage forms administered by the
oral route, the rate and extent of release from both suspen-
sions and emulsions is important and so will be considered in
some detail.

Bioavailability from Suspensions—Suspensions of a
drug may be expected to demonstrate improved bicavail-
ability compared to the same drug formulated as a tablet or
capsule. This is because the suspension already contains
discrete drug particles, whereas tablet dosage forms must
invariably undergo disintegration in order to maximize the
necessary dissolution process. Frequently, antacid suspen-
sions are perceived as being more rapid in action and there-
fore more effective than an equivalent dose in the form of
tablets. Bates, et al™ observed that a suspension of salicyla-
mide was more rapidly bioavailable, at least during the first
hour following administration, than two different tablet
forms of the drug; these workers were also able to demon-
strate a correlation between the initial in vitro dissolution
rates for the several dosage forms studied and the initial
rates of in vivo absorption. A similar argument can be
developed for hard gelatin capsules, where the shell must
rupture or dissolve before drug particles are released and can
begin the dissolution process. Such was observed by Antal,
et al™in a study of the bioavailability of several doxycycline
products, including a suspension and hard gelatin capsules.
Sansom, et al™ found mean plasma phenytoin levels higher
after the administration of a suspension than when an equiv-
alent dose was given as either tablets or capsules. It was
suggested that this might have been due to the suspension
having a smaller particle size.

In common with other products in which the drug is
present in the form of solid particles, the rate of dissolution
and thus potentially the bioavailability of the drug in a
suspension can be affected by such factors as particle size
and shape, surface characteristics, and polymorphism.
Strum, et al™ conducted a comparative bioavailability
study involving two commercial brands of sulfamethiazole
suspension (Product A and Product B). Following adminis-
tration of the products to 12 normal subjects and taking
blood samples at predetermined times over a period of 10 hr,
the workers found no statistically significant difference in
the extent of drug absorption from the two suspensions.
The absorption rate, however, differed, and from in vitro
studies it was concluded that product A dissolved faster than
product B and that the former contained more particles of

smaller size than the latter, differences that may be respon-
sible for the more rapid dissolution of particles in product A.
Product A also provided higher serum levels in in vivo tests
half an hour after administration. The results showed that
the rate of absorption of sulfamethiazole from a suspension
depended on the rate of dissolution of the suspended parti-
cles, which in turn was related to particle size. Previous
studies’™ 76 have shown the need to determine the dissolu-
tion rate of suspensions in order to gain information as to the
bioavailability of drugs from this type of dosage form.

The viscosity of the vehicle used to suspend the particles
has been found to have an effect on the rate of absorption of
nitrofurantoin but not the total bioavailability. Thus Soci
and Parrott were able to maintain a clinically acceptable
urinary nitrofurantoin concentration for an additional two
hours by increasing the viscosity of the vehicle.??

Bioavailability from Emulsions—There are indications
that improved bioavailability may result when a poorly ab-
sorbed drug is formulated as an orally administered emul-
sion. However, little study appears to have been made in
direct comparison of emulsions and other dosage forms such
as suspensions, tablets, and capsules; thus it is not possible
to draw unequivocal conclusions as to advantages of emul-
sions. If adrugwith low aqueous solubility can be formulat-
ed s0 as to be in solution in the oil phase of an emulsion, its
bioavailability may be enhanced. It must be recognized,
however, that the drug in such a system has several barriers
to pass before it arrives at the mucosal surface of the gastro-
intestinal tract. For example, with an oil-in-water emul-
sion, the drug must diffuse through the oil globule and then
Pass across the oil/water interface. This may be a difficult
process, depending on the characteristics of the interfacial
film formed by the emulsifying agent. In spite of this poten-
tial drawback, Wagner, et /78 found that indoxole, a nonste-
roidal anti-inflammatory agent, was significantly more bioa-
vailable in an oil-in-water emulsion than in either a suspen-
sion or a hard gelatin capsule. Bates and Sequeira™ found
significant increases in maximum plasma levels and total
bioavailability of micronized griseofulvin when formulated
in a corn oil/water emulsion. In this case, however, the
enhanced effect was not due to emulsification of the drug in
the oil phase per se but more probably because of the linoleic
and oleic acids present having a specifical effect on gastroin-
testinal motility.
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The characterization and quantitation of the various com-
ponents of blood, urine and other body {iuids ave the prima-
ry functions of the clinical lnhoratory. The major divisions
of clinical analysis are clinical hiochemislry, hematology,
blood-bank technology, histopathology, immunology and
microbiology. The accurale diagnosis of disease and deter-
mination of a potential therapeutic regimen frequently are
hased on the laboratory analysis of blood, urine, feces, gas-
(ric secretions or cerebrospinal fluid. Modern medical prac-
tice is tonding toward greater relinnce on laboratory results
as definitive measures of pathological or normal states.

The pharmacist should familinrize himself with the basic
principies involved in sample collection, analysis and diag-
nostic significance of the various clinical parameters. His
role in community health necessitates his comprehension of
the methodology and dingnostic value of clinical laboratory
procedures, The influence of varicus drugs and drug inter-
actions on Lhese parameters musl be considered in both the
clinical and drug-abuse situation.

Hematology

'The determinntion of the morphologicsl, physiological
and biochemical properties of peripheral blood and the
blood-forming organs (hemalopoietic system) is & funclion
of the hematology laboratory. The functional eategories of
hematology are {1) analysis of cellular elements, and spacific
biochemical and physiological paramefers of povipheral
blood and the hematopoietie system, {2) blood-coagulation
analysie and (8) blood-bank technology.

Peripheral blood is a biphasic liguid tissue system of cellu-
lar ¢elements susgpended in aliquid plasma phase.  ‘The cellu-
lar phase comprises about 45% of the blood volume and
conlains erylhrocytes {red blood cells, RBC), leukocytles
(white blood cells, WBC) and thrombocytes (platelets).
The plasma phase s primarily water (90 to 92%) and protein
(7%).

The hematological analysis of blood is concerned primari-
1y with enumeration and differentiation of the various cellu-
lar elements. An analysis of the hematopoietic systom (e,
bone marrow and lymplioid Lissue) determines the status of
blood-cell precursors in these tissues. Detenminations of
specific biochemical (hemoglobin) and physiological {blood
or plasma volume) parameters are performed in a complete
evaluation of the erythron system (blood and marrow RIBC
and their precursors), The normal hematological values in
the adult are presenied in Table |

The authors acknewledpe the assistance of e Jeseph I Uscavage of
Rorer Growp LAd, in the preparation of the Microbiolagy seetion wnd P
Atfred M Free of the Ames Co for the Urinalysis section,

Eryihrocyies and Hemoglobin-—Fhe erythrocytic sys-
tem is composed of the mature erythrocytes in peripheral
blood and their precursors in bone marrow.  The precursors
of erythracytes, as found in the erythropoietlic system {red
bone marrow), ave clagsified ag to the degree of nucleation
and characleristics of eyloplasmic constituents, The se-
quence of erythrocyte formation in bone marrow-—based on
the gradual denucleation of the cell, generation of the chro-
matin strueture and changes in nueleolar strueture and eylo-
plasmic eonstituents—--is as follows:

propormoblast ~+ basophific normoblnst -+ polychromatie normo-
blaat -+ orthochromatic sormoblast -+ polychromatophilic ervthrocyte
-+ grythroeyle,

The first four Lypes are nucleated and normally are seen
only in hone marrow. In normal erythrocyle formation
these immature bone-marrow cells are designated as nor-
moblastic or normoeytic. In pernicious anemia ond related
condilions they become abnormally large and arve designated
megaloblastic or megaloeytic. In iron-deficiency anemia,
these colls become abnormally small and are designated
microblastic or microcylic—ol the iron-deficiency Lype.

Table (-—Normal Hematological Values in Man'

Mormal
Mormal Rangu of
Valuo Valuas
Frythroeyles {cu nom X 109
Male 5.4 4.6-6.2
Female 1.8 4,258
Retieatoeytes (cu mm X 107) 50 10-100
Hemoglabin (g%)
Male 16.0 14.0-18.0
Female 14.0 12.0-16.0
Hematoerit (%)
Male 47.0 40,0540
Female 42.0 37.0-47.0
Menn eorpuscular volume (an) 87 82.92
Menn corpuscular hemoplabin (pg) 29 27--31
Mean eorpuscular hesmoglobin con-
conlration (%) kY| 3236
Mean corpuscular diametor (pm) 1.4 6.7-7.7
Leukocyles (cu mam X 109) 7.0 5.0-100
Leukocyte difforential (%)
Neutrophily 63 H--67
Fosinophils 1 1-3
Basaphils ] (-1
Lymphoeyles 30 2533
Monocytes b 3.7
Platelets (cu mm X 10%) 3.0 1.4-6.0
Erthrocyte sedimentation rate (Wintrohe),
{mm/hr)
Male 1 0-9
Female 10 0-20
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Normal blood contains 0.5 Lo 1.5% of civculating erythro-
cyles as reticulocytes. These cells contain a fine network of
bagophilic reticulum that is demonsirable on staining with a
vital dye such as brilliant cresyl blue. The namber of these
cells in the blood is a menswe of effective erythropoiesis.
High circulating-reticulocyte values are an indexs of erythro-
poietic nctivity and are found in the first few days of life,
after hemorrhage and after treatment of iron- or vitamin
Bo-deficioncy anemias,

The normal erythrocyte (normocyte) is a flexible, elastic,
hiconeave, enucleated structure with n mean dixneter of 7.3
wm and a thickness near 2.2 om, The chemical constituents
of the red Blood cell include water (63%), lipids {(0.5%), glu-
cose (0.8%), minerals (0.7%), nonhemoglobin protein {0.9%),
methemoglobin (0.5%) and hemoglobin (33.6%). The pri-
smary function of the erythroeyte is transport of oxygen and
carhon dioxide. 'Phe red cell membrane, a dynamic, semi-
permenble component of the cell, is associated with energy
metabolism in the maintenance of the permeability charnc-
Leristics of the cell to various cations (Na*, Kt} and anions
(C1-, HCOy™). The stroma of msoluble material which re-
mains after red-cell disruption (hemolysis) constitules 2 to
5% of the wet-cell weights it is primarily prolein (40 to 60%)
and lipid (10 to 12%). The membrane includes stromatin (a
fibrous or structural protein) and mucopolysnccharides as.
sociated with A, B and O blood-group substances, Thelipid
fractions include phosphatides (lecithin, cephalin), choles-
terol, cholesterol esters, neutral fats, cerebrosides and siakie
acid glyeoproteins.

Erythrocyles may be enumerated by either visual or elec-
tronic procedures. In the visual procedures, a measured
quantity of bood is diluted with a fluid which is isotenic
with blood and will prevent its coagulation. The diluted
blood is then placed in a counting chamber (hemocytome-
ter), and the number of ¢ells in a circumscribed avea is
enumerated microscopically,  Hayem’s solution (sodium
sulfate, 2.6 g sodium chloride, 0.25 g mereuric chloride, 0.25
x; distilled water, 100 mL), Teison’s fluid (sodium sulfate, 8
g sodium chioride, 1 g methyl violet, 8.025 g; glycerin, 30
ml. distilled water, 180 mL) or 0.8% sodium chloride are
used as diluting fluids. The overall error of this method iy
aboul 8%.

A greator degree of sceuracy and reproducibility can be
achieved by erythrocyte enumeration in an electronic count-
ing apparatug; eg, Couller Counter or Ortho cell counters,
Phe Coulter method {Fig 28-1) determines the number and
size of particles suspended in an electrically conductive lig-

Interant
Elactrodo

Aparplure
Bath

Extornal
Floctrody

/ Diliront
S

I{lg 28-1.  Couiter-counting cells by electronic Impedance
(cowrtesy Coulter Elecironics).

Aparidara

uid. The blood cells traverse a amali aperture and displace
their own volume in the diluent as to produce a change in
resistance between the electrodes; the magnitude of the volt-
age pulse is proportional to cell volume, and the resultant
pulses are then smplified, sealed and automatically counted.

In the Ortho EL'T-8 technique (Fig 28-2), the principles of
taser flow cytometry are used to count cells, Hydrodynamic
foeusing and laminar flow are combined in the system to
count a iarge number of individusl cells. Light focused by a
holium-neon laser is scattered by the cells as they pass
thraugh the flow channel, The scattered light is monitored
by a photoelactric sensor and transfers the electrical pulses
which are processed by the systems circuitry. In addition to
increased counting speed, the overall error of the electronic
procedures is reduced Lo about 1%.

The hematocrit value is also a measure of the erythrocyle
portion of blood. A sample of blood containing an anlicong-
ulant is placed in a graduated hematocrit eapillary tube,
centrifuged and the volume ratio of packed red cells to total
blood volume (hematocrit value) determined, The centri-
fuged sample appenrs as a red layer of packed erythrocytes
aver which is found an off-white laver of packed leukocytes
and platelets, and a supernatant plasma phase. 'Fhe hema-
toerit vaiue is an index of bath the number and size of the red
cells,

Hemaoglobin, a conjugnted hemoprotein with an approxi-
mate molecular weight of 67,000, containg basic proteing, the
globing and ferraprotoporphyrin {heme). Tt is essentially a
tetramer, consisting of four peptide chains, to each of which
is bound a heme group. Heme, which constitutes about 4%
of the weight of the molecuie, consists of a divalent iron atom
in the center of a pyrrole-porphyrin structure.  Four distinel
polypeptide chains (x, 8, v, §) can he incorporated into
hemogiobin, Normal adull hemoglobin is HbA = g Bt,
Fetal hemoglobin conlaing 2o and 2y chaing and is designat-
ed HbF = apdy,l.

Differences in the structural sequences of amine acids in
the peptide portion of the hemoglobin moelecules are con-
trolled genetically and are responsible o different types of
hemaoglohin, Based on ihe characteristic mobility of the
hemaoglobin, in an electric feld {eleclrophoresis} on slarch,
paper, cellulose ncelate, agar or scrylamide gel media, many
hemoglobin types have been recognized (see Chapter 28),
Only types 12, 2 and Aj-A4 are considered normal.  Sickle-
cell anemia and S-thalassemia are hemolylic anemias associ-
ated with abnormal hemoglobins {ie, Type S in sickle-cell
anemin and abnormal production of the § chain in 8-thalos-

Blgnal Cutput
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Flg 208-2. Ortho ELT-8-Mothod of scattored light detection and hydrody-
namic focusing for coll counting (courtesy, Clinical Instrument Systems,
Qct 1980).
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semiak Ly homozygous HbS divease sickling of the red celly
i due (o the low solability of e abnormal hemoglobinin ity
reduced state, with the production of semicrystalline hodies
{tncloids), which distort and elongate the celis, To the sick-
je-cell trait (heterozygous), the Mood smear shows no siekle
cells. In the homozygous condition, HbS accounts For nears
Iy all of the hemoglobin with smnll nmounts of HHF. 1n the
heterozygous condition, HbS constitutes 50% or less of the
hentoylobin, with the balance as HDbA,

Phe detection of sickle-cell disease is performed by micro.
scopic observalion of the induction of red-cefl sickling in the
presence of o reducing agent. such as sodivin metabisuifite oy
by gquantitative determination of urea-dispersible turbidity
induced hy dithimsite following reduction of HbS (o deoxy-
HLS in BB lysales, The microscopic procedure will detect
anly homuozygoles, wherens HBAS and HBS and its structur.
al variant HBC-Harlem both are detected in the urea-dith-
ionite technique. Commercial gualitative test kits are avail-
able Tor detecting sickle-cefl Lrait and anemia by solubility
determinations,  All hemoplobins positive to the dithionise
test must be elecirophorized (cellulose acetate, cibrale agar
or starch pel) to differentiate HbS from ThC and thalasse-
mia traits, Dreops causing homolysis in glucose B-phosphate
dehydrogenase (GE1P1) deficiency include sulfones, nitrofu-
rang, chloroguing, dimereaprol, nalidixie acid and probene-
wid,

The hemoglobin concentration is measured spectrophoto-
melrically after bysis of whole Blood and conversion of hemo-
globin to hematin, oxyhemoplobin or cyanmethemoglobin,
The addition of a strong base (NaOH) to pit 10 converts
oxyhemaoglobin, carboxyhemoglobin and methemoglobin o
hematin, which can he estimated photometrically. Woeaker
bases (Nr2C0y or NHLOH)Y canvert hemoglobin 10 oxyhema-
globin for analysis,

Total hemopgiobin is measured also by conversion Lo eyan
methemoyglobin using alkaling sodium eyanide-potassium
ferricyanide reagent. Hemaoglobin standards certified by
ihe Clinical Standards Committee of the College of Ameori-
can Pathologists ave used in these procedures, and all results
are expressed as g hemoglobin per 100 ml. blood.”

In the normat state, the oxygen consumplion of the RBC iy
low and it is involved in the conversion of hemoglobin to
oxidized (Fett) methemoglobin (HbM) which cannot bind
oxygen. The normal balance of HBM (<0.5%) is maintained
by two enzyme systems - NADH and NADPH methemoglo-
bin reductases. Aninherited deficiency of the RBC envyme,
GOPR. This will decrease the rate of reduction of glusuthi-
one and wethemoglobin, make the cell more vainerable Lo
oxidative atlack and result in susceplibibity to drug-indueed
ar immune-medisted ponspherocylic hemolylic anemia,
GEPD deficiency is found predominantly in Mediterranean
peoples, Southeast Asians, Africans and American negroes,
The enzyme can be quantilaled spectrometrically or by
{lusronephelometry by measuring the rate of reduction of
micotinamide adenine dinucleotide phosphate (NADP) in
the presence of GEPD. Presumptive screening lests based
on reduced glutathione (GSH) comtent of hleod hefore and
after incuhation with acetylphenylhydrazine akso are used.

Brythroeyte count, hemapkobin content and hemataerit
value are vsed to determine various Bood indiges in the
digpnosts and trealment of anemia,  These measurements
are:

Maown corpuscedar volems {MCV (¥ =
o Memadoerit (%) X 10
EryUseoeyle count. (nsillions/es mm)

Mean corplscutur emoptobin MCH {pe)) =
Hemopluhin (/100 ml) X 18
rvehrocyte count (uillions/eu mm)

MYLAN INST. EXHIBIT 1013 PAGE 111

CLINIGAL ANALYSIS 197

Mean corpuscidar hemoglobin concontratiun [IMCHC G} =
Homaglobin (/100 ml) %
Hemaloerit (%)

An additional parameter used Lo characlerize red-cell varia-
tion is the red-cell distribution width {R1DW) delermined on
the Coulter 8-Plus 11, 'The RDW is caleulnted directly by
the standnrd deviption and coefficient of varintion from a
red-cell histogram on the 8-Plus 1 The difference in celd
size may be used Lo monitor palienis with pernicious or
Lemorrhagic anemia,

Anemias are elassified as 1o red-cell volume and hemoglo-
hin cancentralion, Maeroeytic {large cell: MOV > 94),
pormoeylic (normal cell; MOV, 82 to 92), or micracytie
(small celiz MOV < 80) are the clagsifications according to
coll volume, Collular hemaoglobin conceniration categorizoes
the cells as to hyperchronde (MCHC 2 38), normochroniie
(MCHC = 32 to 36}, or hypochromic (MCHC < 30). LBxam-
ples of aneming:

i Hypochromic Microcytic—cerythiroid normoblastic anenia

in hone marrow

A, Iran Deficiency —bow hemoglobiu (Hbg) and RBC, low
seruim jron, kigh total iren hinding enpacity, alsent hemo-
siderin.
1. Helesy-—-low iron intake
2. Intestinal problems-deeressed iron absorption
2. Pregnancy, isfants—incressed froen reguirements
4, Iron logs-due to chranie hemorrhage, parasitic infec.

tioas, Gl et lesions, excess menstrual Meeding,

3. Hereditary Sidevoblastic. - defeel in the heme synthesis,
an inability Lo ulilize ingested iron.

. Thalassemis—pgeneiic almormality which produces nor-
mid Lo increased Fgh and/or HbygA,.

i3I, Normochromic Normoeytic

A, Hemolyticineressed destruction of erythreeyles,
Lo Awtoimmune hamoelylic
2, Cold agglutinin hemolytic
3. Mechanieal destroction of RI3Cs
4. Paroxysmal Noclursal bemoglolinuria
6. Lymphomas and Hodgkin's discase
6. Inlections

13, Hemoglabipopathies-—abnormalitios in sbrucivre of al-
pha or beln chaing of hemoplobin molecule; normeblastic
erythroidhyperplasis in hone marrow.
1. Sieke-cell
2. Hemobysis
3. Hemoglobin C:C

. Acute Hemorrhage

12, Other
1 Aplastic Anemia, Leokemia, Malignancy
2. Renal failure snd drug-related anemiss esusoed by

chtoramphenicol and antineoplastic drugs,

[H., Nomaochromic Macroeylic. -duae 1o deficiency of vilamin 13);
ur folaie; Done marrow is hypereeiulne with increased ery-
theold procursors,

1, PPernicious

2. Sideroblastic

3. Sprue —total iron-binding capaeily is decreased; he-
masidoerin ig incrensed s the bone marvow,

4, Pregnancy

Determinations of the suspension stability of whole hleod
and eryvihrocyle fragiliey are useful adjunets in the diagnosis
of varicus disenses,

Phe ervthrocyte sedimentalion rute (ESR) is an extimate of the sus-
pension stability of ved bloud eeths iv plagimg; i is relgled $o the nunber
and size of the red cells and Lo the relative concentration of plasma
prodeins, especiatly fibrinogen and the v and @ globuling, This et is
perfornied by determining the rate of sedimentation of blesd cells it a
standard tube, Normal blood B3R {50 to 15 mem/hour,  Increases areun
indication of active but ohscure disvase processes such as tuberetlosis
anil ankylosing spondylitis.  ESIUis alfected by anemin and does nut
respond Iinearly with changes in asymmet rieal macromoleeules sucl as
fibrinogon o (Aobins.

The zeta sedimentotion ratfa (S 1) teehnigue evercomos these dispd-
vanlages, J0is based on g measure of Uie cuseness with which RO wilf

T
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approach each oiher after standardizod eyeles of disporsion and compag-
Lign,

The ervthroeyte fragitity Lest 1s based on resistanee of cells to hemoly-
sis i deereasing concentrations of bypelonie saline.

Inerenssed osmotie (ragilily of the red cells is associeied will various
typues of spheroeyiosis md geguired hemolylic anemnia; inerensed rovis-
tunee has been observed in thalassemin, sielde-cell anemia and hypo-
chromie anemin, The tosl enn he performed manmlly by colurimetric
estimation of hemaoglobin released by hypotonic eell rupture or automat-
jeally in an instrument which conlinually recards the increase in light
trivnsmittoier thraugh o suspension of red colls in o continwously de-
erensing sutt grndient duving distyais,

Leukoeytes—Mature lewkoeyies {(white blood cells,
WBC) in peripheral bload and their precursors in hone and
tymphoid tissue comprise the leukoevtic system.  Various
types of leukoeyles are Found in normal blood,  Differentia-
tion of the lymphoeytic, monocytic and pranulocytic leuko-
eyte types is based on cell size, color, chromalin siructure
and cytoplasm constituents.

The primary function of leukoeyies is the development of
the various defensive and reparative processes in infamina-
tory and Immune-response mechanisms,  ‘Phe migration of
leukocytes to the site of inflammation is associated with the
release or activalion of various hiechemieal substances (5
hydraxytryplamine, histamine, eomplement, immunaglobu.
lins, prostaglanding, lysosomal enzymes). The tssue histio-
cyte or monoeyle {(macrophage) also can engull and destroy
foreign particles by the process of endocytosis and certain
leukoeyle types by phagocytosis.

The chemiceal composition of the leukoeyte includes water
(82%3, nucleoprotein, phospholipids and trace minerals,
Enzyme content, glvcogen and histamine levels vary in the
different types of white cells, Deficiency in enzymes assoc-
ated with glycolytic metabolism (hexokinase) and ingreases
in phosphomonoester hydrolases {alkaline phosphatose}
have been observed in leukoeyles of certain leukemia pa-
Lients.

The precursors of granulacytic leukoeyles are found in
bone marrow and arve ciassified according to the degree of
eyloplasmic granulation, dye-affinity of the granules and
shape of the nueleus (Schitling, Arneth or Cooke-Ponder
Classification). As undifferentiated cells (myelablasts) ma-
fure

pramyeleeyle v myelocyte -+ melamyelacyle - band leskocyte

segmented lewlkooyte

metachromatic granules appenr in the cytoplasm {granuto.
eytes). All segmenied leukocyles are motite, a requirement
for participation in the inflammatory or phagoeytic process-
5,

In the mature busophilic and evsinophilic lewhoeytes,
these granules develop an affinity for a basic or acidic dye,
respactively; those cells containing granules which do not
stain are called newtraphils,  1n peripheral Bload, the ma-
Lure pranulocyiic cells are designated polymorphonuclear
lewhoeyies—neulrophilic, eosinaphilic or basophilic.

The other types of white cells normaily observed in pe-
ripheral blood have no granules and are classified as 1o size
and shape into the monoeyle and fymphocyle, which are
formed in lympbaid tissue, The small lymphocyte is thy-
mie-derived and is feund in the crenlation and germinal
centers of lymphokd Lissue. 'The origin of the large lympho-
cyte i4 a goi-nasovialed lymphoid stem coll which can further
differentiate into the immunoglobulin-producing plasma-
eyte. The mteraction of thymic (1) and bone-marrow (1)
fymphoeytes is the basis for the development and mainie.
nance of humaral and cellular immune mechanisma.

Leukocyles are enumeraled by proceduares similar to those
used for erythraeytes. In the visual procedures the blood is
diluted with a fluid {3% v/v acetic acid) which lyses the red
cells, and the total leukocyte count i determined microscop-
ically. Rosipophils also may be analyzed differentially with
# diluting Muid which renders the red cells nonrefractile and

invisible, and lyses (he base-labile leukooytes, leaving the
hase-atable cosinophils intact, A suitable diluting fluid lor
this purpose is Pilet’s FPhuid (propylene glyeol, b0 mL; dis-
tilled water, 40 ml; 1% phloxing, 10 mly; 10% sodium
carbongle, 1 ml, and heparin sodium, 100 units). ectron-
ig-counting procedures are similar to those used lor erylhro-
cybes with the added advantages of speed, sceuracy and
reproducibility,

The normal adult leultoeyte value is 5000 to 10,000 cells/on
wm. Values greater than 10,000 (leakocylosis) are encoun-
teret in the newborn infant, young children, afler violent
exercise, convulsive seizures of epilepsy, leukemin and can-
cer, Values of less than 5000 (lerkopenia) ave observed in
certain microbial infections (eg, typhoid fever, measles, mao-
lnria, overwhelming septicemia), ciirhosis of the liver, perni-
cious anemig, radintion injury and replacement of marrow
by malignant tissue.

A differential count of the lewkoeytes provides informa-
tion a8 Lo the relative numbers of cach type. A thin film of
blood is prepared on o microscape slide slained with a poly-
chromatic preparation such as the Leishman, Wright or
Giemsa stain, and analyzed microscopically.  Wright's stain
containg polychromed methylene biue and eosin dyes; the
erythrocyles are stained pink; the nuclei of the Jenkaocytes,
purptish-bhue; neutrophilic granules, violel-pink; cosing
philic pramales, red; basophilic granules, blue; and platelets,
blue.

The recent introduction of awtemaied sysiems for differ-
ential white-cell counts significantly reduce the errors inher-
ont with the subjective nature o the visual counting proce-
dure. Differentiation of the various cell types can be made
on ihe basis of cytochemistry and staining properties of
enzymes specific for o single cell type. 'The granules of
neulrophils and eosinephils are stained by action of their
peroxidases on 4-chioro-T-naphtho to form a colored qui-
none in the presence of a peroxide and further differentiated
by the optimum pI for peroxidase activity belween these
two coll types. The monoeytic lipase is used as a specific
markor by the reaction of bagic fuchsin with e-naphthol
Hberated by lipase on a-naphthylbutyrate substrate. The
tymphoeytes are not stained in this procedure but are mea-
sured by electronic sizing.

Auwtomated differential WBC counts also bhave been ob-
tained in systems which count large populations of cells by
simultancous measurement. of two oplical properties (axint
tHight loss and/or narrow-angle scatier and/oer multiple-wave-
fength fluorescence). Laser light also is used to differentiate
cell sine, granularity and volume of cella. 'The colkeeted light
measived by forward versus right-angle scaller is converted
ta a histogram giving the percent of lymphocytes, monocyles
and granuloeytes.  Another system involves computer pro-
cessing of two-dimensional images of the various call types
using an nutomatic scanning microgeope.

Palymorphonuclear newtrophilic leukocytes (neutro-
phils, “potys”) normally comprise 62% (60 to 67%) of the
total leukocyle count. These cells are irregular in shape (10
to 15 pm in dimseter) and usually contain a multilobated
nucleus with fine, lightly stained cytoplasmic granules. An
immature or juvenile form of neutrophil, with a hand-
shaped nonsegmented mucleus constitiutes 3 1o 5% of periph-
ernl hlood leukocytes, Increases in the relative perceniage
of these cells (neutrophilia} is observed in acute microbial
infections {gg, meningitis, smailpox, poliomyelitis), meta-
holic disorders {dinhetic acidosis, goul), drug inloxication
{digitalis, epinephrine), vaccination, coronary thrombosis
and malignant neoplasms.”

Polymorphonuclear eosinophilic leukocytes (eogino-
phils) normally comprise about 1 o 3% of total eireulating
white-bload cells, In appearaunce they are similar to the
nentrophil with the exception of large, red-stained eytoplas-
mic granwles,  Fosinophilin has been observed in cerlain
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skin diseases (psorinss, ecuema), parasitic infestations (pork
round wornt-—{richinosis), cerlain hypersensitivity reac-
fions, senrlet fever and pernicious anemia, Charceot-Leyden
erystals, which are found in bronehial secretions from asth-
maties, are derived from nucleoprotein-disinlegration prod-
ucts of eosinophils.

Polymorphaneclear basophilic leuhooytes (basophils)
possess large eytoplasmic granules which stain a deep hlue,
These cells, which are primarily sources of blood hepazin
and histamine, constitute loss than 1.0% of the leukocytes.
Basophilic Jeukoeytosis is seen in chronic myeloeytic Jeuke-
mia, hemolytic memin and Hodghin's disesse. Basophitic
leukopenin ocours following radintion or therapy with glueo-
corticoids.

Lymphocyles hove a cell diameter from 7 (0 10 pm (small)
1o 10 to 18 qn (large). They have a round, or slightly
indented, deeply stained nucleus mad normally comprise 26
Lo 38% of the leukocytes. Lymphocylosis is seen in infec-
tious mononucleosis, lymphoeytic leukemia, rickets and in
most eonditions associnted with neutrophilic leukopenia
{(neutropenia),

Monocytes constitute 3 (o 7% of the leukocytes. They are
larger {12 10 20 jun) than the other jeukocytes and possess an
abandant, pale, bluish-violet-stained cytoplasm with a fine,
reticulated chromatin stracture in the nucleus, The mono-
cyles (macrophages) phagoeytize bacteria, parasitic proto-
o, foreign particles and even erythrocytes, Monoeytosis is
seen in certain microbial infections {tubgerculosis, typhus,
malaria), Hodglin’s discase and monoeytic leukemia,

Drug Uherapy frequently causes neutrophil dysfunction
which can he characterized by a decrensed number of mature
neutrophils or a defect in cellular fanction resulling in the
inahility of the body to defend itself against infection.
Drugs such as nitrogen mustard and chloramphenicol de-
gonerale bone-marrow stem cells, and DINA synthesis is im-
paired by antimetabolites such as methotrexate and Juro:
uracil. Depolymerization of DNA is caused by procarbayine
and alkylating agents. Mitosis is inhibited by colchicine
and vinea alkaloids. The following cutline lists drugs which
chuse gronulocyiopenis.?

Nonchemoiherapeutic Phenothissines

rifaomyin chiorpromasine

fistocetin mepase

bienzene melholrimeprasing

nitrous oxide prochlorporazine

elhanol thoridizine
Anlithyroid Antihiotics

carhimazole elhitosmphenicol

methimazole carhenicillin
thiouracil griscalulvin
Diurelics wsoniazid

acetazolamide novobiocin

chlorthalidone Cardiovaseular

chlorothiazide dinzoxide

ethnerynic neid procainamide

hydroehlorothiazide methyl dapa

mereurials quinidine
Aniihistainines propranviol

othylenedigmine

thenalidine

metaphenylene

pyribenzamine

As qualitative and quantilative changes in leukocyles in
peripheral blood and thebr precuraers in bone warrow aud
lymphntic tissue are pssociated with the various types of
lewkemia, this disense has been classified on the basis of the
predominating type of leukoeyte, ie, myelocytic (granuloeyt-
ie), lymphoeytic, monoeylic or plasmacytic, Leukemia may
he gither acute or chronic and invelve the replacement of
bone-marrow elements by malignant cells, infiltration of the
reliculoondothelial system, anemin, thrombocytlopenia and
hemorrhage. Leukemia usually is sssociated with an elevat-
ed WI3C count and increase in the specific cell and its pre-
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cursors in peripheral bloed, but in certain instances there is
an aleukemie blaod picture with no evidence of Jeukoeytosis.
Leukoeytes in acute leukemia are more immature (*“Dlast”-
type cells) than these encountered in the ¢hronic type.

It many disenses of the hemaiopoielic syslam, il is neces-
sary to examing the one marrow to determine the rates of
formation, maturation and release of bload cells into the
peripheral eireulation.  Using a puncture hiopsy needie,
samples of bare marrow may he obtained from the sternum,
iline crost or proximal end of the Whia. Smears of marrow
then are prepared, stained (Wright's stain or specialized
histopathologien! pracedure) and examined microscopically.
Phe ratio of myeloid leukoeyle (o nucteated red cells in hone
marrow, the presence of abnormal (nonmyeloid) cells, the
number of platelel precursors (megakeryocyles), the sipgns
of cell-maturation arrest and the presence of foeal lesions are
important factors in the diagnosis of various disense stales.

Systermic lupts erythematosus (SLE) is a discase charac.
terized by numerous clinical and pathological manifesta-
tiong associated with various organs,  Although the disease
chiefly affects the lymphatic system, the cardiae, renal and
articular systems alse are involved, The dingnosis of this
disease is based on the presence of an SLE-cell fuctor in the
pamma-globulin fraction of bleod in the diseased siate,
This factor dissolves the nuclei of leukoceytes by depolymeri-
zation of deoxyribonucleie acid to ferm the SLE-body, Tf
serum from patients with S is incubated with while cells,
the “polys” will engull the liberated SLIE-body and form the
ypical SLE-cel) with a charactexistic progressive loss of
nuelear detail.  Drugs which cause SLE and produce a posi-
tive SLI-prep include hydralazine, procainamide, isoniazid
and phenytoin.

Theso antihodies Lo nucieoprotein alsoe can be detected by
immunological techniques.  In the double-aniibody Lech-
nigue, the test serum containing antibodies to nuclear pro-
tein is incubated with a rat kidney siice (antiyen). The
second antibody is a fluorescein-labeled goal antibuman ini-
munoglebulin (IgG) whieh eommbines with the human bpG
bound Lo the antigen site in a positive test. 'The Huores-
cenee i eatimated by Dmmunomicroscopy, Normal light-
rmicroscopy can be used H the goat-antihumin 1 is labeded
with peroxidase,

Thrombocyles—The primary functions of thromboeytes
(blosd plateleta) are the maintenanee of hemaostasis (srrest
of blood Fow from a vessel) and blood coagubation (clot
formation). Platelels nre oval 1o spherical in shape and
have a mesn diameter of 2 to 4 pm, Phey originale from an
immature el (megakaryoeyle) in bone marrow and ranges
of 140,000 to 450,000/cu mm have heen veporled in normal
bloud.

Adhesiveness, aggregation and agglutination are the prin-
cipal physieal properties of platelets responsible for hemo-
atasis and coagulation reactions.  Chemically, they contain
protein (60%), lipid (16%) and carbohydrate (8.5%), Their
content of serotonin, epinephring and norepinephrine aids
in promoting conslriclion al the site of injury. "The release
of “platelet thromboplastin,™ o eephalin-type phosphntide,
and ADP are important in blood congulation.

As of the present lime, thore is no satisfactory manual
mothod for aceurate enumeration of blood plateiets, The
size and physical propertios of the platelet seriously detey
the development of accurate and reproducible methodology.
Indiroet methods of analysis are hased on the proportion of
platelets to erythrocytes in & stained blood smear. Blood
samples obtained directly from the fingerlip puneture are
diluted with an anticoagulant fhuid which simultaneously
will stain the plateiets. The ratio of platelets o red cells
then is determined microscopicaily and the numbor ealeu-
lated from the predetermined red.-cell count (nprmal 3 to B
platelets/100 RBC), In the direct procedures, a sample of
hload is obtained by venipuncture, placed in a siliconized
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tube, diluted mnd subsequently analyzed by counting the
platelets in a microseopie counting chamber using conven-
tional or phase-microscopy appavatus. Suitable diluting
fluids are the Rees-Beler Fluid (sodinm citrate, 3.8 g form-
aldebyde, 0.22 ml; brilliant eresyl blue, 0,05 g; water, s 100
mlL) or Brecker Fluid (1% ammonium oxalate), Automated
procedures for plateled counting have increased the accuracy
to 4:5 1o 10%. Blood is collected in a speciat anticoagulant,
diluted and centrifuged al specified specds o oblain a
“platelet-rich” supornatant flaid, which then is counted in
an automated counting apparaius similar to these used for
RBC counting.

Methods for counting plutelets in whole blood include
electronic impedence instruments and laser-optical
counters using hydrodynamic focusing.® ‘These new hema-
tology multiparnmeter analyzers provide greater accuracy,
precision and increased rate of analysis performed on s smndl
volume of bloed. 'The antomated instruments provide pre-
cise platelol measurements for monitoring chemotherapy-
induced thrombocytopenia and transfusion therapy.

Persistent increases in platelet count (thrombocythemia
or piastrenemia) have been observed in chronic myelocytic
leukemia, polyeythemia, megakaryoeytic hyperplasia anc
splenic alraphy,  Acule or temporary increases in jatelet,
values (Lhrombocytosisy are seen in trauma and asphyxia-
tion.

Thrombocytopenia or a decrease in plaleleds to values fess
than 60,000/cu mm oceurs 1 various purpuras or hemor-
rhagic states (idiopathie or symptomatic thrombocytopenic
purpura). Inherited platelet defects include Glanzmann's
thrombasthenia which is churacterized by prolonged bleed-
ing time and poor clot retraction, while Bernard-Soulier
Syndrome and Von Willebrand’s disease demonsirates de-
feetive platelet adhesiveness, Defects in the release reac-
tion includes “Storage Pool Deficlency’ and “Aspirin-like”
syndrome.

A rare, inherited, stractural and lunclional platelet abpor-
malily is the grey-platelel syndrome charaeterized by large
platelels lacking alpha granules and appearing grey on
Wrighl's-stained peripheral blood smears. Patieats have a
history of bleeding, peteching, easy bruising and expistaxis,
Biagnosis is confirmed by radiohmmunogssay procedures to
detect levels of platelet-specific alpha-granule proteins,

Leukemia, exiensive burns, splenic disorders and agents
such as quinidine, sultonamides, hydrochiorothiazide, di-
uretics, anliepileptics and vewropbannacological agents
have beer implicated in the etiolopy of symptomatic throm-
bocytopenia. Decreases in platelet count nlso are accompa-
nied by morphelogical changes in the size, shape and eyto-
plasmic granulation of these cells and changes in adhesive-
ness and normal fuaction in hemostasis and coagulation.

Studies on platelel aggregation have been of significant
vatlue in the study of platelet abnormalities and their role in
discase states. The rate and extent of the aggregation and
clolding response to adrenaline, ADP, collagen and thrombin
have been measured by observing changes in opticad density
of platelet-rich plasma on ndding of these agents or other
test substances. Low amounts of ADP give reversilile aggre-
pation, while a hiphasic-aggregation pattern ocours witls in-
termediale concentrations of ADP or with epinephrine.
The second phase is the release of the platelets’ endogenous
ADP. High concentrations of AIVP resull in an irreversible
aggregation,  Aspirin acls as an inhibitor of the intrinsic-
platelet ADP and the collagen reaclion.

Reticuloeytes—In normal peripheral blood (.5 to 1.5% of

the erythrocyles possess a fine reticulum in the cytoplagm.
in blood smears prepared with Wright's, Giemsa and olher
Romanowsky methods, basophilic stippling of the erythro-
eytes oceurs in lead poisoning (phembism). This is not. to be
confused with the basophilic staining of the reticuloeyie

which only can be seen when cells are slained hy supravital
procedures (mixtare of dyes with wel blond prior Lo prepat-
ing of an air-dried blood smear), The ohserved granular
filaments or reticulum of this immalure erythroeyie are o
result of endoplasmic congulation by lipophilic dyes used in
the supravitel procedures.  Retiewlocytes are enumerated
by supravital staining of fresh blood with an anticoagulant.
dye golution,
The usual method of expresgion is

No of reti

% Retica = es/1000 RRC (1)

1

‘The “corrected™ reticulocyte count is cateulated for a more
meaningful elinieal approach in the degree of anemia by
expressing the percentage of reticalocytes per mm’® of whole
blood,

Corrected Reticulocyle y {Patient’s hematocrit)

retientocyte « N ) "
count count (Normal hematoerit)

Tty indirect counting methods a thin fitm of the bleed-dye
mixture is prepared on o microscope siide, counterstained
with Wright’s stain and the reticulocytes enumerated in
propartion to a predetermined erythrocyle count. In direct,
procedures, reticulocytes are enumerated in wel {ilms with-
ol counterstaining.  Suitable dyes ave brilhant eresyl blue,
methylene blue nnd Janus green,  These methods are sub-
ject Lo u high counting ervor,

An increase in the number of reticuloeytes is an index of
aceelerated hematopoiesis and is observed in acute hemor-
rhage or adeguate therapeutic manngemont of iron-deficien-
ey or pernicious anemia.  In cases of chronic blood loss or
hane-marrow depression a decrease in reficuloeytes is seen,

Blood-Velome and Exythropoietic Mechanisms—The
mean red-cell mass in normal males is 2095 4 384 ml. (30
ml/kg), the average plasma volume is 2766 3 459 mL {40
mL/kg) and the total blood volume is 4861 & 785 ml. (70
ml/kg). The specific determination of red-cell mass is esti-
mated aceurately by tagging erythroeytes with *1Cr in vitro
or ®e in oo, These isolopes are incorporated into the -
polypeptide (Cr) or porphyrin (Fe) of hemoglobin in the
RBC and subsequent isotope dilution in blood after injec
tion of tagged erythrocyles is used for caleulation of red-cel]
mass.  In hemaolylic anemia there is also a decrease in the
normal lile span (108 to 120 days) of the erythrocyle as
indieated by a decreased sarvival time of Cr-tagged red
cells in blood {refer Lo Chapter 33).

Plasma volume is estimated by measurement of hemodi-
[ution of FV-injected 7 or "1 human serum athwmin, The
activity of labeled albumin steadily deerenses after injection
due 1o the loss of albumin to the extravascular space.  Fsti-
mates of zero-time radioactivily lovels can be made by ex-
trapelation of a typical lirst-order blood-level decay curve.
Dyes (FEvans Blae) and other isotopes ave less satisfactory
for aceurate assessment of plagma volume, The tolal blood
volume is equal to the red-cell mass and plasma volume,

Chronic pxpansion of the red-cell mass is seen in primary
and secondary polyeythemia associated with erythrocytosis
due to hypoxia, tumors and renal disense, In these condi-
tions, there is an increased hemoglobin and hematoerit and
shsolute increase i red-cell mass,  In relative polyeythermia
the high hematoerit is due to contraction of the plasma
volume, Chronde expansion of the blood volume, with o
resultant decrease in hematoerit value and, in some cases,
“hemodilulion” anemia, is scen in cardiae failure, normal
pregnancy, hepatic cirrhosis, splevomegaly and arteriove-
nous fistula,

The metabolic delect in pernicious anemia, characterized
by inadeguate gastrointestinal absorption of vitamin 13,y is
diggnosed readily by monitoring urinary radioactivity fol-
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lowing oral administration of eyanocobalamin-*"Co with and
without intrinsic factor. ‘The percent recovery of the iso-
{ope in normal patients is 3 to 25% and in pernicious anemia
0 to 2.5%.

81Cr-tagged crythrocytes also are used in studying the
effects of various compounds, such as the nonsteroidal anti-
inflammatory drugs, on gastrointestinal (1) bleeding,
The patient’s blood ceils are lagged with M Cr and the agent
under Lest is administered. 1f GI bleeding occurs, there is an
increase in B1Cr content of fecal samples as a result of blood
loss into the lumen of the Gl tract.

Mensurement of the absorption of radicactive iron ("¢},
its tissue distribution (liver, spleen, precordium, sacral bone
marrow)}, plasma elimination and urinary excretion estab-
lish various ferrokinetic parameters. Iron iy absorbed to
the greateat extent as the ferrous salt in the upper small
intestine. Absorption is decreased in iron overload, eryvih-
ropoiesis and various malignant, inflammatory or infectious
diseases. Iron is tranaporied in plasma bound to transfer-
rin, a specific iron-binding protein. Alterations in plasmna
iron and iron-binding capacily arve seen in pregnancy, thalas-
semia major and iron deliciency (hypochromic) anemia,
Trom is stored in the liver, bone marrow, skeletal muscle and
spleen as ferritin and hemesiderin, The daily turnover of
iron is about 35 my, primarily from an “erythropoietic labile
pool” in bone marrow.

Hemosiderosts s simply an increase in iron slorage,
whereas hemochromatosts denoles inereased iren starage
with associated tissue damage. Both of these states can
resull from oral or parenteral medicinal/transfusion iron
overload. Yronexcretion is limited and oceurs by desquama-
tion of iron-containing cells froimn Lhe bowed, skin and urinary
tract.

Iron-deficiency anemia is a symptom and nol a disease.
Treatment is based on evaluation of ferrokinetic parame-
ters, correction of hemoglobin and tissue-iron deficiency and
recognition of the underlying cause (eg, chronic blood loss),

Blood Ceagulation—Hemostasis, the arvest of blood
flow from a vessel, is rogulated by extravascular (muscle,
skin and subcutancous tissue), vascular (blood vessels) and
intravascular {platelet-adhesion, clot-retraction and blood-
coagulation) mechanisms. The following discussion will be
Hmited to those processes related to the blood-coagulation
mechanism. When blood is allowed Lo clot, the free-flowing
liguid is converted into a firm cell clot surrounded hy serum.
If an anticoagulant is added to blood, coagulation does not
oeeur and the blood cells are suspended in a liguid phase
—plasma. The clotting mechanism involves three stages:
the formation of plasma thromboplasiin, the conversion of
prothrombin to thrombin and the conversion of fibrinogen
to fibrin,

The Internstional Commitles on Nomenclature of Blood
Clotting Factors has numerically designated the bload-cong-
ulation factors (Table II). Fibrinogen and Factors V and
VIII are absent in normal blood serum as a result of the
clotting process. ‘The absorption characteristics of certain
blood-coagulation {actors on calcium phosphate or barium
gulfate are uaed in the differential analysis of spocific fac-
tors. The interaction of coagulation factors may he initiated
through either the intrinsic or extringie pathways. In Lhe
intrinsicsystem all the factors are present in the blood, while
the extringic system is setivated by the release of tissue
thromboplaslin,  Figure 28-3 shows the activilios of hoth
pathways to form a stabilized fibrin elot.

In Stage 1 of the coagulntion process, the contaet of injured tissue with
Blood reruits in the activation of Factor XT1, which veacts with caleium,
PTA, PTC, ARG and Factors 11 V and X 1o yield intyinsic or blood
thrambeplastin,  T'his stage normally is completed in 8 1o b min, Bx-
trinsic of tissue thremboplastin is formed rapidly {12 see) in various
tigsues i the body auch as lung and brain in the prasence of caleium and
Foactors V, Vil and X.
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Table I—Blood-Coagulation Factors

Factar Synanym

1  Iibrinogen
I Prothrombin
1IF Thromboplastin (tissue}
IV Calcium
V  Labile lactor, proaceckering, Ac globulin
VI Accelerin
VII  Stahle factar, proconvertin, serum prothromlin
conversion accelerator (SPCA)
VIII  Antibemophilic globulin (AHG)
IX  Christmes factor, plasma thromboplastin component.
{(PTC)
X Stuart-Prower faetor
X1 Plasma thromboplastin antecedent (P'IA)
X1I  Hageman {actor
XIT  Fibrin-stabilizing factor ('51)

Lntrinsic
x1i
>l
j co
% Extringie
l L Tissua Thromboplnstin)
Vit
(vie € Ca™ + PL*} cn®
l ) 7

X = (V + PL 4+ Ca?h

|

[Frathromiztn) (1 —* Thrombin

Fibrinogon —& f-tbrin

Thromlin
HEf] o Xy =

Cﬁ'M—

Stbilzed Fibrin Ciot
* Pintolov lipic

Flg 28-3. Bleod Coagulation Process.

I Stage 2, thramboplastin enlalyzes the conversion of prothrombin to
thrombin {8 16 56 see) in the presence of Pactora V, VI, X and caleium.

In Stage 3, the thrambin spidly converta fibrinogen into fibrin, which
then forms o network of fibers that traps ved cells and thus formg the
blood elot.

Although the exact nature of the enwymatic sequences in the
coagulation process is not cleay, it is definitely a biological
amplification process starting from the small reaction of
tissue eontact Lo rapid conversion of filyrinogen to fibrin.

Blood containg natural inhibitors of coagulation such as
antithrombin, heparin and antithromboplastin, which can
prevent & parlicular reaction in the congulation sequence.
The dissolution of blood clots occurs by the action of the
bloed proteolytic enzyme-~plasmin or fibrinolysin,  Plag-
min is formed from its precursor, plasminogen, after activa-
tion by lissue and body fluids or substances of bacterial
origin (stroptokinase).

The routine tests performed in the congulation laboratary
are indices of vascular function (vaseular phase and platelet
adhesion} or intringic clotting mechanisms.  Determina-
tions of bleeding time and capiliary fragility provide esti-
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males of blood congulation in the pregsence of platelets and
tiggue or vagewlar factors. In the Ivy method for determina-
tion of capillary bleeding (ime, a blood pressure cull is
placed on the forearm and inflated to 40 torr; a puncture
wound is made and the time required for bleeding to stop is
noted,
platelet funclion or vascular defects but is usnally normal in
coagulntion disorders. The Lest is useful in the differential
diagnosis of Von Willebrand’s (reduced factor VI, with a
normal bleeding time) disease from mild hemophilin, The
normal bleeding time, as determined by this method is 1 tc 9
min. Dextran, pantothenyl aleobol, and derivalives, peni-
cillin G, nonsteroidal anti-inflammatory drugs and strepto-
kinase-streptodornase may cause a prolonged bleeding time.
The Simplate 11 (General Diapnostics Div, Warner Lam.
bert) is a standardized, disposable, springtoaded bleeding-
time device for platelel funclion tesling, o uses two blades
that are released automatically to produce two uniform inci-
sions & mm long X 1 mm deep, making the procedure reliable
and reproducible,

The capillary fragility or tourniquet test is hased on the
incidence of pelechiae (small red marks) formation pro-
duced by an inflated Blood pressure cuff over a b-min period.
Normatly, a few tiny petechine may appear. ‘The most. com-
mon cause of abnormalities in vascular-function and plate-
let-adhesion tesls s thrombocytopenisa.

An analysis of the intrinsic coagulation mechanism is
concerned with the determinalion of the levels of the specific
clotting factors in whole bload, In preliminary studies of o
suspected hemorrhagic diserder, determinations of cougula-
tion time, clol retraction, platelet count, bleeding time and
capillary fragility usunlly are performed.

In the Lee-White procedure, the coagulation time of whole
blood is delermined in regular or siliconed tubes, Normal
values are 8.5 10 15 min in glass and 18 10 60 min in siliconed
tubes,  Anticoagulants and tetrncyclines may cause -
creased times while corlicosternids and epinephrine cause
decreased vajues, 'The siliconization of glassware prevenls
platelet aggrepation and thus, delays coagulation. The sam-
ples used In the analysis of coagulation time are then in-
spected al 0.5, 1, 2, 4 and 24 hr after clotting to determine the
time required for the various phases of clot retraction. The
tubes also are observed {or evidence of clot lysis or dissolu-
tion.  The clol normally will start te refracl in 30 min,
completely retract within 24 he and show no evidence of lysis
overn 72-hr period. Prolonged coagulation times are associ-
ated with hemophilia, hypefibrinogenemia and Factor IX
deficiency., Abnormalities in any of these tests indicate the
requirements for (urther conguilation studies.,

The prothrombin Lime test is a measure of the levels of all
coagulation factors, except 111, IV and V11, and is an index of
the capacily of plasma to form thrombin, In the “One
Stage’ test, the plasma sample is mixed with ealeium chlo-
ride and tissue thromboplastin, and the time requived for
fihrin-clot formation is determined. Results are compared
with a normal plagma control, and the prothrombin time is
reported either in seconds or as the percent of prothrombin
calewlated from a standard activity curve, Correction stud-
ies using normal serum, adsorbed normat plasma or whole
normal plasma sdded Lo test serum indicate deficiencies of

Factors VII and X, Factor V and Factor 11, respectively, I

none of these additives shorten the prothrombin time, n
circulnting anticoagulant problem ean he suspected,

A modification of this technigue (the prothrombin-pro-
conpertin procedure) using a 1:10 dilution of both patient
and control plasma in the presence of prothrombin-free
plasma as a source of Factors [ and V, is a more sensitive
index of specilic deficiencies in prothrombin, Factor VIE, 1X
and X,

Qwren's thrombolest, s performed on whole blood, is

Bleeding time is a screening test for disorders of

sensitive to changes in both extravascular and intravaseular
clotling mechanisms, including Factor IX, The dosage of
anticoagulant drugs, such as dicumarol, is adjusted in accor-
dance with prothrombin-time determinations; patients are
maintained usually within a therapeutic vange of 20 to 40%
of prothrombin activity (normal range, 80 to 130%). Re-
duced prothrombin levels, with prolonged prothrembin
times, are observed in vitamin K deficiency, hemorrhagic
disease of the newborn, excessive anticoagulant therapy,
liver and hilinry disease. The interaction of other drugs
with anticoagulan(s may cause increased prothrombin
times. Drugs such as salicylates, phenylbutazone, oxyphen-
bhutawone, indomethacin and some sulfonamides increase Lhe
amount of getive anticoagulant activity, Other drugs de.
eronse the amount of vitamin K produced by gut hacteria
which include chloramphenicol, kanamycin, neomyein,
streptomycin and the sulfonamides,

The prothrombin consumption test i an index of the
efficiency of conversion of prothrombin to thrombin in the
coagulation process. The blood sample is altawed 1o clot
under standardized conditions and then the quantily of pro-
thrombin complex removed in the serum is determined in
the presence of extrinsic fibrinogen. At least 80% of the
prothrombin is consumed normally. Reduced consumption
of prothrombin (<80%) is observed in coagulation deficien-
cies (hemophilia) related to thromboplastin generation,

Miher types of coagulation tests detect deficiencies in
thromboplastin generalion mechanism, The thromboplas-
L generation time test (TG provides n means of detect-
ing specific deficiencies of Factors V, VIIL, IX, X, X1 or XIL,
T the initial phase of this procedure the clotting time of the
patient’s adsorbed plasma is determined in the presence of a
standardized platelet factor reagent, catcium chlovide, plas-
ma substrate reagent (Factors 1, IT and V) and the patient’s
serum. If the clotting thme iz abnormal (>16 see), further
tesls are performed with the patient’s plasma or serum.
The adsorption of the plasma sample on barium aulfate
removes Factors I, VIL IX and X and facilitates differentia-
tion of a Factor IX to X from V to VI deficiency in the
thromboplastin-generation mechanism, Thromboplastin
generation is reduced in hemophilia and thrombocytopenin.

The activated partial thromboplastin time test (P11 is
based on the observation that hemophilic plagma has a nor-
mal clotting time in the presence of a complete thromboplas-
lin (extrinsic-snline exiracl of brain lissue), as used in pro-
thrombin determinations, but will give a markedly pro-
longed clotbing time with an incomplete thromboplastin
{cephalin).  Cephalin is o thromboplastic, ether-soluhle
phospholipid factor with platelet-like activity. In this tesl
the elotting time of the patient’s plasma is determined in the
presence of caleium chloride and activated cophalin. This
test is used primarily Lo detect deficiencies in Stage 1 of the
coagulation mechanism and is rather sensitive to changes in
Factors VIIT and IX, as seen in classioal hemophilia and
Factor IX deficiency (Hemophilia 13 or Christmas disease).

In Stage 3 of the coagulation process, the presence of
adequate levels of fibrinogen and thrombin i critival.  Fi-
brinogen levels are analyzed gemiquantitatively by deter-
mining the clotling time of a diluted plasma sample in the
presence of extrinsic thromboplastin,  ‘This test is basically
independent of prothrombin levels, Fibrinogen coneentra-
tions of 125 mg% or greater are adequaie; deficiencies (hypo-
fibrinogenemia) have heen observod in liver disease, careino-
matosis and in certain complications of pregnancy.

Increased levela of fibrinogen degradation products
(FIDPP) have been demonstrated in serum due to primary
nctivation of the fibrinolytic system (pathological fibrinoly-
sis) or by secondary activation following increased blood
clatting (disseminated intravascular coagulation). Fibrine-
gen (mol wi 3.4 X 109 is depgraded sequentially to fragments
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X, Y, D and 15 with mol wis of 2.7, 1.65, 0.85 and .56 X 108,
respectively. Fragmoents X and Y are more potent anticoug-
ulants than fragments 13 and B and are vesponsible for hem-
orrhagic states in defibrination.  Complexes between fibrin
monomser, fragment X and other FRP interfere with throm.
hoplastin generation and platelet formation. PP can be
measured by immunological techniques involving latex ag-
ghutination of particles sensitized with specific antibodies to
DI or by a hemaglulination-inhibition test,  The normal
lovel of serum FDP is 4.9 4 2.8 g/ml,. Increased levels are
geen in acute myocardial infarction, menstruation, compli-
cutions of pregpancy, hypoxic newborns, malignancy and
rennd discase,

Deficiencies in the clotting mechanisms usually can be
corrected partially and temporarily by transfusion of normal
blood or plasma.  Whoen this fails, the presence of circulal-
(ng anticongulants (antithrombin, antithromboplasting,
heparin) must be considered.  Hepagin acls indirectly by
snoans of antithrombin IF, which neulralizes several actival-
ed clotting factors (X1la, activated Fletcher factor, Xla,
1Xa, Xa, Ha and X1a), The pharmacological effect of an
oral anticoagulant is the inhibition of blood clotting by inter-
fering with vitamin K-dependent clotting factors 3, V1L, X
and X, Circulating anticoaguiants are detected by deter-
mining the effect of normal plasma an the clotting time
(recalcification time) of Lhe patient’s axalated plasma in the
presence of caleium chloride. 1 the addition of the normal
plasma does pot shorten the prelonged recajeilication time,
a cireulating anticoagulant state can be reported.

Since the end-point of al) coagulation tests is the conver-
sion of fibrinogen to fibrin, it is vital that the analyst rigidly
standardize his concepts of fibrin formation in visual record-
ing procedures. The use of mechanical instrumentation in
the detection of clot Tormation significantly has increased
the standardization, aceuracy and reproducibility of coagu-
lation procedures. These instrmments measure and record
tha process of {ibrin formation via inereased Lurbidity (co-
agulogram or phalometric clot defection) or changes in elec-
trieal conductance in the reaction mixtures.  As well as per-
Forming routine aboratory Lests simultabeously or seguen-
tially, updated systems can run Fibrinogen and Factor as-
suys achieving rapid throughput and acewracy. New
performance features are available with many of the puto-
mated coagulation instruments. These include monitoring
jemperniure zones, digital displays of the individual clotting
limes, automatic dilutions or patients samples and program-
mable paramoters (or testing Hexibility.

Hemophilie is a elagsic deficiency of antihemophilic gleh-

ulin (AHG), Christmas disense of P'TC and Hageman trait of

Factor XI1. Hereditary or acquired deficiencies of Factors
11, ¥, V11, X and X1 also are associaled with disease stales.
The process of blood coagulation, analysis of congulation
factors and interpretation of results comprise a highly com-
plex system. The congulntion laboratory and the physician
function together in the diagnosis and treatment of coagula-
tion-deliciency diseases.

Blood-Bank Technology

Blood-bank technology in the modern laboratory is partof

the blood-transfusion service.  As whole blood for Lrans-
fusiom and ifs components are biologically active therapeutic
sulistances, g complete analysis of their chemical and biolog-
jcal characteristies is vital to the assurance of successful
:.\11x>m\1)eulzic effects. The trapsfusion service is responsible
(47

5 Receiving and examining of the denor.
2, (,—\()Hilfﬂ!lng, processing and slaring the blood,
. 3. Pyping of vocipient. and donor Tor ABO and Rh Hood-group fac-
Ors,
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4, Compatibility (eross-mateliing) Llesting bofore trassfusion.

5. Tssuing of blood for translasion and extracorporeal sireulation.

G, Bviiuating transfusion complicaiions,

7. Parforming of apecial serologicnl tests pestinent (o blood groups
and other factors,

I this secetion a discussion of perlinent. [aciors related lo
the various phases of the transfusion service will he present-
.

Receiving and Bxamining of the DonorA comploto
registry® of prospective donors should be maintained, with
specific reference to age, sex, weight, address, aceupalion
and telephone number, Compulerized blood banking has
increased the efficiency of this service. Donors should pref-
erably he between the ages of 21 and 60 and should weigh no
less than 110 Hh, The donar may he rejected on the basis of
previous or active incidence of eertain microbial disenses
(recurrent malaria, syphilis, infectious or homologous seru
hepatitis, tuberculosis), bleeding abnormatities, conval-
sions, allergic syndromes, skin or heart. diseases, diabetes,
ajcohol or drug addiction, pregnancy, cancer, recent irma-
nization with lve vaccine product, acquired immune defi-
cieney syndrome (AIDS) or Mood-pressure abnormalities
(acceplable hlood pressure;  between 100/50 and 200/100;
pulse rate: 60 to 12/min). The sereening of Blood for expoe-
aure to human immunodeficiency virus (I9IV) is orucial
to reducing the visk of infection frow transfusion. BLISA
{ereyme-linked immunosorbent assay) sereening Lests for
the detection of antibodies aguinst H1V are available from
manulacturers. More sensitive tests are heing developed to
deteet viral DNA in body fluids.

A period of at least 8 weeks should hnve elapsed sinee
biood was withdrawn and the blood hemaglobin level shoulid
be 12,510 13.6 % or greater. Berum hilirubin and transami-
pase levels also should be evaluated in donors wilh previous
incidence of jaundice.

Collecling, Processing and Storing the Blood-A Lour-
niquel ks applied 1o the arm of the donor 1o occlude ihe
venous return, the skin area ig sterilized and the hlood is
collected by venipuncture (phlebetomy). NIH Formula A
or B [ACD(Acid-Citrate-Dexirose) or ACD - phosphate;} so-
lutions are used as anticongulants in Lhe steriie Mood-col-
leeting containers. Fvacuated conlainers may be of regular
or siliconed glass; collagsible plastic containers offer many
advantages by desation, bleod-hanking and transfusion pro-
cedures.

The preservation of the red cells in hlood is improved by
the complete removal of trapped air in the blond-colleetion
apparatus, rapid cooling afler collection and storage at 4°.
Properly collected whole blood is usuaily stable for 21 days
ab 110 60, The delerioration of whole blood is related Lo
incrensed cellular (ragility (increased plasma K') and de-
creased glucose ulilization. Blood which is used for correc-
tion of any bleeding lendency or cloiting defect should he ss
fresh as possible.  Leukoeytes, platelets and Facters V and
VI deteriorate in stored plasma or whole blood.

ABO Blood-Group Classification®—Humn red cells
can e clagsified into various groups or types on the basis of
reactivity of certain hlood factors (agglutinogens) Jocated on
the erythrocyte membrang. The Landsteiner systemn (Ta-
ble T for the four blood groups ts based on the presence or
absence of either A or B agplutinogen on the cell surface
(Group A, B3, AB or O, respectively).

Gerum does nob contain the antibody {egglutinin-IgM
iype) for the antigen present in an individual's own red cells,
Bt doos contain the lsoagglutinin (eg, anti-B in hloed group
A) due to exposure, early in life, to baclerinl and pland.
antigens similar in strocture Lo the A-B antigens.  The
clumping or agglutination of the red ceils by reaction of
aglatinogen with agplutinin is used in blood-grouping tech-
nigues.  In certain instances hemaolysin anfibodies, present
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Table Hl—Blood-Group Systems

Roaclion®  Reactlon®  Frequoncy
Plood  Agplulinogan  Agghilinin wilh Ant-A with Anti-B {%)in
Group in Coll irt Soram Surum Sarum  Gausasiong
A A Anti-13 4 - 1]
B B Anti-A-Ay - 1 10
AR AR None 1 A 1
0 None Anti-A - - 45
and B

o Agighutinad on,

in serum containing anti-A or anti-1 agglutining, canse the
disruption of colls and release of hemoglobin (hemolysis).

Hunnan blood cells are grouped by two separate reactions:
cellular or “lront” grouping and serum or “reverse” group-
ing. The blood group ordinarily is delermined by testing an
individaal’s red cells with standordized anti-A or andi-B
sorum (certified by the v of Biological Standards, NIH),
Conlirmation of the blood group (reverse typing) is accom-
plished by an analysis of an individual’s agglutinin titer, In
this procedure the individual’s serum is heated ot 56° {or 10
min to destroy hemolysing, and then mixed with known
Subgroup Ay or B, human red (Rh-negative) cells in the
pgghutination tesl. These twao tests should be in agreement
prior Lo the release of blood for transfusion,

Although human blood cells of Group B react uniformly
with Anti-B serum, Group A and AR cells show a wide range
of reactivity with Anti-A or Anti-A B serum. Blood-group
A may be further categorized into Subgroups Ay, Ay, Ag, A,
Agund A, on the basis of the reaction with ahsorbed Anti-A,
Anti-Aj-lectin, Anti-H-lectin, Anti-A;z and Anti-AB gerum
and the presence of Anti-A; in the serum. Certain Group O
individuals possess anti-H in their serum and are further
subcategorized into the Bombay or Oy phenotype.  Tests for
A, B and H in saliva can establish the genotype of an individ-
ual, je, A and H in saliva of blood-group A, Band Hin B, H
and O and A, B, 11 in AB. This is helplul in cases of poorly
developed red-cell antigens or in the foss of cellular antigen
in some patients with leukemia,

As the human blood cell contains many antigens with
rather complex biochemical and immunochemical proper-
ties, the blood factors have heen classified further into vari-
ous subsystems. The Kell (), Lutheran (Lu}, Lewis {Le),
Dufry (Py), Kidd (Jk), MNS, Sutter (Js), Diego (I23) and P
hlood-factor systems are hased on the detection of n specific
anLigen on or within the red coll by means of antibody {iso-
hemagplutinin) reactions with speeific antisera or panels of
reagent red cells, Some of these faclors {eg, Kidd, Kell and
Lewis) have been involved in transfusion reactions,

The Rh-Hr System and Antihuman Glebulin
Test—The presence or ahsence of £hg antigen in human
blood is of prime importance in transfusion reactions, pater-
nity disputes and isosensitization phenomena. ‘There are
eight blood Rh phenotypes which are determined by their
reaction with three specific serum agglutining (Anti-Rho,
Anti-rth’ and Anti-rh?); vhy, v, rh”, th'rh?, IRhy, Rhy', Rhw”
and Rhy'Rhe”. The rh groups do not contain the Rhy factor
on the cell surface and are designated “Rh-negative.” The
lerminology of the Wiener system (Ith, th) is comparable Lo
the Pisher-Race (CDIB) as follows:  rh'(C), Rha(DD), 1h? ().
The Rosenfeld system uses & numerical classification: R
= Rhn,

The absence of the Rl antigen in about 16% of the popula-
tion does nol preclude the presence of other factors; the use
ol apecific antisera {Anti-hr’ and Anti-in”) has demonstrat-
ed the existence of the Hr factors (Frg, ', hr?), For exam-
ple, the h-negative cell (th”) possesses eh”hr/Hry antigens,
The antigen Rho(12) is the most potent immunogen of ali the
Rh antigens,

The Rh antibodies are either saline agglutining (com-
plete) or “blocking” antibodies (incomplete). The laitor are
of the IgG type. They are used in Rh testing procedures and
are produced more commonly, and in higher titer, in the
human isosensitization or autoantibody reactions, ‘They
will not agglutinate saline suspensions of normal Rh-posi.
tive red cells except in the presence of a high concentration
of albumin, serum or conglutinin (AB serum with albumin)
at a tempernture of 35 10 37°.

In routine Rh testing procedures, a sample of blood {oxa-
lated or heparinized) or n suspension of cells in serum or
albumin is mixed with Anti-Rhg serum on a shide or in a tube
at 37 to 47°, The presence of clumping indicates thal the
blood possesses Rhg antigen, Confirmation of an Rh-nega-
tive test may be performed by retesting with Anti-rh'Rhgrh”
Beruni,

In Rh testing procedures, red cells from patienis with
acquired hemolylic anemia are partially coated with human
antoantibody, and cells from erythroblastic infants are cont-
ed with maternal antibody globuling and may be elumped
{alsely by Rb typing serum conlaining a high pretein concen.
tration, or may appear 1o be Rh-positive in the saline-cell
suspension Lest. Demonsiration of anti-Rhe(ID) in an cluale
from these antibody-coated cells can help to establish true
Rl type.

Anti-Ith antibodies ate not normally present in human
sermy; they may be acquired vin isosensitization, The
transfusion of Rh-positive blood to an Rh-negative recipi-
ent, ot transfer of cells of Rh-positive letus through the
placentnt barrier 1o the Rh-negalive mother, wijl result in
formation of antibodies to Rh agglutinogens not present in
the cells of the recipient or mother, respectively.

Hemolytic blood-transfusion reactions and hemolytic dis-
ense of the newborn (erythroblasiosis fetalis) involve iso-
sensitization phenomena usually related to the Rhe antigen,
Hr and ABO antigens also can be regponsible for hemolytic
disease of the newborn. I an expectant mother is Rhe
negative and the father is Rh-positive, the Rh genotype of
{he father showld be determined. If the father is homaoay-
gous, the crythroeytes will contain a pair of Rhy factors and
the offspring will inherit the Rhg factor; if he is helerozygous,
one Rhy and one Hyy factor will he present and his offspring
may or may not inherit the factor,

If the fetus is Rir-positive, the mother may be sensitized to
the Rh antigon and in subsequent pregnancies the develoy-
ment of high titers of Anti-Rhy antibodies will yesult in
hemolytic disease of the fetus. These antibodies enter the
fetal cirenlation via the placental harrier, coal the red cells of
the fetus and cause excessive erythroeyle destruction,
hyperbilirubinemia and associated potential for brain dam-
age, hydrops fetnlis {(edema) and congenital anemin of the
newborn. ‘This Rh discase can he avoided now hy proper
therapeutic use of Rhg(1)) Human Immune Globulin (Rho-
GAM, Ortho) to prevent the postpartum formation of aclive
antibodies in the Rhg(DD)-negative, D*-negative mother wha
has delivered an Rhiof1)-positive or D4-positive inlant.

The Coombs’ antiglobulin test is a method of detecting
the Dbloeking-type antibodies, globuling and complement
which are atlached to red-cell antigens in isosensitization
phenomena.

In the “direct” test procedure, a saline suspension of
washed red cells is mixed with anli-human gaonma globulin
antiserum and agglutination is indicative of the combination
of human antibody with antigen on the red cell, eg, maternal
incomplete imoantibody on infant’s red cells in hemolytic
disease of the newborn, autoimnune, drug-induced, aftoan-
tibody-induced hemolylic anemia and after fransfusion of
incomputible red cells.

An “indirect” progedure is used o demanstrate the pres-
ence of blecking antibody in the serum ol pregnant Rh-
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pesptive women and in Lansfusion reactions,  In this proce-

L

dure the patieni’s serum is incubated with a suspension of

Group O Rh-positive red cells; the cells are washed and then
antimuman globulin antiserum is ndded to detect the conting
of e red cells with antibody globulin from the patient’s
serum by agplutinntion phenomena. 1 agglutination occurs
in the first part of the procedure, a saline agglutinin is also
present,  Anticomplement sera (anti-nongammaglolulin
antiserum) are used to deteet reactions fnvolving anti-JK,

Phe Du allele is 6 clinically important variant of the Ry
factor and usually associated with rh’(C) and rh*(38).  Indi-
vidusats with this {actor are considered Rh-positive, and the
red cells fail to react with anti-Rhbg in the saline tube method
but rescls with incomplete anti-Rho(1) by other slide or
fube techniques, Rh-negative donors should he tested for
T factor. If positive, their blood must only be given to Rh.
positive recipients,

Drug-Related Problems-Hematological abnormalities
may be enused by the administration of drugs which can
canse a positive divect antiglobulin test and immune hemo-
lytic anemia, ey, cephaloridine, cephalothin (Keffin), meth-
yldopa (Aldoniet}, peniciliin, L-dopa, guinidine, phenacetin
and Insulin.

Compuntibility ‘Toesting---Cross-matching procedures are
designed 1o detect incompatibilities in the bleed of denors
and recipient, The lest is designed {o prevent transfusion
reaetion and assure maximum benefit to the patient,  Al-
though erroncous ABO grouping usually will result in an
incompatible eross mateh, no such protection exists in the
Rh system. An incorrectly typed Rh-positive donor Blood
can resull in primary immunization to Rhy(D)) antigen if
transfused to an Rb-nepative recipient. Tor each transfu-
sion, a major and minor eross maich should he performed.

In the major cross mateh (1) o saline suspension of the
donor’s cells is mixed with the recipient’s serum and (2) the
donor'’s cells ave suspended in recipient’s serum or in serum
with added albumin. The saline ¢ross mateh is an addition-
al check on the ABO typing and may detect incompatibil
itics caused by antibodies to M, N, 8, I and Lu subgroups,
The high-protein or albumin cross mateh can demonstrate
anlibodies in the Bh system, The presence of agglutination
ar hemolysis indicates incompatibility.

The minor cross mateh includes the donor’s serum and the
recipient’s cells, and is usefu as a check of the ABO typing
and an indication of the possibility of transfusion reactions
caused by a rare antigen en the recipient’s calls or uneom-
mon antihodies directed against an antigen in the serum of
the donor, ‘The minor cross mateh has been replaced in
many instanees with sereening of the donor’s serum against a
panel or pool of red cells of known antigenici(y.

The indirect antiluman globulin procedure also must be
performed with the recipient’s serum and donor’s cetls with
and without albumin {major side) and mny be tested with
the donor’s serum mad recipient’s cells (minor side). The
use of protealytic enzyimes (bromelain) enhances the agglu
tination of red cells by low-titer or weakly reacting Rh-Ir
antibodies, probably by removing sialic acid residues on the
RBC swrface. The red cells used in the indireet Coombs tost
are treatod with the enzyme prior Lo absorption of antibodies
and addition of antiglobulin reagent,

The usual cross-matching lechnigues involve (1} a room-
temperature or 30° procedure, preferably with the addition
of albumin, (23 a high-prolein procedure and {3) an antigloh-
ulin procedure.

The presence of nonspecific autoantibodics, cold agpleti-
ning and bacleriogenic agglutinalion sometimes compli-
cales the eross-matching procedare, 1 the recipient’s se-
rum reacts more strongly with his own eells than with the
donor’s, autesntibodies should be suspeeted.  Cold aggluti-
nins usually will agglutinate all Dlood, regardless of Lype, al
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low temporatures, hut will nol react. ot 37°. Agglutination
as a result of hacterial contamination of bleod is called pan-
agglutinalion.

Hepatitis Testing—Postiransfusion hepatitis is nssoch
ated with the transmission of virus-like particles referred Lo
as Australic or serum hepalitis anligen or the hepatitls
associated antizen (HAA). Al donor blood must be tested
for the presence of HAA.  Agar gel diffusion {(AGD), coun-
terclectrophoresis (CEP), complement fixalion (CF} and
rheopheresis procedures can he used® The rheophoresis
procedure uses 1 medilied gel-diffusion technique for the
detection of HAA by precipitin-lype reaction with HAA
antibody. 1t offers the sensiivity of CEP and CF proce
dures with the simplicity of the AGD procedure.  Other
tosts for HAA mre hased on radioimmunoassay (JUA) tech-
nigue for detection of antigen by hemagghatination (HA) or
HA-whibition for the presence of HAA antibody, In the
RIA fechnigue, the donor’s serum is added Lo a test tube
coated with HAA antibody (solid RTA). 1f the serum con-
Lains HAA, it will hind Lo the antibody. '#1.1IAA ig then
added Lo the tube. ¥ the antibody hinding site Is occupied
previously with HAA from the donor’s serum, #1-HAA will
nol bind and the determination of 7% hound versus froe is
an index of HAA content of the donor's serum.

fssuing of Blood and Fvaluating Fransfusion Reac-
tions— Whole-blood, red-cell or leukocyte suspensions,
plasma, platelet-rich plasma, platelet concentrates, leweko-
eyte-poor blond, AHF, Tactor 1X complex, plasma protein
[ractions and RhoGAM are products of the transfusion ser-
vice.,! Transfusion reactions are related 1o antibody phe-
nomena or disease tranamission, The hemolytic reaction
resulting from the transfusion of incompatible cells is the
most serions problem. The transfusion of microbially con-
taminated blood can result in a pyrogenic reaction or thans-
mission of infectious diseases, such as malaria, syphilis or
hepatitis. Allergic reactions (urticaria, asthmatic seizuresh,
eirenlatory overload, embaolic complications (blood clot, air
emboli) also may be encountered.  Leukocyte and platelet
antibodies develop i repeat transfusions and i transplan-
talion patients, 'The transfusion service is an integral unit
in evatuating such complications.

Technigques of Analysis

This section will describe the principles of the procedures
used in the annlyses of various substances in blood, plasma
orurine, Bxamples of the significance of such tests in clini.
cal dingnosis will be presented.  For n complate deseription
of the physivlogical and pharmacelogiest aspeets of these
blood constituents, see the Bibfiography.

Ingtrumentation—The development of instramentation
has necelerated progress in clinfeal chemistry,  An excellent
review of Uthe principles and applications in clinical chemis-
try of automation, atomic-absorption spectroscopy, ultravi-
olel and visibie spectrophotemetry, fluorimetry, phosphori-
melry, infrared and Raman speciroscopy, microwave and
radiowave specivoscopy and nucleonies was prepared by
Broughton and Dawson.®  Guality-control technigques are a
vital parl of any clinical laboratory, Standard reference
materials,? ¥ stancardization of quantities and wnits! and
continual ovaluation of precision and accuracy of various
determinations'? are incorporaled into procedures of all reli-
able clinical Jaboratories. The manufacture of certified
standards and reagents and the certification of clinical
chemists and elinical Inhoratories are under the supetvision
of either the FIXA, NIM, Pharmaceutical Manufaeturers As-
sociation {PMA), American Association of Clinieal Chem-
ists, the College of American Pathologists and the National
Connmitles for Clinical Laboratory Standards (NCCLS),
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Fateraction of Dyups with Clinical Eaboratory Tests—
Drugs may interfere with the intorpretation of laboratory
tests by three clusses of mechanisms:

L. Chemiead or iochemical inleelnrence due To renction of adrugg or
its metahodite in biological fluids witl tes) resgoms in analytcal proce-
duras.

1. Prarmocotogical inlerferenee due to normal drug-incveed alfor.
ntions in virious physielogicn parameters, ) o

1. Toxieological interferencs as o consequengs of the loxicily of &
drug.

Examples of Class 1 interference include false-positive
urine ghucose results due Lo the reducing properties ol drugs
or metabolites such as ascorbic acid, praminosalicylic acid,
tetracyeling, cephaloridine and levadopa, which are excreted
in urine.  Spironolactone will result in an elevation of cer
{ain urinary ketosteroids Lhrough cross-reaction of the drug
in the analytical procedure,

Foxamples of Clags 11 interference inchude the decrease in
sorura-potassium levels in palients receiving thinvide di-
uretics, the alteration i serum urie acid with probenecid
and the elevation in various pasma proleins and thyroid
function tests with estrogen-progesicrone combinations.
Drug-drug interaction also can resull in changes in these
parameters, Guanethidine enbances the affect of the cou-
marin anticeapgalants.  Barbiturates induce hepatic micro.
somal enzyme synthesis and subsequently increase the me-
tabolism and decrease the therapeutic effect of drugs, such
as warfarin, even after these drugs are terminated.

Bramples of Class 111 interference include changes in liv-
er- and kidney-funclion tests and hematological parameters
{anemia, agranutocytosis, leukopenia) due lo drug-induced
Loxicity and positive LE and ANA teats due 1o a “lupus-like”
syndrome induced by hydralazine.

1t 33 beyond the scope of this chapter to include a complete
listing of drug interactions in laboratory tests. The reader is
referred Lo an annual, readily available, compulerized review
of the effect of normal therapewtic drug doses, as well as
overdoses, on clinical leboratory tests?™ and Lo other review
articles, '

Blood

Collection and Preparation for Chemical Analysis—
Using aseptic technique, o ood sample is obiained by veni-
puncture and usually placed in evacuated gloss tubes. The
choiee of anticoagulant, type of apecimen, stability of test

component ond use of preservatives depends on the (ype of

atdysis requested and the specific anatytical procedure in-
voived,  If seram is desived, the blood sample is allowed Lo
clot and Lhe serum is separated by cenlrifugation.  When
whole Dlood or plasma is to he used in the analysis, an
nnticongulant is added to the colleeting tube.

The following concentraiions of specific anticoagulants
are wsed routinely per 10 mL blood; lithiwm, polassium or
sodium oxalnte (15 1o 25 mg), sodium citrate (40 to 60 mg),
beparin sodivm (2 mg), disodium or tripotassium ethylene-
digminetetrancetate QEYTA-Nay, 1¢ to 30 mg) or ACD-For-
muwla B selution (1.0 mL},

Heparin prevents blood comgulntion by inbibiling the
thrombin-catalyzed conversion of filbrinogen o fibrin, The
other anticoagulanis sither precipitate blood caleium or con-
vert ionized caleium into a nonionized (chelated) form which
canpol, function in the coagulation reaction. Heparin and
KITA do not alter the celludar elements of blood significant-

lv. Sodium flueride and thymol are used us preservatives or

enzyme inhibitors to prevent the deterioration of various
substances in the blood sample, eg, glucose -+ lactie acid.
Prreservatives and anlicoagulunts can interfere with some
enzyme tesis. Serwm usually is usod for these procedures,
The separation of plasma or serum, and chemical analysis,
wsuadly are performed as soon as possible after the colleetion

of the sample.  T'he addition of polystyrene granules 1o the
htood sample prior to centrifugation facilitates the isolation
of serum or plasma. Hemolysis inteferes with analytical
procedures for hilirubin, albumin, nonprotein nitrogens, pi,
phosphorys, potassion and vavicus enzymes,  The serum
also should be obsmved for presence of lipemin.  Changes in
the ratio of (0, chloride and electrelytes in cells and pins.
ma, ghyoolytic conversion of glucase Lo lnetic acid, hydrolysiy
of eyter phosphate to free inorganic phosphate, bactoerial
conversion of wea 1o ammonia and conversion of pyravate
(o lactate are examples of changes Lhat can occur in contami-
nated, improperty preserved or unrefrigerated blood speci-
mens.

The first stage in many of the chemical determinations is
the removal of blood protein and preparation of protein-free
blood filtrate. 'The protein is precipilated with tungstic
acid, trichloroacetic neld, zine hydroxide or organic solvents,
such as ateohol and acetone, and then {iltered or centrifuged
o remave the protein congulum. Tungslic acid precipita-
tion is performed by mixing | volume of blood or 2 volumes
of plasma with 9 volumes of stabilized Lunpstic acid rengent.
The filtrate obizined in this procedure should be in the pid
range of 3.0 Lo 5.1 t0 assure the adeguate removal of proteins
(<2 mg% in filtrate).

The Somogyi liltrate is prepared by mixing | volume of
blood with & volimes of water, 2 volumes of 5% zinc suilate
and 2 volumes of 0.3 N barium hydroxide. The harium
sulfate is precipitated and the zine hydroxide formed in the
reaction precipitates the blood proteins. ‘Frichloroacetic
acid (10%), in a ratio of 9:1 with blood, yields greater volumes
of filtzate due fo a more complete formation of protein ag-
glomerales,

Blood Glucose—Methods for determining blood ghucose
are based on the vae of glueose as a reducing agent or on the
enzymatic oxidation of glucose to gluconic acid, In the
Folin-Wu technique, ghucose is determined in a protein-free
hlood filtrate by reduction of alkaline cupric sulfaie and
subsequent reaction with phosphomelybdic ov arsenamolyh-
die acid reagent Lo form a blue complex which can be esti-
mated colorimetrically. Fhe Nelson-Somogyi method uses
a protein-free blood filtrate prepared with zine hydroxide o
remove most of the interfering reducing substances,

The presence of o terminad aldehyde in the glucose mole.
cule is the hasis of a eolorimelric determination with pheno-
lie hydroxyl reagents (phenol in agueous methy) salicylate or
phasphorylated 1,3-dihydroxybenzene) in the presence of
strong sulfuric acid and heat.

The o-{oluidine procedure is 4 color reaction specifie for
hexoses—glucose, mannose and galactose.  Since aldobex-
oses other than glucose are normally present in very simall
concentrations, resulls obtained by this method approach
the true value of glucose, o-Toluidine is condensed with
glucose in glacial acelic add to yield a green chromogen hy
Forming an equilibrivm mixlure of a glyveosylamine and
Schaff base.

In the preceding Lechnigues, interfering substanees sueh
as lactose, galactose and glutathione are measuwred and the
value is reporled in the ponapecific term “sugar.”  Bozymat-
i determination with ghucose oxidase is the only test speeific
for blood glucoese. Blood glucose is converted to gluconic
acid and hydrogen peroxide by glucose oxidage; the peroxide
is then estimated by fodimetric procedures or by oxidation of
n chromaopen {o-dianisidine or 2,2’ azino|dicthylbenzothia-
zolinesallonic acid]) in the presence of a peroxidase to forma
colored product.  1rugs which eause g slight increase in
glucose vadues include ACTH, corticosteraids, n-thyroxine,
diazoxide, epinephrine, estrogens, indomethacin, oral con-
traceplives, lithium carbonate, phenothiazones, phenytoin,
thiabendazole and diuretics.  Drug interferences with o-
toluidine methods, which cause a slight inerease, include
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ascorbic acid, dextran, Cructose, galactose, mannose, ribose,
aylose and bilirubin.

Another enzymaltic procedure uses the hoxokinase-eata-
lyzed conversion of glueose {o glucose G-phosphate (GGP),
and then to 6-phosphogluconate and NADEH in the pres-
ence of NADTP and G617 debydrogenase. "The NADPH thus
formed is equivalent 1o the amount of glucose present and is
estimated spoctrometricatly at 340 or 366 nm,

Normal fasting blood-sugar values for adults are 80 1o 120
mg/100 ml; true glucose is 65 1o 100 mg/100 ml. When the
blood-sugar values exceeds 120 (hyperglycemin), diabetes
mellitus should be suspected and can be confirmed by ovi-
dence of diminished carbobydrate tolernnee.  Fhe effect of
ingested carbuhydrate on blood sugar can he determined by
the glucose Lolerance test; 100 g of glucose (175 g/kg) in
water or o flavered beverage, is administered ovally and
glucose determinations are performed on bleed and wrine
swmples at hourly intervals for 3 hours,  Values above 160 at
1 hy and 110 at ¥ hours in hlood samples are abnormal. The
renal threshold for glucose is TH0 1o 200 1ni/100 mL of hlood,
and, therefove, sugar should nol appear in the urine of nor-
mal subjects in the Lolerance test.

Hyperglycemia and decreased glucose tolerance are seen
in diabetes mellitus (30 500 mg/100 mL) and hyperactivily of
the adrenal, pituitary and thyroid glands.  Hypogtyeemia,
with a blood-sugar value of <60 mg/100 ml: and increased
glucose tolerance, is encountered in insulin overdose, gluca-
gon deficiencies and hyponetivity of various endoerine
glands. Intravenous glucose tolerance studies are used to
cireumvent defeciive absorption of glucose in the gastroin-
testinal tract, eg, in steatorrhea.

Monitoring hemoglohin A, is another way o follow pa-
tients with hyperglycemia.  'Fhis is more specific for diag-
nosing diabetos hut Jess sensitive than the glucose tolerance
test.1y Normally, bemogtohin A, accounts lor 3 10 6% of the
total hemoglobin while in diabetics it is 6 to 12%, The
concentration of Hgb A\, in the bloed reflects the patient's
carhohydrate status over a period of time, providing a mark-
er for hyperglycemia, Pancreatio function tesls inelude
studies on 1V and oral glucose, gluengon and tolbutamide
telernnce, ‘The beta cells of pancreatic islel Ussue secrete
insulin and the atpha eells secvete glucagon, a substanece
antagonistic 1o insulin and having a hyperglycemic effoct
induced by Hs glycogenalytic action, In glucagon tolerance
studies the effect. of parenteral administration of glucagon
on blood-sugar values is uselul in the diagnosis of pancereatic
and hepatic funclion, Insulin and tolbutamide tolerance
studies ave used in the diagnosis of endocrine disorders,
differentintion of insulin-resistant, diabetics and determina-
tion of funetionat hypogtycemia and islet-cell tumors.

Galactosemie, the presence of gatactose (4.6 mgh) in
Llood, is usually due to an inbora ersor of galactose metabo-
lism. Congenital deficiencies in galactokinase or galaciose
l-phoaphate uridyl transferase result. in inadequate padac-
tose mebabolism with accumulation of galactose 1-phos-
phatein the liver, Oral administration of galactose in galae-
tosetnia leads Lo a decrease i blood glucose and sn incrense
in concentrations of galactose in the urine andd blooth, Ga-
lagtose is measwred by estimation of NADIT liberaled in the
conversion of galactose Lo galnctonolactone in the presence
of NALY and galactose dehydrogenase. Deliciencies in inles-

tina) disaccharidases such as lactase will preclude efficient

conversion of lactose Lo galactose and glucese, and oral ad-
ministration of lactose will cause 1to inerease in blood galac-
tose and usually produee dinrrhen,  Galactose-loading stud-
ies are usoful in the diagnosis of Loxic or inflammatory condi-
tions of the liver. In hepatic cirrhosts, there is o decrease in
the galactose-metabolizing capacity of the Hver due to the
inhibition of hepatie diphosphogalactose-1-epimorase.
Lactic actd is o product of glucose metabolism; it s con-
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verted into pyruvie acid and NATH by lactic dehydrogenuse
(LI in the presence of NAD, Blood bwetic acid is estimat-
el by reaction with LD Lo form pyruvale and NADM: the
NADH level is determined spectrophotometrically at 340
wn and is a function of lactic acid concentration, [t is
elovated (320 mg/100 mb) following exercise, ancathesia
and certain types of acidosis. The blood lactate/pyruvale
ratio should be caleulated in order o determine the presence
of excess lactic noid in the blood in acidosts, thiamine defi-
cieney and decompensated hearl disease.

Blood pyruvic acid is determined by the reverse proce-
dure; ie, Lthe conversion of pyruvate Lo laciale in the presence
of T.DH and NADH, Normal Bood pyruvie acid ranges
from 0.6 Lo 1.3 mg/100 ml by chemical methods and 0.3 (o
0.7 mg/100 mL by enzymic procedures.

Nonprotein Nitrogen (NPN) Compounds-—-These re-
fer Lo alt nitrogen-conlaining compounds in hiotogical MMuids
exclusive of protein, including nitrogen from amino acids,
fow-molecular-weight peptides, urea, nucleotides, uric acid,
ereatinine, creatine and ammonia.  Blood NPN usually is
determined by digesting a protein-free blood filirate with
sulfurie acid in the presence of & catalyst (SeOy) Lo convert
mitrogen to ammoniwn sulfate (Kjeldahl digestion—see
page 414); the excess acid is neutralized and ammonia deter-
mined hy Nesalerization or reaction with alkaline hypochlo-
rite.

The normal blood NIPN is 25 Lo 45 me/100 ml, (8% urea
N, 14% amino acid N, 4% oreatine N, 1% creatinine N, 3%
uric acid N and 30% residun) N}, In renal dapage, NPN is
elevated to values ranging from 60 $o 500 mg/100 mL (azote-
mia).  As variations in NPN mainly reflect alterations in
hlood urea nitrogen (BUN), urea determinations are more
sensitive and preferred as a puide to kidney fupction.

The primary pathway of nitrogen metabolism in man is
the synthesis of urea {rom ammaonia in the liver and then
rapid renal excretion of urea.  In renal disease (nephritis},
the excretion of urea is diminished and blood NPN and
PBUN are increased.  In BUN procedures, urea is converted
enzymatically 1o mnmonia by urease; the ammonia thes is
detormined by Nesslerizalion, reaction with phenol-alkaline
hypochlorite, aeration inle standard acid and aubsequent
Litration or reaction with salicylate-nitroprusside reagent at
pI 12 in the presence of allnline dichioroisocyanurate Lo
form a green chromogen which can be esthmated colorimetyi-
cally, 'The ammonia also can be estimaied by spectrophoto-
melrie determinntion of NAD produced in the conversion of
ammaonia and a-ketoglilarate o glutamate by NABDH-L-
glutamate debydrogenase.  Direet chemical determinations
of uren are based on the reaction with 2,3-butanedione in an
acid medivm (Fearon reaction}.

BUN {normal = 5 {0 25 mg/100 ml.) is increased in chronie
and acute nephritis, metallic poisoning and cardiac failure
reduced levels oceur in rapid dehydration or following diure-
sis,  In severe Hver damage due Lo diminished urea forma-
ion, an inerease in bleod ammonia and decrease in BUN are
obgerved. Urine urea outpud {6 Lo 17 g/day) is an index of
glomerwlar filtration rate (GIRY and kidney function. In-
erensed dietary protein and gastrointestinal hemorrhage will
increase urine uren.  Decreases in urea oxcretion involve
either tubular reabsorplion or seeretion defeets.

The nitrogen bulance represonts the balanee between nj-
trogen inpul. or produced (Ny,) and nitrogen excreted (Now);
in normal individuals Niy, = Nowee New 15 regulated by renal
GIR; in renal disease GFR s decreased, Ny, » Ny and BUN
is increased.  The rate of urinary excretion of parenterally
administered dyes (phenolsulfonphthalein), inulin sodium,
p-aminohippurate and mannito} are sensitive indices of
GIR in renal clearance studies.

Creatine (methylguanidoacetic acid) and ereatinine (cres
atine anhydride} are involved in the physiology of muscle
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contraction. Creatine phosphate is an intracellular source
of high-energy phesphate bonds via the renction of ATP and
creatine kinase, Creatinine is the waste preduct of creatine
metabolism and is the normally excreted compound.

Serum crentinine is determined by reaction with alkaline
picrate Lo form a red chromogen. These values usually rep-
resent. 20 o 30% of nonerealinine-interfering substances,
Absolute delerminations can be made by the absorption of
croatinine from protein-free blood filtrates on aluminum
gilicale prior Lo (he final determination. Drugs causing
nephrotoxicity result in a slight increase in ereatinine and
those which interfere wilth color formation in the reaction
include bromosulfophthalein (BSP), phenolsulfonphthalein
(PSP), acetoncetate, ascarbic acid, levodopa, melhyldopa,
glucose and fructose. Crealine is determined aller hydro-
Iytie conversion to ereatinine with boiling, aqueous picric or
hydrochlorie acid.

flenal clearance of endogenous creatinine is related to
GIPR and is norntadly 110 2 g/day (creatinine coefficient = 20
to 26 mg/kg/24 hr). Normal serum creatinine is 1 ta 2
my/100 mE; creatine 0.2 to 1.0 mg/100 mL.  Higher values (5
mg/100 mL) indicate glomerular damage or cardiac inguffi-
ciency.

Ui acid is a catabolite of purine metabolism as derived
from nucleic acids or nucleetide cofactors, Direct methods
for determining uric acid involve the reaction with alkaline
phosphotungatic acid to form a “tungsten blue,” which is
estimated colorimetrically. In another method, alcoholic
NaOH is added to a protein-free filtrale to eliminalo inter-
fering reducing substances (ascorbie actd, glutathione) prior
to the reduetion of uric acid with acid copper chelate to form
& cupric chromogen complox.

In indirect procedures, uric acid is hydrolyzed by the en.
zyme uricase; the decrease in absorbance nt 290 to 293 nm is
a function of the initial concentrations of uric acid. The
normal blood value is 1.5 10 6.0 mg/100 ml. 1t is elevated in
renal disease, gout due 1o increased melabelic pools of uric
acid and leukemia as a result of increased turnover of cellu-
lar nucleoprotein.

Amino acid determinations in blood are performed by
conventional colorimetric ninhydrin technigues or renction
with alkaline #-naphthoguinone-4-sulfonate. Normal plas-
ma values range from 3.9 to 7.8 my/100 mL. A variety of
metaholic disorders may be detected by analyzing lor in-
erensed Jevels of specific amino actds in the urine or blood.
Totnl urine amino acids are determined hy formol Litration;
formaidebyde reacts with basic amine groups and thus per-
mits subsequent Litration of the ncidie groups of the amine
acids. Daily excretion of amino acid nitrogen ranges from
100 10 400 mg, constiluling § to 2% of total urine nitrogen.

The identification and quantitation of specific amino ac-
ids in the blood and urine are nccomplished by paper, thin-
layer {TLC), column and ion-exchange chromatographic
and electrophoretic separaiion of eleetrolytically desalted
blood or urine snmples.  See Chapter 29

Abnormal amino acid metabolism {aminoacidepathics)
usually resulls in the presence of abnormal quantities of
gpucific amine acids in the urine (aminoaciduria),

The aminoaciduriss are divided inlo two main groups:

t. Primary overflow aminoaciduria in which blood amine acids are
alevated {phenviketonuria (PKUD), maple syrup urine disease (MSUD),
tyrosinesia nnd atkaplonurial.

2, Aminoacidurias chorsetevized by elovated amino acid urine levels
with normal Blood levels (transport diseases with a defeet in the kidney
tubule—eg, eystinurin—and “no-threabold” amivoaciduria in which the
kidney hag no méchanism for reabrorhing the amine acid involved-—o,
homoeystinuria).

K, a disease characterized by mental deficiency, is as-
sociated with the presence of phenylpyruvic acid in the urine

and elevated serum phenylalanine levels due to a hereditary
(autosomal recessive) deficiency of hepatic phenylalaning
hydroxylase, which converts phenylalanine 1o tyrosing

"The availability of treatment through dietary intake is preg.
icated upon early detection. Many states have possed legis-
lation for masa-screening for PRU inallinfants. The Guih.
rie tesl is performed by placing filter paper discs impregnat.-
ed with serum or blood on the surface of an ager culture
medium containing f-(2-thienyl}alanine at a concentration
sufficient to inhibit the growth of Bsubtilis. Phenylalanine
will reverse this inhibition and the Bacterial Inhibition Ag.
say (B1A) is a direct mensure of this amine acid.  Serum
phenylalanine determinations also can be performed by estj-
mating the fluorescence of a complex with ninhydrin and
copper in the presence of L-leucyl-L-alanine.

MSUD is characterized by the odor of the urine and rapid-
ly is fata] to infants. 1L is associated with a deficioncy in the
oxidative decarboxylation of e-heto acids leading to an aceu.
mulation of both the keto and amino acids in the blood and
urine {valine, leucine, isoleucing). TLC and BIA assays can
be used to detect MSUD.

Alkaptonuria is a rave, hereditary disease in which homo-
gentisic acid cannot be metabolized further due to a lack of
homogentisic acid oxidase. 'This causes homogentisie acid-
urig, ochronoesis and arthritis,

In Hartnup disease, indole and tryptophane appear in the
urine due to defective renal and intestinal absorption of
tryptophane.  Tryptophane is an intermediary metabolite
in the synthesis of serotonin {5-hydroxylryptamine) and 5-
hydroxyindole acetic acid (HIAA), Excessive production of
serotonin and the presence of its MIAA metabolite in Uhe
urine are associated with metasiatic carcinoid tumors.
HIAA is measured after removal of interfering keto acids
with dinitrophenylhydrazine, extraction and estimation
with nitrosonaphthol reagent.

Routine screening tests for cangenital metabolic defects
and the substance under test in the newhorn include PKU
{phenylalanine), MSUD (leucine), tyrosinemia {lyrosine},
homeeystinuria (methionine), histidemia (histidine}, valine-
min (valine), galactosemia (galactose or galactose uridyl-
transferase), orotic aciduria (orotidine-1-phosphate decar-
boxylase), arginosuccinuria (arginosuceinic lyase), heredi-
tary angioneurotic edema (Ci-1-esteraso inhibitor) and
sickle-cell disease themoglobin 8).

The analyses for these substances are based on BIA, me-
tabolite baclerial inhibition assay (MIA), enzyme auxotraph
bacterial assay (WNZ-Aux), fluorescent spot tests or TLC
and electrophoresis,

Proteing-—The plasma proteins (albumins, globulins and
fibrinogen) are involved in nutrilion, electrolyte and acid-
hase balance, trapaport mechanisms, coagulation, immunity
and enzymatic action. Total plasma proteins may he deter-
mined by Kjeldah), Nesslerization, specific ion-poir (brom-
cresol green dye plus afbumin) or biuret procedures. The
last technique is based on the reaction of —CONH~- groups
joined by carbon or nitrogen linkages in protein with alka-
line copper sullate to yield the biuret complex which can be
estimated colorimetrically, Total protein also can be esti-
mated by specific gravity, refractometric or UV spectromot-
ric methods, 'These methods are subject to large errors in
ihe presence of a pathology involving increased ghucase, lip-
id, urea or abnormal protein concentrations.

The albumin-globulin (A/G) rativ is determined by the
biuret method after precipitation of the globuling with a
sodivm sulfate-sulfite reagent. The nornal range is 5.5 fo
8.0 g% total protein with an A/G ratio of 1410 2.4, Changes
in total protein and A/G ratio oceur in kidney and liver
dipense, hemorrhage, dehydration, rheumatoid arthritis and
multiple myeloma. Gastrointestinal albumin Joss, as seen in
(i1 bleeding, uleerative colilis, sprue and enteritis, can he
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Fly 28-4. Electrophoretic separation of serum proteing (I}, isoen-
zymas (1}, hermoeglobins {1). and immunoalectropbaresis of plasrma
protein (IV) (courtesy, Spinco).

detected by monitoring fecal radicactivity after 1V injection
of "' Cr-human gerum albumin.

The physiochemical properties of the plasma proteins—
mol wt {68,000 to 300,000} and isoelectric point (pH of mini-
mum solubilily and ionic neutrality)—provide the basis for
the electrophoretic separation of plasma proteins (Fig 28-4).
The plasma sample is spolted on a paper or celludose acelate
sirip, or in a polyacrylamide gel (dise or gel clectrophoresis)
al. pH 8.6,

At this pH the proteins are eleciroanionic and, under the
influence of electric current, will migrate to the anode at a
rate dependont, on their isoelectric poind and, in the ease of
cellulose ncetate or gel electrophoresis, their molecular size,
Thestrips are then stained with a protein dye (bromophenol
blue, Amidoschwarz or Ponceau 5), and the concentrations
of the various proteing are estimated by denstometric scan-
ning.

The normal ranges for the major proteing are (in g%k
atbumin 3.8 1o 5.0; totad globulin, 2.0 to 3.9; ay-globulin, 0.1
to 0.5; ag-globulin, 0.5 to 0.9; S-globulin; 0.5 10 1.2; y-globu-
Jin, 0.7 1o 1.6.

Ordinary electrophoresis does not identify the subgroups
of immunoglobuling, lgA, 1gM, 1gG and g, This is accom-
plished by immunoelectrophoresis, a process involving elee-
trophoresis and immunodiffusion. The sample is electro-
pharized in an agar gel (zone eleclrophoresisy and then anti-
serum Lo the speciflic Ig or Lo lotal globulins is placed in o
trough aligned parallel to the axis of the original electropho-
resis, The serum proleing and antisera diffuse toward each
ather and form precipitin (antigen-antibody complex) e,
Ordinary cellulose acetate or gel electrophoresis will permit
the recognition of diffuse, polyelonal elevation of serum im-
muneglobubins seen in chronic infections, isolated M-pro-
tein peaks of macroglobulinemia and multiple myeloma and
ahsent gamma component in & hypogammaglobulinemiu or
agammaglobulinemia,  Immunoelectrophoresis will indi-
ente specific lg abnermalities or, by noting the presence of
any displacement, bowing or broadening of the precipitin
band will aid in the dingnosis of the paraimmunoglobulin
monoclonal disenses such as multiple myeloma, macrogiobu-
linemia or chronic lymphatic leukemia.

Radial immunodifTusion is a simple process which also can
be used for quantitation of lgA, IgM and JgG.'5 1t is per-
formed by incorporating the antibody in an agar gel and then
introducing the antigen or tegl sera into wells punched in the
agar. The antigen diffuses radially out of the well into the
surrounding gel media, and a visible precipitin fine forms
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where the antigen and antibody have reacted. Quantilation
of IgA, IgM and TG aids in the dingnosis and differentiation
of collagen diseases, chronic infections and liver disease.
1gld is best quantitated by immuncelectrophoresis or RIA

(see section on Immunoclagy Tor the hasis and principles of

RIA).

Nephelometric technigues delect immunological constit-
uenls by measuring the light-scatdering properties of various
antigen-antibody eomplexes in a Lest solution.  The Hyland
aystom measures the amount of laser-beam deflection at an
angle by employing & photomultiplier tube which is sensitive
in the red region of the spectrum.  Results are caleulated by
an electronic-sereening system and read in pergent redative
lipht-seatter on a digital readout.

Automated electrophoresis equipment, offers compuier-
conlrolied sample application, staining options, densitome-
try and pattern interpretation for serum profeing md isoen-
Zymes,

Enzymes—Bnzymes are proteing whose biologicnl fune-
Ltion is the catalysis of chemical reactions in living systems,
Enzymes combine with the substances on which they acl
(substrates) te form an inlermediate anzyme-substrate com-
plex whicl is then converted Lo a reaction produet and liber
ated enzyme, which continues its catalylic funciion, ¥En-
zymes are highly specilic; a few exhibit absolute specificity
and catalyze only one particudar resclion, while others are
specific for a particular type of chemical bond, functional
group or stereoisomeric struclure.

Most serum enzymes of clinical significinee are intracellu-
lar in origin and are elevated in hyperactivity disease, malig-
nancy or injury to cardiac, hepatie, pancreatic, muscle, hone
and tissue.  As the specific tissue involved will determine
the type of enzyme that will be elevated, such determina-

tiony are valuable diagnostic tools in the differentintion of

vartous pathological stales.

Enzymes are nomed and cassified aceording Lo the Lype of

reaclion that they catnlyzo, and to their substrate specific-
ities. Kneyme activily usually is expressed in International
Uinits (JUY where 1 unit (L) is that amount of the enzyme
which will catalyze the transformation of 1 pmole of suly-
strate/min at definile temperature, pH and substrate-con-
centration conditions. Refer to Chapter 52 for a more com-
plete discussion of enuymes.

Transferases are enzymes thal catalyze the transfer of

amino or phosphate groups from one compound Lo another,
Aspartate aminotranaferase (AS'T) and alanine aminetrans-
ferase (ALT) are important in clinicol tHagnosis.  These
enzymes catalyze the tranefer of the amino groap from glu-
tamic acid to keto acids (oxaloscelic or pyruvich to form
aspartic and e-keloglutarie acids with AST (napartate ami-
notransfernse) and alanine and o-keloglutaric acid with
AL (alanine aminotransferasel

Colorimetric methods are based on an estimation of the
reaction products {oxaloacetic or pyruvie acid) with dinitro-
phenylhydrazine, or substrate (o-ketoglutaric acid) by cou-
pling with 6-benzamido-4-methoxy-m-toluidinedinzonium
chloride.

Spectrometric methods are bused on the reaction of the
product pyruvate with lactic dehydrogenase and NADI, o
ol oxaloacetale with malic dehvdrogenase and NADI. Tha
rate of NADH wiilization is measured by the decrease in
absorbance al 340 or 360 nm and is directly proportional o
transaminnse activity.

Normal AST and ALT levels are <40 mU/mL. AST is
present in large amounts in liver, cardiac and skeletal mus-
cle, whoreas ALY is found primarily in liver tgsue. AS'T is
elevated in myoeardial infarction and Duchenne museular
dystrophy; AST and AL'L are increased in liver disense,
acute loxic or viral hepalitis, infectious mononueleosis, ol
struetive jnundice and hepatic chrrhosis.
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Creatine kinase (CK) is o transfernse found in muscle and
brain tissue. 6 entalyzes Lhe ransfer of phosphate groups
trom greatine phosphate 1o adenosine diphosphate (ADP) to
form adenosine triphosphate (A'FP). Aclivated CI activity
is measured by following the increase of A'TP i the creati-
nine phuspimév ADY reaction in the presence of glutathione
or eysleine thiol activators. The AP can e mensured hy
the fluerimetric determination of light emitied hy lacilerin-
ase conversion of luciferin to adenyl-oxyluciferin in the pres-
ence of AT, Normal serum levels are <50 mU/ml; it is
elovated in myocardial itfarction and Duchenne musealay
dystrophy, but remains al. normal tevels in liver disease.

Ornithine transcarbamylase (°1C) in serum is the only
enzyme of the urea eyele which has been used in the ¢linieal
investigation of liver disease, 11 catalyzes the conversion of
grithine to ciiroliing,  The novmal serum value is 0 1o (4
mU/mi..

Oxidoreduetases or dehydrogenases nre enzymes thai eat-
alyze hydrogen transfer in cellular oxidation processes,
Lactic (LD, a-khydroxybutyric (HBDH), malic {MDH),
dutamic {GLIR), isecitric (JCDH) and sorbitol (SIH) de-
hydrogenuses nre of diagnostic importance in yyocardial
and liver disease,

LEH eatalyzos the reversible conversion of pyruvic o fac-
tic acid in the presence of NAIYH. The activity may he
estimated colorimetrically by Torming the pyruvic acid hy-
drazone with 2,4-dinitrophenylhydrazine; spectrometrie or
fluorimetric estimation of NAIDH in this reaction also is used
to estimnte enzyme activity, The normal serwm LDH value
is <200 mU/mL {(pyravale - lactate) and <60 mU/ml (lac-
tage -+ pyruvate). LIDH is increased Lo a much greater
extent and for o more prolonged period than AST or CK in
myocardial infarction; 3t alse is increased to varying deprees
in certain types of hepatic disease, disseminated malignan-
cies, pernicious anemia and muscalar dystrophy.

Recent advanees in prolein chemistry and technical meth-
odology have fed to fractionation of enzymes, 1)1Lvmuslv
thought to he homogeneous, inle helerogencous moieties,
These multiple-molecular forims of enzymes (isoenzynies)
have similar subsirate specificity but different biophysical
propertics,  LIDH, MDY, CK, phosphatases and leucine
aminopeptidase exist in isoenzyme forms.

CK isoenzymes are important in the early detection of
myoecardin (iun‘m;r(- Two CK molecutar subunits, M and 13,
produce three isoenzymes: CK-MM feund primarily in
sheletal muscles, CIX-MB3 in the myocardivm and CK-13B
primarily from the brain. After acute myocardial infarction
(MD), CK-MB appears in the serum in approximately 4 to 6
hours, reaches peak selivity at 18 1o 24 hours and may
disappear within 72 hours, Disgnostic testing of M1 in-
cudes CK and LD isoenzymes.  Barly detection of CK-
MB allows the management of myoeardia] infarets with
agents such as streptokinase or tesue plasminogen activator
('FPA). The methods of assessment include electrophore-
sis, column chromatopgraphy and immuncinhibition,

Serum conlaing five LDH isoenzymes, each a tetraner
composed of one or two monomers.  LDH 1 and 2 are found
in preponderance in heart, kidaey and RIBC; whereas liver
and skeletad muscle largely contain LDH 4 and 5. Interme-
diate forms prevail in lymphatic tissues and many malignan-
cies. 'The fractionation of LIDH isoenzymes is important in
the difforential diagnosis of cardiac, muscle and liver dis-
ease. It ean be accomplished with DREAE-colhulose ehroma-
Lography, electrophoresis, sulfite or urea inhibition of specif-
ic isoenzymes, thermal stability and substrate-concentra-
tion requiremetils,

HBDH reduces o hetobuiyrie acid to a-hydroxybutyric
aeid in the presence of NADH; estimation of the a-keto acid
vin hydreazone Tormation or NADH is the basis of activity
measurements.  The normal serum HBE level is <140
mU/ml. it is clevated in myoeardial infarction. LI 1 s

high in FBDI activity.
often is used in place of LDH isoenwyme determination,
Ratios >0.8 are seen in myocardial infaretion and <06 jy
acute liver domage.

MDH and SDH, in the presence of NAD, cotalyze the
conversion of malate or sorbitol to oxaloacetate or Nuctose,
respectively, They are of (huynmt:c value in ME (M1 »43

The ratio of tolal LDM/HRDI

mU/mL) and acute liver injury (SIDH >96 mU/ml.),

ICDH oxidizes isocitvale, in the presence of NADDP
NAD, to o ketoglutarate; it is clevated (5.0 mU/mi, ) in
ncute hepatitis.

Hydrolases are enzymes that catalyze the addition of the
olements of water ac the bmld which is cleaved. Amy.
lases, lipases, phosphatases, 5-nucleolidase, y-glutamyl.
transpeptidase and leweing aminopeptidase are specific ex-
amples of clinically important hydrolases.

Salivary and panereatic amyduses hydrolyze the substrate
starch 1o maltose and dexirins, Amylase activity can he
measured by procedures based on the loss in cortain proper.
ties of starch as it is hydrobyzed (amydoelustic), or by the
genevation of reducing substances (saccharogeniv).  The
amyloclastic methods use the decrease in viscosity and tur-
bidity of hydrolyzed water-soluble starch subsirates, or the
reaction of starch with iodine as the method of estimation.
A newer procedure uses the colorimetric determination of
water-soluble dye-dextrin fragments released by amylalytic
hydrolysis of a crosslinked, waler-insoluble, dye-starch
polymer. The saccharogenic methods deterimine the renc-
ton products (reducing sugars) by a previously described
methadology, The normal serum level is 140 mU/mls ele-
vations are noted in acule pancreatitls, acule abdominal
conditions (perforated peptic ulcer, common bile-duet ol
straction) and salivary pland disease.

Lipases cataiyze the conversion of triglycerides Lo ghycerol
md fatty acids. Clinical determinations are based on the
titrimetrie analysis of fatly acids liberated from an emulsi-
fied olive of] substrate, or fluorimetric estimation of Huores-
cein libernted from a fluorescein fatly acid ester substrate.
Serum lipase Is inereased in pancreatic carcinoma.

Phosphatases ealalyze the hydrolysis of orthephosphoric
acid esters, and are classified aceording to the pH of optimal
activity into alkaline or acid phosphatases,  Activity (abka-
ling, pH 8 10 10; acid, pH 4 o ) is measured with phenyl
phosphate, glycerophosphate, p-nitrophenyl phosphate or
thymolphthalein monophosphate substrates. With the lat-
ter Lwo chromogenie substrates, the amount of p-pilro.
phenol or thymoelphthalein Hberated by phosphatase hydro-
Ivsis s estimated colovimetrically in an alkaline medium,
With a glycerophosphate or phenyl phosphate substrate, the
liberated phosphorus is determined by molybdenuwm blue
formation with phosphomolyhdic-phosphotungstic acids;
phenol also may be estimated with 4-aminoantipyrine or
Folin-Ciocalteau reagent.

Acld phosphatase activity may be differentialed by the
use of inhibitors in the assay mixture; formakdebyde has no
elfeet on acid phosphatase of prostatic erigin, but it inhibits
other ncid phosphalases, while tartrate is a selective inhibi-
tor of the prostatic enzyme.  Acid phosphutase is of a pri-
mary diggnostic value in metastatic coveinoma of the pros-
tate.

Normal values for atkaline phosphalase activity depend
on the substrate used; clevations in osteomalacia and in bone
tumors depend on the degree of osteolytic or osteoblastic
activity, The enzyme (isoenzyme) also is elevated in ob-
structive jaundice, bone and liver disease,

T'he enwyme &' -nucleotidase is mn alkaline phosphomono.
estarase that hydrolyzes nucleotides with a phosphate radi-
cal attached Lo the 5 position of the penlose (e, adenosine
manophesphate). The normal serwm value is 37 mt/ml; it
is clevated in hepatic disease.

Leugine aminupeptidase {LAP) is any exopeptidase whicl
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hydrolyzes the peptide bond adjacent to a free amino group.
It liberntes amino aeide from the N-terminal group of pro-
teins and polypeptides in which the free amino group is a1
leucine residuc,  Activity is determined by spectrophoeto-
melric estimation following hydrolysis of the nmide bond of
a Jeucinamide substraie at 238 nm.  Clinical estimations
usualty are performed on synthetic substrales, nngd since
there is no correlation balween cleavage of leucinamide and
these substyates, the LAP-like aclivity is designated leucine
arylamidase. A fluorometric determination of paphthyl-
amine liberated from a leucyl-g-naphthylamide substrate or
colorimetric determination of p-nitroaniline liberated from
Jeucino-p-nitroanilide substrate also has been used. The
normal value is 8 to 22 mU/mLs; it is elevated in the last
trimester of pregnancy, hepato-biliary disease and pancreat-
ic carcinoma,

Serum y-glutamyl transpeptidase (vGT) is increased in
diseases of the liver, bile ducts and pancrens, Together with
alkaline phosphatase, LAP and &' -nucleotidase, yG'T usual-
ly is tested in the group of cholestasis-indicating enzymes.
The assay is based on the hydrolysis of y-glutamyl-p-ni-
troanilide,

Serum Iysozyme (muramidase} activity iz increased in
certain types of Jeukemia, Serum arginnse, s&n enzyme
which hydrolyzes arginine to ornithine and ures, and serum
guanase are sonsitive indicators of hepatic necrosis,

Lyases are enzymes which split C—C bonds without group
iransfer.  Aldolase is a ghycolic lyase which catalyzes the
revorsible splitting of (ructose 1,6-diphosphate Lo form dihy-
droxyacetone phosphate and glyceraldehyde 3-phosphate.
In the estimation of activily, the triose phosphate reaction
products are hydrolyzed with alkali and Lhe resultant trioses
are rescted with 24-dinitrophenyibydrazine to form chro-
mogenic hydrazones for colorimelric annlysis. A spectro-
photometric estimation is made by coupling the aldolase
renction producls with a dehydrogennse acting on one of the
triose phosphates and measuring concomitant changes in
NADH. The normal value is <8 mU/ml; it is elevated in
muscular dystrophy, polymyositis and acute hepatitis,

The significance of serum-enzyme changes in hepatitis is
soen in Fig 28-5 and enzyme aclivity following myocardiat
infarction in Fig 28-6.
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Fig 28-6, Typleal course of altarations In serum enzyme activity In
acute viral hepailtis (courtesy, Schmidt £, Schmidt FW Med Welt 21:
805, 1970}
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Lipids--The major ¢lasses of blood lipids are fatty acids,
cholesterol, triglveerides, phospholipids and lipoproteins.
Hyperlipidemia is not a single aberration and there are a
number of different hyperlipidemic states, Lipid-profile
tests include measurements of cholesterol, triglyceride,
phospholipids and determination of lipoprotein phenotypes.

Cholesterol, a sterol molecule, is an essential substance in
sleroid-hormone synthesis by the adrenal coriex and bile
acid production in the liver, It exista in blood as the [roe
slerol and as cholesterol esiers of fatly acids.

In the determination of fofal cholesterol, the serum is
extracted with an alcohol-ether mixture and the chalestorol
estimated colerimetrieally after reaction with acetic anhy-
dride-sulluric acid reagent {Liebermann-Burchard reac-
tion). ‘I'he precipitation of free cholosterol with digitonin
will differentinie free from esterified cholesterol, Chro-
matographic separation of cholesterol from ils esters on alu-
mina, silicie acid or magnesium silicate columns with organic
solvents also has Leen used.

1as chromatographic procedures have resulted in the sep-
aration and guantitation of cholesterni, its metabolites and
precursors; this is a type of partition chromatography in
which a volalilized sample is partitioned belween a lquid
stationary phase and a mobile gas phase, The nermal-adult
total-serum-cholesterol level is 150 1o 270 mg/100 ml,; it is
increased in hyperlipemia and specifically in hyper-g-lipo-
proteinemia, nephrosis, dinbetes mellitus and myxedema,
and decreased in hyperthyroidism and hepatie disease.
Free cholesterol comprises 20 1o 40% ond the ester fraction
G0 Lo 80% of the tota) serum cholesterol,

Phospholipids nre “compound™ or “heterolipids” which
contain phosphorus, a nitrogen base and a long-chain fatly
acid, Lecithin (phosphatidyleholines) and cephalin {phos-
phatidylethanolaming or serine) are the principal plasma
phospholipids, which normally comprise one-third of the
total plasma lipids, They usually are bound to lipoproteins.
Thoge serum lipids are extracted into an alcohoi-ether mix.
ture, digested with sulfuric acid-hydrogen peroxide nnd Lhe
liberatedt phosphorus determined by colorimetrie tech-
nigues. ‘The normal lipid phosphorus i 6 to 11 mg/100 mis;
about one-half' is lecithin,  The averuge ratio of cholesterol
Lo lipid phosphorus when cholesterol is normal is 21 Phog-
pholipid changes usunlly are associated with cholesterol
changes and are of interest in coronary artery and liver
digeases and the hyperkipoproteinemias.

&
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Sphingotipids differ from lecithin and cephalin, They
are phosphate esters of sphingosine bound to choline or
ethanalmmine and primarily are found in brain tissue (g,
sphingomyelin, galactolipin),  The ratio of lecithin io
sphingomyelin (1/8) in amniotic fluid or resvscitated amni-
otie fluid from the oral cavity of the newhorn is an aceurate
nssessment. of fetal maturity and the respiratory-distress
syndrome,  Changes in phosphotipid biosynthesis during
gostation reflect the aging of the fetal lung, as the L/S ratio
normully increases, .

Tay-Sachs disease is a lipid-storage disenso in which the
central nervous system degenerates because of the progres-
give intraneuronnl accumulation of excess amounts of the
aphingolipid ganglioside GM,. The accumulation of GMy in
Tay-Sachs disease has heen shown to be eaused by a laclk of
the enzyme hexosaminidase A. Therefore, the measure.
ment of serum, WBC or amniotic fluid hexosaminidase A is
important in evaluating carriers and in disgnosing Tay-
Sachs disease in the felus.

Roth hexosaminidase A (heat-lahile) and hexosaminidase
B (heat-stable) can eatalyze the conversion of 4-methylum-
helliferyl-N-acetylgalnctosamine (a synthetic substrate) lo
N-acetylgalactosamine and 4-methylumbetliferone,  The
cleavage product, 4-methylumbelliferone, {luoresces under
wltraviolet radiation and the intensity of the ffuorescence is
a meagure of the nctivity of the enzyme.  In noncarriers, b0
to 75% of the total hexosaminidase activity is heal-labile
{hexosaminidase A), and in carriers 20 to 45% of the lotal
hexvsaminidase nctivity is heal-labile.

The blood fatty acids occur in esterified (EFFA) and nones-
terified (NEFA) forms.  Priglyeeride determinations are of
value in differentiating the hyperlipidemic states, ie, essen-
tial {diet-mduced) hypeririglyceridemia from familial hypo-
cholesterolemia with or without triglyeeridemia. After the
preliminary separation from phospholipids, triglycerides
most often are determined in torms of their glycerol moiety.
The glveerol released by saponification is oxidized to formal-
dehyde mnd the lniter determined hy fluorimetric or colori-
metric procedures, ‘Triglyeerides also can he delermined by
coupling the ghycerot libernted from lipase/a-chymotrypsin
treatment of serum with a glyeerol kinase-pyruvate kinase-
LI syutem and spectrometric estimation of NADH. Nor-
mal triglyceride levels are 110 to 140 mg/100 ml. An in-
crenso in triglycerides will produce a milky appearance in
serum (lipemic). BIA analyses are based also on the reac-
tion of atkaline hydroxylamine with esters of fatty acids to
[orm hydroxamic acids which produce a red color with ferric
chloride.

Gias chromatographie procedures have been uged to quan-
titate the various fatty acids; je, palmitic, rtearic, oleig, lin-
oleic and linolenic acids. Mono-, di- and triglycervides also
can be separaled into classes and guantitated by colnmn or
thin-layer chromatography, and infrared spectrometry.
The total fatly acids of plosma range from 200 te 450 mp/100
mkb in the fasting state; they are derived from glycerides,
cholesterol esters and phospholipids.

All the lipids in plasma cireulnte in combination with
profein,  The free fatty acids are bound to albumin and the
lipids aggregate with other proteins to form lipoproteins.
Electropheresis and ubtracentrifugation are the principal
methods used to separale and identify lipoprotein families.
Chytlomicrons (8¢ >400), pre-g-lipoproteins (S 20-100), -
lipoproteins (Sp0-20) and a-lipoproteins are the four major
classes in order of increasing denaity and migration on cellu-
lose acetate electrophoresis.  Chylomicrons are representa-
tive primarily of dietary or exogenous triglycerides, pre-g-
lipoproteins of endogenous glycerides, A-lipoproteins of cho-
lesterol and its esters and a-lipoproteins of cholesterol and
phospholipids,  Abnormal Hpoproteing that may appear in
plasma include floating B-lipoproteing, lipoprotein X and

compliexes of normal lipoproteina with IgA and TG myelomy
proteins {autoimmune hyperlipoproteinemia).  Age, sox
diet, fasting, posture changes and trouma can alter the iipj(i
profiie,

The lipoprotein classes usually are sepnrated by paper,
agarose or celjulose acetnte electrophoresis.  The strips are
stnined with fat-soluble dyes (Sudan Back or 0il Red Q)
and guantitated by densiometric scanning.  Primary hypop.
lipoproteinemias are classified into normal and five abyor.
mal types hased on cholesterol and Lriglyeeride levels and
lipuprotein analysis.  Hyperchylomicronemia (Type 1),
hyper-g-lipoproteinemia (1'ype 1), broad g-band (Type 111),
hyper-pre-g-lipoprofeinemia (Type 1V) and hyper-pre-g-li-
poprofeinemis and chylomicronemin {Type V} are the major
classes. Carbohydrate and fal-tolerance studies, post-hepa-
rin lipnse activity and clinienl symptomatology also are inte-
grated into the disgnosis of the various subelasses, The
presence or predisposition Lo corenary artery disesse and
other disense states i associated with the various types.)?

Steroids and Other Hormones—The steroids possess a
common structure, the perhydroeyclopentanophenanthrene
nucleus, and include cholesteral, bile acids, androgens and
the adrenocortical, adrenomedullary, estrogenic and proges-
tational hormones,

Androsterone, dehydroepinndrosterone, etiocholan-3a-
ol-17-0ne, 11-ketoandrosterone, 11-ketoetiocholanclone,
118-hydroxyandrosterone and 118-hydroxyetiocholanalone
are the principal wrinary 17-ketostereids (17K5).  These
nndrogenic hormanes are devived from the advenal and, in
males, Lesticular function, The principal urinary steroid
metabolites in this group of androgens are found both in the
free form, and as conjugates of glucuronides, sulfntes or
acetates. ‘Their determination in urine involves the acid
hydrolysis of the conjugates, extraction with organie sobvent,
reaction with slkaline m-dinitrobenzene (Zinmerman reac-
tion) and colorimetric estimation of the ehromogen, The
individual 17KS can bo separated by TLC prior to analysis
to obtain farther information on the individuol steroids,
The normal adult urine values are:  male, 9 to 24 mg/doy;
female, 5 to 17 mg/day. Decreased excretion is seen in
hyponetive disense of the pituitary, gonads and adrenals,
Increased exeretion is seen in hyperplasia, cancer or tumory
of the adrenals.

Testosterone is the mosi potent androgen in blood. The
measurement of urinary or serum lestosterone is useful in
digtinguishing normal and hypogonadal males and in treat-
ing hirautism in the female, 'This hormone is determined by
gas chromatography, competitive profein-hinding, isolope
dilution or RIA procedures, Normal serum Llestosterone is
0.2140 1.1 pg/100 ml, in the male and <0.1 pg/100 mls in the
female.

The natural estrogenic hormones are estradiol, estrone
and estriol, produced in the gonads, adrenals and placenta.
Tha relative amounts of the three estrogens rise and fal)
concomitantly during the menstrual eycle. Malernal, uri-
nary totol-estrogen excretion, capeciatly estriol, is an indi-
rect index of the integrity and viabilily of the feloplacental
unit.  Analysis involves acid or glucuronidase-arylsulfatase
hydralysis of the conjugates, ramaoval of urinary glucose if
present, extraction and eolorimetric or fluorimetric analysia.
In the determination, after acid hydrolysis and ether extrac-
tion of the urine, the estrogens are methylaled with dimethy!
sulfate and chromatographically separated prior to reaction
with phenolsalfuric acid to yield a red chremogen for colori-
melric analysiy, The normal estrogen outpul is 4 to 60 ug/24
hr in the femnle and up to 25 ug in the mele,  Eslrogen
deficiency can he related to ovavian failure and pituitary
deficiency.

Progesterone is a progestational hormone which is seeret-
ed by the corpus lutewm of the ovary and also by the adrenal
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corten. Serum progesterone determination is of value in theo
detection of ovulation and s a measure of the seeretory.
aetivity of the placenta during pregananey.  Progesterone is
determined in serum by RIA, double-isotope derivatization,
gas-Hguid chiromatography or competitive protein-binding
technigues.  Normal, menstrunl-cycle serum progesterone
Jevels vary between 0 and 1.6 pg/100 ml.

Pregrancdiol is the principal metabolite of progesterone,
e urinary determination of pregnanediol excretion is an
indirect index of progesierone levels bt s subject to varia-
tion due to individual differences in hepatic metaholism of
ihis hormone and is nol representative of total endogenous
progesterone prodaction,

Adrenal cortex sleroids include glucocorticoids, andro-
pens, estrogens, progesterone and mineralocorticoids. Glu-
cocorticoids can be determined as plasma cortisol (plasma
17-0H corticosteroids), urinary-free (unconjugated cortisol)
ot totad-urinary I7-OH corticosteroids. The Intter are de-
termined in urine as J7-kefogenic steroids (17ICGS). The
17KS in urine are reduced with horohydride to alcolols; the
17-OM steroids are oxidized with sodium bismutbate or peri-
odate 1o 17KS and quantitated by the allaline dinitroben-
rene method. The 17-0H steroids can be guantitated di-
rectly by the phenylhydrazine-sulfurie acid reaction after
hydrolysis of glucuronide conjugates and chromatographie
purification. The 17-OH steroid analysis only determines
compounds with the dihydroxyacetone side chain, such as
tetrahydrocortisol or tefrahydrocorfisone: the 17KGS anal-
ysis includes the 17-01-corticosteroids with the dihydroxy-
acetone side chain and the pregnanetriol type of compound.
Normal 17KGS daily urinary excretion is 5 to 23 myg in the
male and 3 to 15 myg in the female.  They are reduced signifi-
cuntly in myxedema and sdrenal or anterior pituitary insuf-
ficiency, Plasma corlisol usually is measured by fuorimet-
ri¢ or gas-chromatographic procedures,

Aldosterone is the most active member of the minceralo-
corticoid group. The determination of urinary aldosterone
is of valuae in differentiating benign essentinl hypertension
from primary aldosteronism (Conn'’s syndrome), which is
caused by an adrenal adenoma and is aecompanied by hy-
pertension, A double-isotope derivatization fechnique is
used.  Urinary aldosterone is acetylated with Hi-acetic an-
hydride; aldosterone-'"*C-diacetate slandard is added ecarly
in the procedure, The *H/MC specific activity of the {inal
product is meastred after chromatographic purification and
in a direct measurcment of aldosterone. The normal aldo-
sterone levels of ahout 10 wg/day are elevated in Conn’s
disease and wsually are associated with Jow serum potassi-
am, sodivm retention and low-concentration alkaline urine,

The anterior pituilary secretes three substances (gonado-
tropins) which regulate gonadal activity: follicle-stimulat-
ing hormaone (RSHY, luteinizing hormone or interstitial cell
hormone (1CSH, LH) and luteatropin {LTH). The gonado-
lropins are glycoproteina.  Bioassay methods can be used Lo
determine gonadotrophic activity.  After fractionation and
isolation the nrine extract is assayed in test animals as to the
follicular growih of the ovaries in hypophyseciomized ani-
mals or increase in lesticular, ovarian or uterine weight in
various animal models. RIA techniques have heen devel-
aped Tor these gonadolroping and represent the most sensi-
tive and precise measurement method.

Analysis of serwm or wrinary placental lactogen {(HPL)
and chorionic ponadotropin (HCG), a placental-derived
protein hormone, is useful in the diagnosis of threatenod
abortion, hydatiform mole and chorioearcinoma,  HCG,
pregnanediol and progesteronc as well as total and Mraction-
ated estrogens are ugeful in testing for pregnancy, HCG and
HIL readily are measured by REA and low values are seen in
threatened ahortion and intranterine fetal death.

The iperease in HCG in the seram or urine of the pregnant
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female is the basis of a routine pregnaney test, Tesh compo-
nents consist of an antigen in the form of HOG latex parti-
cles and an HOCG antiseram. When antisoram is mixed with
wine containing u detectable level of HCG, it is neatralized
and no ageludination of latex-antigen particles ocour (aggiu-
tination nhibition test), The commercial application of
e HOG assay gives lnboratories a rapid, aceuraie pregnan-
ey test by taking advantage of monoclonad antibody specific:
ity and sensitivity. A monoclonal slide procedure on uring,
Puoclon (Qrganon Dicgnostics), uses two different. mono-
clonal antibodies, one against, HCG and one againgl the
HOG subunil for maximum specificily,  Agglutination in-
dicotes a positive test with a sensitivity level of 500 mil}
HOG/ml, detecting pregnancy & Tew days aller conception,

Human growth hormone and insulin are proteing which
are of diagnostic value in growth-rate studies and diabetes.
They are best guantitaied by R1A.

Epinephrine and norepinephrive ave bhiologically active
eatecholamines derived from the adrenal medubla and sym-
pathetic nerve endings.  Catecholamibes are moasured in
the Blood and urine after Mractionation on alvmina or ion-
exchange columms, oxidation al pH 3.5 or 6.0 and subse
quent fuerimelyic analysis.  Urine cateeholumines are in-
creased to >850 ap/24 hy in adrenal medullary tissue tunors
{pheochromacytoma). The normal plasma level 5 2.1 1o 6.5
ag/l wilth about 80% as norepinephrine.

Vanillylmandelic acid (VMA) is the urine metabolite of
these two catecholamines,  1is quantity in urine refleets the
endogenaus secretion of catecholamines, VMA can be de-
tormined colorimetrically, after extraciion of the urine with
ethyl acelate and diazotization with p-nitroaniline and etha-
nolamine in the presence of carbonate ion. VMA also ean be
measured spectrometrically following periodate exidation o
vanillin and solvent extraction.  The normal outpul is & o
192 mag/24 hr,

Homovanillic acid (HVA) is nol a metabolite of epineph.
ving or norepinephrine, hut is produced from a common
precursor, dopamine.  Elevaled HVA exerclion is diagnostic
in cases of neurcblastoma,

The biosynthesis of serofonin (5-hiydroxytryplamine) and
urinary excrelion of ils metabolite, §-hydroxyindolencetic
acid (5-HIAA), are increased in argentadfine timors, Fhese
have a very large capacity to metabolize tryplophane stores
o serolonin,  Urinary 5-HIAA increases from 1 to 7 g/24
hir to as much as 1 2/24 hr in this type of tumor,

Bilirubin, a tetrapyrrole which is derived lrom senescent
rot-cell degradation, normally oceurs in low concentration
in the Blood. In bile, it iz present as the waler-seluble
conjugated acyldiglucuronide. In hlood, biliruhin is tightly
hound to plasma albumin. ‘Uhe reduction of bilirubin in the
intestine yields urobilinogen which is, in taen, oxidized fo a
brown pigment--urobilin,

Serum bilirulin is detenmined by coupling with dinzotized
sulfanilic neid to form azehilirubin for colorimetrie analysis.
‘The direct or conjugated bilirubin test is performed in nque-
ous media; the indirect ov free bilirebin anslysis is per-
formed in methano) or enffeine-sodivm henzoate soludion.
Normal values in serum arer  direct, 0 to 0.3 mp/100 mis:
total, 0 to £.5 mg/100 mL.

Clinical jaundice is a yellowing of the tissues associaled
with hyperhilirubinemia; in hemolytic disense ol the new-
barn due to Rh and ABO incompatibilities, indirect serum
hilirubin is elovated, whereas aeute hepatitis results in in-
ereases in the direct type,

Electrolytes—The normal plasma electrolyie level is 154
mibg/L of cations and 154 mEq/1: of anions, The osmotie
effects of chleride, Dicarbonate, sodium and polassivm are
important in the maintenance of normal muscle contraction
and water distribulion between cells, plasma and inferstitisl
fiuid.
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Flame photametry, atomic-nbsorption spectrometry, nou-
tron-nctivation analysis, X-ray fluorescence, ion-specific
clectrodes and colorimetric techniques are used in the iden-
gification and determination of cations or anions in hiologi-
enl fluids,  Advances in technology have developed multi-
phase systems capable of measuring not only sodium and
potassivm hut also chloride, carbon dioxide and calcium
girmultaneously.

Sodium and potassitm serum concentrations are readily
measured by flame photometry or highly sensitive and spe-
cific alomic-absorption spectrometry. The latter technigue
is similar to emission-flame photomelry, except thal il mea-
sures energy ns it is absorbed by atoms rather than as it is
emitted by atoms. Both technigues are based on the ehar-
acteristic absorption or emission wavelengths of the cations.
Ton-specific glass electrodes also are used for Na® and K*
determinations, eliminating the use of a flame or combusti-
bie gus and can be performed on whole blood, plasma or
BOTTL.

Chloride levels in serum or urine are determined by titra-
tion with acid mercuric nitrate solution in the presence of s-
diphenylcarbazone indicator. ‘They also may be determined
potentiometrically with a silver-silver chloride pH electrode
assembly,  ‘The normal serum values are 135 to 1656 mliq
Na/L, 3.9 to 5.6 mEg K/L and 95 to 106 mllg CI/L; urine
lovels are 150 to 197 mlig Na/day, 20 Lo 64 mEg K/day and
180 to 270 mlig Cl/day.

Serum sodium, potassium, chloride and bicarbonate de-
terminations are useful indicators in adrenal cortical inguffi-
ciency, renal and cardiac failure, swuria, dehydration, ali-
mentary tract disenses associated with diarrhea and vomi(-
ing and increased renal electrolyte excretion (diuretic
therapy).

The determination of excess chloride (>50 mIBg/L) in the
porspiration of patients wilh pancrestic cystic fibrosis is an
accurate diagnostic tool. Perspivation is stimulated by plac-
ing the patient’s hand in a plastic bag for 15 to 20 min or,
preferably, by an iontophoresis technigue in which pilocar-
pine nitrate ions are transporiled through small areas of the
skin to produce focal perspiration. The c¢hloride content
may he guantitated with silver nitrato-potassivin chromate-
imprognated papers or with ion-selective electrodes.

Bicarbonate, phosphates, sodium, potassium and chloride
comcentrations are related to maintenance of acid-base hal-
ance in the body. The pH of the blood reflects the state of
the acid-base balance and is related mathematically to
HCOy~ concentration and partial pressure of COy (pPCOy) in
hloed by the Henderson-Hassolbach equation,

= 6.1 4 o o0} 2)
PR =BT, 00,

Blaod pH, an measured electrometrically, has a normal
range of 71,36 10 7.40 for venous samples and 7.38 (o 7.42 for
arterinl samples, The pCO, level in blood is determined by
measating the pH of the blood at three different pCOy con-
ceniralions.—one native 1o the blood and the other twe ob-
tained by equilibration with gas mixtures of known pCOs,
Blood bicarbonate levels also may be determined by measur-
ing the amount of acid neutralized by plasma or serum and
pCOy ealeulated by Bg 2, 'The relationship belween pCO.y
and carbonic acid concentration is

{H,C0) = 0.03 % pCo,
forr (3

The role of exygen and hemoglobin in respiration has been
discussed previously. Mensurements of blood pH and €O,
content are used in differentiating respiratory acidosis (low
pH, high CO») from metabolic acidosis (low pk, low COy).
Blood oxygen (pfh) and percent oxygen seluration are
measured by a polarographic method; the bleod sample is

mM per L

placed in a chamber nnd separated from a combined plag.
num and silver-silver chloride electrode by a polypropyleng
membrane, By diffusion through the membrane, equilibyi.
um is egtablished between the pOy of the Mood and a film of
solution in contact with the clectrode. A current, which jy
proportional 1o blood pQOy, is generated after the application
of a polarizing vollage,

Caleium and phosphorus are important minerals in the
processes of bone calcification, nerve irritability, muscle
contraction and blood coagulation. Calcium is present in
plasma as an ultrafilierable (Jonic and nonionie) form and a
protein-hound fraction, Blood phosphorus consists of inor.
ganic phosphorus, organic phosphate ester (GEP, AT} and
phospholipida.

Serum and urine caleium levels are determined routinely
by Litration with BDTA or BGTA using a fluorescent caleein
or caleichrome indicator. Other methods are based on the
colorimetric analysis of caleium-methylthymol blue com.-
plex in the presence of 8-quinelinel to prevent interference
by magnesium,  Bis-{o-hydroxyphenyiimino)ethane forms
a colored complex with caleium and, in the presence of poly.
vinylpyrrolidone to inhibit phosphate interference, is a sen-
sitive and gpecific method for caleium.  Caleium is deter-
mined best by atomic-absorption spectrometry,  As with all
cations, coleium can be determingd by emission- or absorp-
tion-Tlame photomelry or ion-sefoctive electrodes,

Inorganic phosphorus levels are determined by reaction
with acid molybdate reagent to form phosphomaolybdic acid
which, in turn, is reduced with aminonaphtholsulfonie acid
or p-dimethylaminophenol sulfate (o give a blue complex
which is estimated colorimetrically, Normal serum levels
are 2.5 to 4.5 mg P/100 mL and § to 11 mg Ca/100 ml..

Caicium Jevels are decreased and phosphorus inereased in
hypoparathyroidisin; an opposile effect is seen in hyperac-
tivity of this gland. In rickets and osteomalacia, the concen-
trations of both elements are docreased. In establishing
primary hyperparathyroidism and other causes of hypercal-
cemia, daily measurements for ionized ealcium (Ca®") are
replacing total Ca measurements using ISE technology.

Copper, magnesium, zine and iron are {race elements in
bivod. They are quantitated readily by flame photometrie,
colorimelric or atomic-ahsorption technigues,

Organ Funciton Tests—The analyses of various blood or
wrine constituents, determination of metabolic excretion
rates of exogenous compounds or endogenous metabolites
and effect of exogenous stimuli on these parameters are used
for evaluation of in situ activity and funection of various
organs. Organ function studies are porformed in diseases
associated with the liver, kidney, parathyroid, thyroid and
pituitary gland, gastroinlestinal lroct, pancreas, adrenals
and gonads, ‘The principles and significance of the analysis
used in such evaluations have been described also in other
sections of this chapter.

Tests for hepalic function ave based ou bilirubin metabo-
lam und excretion, carbohydrate metabolism (galactose tol-
erance test), plasma-protein changes (cephalin flocculation
st mnd ASG ratio), abnormal fal metabolism, detoxifiention
mechanisms (hippuric acid synthesis), excretion of injected
substances |BSP], prothrombin formation and previously
diseussed enzyime levels.

Diseases of the liver are due to cellular alterations (hepa-
tocediular) or obstructions to the flow of bile (obstructive
juundice). Hepatocollular liver disease ean be chronic
{postnecrotic cirrhosis, carcinoma) or aeute (viral hepatitis,
aleoholism, toxin- and chemical-induced).

The cephalin flocewlation test i baged on the floceulation
of cophalin-emulsified cholenterol by y-globulin.  In normal
serwm an albumin-like protein will inhibit this reaction; in
hepatic diseases, which produce abnormal y-globulin or re-
duced albumin levels, the flocculation will oceur,

The detoxification mechanisms of the liver can be evalu-
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ated by intravenous administration of sodium benzoate and
eatimation of the bonzoic acid metabolite, hippuric acid, in
the urine, In hepatoparenchymal disease, a reduced capaci-
ty of the tiver to form hippuric acid by conjugation of glycine
and benzoic acid is observed,

The ahility of Lhe Liver to excrete an injected dye is deter-
mined in the B8P Lesi; the seram is analyzed for dye concen-
tration at o suitable time interval after IV administration of
2 to 5 mg BSP/ke. Radioiodinated (1) Rose Bengal Sodi-
nm dye also has been used in dye-exeretion studies with
isolopic estimalion of urine dye Jevels,

Kidney function tests are based on the defermination of
bleod nonprotein nitrogen (urea, uric acid and creatinine),
electrolylon, blood acid-base balance, routine urinalysis and
the clearance of administered compeunds in the urine,
Most clearance studies are performed with substances that
are not resorbed or seeroted by the renad tubules:  inulin,
mannitol, sodium p-aminchippurate or #1-iothalamate so-
dium {(sodium 5-acetamido-2,4,6-trilodo-N-methyliso-
phthalamate). These are administered intravenously and
the rate of urine clearance and glomerular filtration s esti-
mated by analysis of the urine. The excrelory capacity of
the renal tabular epithelium can be determined by measur-
ing the clearance rate of PSP, The dye is injected IV and
the rate of its clearance in urine is determined. PSP is
bound loosely to serum albumin and is removed rapidly from
the blood by the renal tubules,

Sodium iodohippurate-(1?*1}, which is extracted almost
completely from the blood on a single passage through the
kidney, also has been used in renal function studies; o reno-
gram or imolepic sean of both kidneys is performed, The
test provides data on renal tubular secrelion, renal vascular
competence and renal evacuation and is primarily useful as a
comparison of individual kidney funetion, 1 is important
to nole that 5% of kidney function can be compromised
without any significant chango in the routine renal {function
parameters,

Thyroid function lests usually measure the circulating
levels of the thyroid hormones, and not the end-organ effeci.
The thyroid gland converty inorganic iodide to thyroxine
(T and triiodathyronineg (T}, Ty and 'y are stored in the
coljoid part of the gland as part of the thyroglobulin mole.
cule. Hypethalamic thyrotropin-releasing harmone
(TRH) mediates the releaye of the pituitary thyrotropin
(thyroid-stimulating hormone, TSH).  1ixcess levels of ¢ir-
culating 1y depress, and low levels of Ty inerease, TSH
release. ‘T'SH stimulates the proteolytic degradation of thy-
roglobulin Lo retease Ty and Ty, and increases organification
of todine. Ty necounts lor 90% of secrelod thyvoid hormones
and exists in blood bound o thyroxine-binding globulin
(TBG) ot thyrexine-binding preatbumin (TBPA) or toalbu-
min, Ty is not protein-bound and has & 1o 10 times the
hiological potency of Ty on a weight bagis. Therefore, T
represents the major part of protein-bound iodine (PBI}
The level of free thyroxing (FTy), the active fraction in
blood, ia regulated by 'y and ‘1% refense and the levels of
binding proleins in blood and tissues.

The uptake of orally administered Na '™T preparations by
the thyroid gland can he estimated by isotopic scanning of
the gland 24 houra after 1971 administration und is an index
of glandular function (hyperactive, >50% uptake; hypose-
tive, <15%).

PBI determinations are based on the precipilation of pro-
Lein-bound thyroxine, removal of inorganic iodine by hasic-
or anjon-exchange chromatography, alkaline incineration to
convert thyroxine Lo inorganic iodide and, {inally, quantita-
tion of lodide by reaction with nrsenous acid and ceric am-
monium sulfate, PRI is a good estimate of total circulating
hormaonal iodine, The normal range is 4 Lo 8 xg/100 mL
seram,

% cnn be determined by column chromatography in
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which it is separated and isolated by ion-exchange chroma-
tography, and then anakyzed colorimetrically, Nonisotope
thyroid assays have been developed using ftuoreseence po-
larization methods for T4 and Cree-thyroxin index, In the
competitive protein-binding nssay for Ty, serum Ty com-
peles with LTy for binding sites on a known amount of
TRG. The ratio of bound to free ™1 iz determined by
adsorplion of '"1-'T'; net bound to TBG on an anion-ex-
change resin embedded in a polyurethane aponge or a porous
dextran gel, and iz a direct index of Ty fevels, The presence
of mercurials, inorganie iodide or iodinoled radiographic
compounds in serum interferes with the Ty column and PRI
procodures, ‘Phe competitive-hinding procedure is affected
hy the presence of highly protein-hound drags or changes in
TBG levels inserum. The normal range of serum Tyis 2.9 1o
8.4 pg/100 ], by colunn and 8.0 o 7.0 gg/100 mL by bind-
ing ansay, Ty nnd PBIare increased in hyperthyroidism and
the early stages of hepalitis, Ty and PB{ are decreased in
hypothyroidism and nephroyis.

FTy also is determined in a competitive protein-binding
assay in which "®17Ty and serum are incubated, and then
dislysed to determing the percent dialyzable '#51-T,. T,
analysis is used in suspected abhormalities in protein-bind-
ing globulins. Ty binding capacity of serwm TBG, albumiy
and prealbumin can be determined after electropharotic
separation of these proteins, k

Ty analysis is delermined by the resin-uplake test, The
upptake of %91 by a resin is determined in the presence of
the test serum, In hyperthyroidism, the primary THG-
binding sites are saturated and '1-T' i3 taken up by the
resin,  The resin uptake is decrensed in hypothyroidism,
and most of 21Ty is bound to TBG in serum. A free
thyroxine index can be obtained by multiplying Ty (resin) X
T, (competitive binding) X 0.01. This product deviates
from normal in the same direetion ny Ty and T in hyper. and
hypothyroidism. This product is stable during euthyroi-
diam in spite of changes in binding proteins; eg, a ¢uthyroid
patient. on phenyloin therapy will show a decressed TBG
and T, and increased Dy, but (Ty % Ty) is novmal. The
indication of hyper- or hypothyroidism in the presence of
abnormal amounts of ‘TRG is observed in the (T, X Ty
product.,

The determination of T'SH by RIA appears (o be the most
uselul Lest in diseriminating patients with primary hyper-
thyroidism from the euthyroidism or hypothyroidism sec-
ondary to pituitary disense. Serum TS is increased in the
primary disease state,

The PBI conversion ratio is an estimate of the rate of
conversion of inorganic lodide 1o PBE Radioiodide-('31) is
administered 1o the subject; after 24 hr, a sample of blood i
shtained and the "#1 to PBY is estimated by radiochroma-
tographic provedures with ion-exchange resing (normal con-
vergion, 13 to 42%).

Adrenocortical function is evaluated by estimation of se-
rum or urinary 17-ketosteroids (17-K8} and 17-hydroxycor-
Licosteroide (17-OH-CS) (androgen and corticosteroid me-
tabolism), serum electrolytes {aldosterone metaholism) and
blood adrenocorticotrophic hormone (ACTH) levels in the
basal stale, after stimulation with IM oc IV ACTH, or after
adrenal inhibition with dexamethnsone, Inthe novmal indi-
vidun), ACTH will increase plasima cortisol and urine 17-
OH-CS, and dexamethasone will suppress plnsma cortisol.
Maetapirone, an inbibitor of 113-hydroxylase, will cause se-
lective sacretion of compound 8 (11-deoxycortisol} by the
adrenals in place of cortisol.  Compound 8 will not inhibit
the adrenal-pituitary feedback mechanism, the piluitary
will secrete more ACTH and the adrenal will secrete more
compound 8. The determination of urinary 17-OH-CS or
tetrahydro-compound § (1'H8) following metapirone ad-
ministration is u good index of the functional integrity of the
pituitary-ndrenad axiy, patienls with virilizing adrenal hy-
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Electrolytes
Caleium 9.0-10.6 mg/dl, 2.25-9.65 mmol/l.
Chloride 98--109 mmol/L,
COy content 23-30 mmol/L
Magnesium 1.2-2.4 mity/1. 0.6~1.2 mmol/L.
Phosphorus 2.5-5.0 mg/dL 0,81--1.62 mmol/L,
Potassium A.7-5.3 mmol/L,
Sodium 138146 mmol/L
Maetabolites
Bilirubin 0.1-1.2 mg/dl, 1.7-20.5 pmol/L
Cholesaterol 150250 mg/dl, 4.9-8.5 mmol/L
Crealinine 0.7-1.5 mg/dl. 62-123 gmol/l,
{adults)
Gilucose G0-95 mp/dL 3.33-5.28 mmol/L
fron 50164 ug/dl. 9,0-28.5 pmol/L
Triglyeerides 20-180 mg/dL (,22-1,98 mmol/L

2.9-4.3 mmal/L

Urea nitrogen (BUN)
0.15-0.41 mmol/L

Uric acid
Proteins and enzymes

828 m[{/(“z
2.5-7.0 mg/dL

Alnnine aminotrans.  (ALT, SGPT} 540 U/, at 37°
forose
Albwmin 35-5.0 g/dL 35-50 g/L

Alkaline phosphatase  85-120 U/L at 37° 50400 /L aL 37°

(adults) (children}
Amylase 60180 Somogyi 110330 U/L
Units
Aspartate amino- (AST, 83GOT) 8-40 U/L, al 37°
transfernse
Carcinoembryonic <25 ng/ml, <25 ngll

antigen {CEA)
Creating kinaze (CK)
Glutarnyl translorase

10-180 W/L, at 37°
540 U/L aL 37°

{(GGT)
Lactate dehydrogen-  60-220 U/L at 87°  (lnctate —»
nge (LDH) pyruvate)
Total protein 6.0-8.0/dL 60-80 g/,
Hormoses

720 pg/dL (at 3-13 ug/dLs (at 4:00
8:00 AM) PM}
(200-550 mmoi/l)  (80-360 mmol/L)

Cortisol in plasma

sortisol (free) in
urine
TFollicle-atinmualating
hormone (FSH)

t7-Hydroxycortico-
ateroids in urine

17-Betosieroids in
uring

Luteinizing hormone

(LH

Metanephrine in
uring
Prolactin

Thyroxine (T}

20-90 pg/24 hr
Adult males

215 miU/mL

3-10 mg/24 hr
5.-15 mg/24 hr

820 mg/2d hy
0.1--3.0 mg/24 hr

Adult malea

5-26 mIU/ml.

<1.3 mg/2d hr

120 ngg/ml.
(males)

(1-20 pp/ll)

5.5-12.5 g/dl
(adults)

(72-163 nmal/L}

55248 nimol/24 hy
Adult Females

Follicular phase
A-15 mil/mL
Ovulatory spike
£0-50 mIU/ml,
Latenl Phase
3-15 mill/mY,
Postmenopanss
30200 mTU/ml,

{adull fomntes)

{adudi. males)

(prepubertal
chiidren)

Adult females

FPollicutar phaso
530 mIU/mE,
Ovulatory spike
60-1560 mIU/ml,
Lutesi phase
H-40 mllU/mL
Postmenopnuse
30--200 mIU/mL

126 ng/mlL
{females)

(125 ppfla)

7.8-16.0 pg/dL
(newhbornsg)

(101208 nmol/L.)

Vanillylmandelic ncid — <6.8 myg/24 hr

(VMA) in urine

« Serum apegimans unless othovwise indiented %

perplnsia excrete excessive THS due to a 113-hydroxylase
delect.

C(R)mmon, chemistry, reference values are listed in ‘T'able
IVIJ H

Automnled Analysis—The automalion of analytical
techniques used in blood and urine chemistry, hematology,
hlood typing and immunology has incrensed the productivi-
ty and accuracy of the elinical laboratory.V! Computeriza-
tion of the auntomaled analytical system also has increased
the rapidity of reporting test resulls, reduced clerical error
and provided a unified and updated report of the laboratory
tests for each patiend.

In the SMA-12 {or SMA-20) Autoanalyzer (Technicon), a
conlinuously operating, maultiple-channel proportioning
pump noves the samples, diluents and reagent streams, Air
bubbles segment the flowing streams of samples and re-
agents, which then may (low through dialyzers o remove
interfering substances, move them into chamnbers preset at
desired temperatures and, linally, into deteclion devices
(eolorimeters, Muorometers, flame photomelers, spectro-
photometers). A serum standard s run simultaneously with
the samples. The results can be read direclly from a record-
er or can be coupled into a digital computer eutpul. Se-
quential, multiple analyses in the SMA-12 are accomplished
by distributing the sample to 12 different analytical streams,
so that all 12 analyses are in progress at the samo time. The

SMA-12 profile usually determines caleium, inorganic phos-
phorus, glicose, BUN, uric acid, cholesterol, total protein,
albumin, total hilirnbin, alkaline phosphatase, LDH and
AST. The Mark ¥ (Hycel), Bktachom 400 {(Kodak), ACA
(Dupont) and NSA-560 (Beckman) also are used in aulo-
mated clinicat-laboratory techniques.

Technicon recently developed the “capsule chemistry’
analysis on the Chem 1 analyzer, Microaliquots of the sam-
ple (1 uL.) and reagents {14 xL) are encapsulatod within an
inert Muorocarbon liguid. The resulting “test capsule” i
introduced into a gingle, analytical flow path (composed of a
solid fluorccarbon liquid, Teflon) where the sample is ineu-
bated, mixed, reacted and measured as o moving series of
individual tests. The reactions are monitored at in-ine
deteclor slations for eolorimetric and nephelometric mea-
surements. On each sample 35 chemistries can be run se-
quentiokly.

The rapid growth of more-sophisticated chemistry annlyz-
ers increases the capacity of any clinieal lnboratory and is
associated with small-specimen requirements incorporating
bateh analysis, profiles and stat capabilities, I addition 1o
rouline chemiglry Lesting, the systems test for enzymes, im-
munoassay, therapeutic-drug Lests, coagulation (fibrinogen,
antithrombin 11, plasminogen) and electrolytes, 'Pach-
niques eliminating liquid requirements of other reagont sys-
tems are available from Kedak and Ames using dry reagents,

3
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which are impregnated in pads on astrip or slide and read by
a reflectance photomefer.

Automated hematology and simultancous determination
ol RBC, WBC, hemoglobiiy and hematocrit, MCV, MCH and
MCHC can be performed on the SMA-TA (Technricon) Ana-
lyzer. The automated Technicon Heomalog system will pro-
vide data of SMA-TA and CCV {conduetivity cell volume),
prothrombin time, partind thromboplastin time and platelet
count.  Auwlomated levhocyte differential was discussed
previously under Hematology.

Urine

The formation of urine and its exeretion are eritical phys.
iological netivities of the body which provide a mechanism
for the maintenance of o constant internal environment. for
all cells, tissues and organs.  This internal ecology of the
body is well-recognized and nown as homeostasis. ITnas-
much as the urine reflects what is accurring within the hody,
it offers a Muid which is an impariant source of information

that is most useful gs an aid in the definition of Lhe states of

health and disease. More specifically, the kidnay, by means
of urine formation

1. Repulates the body waler, )

¢ lxevetes matnholic wisste products, many of which ave of o nitrogo-
nous nalure.

3 Bxeretes loxic substences of both endogencus and exogencns ork
Kin.

1. Regulates he electrolyte equilibrium of the body by cither excrets
ing or retaining each spocific ion,

L Mainteing the delicate balanee of pH within the body Dy exeretion
of exeess avid or excess base,

6. Provides an important vossle for the elimination of pharnnncentical
wrents and their hreakdown products from the body,

Normal urine containg several thousand compounds mosl of
which vecur in minute quantitics, Table V identifies some
of the conslituents of normal urine which are of particular
significance,

Urine is studied quite widely as o means of identifying
abnormalities agssociated with disease. The importance of
such study is emphasized by the fact that the nember of tests
carried out on urine far exceeds those made on all other bady
fluids combined. Urine not only is important in providing
information relating to kidney disease, bul it may provide
infermation relative Lo many olber body activities. Infor
malion from vrine studies is of disgnostic value in functional
diseases of the kidney, Hiver, pancreas, blood, bone, muscle
and the urinary, gastrointestinal and coardiovascular sys-
tems,  Urine sludies provide vital eliniend information on
elecirolyte and water balance, acid-base equilibriun, inter-
mediary metabolism, inborn errors of metabelism, drug
abuse, intoxication, pregnancy and hormone balance, Most
of Lhese parnmeters have been discussed carlier and this
section will be devoled Lo routine urinalysis.

Table V.--Mormat Constituents of Urine

Consiituont g/day GConstituent gy
Water 1400 Amino acids 2.1
Total solida 60 Purine bases .01
Urea 30 Phenols 0,03
Urie acid 0.4 Proteins (tetal) 0.026
Hippuric acid 0.4 Chlovide (as Nalll) 12
Cremtinine 1.2 Sodium b
Indican 0.0 Potagsium 2
Citrie aeid 0.8 Calgium 0.2
Lactie acid 0.2 Magnesium 0.16
Oxalie acid 0.03 Sullur (Lotal) L0
Nicotinic ncid B.0002h  Phosphate (ns 1) 1.k
Allentoin 0.04 Ammaonia 0.
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It is important to recognize that urine test information,
like all other laboratory data, helps provide a picture of the
whale body, but any single resuld requires interpretation to
he most meaningful. It also should he recognized that neg-
ative resulls can be ersentially as useful as positive resuls in
agreal many instances, The ready availability of nrineis an
advantage thal makes it practical as a material for monitor-
ing the course of the treatment of discase as well as for ils
rocognition and definition,

Mosturing examinations include observalions with regard
to the majority of the following—eolor, odor, turbidity, pH,
protein, glucose (or reducing substances), ketene bodies (ac-
etone), occult bloed, bilirubin, urobilinogen, bacteria {eul-
ture or chemieal tests), specific gravity and micrescopic ex.
amination of sediment, including ervthroeytes, leukooyles,
casts, epithelial cells, crystals, bacteria, parasites and exfoli-
ative cytology, A “routine' wrinalysis varies in different
institutions but ordinarily involves the inclusion of the ma-
jority of the above Lests,

Urine Tor laboratory study should he collected in clean
containers-—preferably into a disposable unit (polystyrene
tube) with n eapacity of 15 ml which can be used for collect-
ing, transporting, centrifuging and testing, Refrigeration is
desirable for any specimen which is not tested within 1t0 2
hours,

H urive is Lo be transporled through the mails or is to be
lheld Tor a significant time al room Lemperature, il is desir-
able to add a urine preservative (formalin, methenamine,
thymol, toluene) which will interfere with microbial growth
in the specimen. Several proprietary urine preservative
tablels are available. 1f urine is allowed o stand al room
temperature, bacleria will grow in the specimen and cause
degradation of many constituents. Frequently, the bacteria
decompose urea into ammonium carbonate with a resulting
inerease in the alkalinily of the specimen, Formed ele
ments, particularly casts and red blood cells, disintegrate in
alkaline sohulion.

The majority of urine tests are done on random speeimens
bui, in certain instances, il is necessary lo have a 24-hy
specimen for certain specinkized analyses.  For urine-sugar
testing in diabeies detection, it is desirable to use a post-
prandial urine specimen (ie, after a meal). For protein tests,
as well ag chemical or culture tests for hacteriuria, the first
morsing specimen is prefevred.  Most laboratories wse com-
mercially available, standardized, reagent-impregnated
strips (“dipatrips”) or tablets (Ames) for routine urinalysis,

Instrumentation in Urinatysis--Automaled urine-test-
ing systems, semiaulomated rengent-strip readers and o sys-
tem which perfarms the complete winalysis procedure have
been developed. The strip reader is a reflectance photom-
eter which measures urine pH, protein, glucose, ketones,
bload, bilirubin, nitraie and urobilinogen, The TRIS ATM
{(International Remote Imaging Syslems) measures urine
gpecilicgravity by refractomelry, urine sedinent by staining
and classifies analyles, controlled fluid dynamics, video mi-
croscopy with an image processor, a chemistry system to
read a stondard dipstick by reflectance photometry, and
cotor and appearance. 'Fhese systems achieve standard re-
guits for routine urinalysis and increase accuracy and preci-
$101,

Volume—The normal volume of urine exereted during &
94-hr period is usually in the range of 1000 10 1500 ml.  1tis
possible for a healthy person to modify the volume either by
severe fluid restriction or by ingestion of excosstve guanti-
ties of fluid. 1n certain disorders Lhere is a change in urine
volume. Urine-volume increases are identified as polyuria
and are encountered in diabetes mellitus, diabetes ingipidus
and in cerlain stages of chronie renal disease.  Urine volume
is increased during diuretic therapy and with the ingestion
or injection of large volumes of fluid, A decresse in urine
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volume usually oceurs in dehydration, waler restriction and
in acule or terminal renal discase. Extensive water loss
from severe diarrhen or vomiting causes oliguria or de-
creased urine volume.,  Acule ranal fnilure precipitated by
shack, poisons or transfusion Terction may resull in o eom-
plete absence of urine excretion or anuria. In the majority
of instances urine study does not require volume measure-
ments, but. these are quite critical in severely ill persons
where oliguria or anuria is present.

Specific Gravily-Qumeolality—The urine dennity or
spocific gravity is related to the amownt of solids excreted in
a given volume of urine, In the majorily of inslances in
healthy persons the specific gravity varies between 1.010 and
1.030 and is related to dietary habits of fluid and foed inges-
tion and, necondarily, 1o the loss of [laid by other routes such
as extensive sweating,  The measuretnent of urine denaity or
specific gravity is a part of “rouline urinalysis,” and as such
provides information with regard to water and solids turn-
aver in the body, The specific-gravily informalion alone is
not nearly 30 important as it may be in conjunction with
other observations. Thus, if dehydration is suspected, a
specific gravity in the midrange of 1.015 would cast a doubt
about dehydration unless there was a concurrent renal dys-
funetion,

The kidney possesses a remarkable ability to either form a
concentrated urine or a very dilute uring ranging from n
specific gravity of 1001 to 1,032, This concentrating or
diluting capacity is diminished in cases whero there is a loss
of renal function. In fact, one of the sensilive Lests for
measuring rennl function involves the so-called dilution-
concentration tests where fluid is administered or withheld,
and the specific pravity of the urine is measured. With a
serious loss of renal Tunction, the kidney eannot excrete a
urine in excess of 1,020 even wilh marked fluid restriction,
In advanced renal disease the specific gravity of the urine
may become “fixed” or constant in the range of 1.010 to
1.012 with all urine beipg of this specific gravity regardloss of
whether there is overhydration or dehydration.

Specific gravily is measured readily with a special hy-
drometer, cailed a urinometer. There is a correlation he-
tween the density of urine and its refractive index, and a
special refractometer has heen designed which gives read-
ings in specific-gravity units on a single drop of urine.

Certain abmormal constituents of urine, such as glucose or
protein, whon present in high concentralions, will cause sig-
nificant increases in specific gravity, Certain X-ray con-
trast media, when excreted in the urine, also will cause
marked increases in specific grovity.

Urine specific gravily is only an indirect index of solute
concentration, ie, 1 mole of urea will produce a lower specific
gravity than 1 mole of glacose. Osmolality is o direct mea-
gure of the molal concentration of solutes in solution regard-
tess of their molecular weight, ie, 1 mole of NaCl dissocistos
into 1 mole of chloride ion and 1 mole of sodium jon. Osmo-
lality is determined in a divect-reading osmometer by com-
paring the (reezing point of urine with that of a standard
sodium chleride solution,

The kidneys normally excrete BOO to 1400 mOsm/hg (an
osmol is that weighl of any substance when dissolved in
water depresses the freezing point 1.86°) of solutes per day.
Man concentrates urine and eliminates the daily sohute load
at a maximum volume of 1200 mOsm/kg water, Urine os-
molality ia an inverse function of urine volume in the normul
catabolic state.  Urine volume is regulated by the antidi-
urotic hormone (ADH) and sodium exeretion by the hor-
mono aldostorone, Increased osmolality of body {luids
stimulates, nad increased dilution inhibits, the release of
ADH. The major determinant of body-fluid osmolality is
sodium. Sodium conservation is mediated threugh the ve-
nin-angiotensin-aldosterone axis. Determinations of plas-

ma and urine sodium, and esmolality and urinary volume
are of disgnostic value in Addison's disease, vasomotor ne-’
phropathy (acute tubular necrosis), inapparent volume de-
pletion, incomplete urinary tract obstruction and hepatg.
renal disease.

pH-—Freshly voided urine usually has a slightly acid pi,
The normal range is & {o 8 and, essentially, this is also the
abnormal pH range. The kidneys, by reason of excreting
urine of varinble pI{, provide a regulatory mechanism for the
body to get vid of excess acid or alkaline waste products,
Since the normal pH range and the abnormal pH range are
comparable, the measurement of pH alone provides minima)
information, but when used in conjunction with other infor-
mation, il is a very useful urinary parameter. In conditions
of acidosis, the urine is quite acid; in conditions of alkalosis,
the urine pH is above 7. When metabolic or respiratory
acidosis is suspected, an aikaline-urine pH result almost,
eliminates the possibility of acidosis.  Conversely, i respira-
tory or metabolic alkatosis is suspected, the excretion of an
ncid urine indicates thai alkalosis is likely not present.

Dip-and-read tesls ave nsed widely for pH testing, but
pH-meter measurements are used less commonly.  In cer-
tain situations involving kidney stone susceptibility, il is
quile important to maintain a parrow range of urinary pH.
For example, in cystinuria an alkaline pH s maintained to
keep Lhe cyatine solubilized and to avoid as much as possible
the crystallization of eystine into renal caleuli. The mainte-
nance of urinary pH is alse fmportant for optimum resuits in
certnin types of drug therapy,

Color—-Urine normally has a yellow color, mostly due Lo
urochrome; the color varies from pale straw to dark amber.
Darker spoeimens usually have a high specific gravity, Oe-
casionally, either normal or abnormal wrine may show a color
different from yellow, Bilirabin may couse [resh urine to be
dark in color. In addilion, urine which is allowed to stand
darkens because of the oxidation of urohitinogen to urobilin,
Red, reddish-hrown or “smoky” urine usually is due to the
presence of hemoglobin (hemoglobinuria), myoglobin
{myoglobinuria} or red blood cells (hematuriz). Porphyria
is an uncommon cause of red coloration, Black urine can be
cauged by melanin, which may oceur in the urine of patients
with far-advanced malignant melanoma. An inbornerror of
metabolism, alkaptonuria, is characterized by the urinary
excretion of homogentisie acid, which causes the urine to
turn dark brows or black on standing.  Many of the unusunl
colors occasionally found in uring are derived from exoge-
nous sourees, inchuding both foods and drugs.  Among these
are the red color caused by beets, particalarly in infants, the
golden-yellow or orange-red color of metlabolites of pyri-
dium-like drugs or azo drugs and the groen or blue eolor from
methylene blue,

Odor-—Normal, freshly voided urine has a faint, aromatic
and characleristie odor, which is more intense in concentrat-
ed specimens. 1T the urine ja allowed to stand, the odor
becomes strongly ammoniacal and unpleasant Decause of
baeterial destruction of urea. Froshly voided urine having a
foul odor indicales severe infection. A sweet, fruity odor
may be due Lo ketones.

Appearance—TFreshly voided urine i usually clear, On
standing, a precipitate may form which vsually consists of
amorphots urates if the urine is acid or caleium and magne-
sium phosphates if the urine is atkaline. The {formation of a
precipitate is more likely to occur if the urine is refrigerated.
Most specimens will hecome clear again if they are warmed
gently to room temperature.  Large quantities of mucus,
colls, leukocyles or bacteria may cause cloudiness, Protein
usually does not cause cloudiness,

Protein—A small amount of protein is present in the
urine obtained from healthy subjects although the quantity
is not sufficient to give a positive reaclion with the tests
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commonly used for the recopnition of protein in wrine. The
majority of the 25 to 50 mg of protein that is excreted daily is
microprotein {low-molecular-weight polypeptide), with
properties quite different than those of albumin and globu-
lin, which are the principal proteins of the blood serum.
Albumin and globuling do eceur in the normal urine in min
ute concentrations,

Plasma proleing, hemoglobin, abnormal Bence-Jones pro-
tein and proteins {nucleo-, phospho- and glyco-proteins)
derived from leukocytes and mucus may be present in urine
in nephritis, nephrosis, lesions of the urinary tract, GI dehy-
dration and renal congestion.  Abnormal amounts of protein
in the urine may be recognized by cither precipitation or
colorimetric tests.  Tho precipitation depends on the heat
coagulation of the protein or on the chemical precipitation of
the protein.  The most popular of the heat-precipitation
tests is the heat-nnd-aeetic acid test in which a tube of urine
is heated to hoiling after the addition of a drop or two of
acelic acid.  Sulfosalicylic acid is employed commonly in
chemical precipitation tests and, in this test, equal guanti-
ties of 3% sulfosalieylie acid and urine are mixed in a test
tube and the mixture examined for furbidity indicative of
precipitated protein,

olorimetric tests for profeins involve dip-and-read type
of systems and are hased on the profein error of indicators,
Certain indicators have a point of color change which is
different in the presence of protein compared Lo the smmne
system in the absence of protein. Thus, by buffering the
indicator tetrabromophenol blue on thia dip-strip at a spe-
cilic pH, it is possible to bave a yellow color in the absence of
protein and a green or blue color in the presence of protein.
This teat, Albustix {(Ames), not. only indicates the presence
or absence of protein in the urine but alse can he made to
indicate the approximate amount of protein,  Strongly alka-
line or fermentod urines will give false-positive results. The
sensitivity of the colorimelric method is such that quantities
of 10 to 20 mg of albumin per 100 ml. of urine are recognized
with confidence.

A positive Lest Tor protein in the urine may have any one of
several meanings, and it is only when this information is
related Lo other observations that it has oplimum value,
Proteinuria may be benipn and appear following strenuous
exercise or simply as a resull of standing (orthostatic pro-
teinuria).  Protein frequently occurs in the urine during
pregnancy and in some instances this is henign, but in other
cases il indicates renal complications. Transient protein-
uria may occur following severe infections, high fever, oxpo-
sure to cold and in congestive henrt fnflure. Proteiniria
may be an early and sensitive indicator of renal disease and
may incdicate an abnormality prior to other sighs and symp-
toms of renal impairment in the glomerulus or tubules, In
the majority of instances there is not & correlation between
the amount of protein in the urine and the severity of the
renal disease,

Patients with severe nephrosis may lose up to 25 g of
proilein per day. Such a marked loss of protein causes a
decrease in plasma protein concontration with an aceompa-
nying edema. In both chronic and acute glomerulonephritis
there is protein in the urine, Tumors of the kidney and
renal infection veually will have an accompanying protoein-
uria. Bence-Jones protein is a unique protein which occurs
in the urine of abowt. 50% of patients with mulliple myeloma,
It has the unusual properiy of precipitaling hetween 50 and
60° and dissolving at higher temperatures.

Glucose (Reducing Substances)—Glucose normally oc-
curs in urine in sueh low eoncentration that it escapes detec-
tion by the vsual testing methods. The urine of unirented
or poorly eomtrolled diabetic patients characteristically con-
taing easily detectable amounts of glucose. A posilive tost
for glucose in wrine usuwally suggests hyperglycemia and the
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dingnosis of dinbetes mellitus; further studies, such os the
glucose Loleronce test to confirm the diagnosis, are indicat-
ed. Glycosuria also may occur when the renal tubules fail to
reabsorh plucose normally, and plucase appenrs in the urine
despite normal blood glucose levels, in contrast Lo true dia-
betes,

Glucose i the sugar ahmost always found in urine; howev-
or, lnctose, galactose, levulose, sucrose and penloses may he
encountered. These other sugars are identified by paper
chromatography, selective fermentation, polarimetry, spe-
cial chemical tests or the formation of their osazones, Qther
reducing substances occur in urine and may cause falsely
positive reducing reactions for glucose, Bxamples are ascor-
bic acid, glucuronides, many drugs, homogentisic aeid and
the preservatives formalin and chloroform.

The traditional test for glueose in wine (Benedict's Lest)
relics on the reduction of cupric ions in alkaline solution to
reddish-orange insoluble cuprous oxide. The copper is re-
dueed tolally by large amounts of glucose and results in a
brick-red sediment with no remaining blue color, Lesser
concentrations form green- {o rust-colored solulions with
pome red sediment, A modification of this test, Clinitest
(Ames), iz available in tablet form. The tablet eontains
copper sulfate, anhydrous sodiwm hydroxide, citric acid and
sodium carbonate. When added to dilate urine, the tablet
dissolves and generntes enough heat and effervescence to
yield results comparable wilh the Benediet test,

A apecific but extremaly simple enzyme tost {or glucose s
available—Tes-Tape (Lilly), Clinistix (Ames) and Multistix
(Ames). Reagent strips arve impregnated with glucose oxi-
dage, peroxidase and orthotolidine. When dipped into a
solution of glucose, oxidation occurs and bydrogen peroxide
is formed which oxidizes orthotolidine 1o a blue color. This
test is more gensitive than Clinitest, hut is not as rolighte for
eslimating the concentration of glucose. ‘The enzymatic
test ig specific and thus uselul in determining whether or not
a reducing substance is glucose. Dinstix (Ames) is a specific
urine glucose test using ghucose oxidase, which also indicates
the quantity of glucose present.

Ketone Bodies—The ketone bodies acetone, acetoncetic
acid and heta-hydroxybutyric acid are present in the urine
when fatls are matabolized incompletely. Ketonuria is seen
most commonly in poorky controlled dinbeles and indicates
ketonemia and diabetic acidosis. Other eauses for keton-
uria are starvation, fever, protracted vomiting and Von
Gierke's disease.  Ketonuria also oceurs following apesthe-
sin, Acetoacelic acid and acetone produce a distinctive pur-
ple color when treated with a mnixture of sodium nitroprus-
side, ammonium sulfate and concentrated ammonium hy-
droxide. A similar reagent is available in tablet form
(Acelest, Ames), A drop of urine ik placed on the tablet; if
ketones are present, a lavender to deep-purple color devel-
ops in 30 sac. The color intensity indicates the concentra-
tion of ketones., The reagent strip Kolostix (Ames), vsed as
a dip-and-read fest on uring or serum, containg the same
reagenls, which are available on Multistix {Ames) and other
multiple reagents ns well. These tests will deteet 5o 10 mg
of aeetoacetic acid per 100 mL of urine.

Phenylpyruvic Acid-—Phenylketonuria (or PKU) is an
inhorn error of melabolism in which the normal conversion
of phenylalanine Lo tyrosine in the body does not oceur and
there is a buildup of phenylalanine concentration in the
blood, This metabolic disorder couses mental retardation,
A portion of the phenylalanine is excroted by the kidneys
into the urine and in the process is converted (o phenylpyru-
vic ncid (or phenylketone), 11 this genetic disorder is discov-
ered soon after birth, it is possible to place the infant on a
diet very low in phenylalanine-containing proteins and thus
minimize the phenylalanine huildup in the body, averting
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the serious menlal retardation which ordinarily is seen in the
unireated PKU patient.

Recognition of P can be made by the use of 4 test for
phenyipyruvic aeid using a dip-and-read reagent composi-
tion containing ferric ions, 'Fhis test, Phenistix (Ames), can
he used on urine from all newhorn babies. A positive reac-
Lion gives a green color, whereas asnormal infant’s urine gives
a pale-ivory or yellow color to the strip.  PKU also can be
recognized hy employing a chemical or microbiological test
for elevated phenylalanine in serum, na discussed under
Amino Acids,

Bilirubin--Bilirubin is found in the urine of patients
with hepotitis or obstructive jaundice buft not in patients
with hemalytic jnundice. Tests for bilirubin and urehilino-
gen combine to give excellent information in the differential
diagnosis of jaundice. Tests for bilirubin are of two kinds;
oxidation tests form a green color of biliverdin from bilirubin
usually using ferric chloride as the oxidative reagent, and
diazotization tests form colored compounds when bilirubin
reacts with diazonium salfs in a strongly acid medium,
Mosl oxidation tests sdsorh the bilirabin anto barium sul-
fate or similar materinl before the addition of Fouchel’s
reagent, The tablel test letolest {(Ames) is the most sensi-
tive diazo test and it uses an absorption mat lo concentrale
the hilirubin from 5 drops of urine. A reagent tablet is
added to the moist apot on the mat and 2 drops of water are
added to dissolve the effervescent reagent and wash some of
it off the tablet onfo the mat where the reacfion takes piace,
A blue or purple color on the mat around the tablet in 30 sec
indicates the presence of hilirubin. In addition, a dip-and-
read Lest composition also based on the diazo reaction has
heen incorporated into the multiple urinalysis reagent
strips, Bili-Labstix and Multistix (Ames). Itis less sensitive
than the tablet test, but its convenience allows it to be used
in routine urinalysis quite readily,  An incidence of approxi-
mately 0.1% positives on health-screening population
groups, 0.9% on clinic patients and 0.9% on hospilaiized
patienis has been reported.

Urobilinogen—Ritirubin in the bile is reduced to urebi-
linogen by bocteria in the lower intestine. A portion of the
urobilinogen is reabsorbed from the intestine into the hlood.
A portion of this urobilinogen is excreted into Lhe urine by
the kidney and the balance is re-excereted via the bile into the
intestine. Although the quantity of urobilinogen in the
urine is quite small, il is an important indicator of liver
function and red-blood-cell catabokism,

If there is an obstruction 4o bile flow such as in obstractive
jaundice, the amount of urobilinogen formed and reab-
sorhed into the bleod and excreted in the urine is decreased,
With impairment of Hver function, the exeretion of urebilin-
ogen in the bile is decreased, the blood concentration in-
creases and Uhere is o corresponding increage in urinary
wrobilinogen excretion,  Actually, the increase in urinary
wrobilinogen is ome of the most sonsitive tests for impaired
liver function and this test may indicate an abnormality
when alt other tests of liver function remain unchanged from
normal,

In hemolylic discases where there is an increased rate of
hemoglobin breakdowsn, the amount of bilirubin formation
is increased with a corresponding increase in urobilinegen
formation and excretion in the urine. The concentration of
urabilinogen in urine ean be established by the use of u dip-
and-read tost which uses the inleraction of urobilinogen and
p-dimethylaminobenzaldehyde (Urobilistix, Ames).

Hematlurin, Hemoglobinuria and Myoglobinuria—
Hematuria refers to & condition in which intact red blood
cells appear in the urine. This condition is indicative of a
specific defect in the microscopic functional unit {the neph-
ron} of the kidney or it may be indicative of bleeding in the
kidney, the ureter, the bladder or the urethra.  In the female

there may be variable numbers of ved blood colls in the urine
during menstroation.

Hemoglobinuria is a conelition in which free hemoglohin is
present in the urine without red blood cells. This may be
cansed by intravascular hemolysis as 4 result of a transfusion
reaction or by poisoning or toxins. The free hemogiobin in
the plastna is excreted by the kidney into the urine. Insome
gituations actual total hemolysis of the ved cells oceurs alter
they have enlered the urine. This occurs particularly with
alkaline urines.

Myoglobin is the red respiratory pigment of muscle. Thig
pigment is quite comparnble to hemoglobin in s composi-
tien and chemical reactions. Myoglobin may be liberated
from muscle cells in certain types of mjury and, in such
cases, will circulate in the plasma and be excreted in the
urine. There are alse certain genelic muscle disorders in
which myoglobin is lost from the muscles and appears in Lhe
plasma and subsequently in the usine.

Chemical tests for red cells, free hemoglobin and myoglo-
bhin are based on the peroxidase-like activily ol hemoglobin
or ntyoglohin.  When a chromogen mixbure such as orthoto-
ldine and peroxide is exposed to this peroxidase aclivity, it
will interact rapidly to generate an intense blue color. A
dip-and-read solid state system is available which is called
Hemastix (Ames). This specific composition uses cumene
hydroperoxide as the peroxide. 'The same dip-and-read test
for oceult blood is incorporated as a component part of
mulliple, urine dip-and-read tests, eg, Multistix (Ames).

Microseopic Examination—Qrdinarily, urine contains n
number of formed elements or solid structures of microscop-
ic dimensions, ‘These are studied readily by cenf{rifuging 10
to 15 ml. of urine, pouring off the supernatant and resus-
pending the sediment in the drep or so of urine which re-
maing in the tube. This suspension of sediment is placed on
a microscope slide and viewed with low-power magnifica-
tion, Specific structures can be studied with higher magni-
fication. The urinary sediments can be elagsified into unor-
ganized (chemical substances) and organized (cells and
caqls) constituents.

In an alkaline urine, amorphous or crystalline ammonium-
magnesium phosphates, calcium carbonate or oxalate crys-
tals and nmmoniutn urate may oceur normally,  Amorphous
or erystalline urates, uric acid and coleinm oxalates normally
are seen in acid arines. The presence of Lyrosine, leucine or
cysline crystals is nysociated with varioua disenses.  Chemi-
cal erystals are identified by solubility in acid and/or alkali,
colorimetric reactions and crystalline structure,

The urine sediment ordinarily contains regidues of epithe-
lind cells, crystais and an cceasional red or white Bood cell,
Increased numbers of erythrocytes are seen where there is
bleeding into the urinary tract. If the red colls are formed
into a red-cell cast, it is suggestive that bieeding has oc-
curred at the glomerular level. An increased number of
leukocytes ia suggeative of infection and inflammation of the
kidney. Casls are microscopic concretions which have the
form of a tubule; they have a matrix of precipitated protein
and, depending on their appearance, may be identified as
hyaling, granular, waxy or red-cefl casts. Renal-failure casia
are larger and are assocviated with severe necrosis of the
kidney.

Numerous crystals, mucus fikers, bacleria, yeast cells,
spermatozon and parasites (Trichomonas vaginalis) may he
indentified in the urine sediment. The majority of these
cryatals do not have any unusual significanee hut in certain
disorders may he indicative of crystal deposils in kidney
tigsue or predisposition Lo formation of caleudi,

Tissue cells can be recognized in urine sedinent. This
provides an excellent means of detection and dingnosis of
cancer of the lower wrinary tract when the sediment is fixed
in ateohol and stained by the Papanicolaou procedure. 18x-

MYLAN INST. EXHIBIT 1013 PAGE 134



|

foliative cytology of urine may be applied as a rouline {o all
urology patients. In one large ¢linic the number of positive
cases found among urology potientls was almost 5%, which is
a much higher return of positive results than is oblained
with routine staining of cervical ameara.

Bacleria-—Ireshly voided spocimons of urine ordinarily
contain a few micreorgunisms, which primarily represent
bacteria picked up from the external genitakia. There are
fewer contaminating organisms in & ¢lean-catch specimen,
which involves extensive washing of the external genitalia
prior to collection of the specimen. A specimen collected at
the midpeint of urination or a “midstream” specimen ordi-
navily has more organisms than a clean-catch specimen, but
fewer than a so-called random specimen. When there is an
infection of the kidney or urinary tract, the number of organ-
igms in the urine is increased markedly. Ordinarily, if the
urine containg 100,000 or more organisms per ml, the resuil
strongly suggests the presence of an active infection.  1nfec-
tion of the urinary tract with accompanying bacteriuria is
relatively common in young girls and women. Quite often
the condition is asymptomatic and is recognized only as o
result of a study of the urine. If bacteriuria is not treated, it
may lead Lo serious renal injury,

If there is a very large number of bacteria in the urine, the
specimen actually may be turbid. This can be recognized by
gross visual inspection of the urine.  Bacteriuria also can be
recognized by microscopic examination of the urine sedi-
ment particularly il there is a large number of organisms
present. The most widely employed procedure for recogniz-
ing bacteria involvoes plating a specimen of diluted urine on a
culture plate, incubating it and counting the number of
colonies. A more convenienl approach to this same mea-
suremenl involves the use of a microscope slide which is
coated with nutrient agar. Such a slide, when dipped in a
urine specimen and then ineubated, will indicate the pres-
ence or absence of bacleriuria angd also the approximate
cound.

Moethods to determine the presence of significant numbers
of hacteria in urine samples are available on various auto-
mated systems.® The Bac-T-Sercen (Marion) system is a
dispensing and [illering system used with astraining process
10 detect the presence of bacteria on special filter cards by
noting the color change on the card, Analysis on the Abbotd
MS.2 performed by photemetric monitoring of bacterial
growth changes the light transmitted in a broth culture over
aperiod of time. A decrease in the light transmission due Lo
turbidity or color identifios a positive specimen. The Lu-
mac Biocounter M2010 measures bacterial adenosine tri-
phosphate (AT'E) in urine by the bioluminescence produced
in a luciferin-luciferase system. Once these rapid tech-
nigues are performed to determine which specimens have
increased Dbacterin, (urther ideniification and sensitivily
testing are performed. Chemieal tests for the metabolic
activity of bacteria have been used in studying bacteriuria.
The most popuiar chemical test is that for nitrite.  Ordinari-
by, all urine specimens contain nitrate, but do nol contain
nitrite. Il E eoli, or certain other organisme, are present in
sufficient numbers, they will reduce the nitrate to nitrite,

Caleuli—Knowledge of the composition of renal and
bladder caleuli (“stones”) is essential in planning the thera-
peutic regimen for such diseases. Mixed calcium phosphate
and oxalate stones usually oceur over the entire urine pH
range, Urie acid, eystine and caleium hydragen phosphate
caleuli generally are agsociated with acid urines, while mag-
nesium ammonium phoesphate caleull usually oceur in alka-
line urine. Hyperexcretion of one of the caleuli compo-
nents, pld, ranal blockage and the presence of foreign ohjects
i the urinary tract are the most probable causal factors in
the formation of renal caleuli, Caleitun oxalate stones are
the most common type. The chemical content of the stones

MYLAN INST. EXHIBIT 1013 PAGE 135

CLINICAL ANALYSIS 521

is cstablished by routine qualitative analysis for calciwm,
magnesium, ammonium, phosphate, enrbonate, oxalate, uric
acid and cyaline. Subscguent confirmation by optical erys-
taliography, X-ray diffraction and infrared spectroscopy is
also used in the characterization of {he physieal properties of
the caleuli,

Feees

Normal feces consists of undigested food remnants, prod-
ucts of digestion, bacterin and secretions of the gastrointesti-
nal tract. Macroscopic, chemical and microscopic dedermi-
nations are performed routinely. The normal quantity of
feces is aboul 200 g/day. The brown color is due to the
reduction of bilirubin to urobilinogen and then to uribilin
{stercobilind; bilirubin is not normaily present in {eces, but
porphyrins and hiliverdin (a component of meconiun} are
excreted during the first days of life. Bilirubin can be de-
tected by tests previously deseribed for bile pigments.

Color changes in the stool can he the result of dietary
intake or diagnostic for hiliary obstruction and gastrointes-
tinal bleeding.?! Patients with stentorrhea and malabgorp-
tion may show a yellow bulky stecl containing fal and gas,
The foces is clay colored when bile is prevented from enler-
ing the gut. A red or black stool can cecur when excessive
doses of anticoagulants, phenylbutazone or salicylates are
taken, producing bleeding in the gastrointestinal tract.
Substances which Interfere with the coloration of the steol
include antacids (whitish or speckling), hismuth saits
{black), iron salls (black), pyridium (orange), senna (vellow
to brown) and tetracyclines {red).

Fecal wrobilinogen can be determined colovimetyically by
reduction of urobilin to urebilinogen with alkaline ferrous
sulfate, and then reaction with acidified p-dimethylamino-
benzaldehyde (Ehrlich’s reagent). It is increased [rom a
normal range of 40 to 280 my a day to 400 o 1400 mg in
hemolytic jaundice {dark brown atool), and is decreased in
obstructive jaundice (elay-colored stool).

Porphyrins and porphyrinogens do not arise from hemo-
globin eatabolism, such as bilirubin, but are by-preducts of
the synithesis of heme, Increases in fecal and urinary elimi-
nation of coproporphyrin, uroparphyrin and protoporphyrin
are valuahle diagnostic aids in distinguishing the various
hepatic and erythropoiotic porphyrias. Fecal copropor-
phyring (CP) and coproporphyrinogens (CPP) are doter-
mined after extraction, conversion of CPP to CP by lodine
and triple-point spectrophotometric estimalion at 380, 401
and 430 nm to correct for interfering substances (also seo
Urinalysis),

Fecal oecult blood is detected readily by the o-tolidine,
benzidine, guniac er diphenylamine tests; this is valid only if
the patient has been on o meat.free diet for 3 days. Guaiae
and diphenylamine are preferred due to the earcinogenic
polential of the other two chemicals.

Phe Hemoceull test kit (SmithKline Diagnaostics) uses an
impregnated guaiac paper slide for detecting oceult blood,
which is a useful screening test for colen cancer. ‘T'wo slides
are prepared each day for 3 days from different parts of the
same stool while the patient is on & meat-free high-bulk diet.
Interfering substances include nspivin, indomethacin and
corticosteroids, because they can produce bleeding, and Vi-
tamin C, which interferes with the oxidation reaction of the
test. If bleeding ocours high in the GI troct, the blood is
digested and converted to acid hematin; 50 mL of blood in
the feces will cause melena (black stool). Bleeding from Lhe
lower G tract is apparent [rom red streaking of stools. The
use of MCr-tagred erythrocytes has been used to quantitate
and locate the pouree of gastrointestinal bleeding. ‘The sub-
ject’s red cells are mixed with an isotonic 'Cr solution and
then reinjected intravenously. 1f hlgeding occurs, the 81Cr-
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isotope contend. of Lhe Teess will be increased,  Location of
the hemorrbagic area also can be approximated hy an isa-
topic scan of the abdominal area.

The presence of excessive quantities of muens is usually
indientive of dysentery, colitis or olther Inflammatory pro-
cesges in Lhe intestinal mucosa,  Strongly alkaline or acidic
reaction in the feces is indicative of excessive quantities of
protein or carbohydrate in the diet, respectively.

Quantitative determination of fecal nitrogen is useful in
analysis of pancrealie function. In pancreatic disenso, in-
creases in fecal nitrogen will occur a9 a resull of decreased
secretion of pancreatic proteclytic enzymes, ‘The normal
individual will excrete 4 1o 13% of ingested nitrogen in the
focos; in chronic pancreatitis, 9 Lo 30%. Fecal nitrogen can
be detormined by the Kjeldahl digestion procedure.

Fecal fat i3 present in the form of teiglyeerides of fatty
acids (neutral fat), (ree fatly acids (FFA) and soaps. Fat
determinations are based on the solubility of neutral fat and
FFA in ether; Lhe soaps are insoluble in ether and have Lo be
neid-hydrolyzed Lo their respective FEA prior to extraction,
Neutral fat will liberate FFA only on alkaline hydrolysis,
The FFA, isolated from the shove fractionalions, are then
determined hy titrimetric, colorimetric or gas-chromato-
graphiv procedures,

Determinations of blood, urine and feenl 97 after oral
administration of an iodinated glycery) trioleate or '¥-oleic
acid preparation is an index of pancreatic, billary and intes-
tinal ubsorptive function and corvelates wilh fecal fut excre-
tion. ‘The hile must emusify the "lariglyeeride prior to
enzymatic hydrolysis hy pancreatic lipase to vield FRA- '
which subsequently is absorbed and metabolized. An in-
crensed amount of 1% in the fecoes is associnted with pancre-
alic disenses (cystic fibrosis with achylin), ohstruetive jaun-
dice, malabsorption disease (sprue, celine disease) and ste-
atorrbea, The latter entity can be differentiated as to o
pancreatic lipase or intestinal absorptive defect. In the
“absorptive” disease, incrensed excretion of P91 is seen aller
administration of ¥]-triolein or oleic aeid. 1o the panereat-
ie defect, adequate absorption of %1 oleic acid occurs but
fecal 1] is increased afler the triolein meal.

A mieroscopie examination of enrulsified feces includes
snadysis Tor the presence of crystals, food residues, body
cells, bacterin and parasites.  Crystals of triple phosphate,
calcium oxalate, fat and cholesterol, starch granules, vogota-
ble fibers and newtral fal globules are nermally present.
Octahedral needle-shaped crystats (Charcot-Leyden crya-
Lals) are present in parasitic infestation and mucous colitis,
Iixcessive quantities of fal or starch are seen in malabsorp-
tion disease,

Adult, larval or ova phases of parasites may be encoun-
tered in the feces, The most commaon parasitic infestations
are caused by cestodes (tapeworms), trematodes (fukes),
nematodes (roundworms) and profezoa (nmocha) (see Mi-
crobiology).

Toxieology

The determination of drug or chemical concentrations in
biological fluids s an importact aspeet in diagnosing and
treating the toxic syndrome induced hy various agents in
acule or chronic drug-abuse situations or in chemical poison-
ing.

Barbiturates, glutethimide, methagualone, chlor-
dinzepoxide, diazepam, diphenhydramine, ethehlorvynol,
morphine, phenothinzines and salieylates are encountered in
drug-nbuge situations. Preliminary sereening of serum or
urine gamples for druy substanees is accomplished by TLC
procedures. The analysis of serum or urine levels of intact
drug or ils metabolites usually is performed by extraction of
the sample with an organic solvent, separation by gas-liguid

(GLC), or high-performance liquid (HPLC} chromatogra-
phy, and quantitation by spectrophotometric, fluorometric
or electrochemical Lechnigues. The interpretation of the
germm-concentration data in relation to clinical sipnificance
and toxicology must not be limited to numbers,

In acute drug overdosage the time of drug ingestion, time
ol blood or urine sampling and severity of clinical symploms
or time of death must be interpreted 1o reference 1o data on
the absorption, tissue distribution, metabolism and elimina-
tiont of the drug and its metabolites, 'The specificity of the
chemical agsay as to interference from other drugs or metab-
alites of the parent drug must be considered, 'The combined
techniques of GLC or HPLC and mags speclrometry con.
firms the identity of specific drugs in biological matrices,
The extenl of absorption of many drug subsiances s not
related directly to the dose when large amounts of a drug are
ingesied, in comparison to the thernpeutic dose.

The Lissue-distribution and metabolic rales can be affoct-
ed by large drug overdoses in which ronal or hepalie failure is
encountered. The plasma-elimination rato also can be af-
fected, and it is important Lo recognize the change in elimi-
nalion kinelics and to be aware of the nature of plasma
elimination as defined by a mono-, bi- or polyexponential
olimination curve. The drug averdose usually involves sev-
eral drug substances and the chemical, metabolic and phar-
nmaectogical aspects of drug interaction must be considered.

The methodology for the analysis of drugs in biological
{luids or tissues can be found in the books listed in the
Bibliography. Analysis for serum barbiturate levels will be
deseribed in this section as a specific example of the analyti-
cal methodology.

Saeram is extracted at pld 6.5 with chiloroform; she chioro-
form extract is washed with pl 7.0 phosphate buffer and
extracted with 0.45N NaOH. The UV spectrum of the aika-
line agueous laver is determined at pH 13 and 10.5. The UV
apectra are characteristic and distinguish barbiturates, N-
methytharhituric acids and thiobarbiturates, The barbita-
rates also can be detected by weidifying the alkealine layer,
extracting with chloroform and spolting this organic extract
on a silica-gel T'LC plate. Sequential spraying of the plate
with KMn0O,, HgSO, and diphenylcarbazone will show By
values and color reactions lypical of the various barbitu-
rates.  Blood barbiturates ean be determined more accu-
rately by a GLC procedure in which the retention times are
used to identify the specific barbiturates. The degree of
severity of clinical symptoms has been correlated with blood
barbiturate levels, Comatose, areflexic signs are obaserved
al 5.0 mp% mmobarbital, 2.0 mg% pentobarbital, 8.0 mg%
phenobarbitad and 1.5 myg% secobarbital,

Opiates, amphetamines, barbiturates and methadone can
be detected rapidly by “homogenous” enzyme assay.®™ In
this procodure, the addition of drug antibodies to & conju-
gate of drug and lysozyme results in the inhibition of lysa-
zyme aclivity, The addition of free drug to this reaclion
mixture increases the enzyme activily in proportion to the
amount of free drog added. The sensitivity of this type of
assay is 0.1 gg/ml of amphetamine and barbiturates, 0.5
pi/inds of methadone, 0.8 pg/ml of opiades and 1.0 pg/ml of
benzoylecgonine, a cocaine metabolite. This assay is appli-
cable to large drug-sereening programs.

Electron-spin-tabeling techniques also ean be employed
on large-scale drug-sereening programs.  In (his procedure
known amounts of drug antibodies are mixed with drug
labeled with a stable nitroxide radical (spin-label) and with
the specimen {0 be analyzed. Due to the competition for
antibody between spin-labeled drug and drug in the speci-
men, the spin-labeled drug becomes detached (rom the anti-
hody and can be detected by electron-spin resonance spec-
troscopy, This procedure is 1000 times more sensitive than
TLC.
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Blood-aleahol levels may be determined by aeration, dis-
tillatien, gas chromatography or apecific enzymatic analysis
with aleohol dehydrogenase. Tn the chemical technigues
the blood sample is either oxidized or distilled into a dichro-
mate-sulfurie acid mixtare; the excess dichromate is then
determined by titeation with potassivum iodide or methy}
orange-ferrous sulfate solutions or by colerimetric analysis.
The gas-chromatographic and enzyme procedures are spe-
cific for ethanol, whereas the chemical techniques are infiu-
enced by other volatile or oxidizable substances in the blood.
The enzymatic method is based on the reaction of ethanol
and NAD in the presence of alcohol dehydrogenase to form
acetaldehyde and NADH; the acetaldehyde is removed with
semicarbazide and the NADH formed in the reaction is
estimaled spectrophotometrically at 340 nm. Bthanol lev-
ey of >0.10% ave indicative of intoxication and apparent
psychamotor disturbance, Levels of 0.40 to 0.50% are asgo-
cinted with medullary and diencephalic disturbances such as
tremors, coma, respiratory depression, peripheral collapse
and death.

Specific analysis of heavy melals is best perlovmed by
atomie-ahsorplion apectroseopy. Analyses for arsenie, be-
pyllivm, bismuth, copper, iron, lead, lithiam, mercury, nick-
el, thallium and zine are encountered frequently in the toxi-
cology laboratery. Blood lead is determined by forming a
fend-dithiocarbamate chelate in the presence of ammonium
pyrrolidinedithiocarbamate and extracting the chelate into
methy] isobuty] ketone for subsequent atomic-abserption
analysis. A Jead concentration of >G60 ug/ml in children
usually reflects significant absorption and accumulation of
lend and is interpreted as an indientor of lead toxieity (plum-
bism).

Increased lead exposure will result in a docrease in delta-
aminelevulinic acid (ALA) conversion to porphobilinegen
by Al.A-dehydrase in heme synthesis, ALA blood levels
will inerease to the point that ALA is excreled in the urine.
Determination of urinary ALA is performed by removing
urine porphobilinogen and urea by ion-oxchange chromatog-
raphy, reacting ALA with p-dimethylaminobenzaldebyde
and determining the chromogen colorimetyically. Urinavy
ALA levels >2.5 mg/100 ml. are unacceptable in children
and industrial lead workers, Urinary ALA levels are not as
gensitive an indicator of lead toxicity as blood lead, but they
ean be used 1o monitor prophyinctic treatment procedures.,

Cholinesterase determinations are of value in the diagno-
sis of suspecied cases of organophosphate or carbamate pes-
ticide poisoning. Two Lypes of cholinesterase are found in
tissies. 'True cholinesternse is found in RBC and nerve
tissue nnd exhibita & specificity for acetylcholine substrate.
Peevdocholinesterase is found in plasma and has a greater
affinity for hydrolyzing butyrylcholine and other esters.
The organophosphate and carbamate insecticides inhibit
both enzymes. The activity of the plasma enzyme is inhibit-
ed more rapidly than the RBC cholinesterase, and recovers
maore rapidly due to synthesis of new enzyme by the liver.
The recovery of the erythrocyle enzyme is slow and ia gov-
erned by red-cell turnover rate, Cholinesterase activity
uruaily is determined by measwing changes in pH after the
incubation of plasma or RBC lysates with acetylcholine,
The normal range of this enzyme is 4.5 to 10.9 (plasma), 3.4
10 5.7 (whole blood} and 6 to 10.5 (RBC) units/ml.

Gastric Analysis

The chief constituents of gastric juice are hydrochioric
acid, gastric proteases {pepsin and gastricsing, hematopolot-
i factor (intringie fnctor and vitamin Byy binders), gastric
hormones and mucosuhstances (aminopolysaccharides, mu-
copolyuronides, mucoids and mueoproteingy.  Tests for gas-
trie function™ usually are performed on gastric juice sun-
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ples collected by direct intubation into the stomach. The
fagling content (normal, <100 mL) of the stemach is re-
moved and gastric seeretion is collected in the basal stale, or
alter stimulation by the oral administration of caffeine-hen.
zoate or alcohol, or parenteral administration of histamine,
insulin or the hormone pentogastrin,  Samples are collected
hy continuous aspivation and analyzed for acidity and gas-
trie protease activily at varicus time intervals. The extent
of recovery ol Lotal juice can be estimated by oral, nonab-
sorhable indicatora (polyethylene glycol-MC, pheno} red and
1L HSA) instilied into the stomach prior to the aspiration.
The recovery and specific concentration of these indicators
in gastric juice is an index of gastric seeretory volume, com-
pletencss of collection and gastric emptying rate.

Ginstric juice is a helerogeneous mixture of clear juice and
floceulent, clear mucus. The color of the juice should be
noted as to the appearance of blood, bile and excessive quan-
tities of mucue. The aeidity can be determined by a simple
pH measurement and conversion to mig HY or by titration
of centrifuged gastric juice fo pH 3.5, 4.5 and 7.4, the respec-
tive end-points for free acid (HC), protease activity and
physiological neutrality. The basal acid outpul is about ]
mg/hr in normal subjects and 2 o 4 mBg/hr in duodenal
uleer patients. The peuk acid output (PAG) alter hista-
mine stimulation is 10 to 20 mEqg/hr in normals and 40 to 50
mEqg/hr in duedenal uicer; PAO (ollowing pentagastric stim-
ulation is similar to histamine. Gasiric acid secretion is
decreased in atrophic gastritis, gastric carcinoma and cer-
tain types of gastric ulcer, Hypersecretion is seen in duode-
nal ulcer, Zallinger-Ellison (ZE) syndreme and hyperpara-
thyroidism. .

Tn situ messurements of pH may be made with a Heidel-
berg capsude apparatus. In this tachnigue the subject swal-
lows a small pH-sensitive capsule (transmitter); radiowaves
are transmitted from the capsule to a sensing device (receiv-
ar), and the signals are recorded as a function of pH. The
normal pH of the stomach is 1.2 1o 1.8,

Tubeless gastrie acidily enalysis is performed by oral
administration of Diagnex Blue (Sguibb), a carbacrylic ion-
exchange resin reacted with nzure blue dye. The hydrogen
jons in the gastric juice exchange with the dye on the resin;
the dye is absorbed and then exereted in the urine. The dye
concentration in the urine is o function of gastric acidity.
The normal value is >0.6 mg of dye in the urine 2 hours after
adminisiration.

The principal gastzic proteases ave pepsin and gastricsing
pepsinogen is n precursor which is converted to active pepsin
by free HCE and by an autocatalytic process, Tota! gastrie
protease activity is determined on hemoglobin or radioio-
dinated human serum albumin (RISA) substrates at pId 1.8
1o 3.1 (RISA1]): protease activity on hemoglobin will liber-
ate tyrosine which can be estimated spectrophotometrically
at 280 nm; with RISA, liberated Lyrosine-121, as estimated
Dy isotopic procedures, iz an indox of profeolytic activity.

Pepsin activity can be distinguished from the total prote-
age activity by estimation of the §,5-diiodotyrosine liberated
from N-acetyl-1-phenylalanyl-d,5-diiodotyrosine substrate
at pH 2.1, Popsin will renct on this substrate; gastricsin will
not. Normal gastric juice protease activity ranges from 200
to 1200 ug total protease activity/mL and 50 to 300 ug pep-
sin/ml. The preserce of bile, blood, saliva or excess mucus
in the sample will decrease both ncidity and gastric protense
aclivity.

Gastrin, choleeystokinin, secretin and pancreozymin are
gastrointestinal hormones.?  The rale of gastrin and its
interaction with other gastrointestinal hormones in the eti-
ology and protiferation of ulcer disease is of recent interest.
Accurate RIA techniques have been developed for gastrin
and secretin-G-tyrosine due 1o the availahility of a pure syn-
thetic polypeptide.  Biological assays based on the elfeet of
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these substances on gastric, pancreatic and biliary secretion
also have been used,

Glastrin is found in various species in two forms, G-I and
G-1I. The only difference is in sulfation of the 12-tyrosyl
residue in G-11 of the heptadecapeptide amides. Gastrin is
found primarily in the gastrin-produeing cells (G-cells) of
the antral mucosn, The C-terminal tetrapeptide represents
ihe biologically active part of the molecule. Gastrin infu-
sion will stimulate secretion of gastric acid, pepsin and in-
tringic factor, 1t has a slight secretin-like effect and a pow-
erful pancreozymin-like offect on pancreatic secretion.
Gastrin also stimulates bile flow, The instillation of HC
into the stomach will inhibil gastrin release; protein and
moal stimulation will increase seram gastrin,

The RIA of serum gastrin is of diagnostic value in the ZE
syndrome, pernicious anemia and duodenal uleer. Basal
serum gastrin levels in the normal individual are 20 o 30
sg/mb and increase about 2-fold after a protein meal stimu-
ls, Basalserum gastrin levels in duodenal uleer are normal
or slightly elevated, but increase 4- Lo 5-fold aflter a protein-
meal stimulus,  Basal seram gastrin levels are elevated in 218
Lo 500 Lo 4000 pg/mi. due to the presence of a gastrin-
producing tumor,  The ZIE patient is uniquely sensitive Lo
1V caléium stimulation which will increase hoth gastric ncid
geerelion and serum gastrin in this syndrome. Basal serum
gastrin lovels also are elevated in gaslric hyposecretion as
seen in pernicious anemia and Type A gastritis, and in
chronic renal failuve due to the decreased metabolic turm-
over of gastrin in the kidney,

The RIA of serum gastrin iz based on the competition of
pustrin in test sample with 2Lpastrin for gastrin antibody
binding sites, The antibodies used in this procedure are
usually cospecilic for G-Tand G-11. However, they detect ali
forms of circulating gastrin, ie, Big-Big Gastrin (G-39), Big
Gastrin (mol wt 7000; (3-33), gastrin heptadecapeptide (G-
17, mol wt. 2200), G-13 and G-8 (mini-gastrin). The Big
components can be converted to gastrin by trypsin hydroly-
sig. 'T'he significance of changes in the ratio of the circulat-
it gastring is not. known, but it has been suggested that G-
39 and (-33 predominate in the basal state and cleave to G-
17, which is the major serum form after a protein meal.

Other Budy Fluids

Physieal, chemical and microscopic examination of cere-
brospinal fluid, synovial {luid, human milk, transudates and
exudntes ulso ave performed by the clinical laboratory. The
principles of the various determinations are similar 1o those
described for blood and urine.

Microbiology

Clinieal medical microbiology is a science which is con-
cerned with the isolation and identification ol disease-pro-
ducing microorganisms, ie, hacteria, fungi (including yeast),
viruses, ricketisia and parosites. The technigues employed
in the isolation and identification of the suspect organiam(s)
involve the propagation on suitable primary eullure media,
selective isolation on special cullure media, use of suitable
living host. material {mouse, embryonated spg, tissue cul-
ture, etc), detennination of morphological and, where appli-
cable, staining characteristics of the organism and confirma-
ton by biochemical aud/or immunochemical analysis.
Suitable animal inoculation, where applicable, may be em-
ployed Lo determine pathogenicity, Site, timing, technigue
(aseptic), instrumentation, and transportation of clinical
specimens (blood, urine, feces, cerebrospinal fhuid, ete) are
prime variables invelved in the finab differentialion and
confirmation process,

Rapid manual onzymatic and immunological test kits
have been introduced 1o identily pathogens for cerebrospi-

nal fluid analysis, The latex-agplutination Lest conts g spe-
cific antibady onte latex particles and when an antigen
presend, the latex particles are visible* In the coaggluting.
tion Lest, the specific antibody is bound to pretein A on the
surface of a staphylococenl cell and the presence of antigen
produces agglutination,®

Staphylococeus aureus (Micrococeus pyogenes var qur.
cus) i8 a Gram-positive coccus (requently found ob norma)
human skin and mucous membranes and frequently nggoe)-
ated with abscesses, septicemia, endocarditis and osteomy.
elitiz, Some strains elaborate an exotoxin capable of cayg-
ing food poisoning. The primary isolation is on blood agar
and in thioglycollate brolh. With feces and other heavily
contaminated specimens, phenylethyl alcohol ngar and/or
mannitol-salt agar should be inoculated (o suppress growth
of other bacteria, The identification of pathogenic staphy-
loeocei is hased on colonial {pigmentation) and microscopic
morphology (grape-like clusters), positive catalase produc-
tion, positive congulase production (staphylocoagulase-plas-
ma clotting factor) and positive mannitol fermentation,

Streptococeus pyogenes is another Gram-positive cocens
freguently nssaciated with tonsillitis or pharyngitis, erysipe-
las, pyoderma and endocarditis, Neopeptone agar contain.
ing 5% defibrinated sheep blood is preferred for primary
isolation and to demoenstrate characteristic hemolysin pro-
duction by observing o zone of clear (beta) hemolysis around
the colonies on bleod ngar.  Streplococen] groups are identi-
lied by precipitin Lests with group-specific antisera far A, B,
G, D, I and G Streptex (Welleome DHagnosiics) uses a
lntex agghutination system for idenlifying the Lancefield
group of streptocoeei.  Other groups usually are not associ-
ated with buman clinical materials.

Legionella pneumophilia identification includes speci-
men cultures on lung Lissue or sterile hody fuids (eg, pleural
fluid or pericardial fluid), Direct fluorescent antibody
method is a test for L preumophitia, Organisms are best
seen in the acule stage of the disease.  Since the antiserum is
species-specific, polyvalent antisern are necessary for identi-
ficalion.

Nefsserig gonorrheae is a Gram-negative diplococeus ns-
socinted with the venercal disease gonorrhea, The identifi-
cation is based on the primary isolation of the gonococeus
{rom urethral exudates on chocolate agar or Thayer-Martin
{TM) medium. The microscopic observation of Gram-neg-
ative intracelfular diplococel resembiing the gonococeus
conatitutes a prosumptively positive diagnosis of gonorrhen.
Confirmation of the oxidase enzyme activity of the gono-
coced is performed by a reaction with p-dimethylaminoani-
line which turns oxidase-positive colonies black. A positive
oxidase test by Gram-negative diplocoed isolated on TM
maedinm constitutes a presumptively positive Lest for N gon-
orrheae, Final identification rests on Lypical augar fermen-
tation ar specifie ({luorescent antibody) staining.

Neisseria meningilidis is the primary cause of bacteriol
meningitis and seplicemia, The primary isolation is bused
on culturing of g specimen (blood, spinal fluid or nasopha-
ryngeal secretions} on a Mueller-Hinton mediun or choeo-
late agar containing a vancomycin-colistimethate-nystatin
antibiotic mixture. The confirmation of the isolate by bio-
chemical reactions (positive oxidase, positive catnlase, ete)
and serological agglutination with group-specific (A, B and
) antiserum is used in the differentiation.  Young cultures
of groups A and € may show capsular swelling (Quellung
reaction) in the presence of a specific antiserum.

The enteric bacilli (Enterobacteriaceae) ave Gram-nega-
Live, nonsporulating rods associated with dysentery (Shigel-
la sp), typhoid fever (Salmonella Lyphi), urinary tract and
tissue infections (Escherichia coli, Proteus sp and Pseudo-
monas sp), and pulmonary infections (Klebstella sp). The
primary isclation of enleric bacilli is on selective and differ.
entiad infusion agar such as MacConkey and eosin-methyl-
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ene blue (EMDB), and enrichment media such as selenite

broth and lelrathionate broth. The primary isolation of
Salmonella sp. s on Leifson’s deoxycholate citrate agar
(LDC) or Selmonella-shigella agar (88); if Salmonella ty-
phi is suspectod, briltiant green agar (BG) and bismuth
sulfite agar (13S) may be used and would constilute o pre-
sumptively positive diagnosia of S {yphi.

The confirmation and identification of enteric bacilli may
he performed by serological tests and biochemical reactions:
HoS production (triple-sugar iron agar}, indole production,
acetylmethylearbinol production, citrafe utilization, urease,
lysine and arginine decarboxylase and phonyinlanine deami-
nase aclivity. HEnterolube (Roche Diagnostics) employs
conventional medip to perform 11 standard biochemical
tesats which can he inoculated simultaneously in one com.
partmented tube, with a single bacterial colony. The serolo.
gical identifieation of Salmonella and Shigella sp is based
on the agglutination of antigens tha( {al) into three calego-
ries:  “K" capsular {Klebsiella sp and Shigella sp), “Q"
(Salmonella sp, Arizona sp, B coli, Shigelia sp, ete} and "H”
flagellar (Salmaonella sp).

Other Gram-pegative rods of medical importance are the
hemophilic bacilli (Bordetelle pertussis, whooping cough
and Hemophilus inflienzae, bacterial meningitis), the hem-
orrhagic bacilli (Pasteurclla pestis, bubonie plague, and P
tularensis, tularemia) and pyrogenic bacillus (Brucella me-
litensis, undulant fever).

Spore-forming Gram-positive rods of medical importance
belong to the genus Clostridium, which are associated with
tetanus (Cl tetant), gos gangrene (C1 perfringens or welchii)
and botulism (CLbotwlinum), Tho isolation of these organ-
isms requires anacrobic conditions. Once the strain le be
identified is obtained in pure culture by single-colony selec-
tion, its morphological characteristics are noted; the strain
Lhen is grown in a variety of definitive media to determine
cataloge activity, hydrogen peroxide decomposition and fer-
mentation or hydrolysis of carbohydrales and organic acids.
The analysis of fermentation products (gas chromalogra-
phy) also is used for the identification of pathogenic anaere-
bic Clostridia. The major clostridial exotoxin type can le
determined by typing with specific antitoxin sera. A Gram-
positive, aerobic, spore-former of medical importance is Ba-
eillus anthraeis, responsible for anthrax, a disense of ani-
mals transmissible Lo man.

The mycobacteria are acid-fast bacilli associated with tu-
herculosis in man (Mycobacterium. tuberculosis), in calile
{(Mycobaceterium bovis) and leprosy (Mycobucterium le-
prae). ‘Tuobercle bacilli in man are inolated from sputum
cultured on a lubed or bottled egg medium {Lowenstein-
Jensen) following enzymatic digestion and concentration of
the specimens. A provisional dingnosis of tuberculosis usu-
#lly is made by demonstrating acid-fast bacilli microscopi-
cally, X-ray dingnosis and a positive tuberculin skin test.

Other wenkly and partially acid-fast bacilli of medical
imporlance are members of the Actinomycetales, Nveardia
asteroides and Nocardia brasiliensis, which ave responsible
for severe pulimonary infections and cutaneous and subeuta-
neous nbscosses.

Bacteriophages {phages) are a special group of viruses
that are hosted by bacteria. Any given phage is highly host-
apecific and when in contact, lysis of the host occurs (phage-
typing). They are used primarily as epidemiological Lools in
subtyping strains of I coli, staphylococei or Salmonella sp
that are presumed to be related epidemivlogically. Phages
also furnish ideal materinl for studying host-parasite rela-
tionships and virus multiplication.

The medically important fungal diseases include the su-
porficinl mycoses, ie, fangal invasion is restricted to Lhe
owlermost layers of the skin or to the hair shafls (Micro-
sporum audouind, ringworm of the scalp, Trichophyton sp,
alhlete’s foot. and Epidermophyton floccosum, Tineu pedis)
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and the systemic pathogenic fungi {Blastomyces dermatiti-
dis, Coecidivides immitis, Histoplasma capsulutim, Candi-
da albicans). The diagnosis of the causative agenl is based
on the isolation of organisms on Sabouraud’s dextrose agar
or teyplicase soy agar with or without cycloheximide and
chioramphenicol to suppress the growth of saprophytic fun-
gi and bacteria, macroscopic examination of morphological
characterislics and microscopic examination using KOH or
lactophenol cotton-biue stain, Biochemical reactions usu-
ally are limited o Candide sp. Immunological reactions
include skin tests, where applicable, agglulination tests,
such as lalex particle agglulination for histoplasmosis and
tube precipitin and complement-fixation tesls.

An antimicrobial susceptibility test is a determinalion of
the least amounl of an antimicrobial chemotherapoutic
agent that will inhibit the growih of a microorganism in
pitro, using a Lube-dilution method, agar cup or disk-diffu-
sion method, The lest may lunction as an aid in the selec-
tioh of a chemotherapeulic agent by the physician, Also,
the concentration of antimicrobial agents in body fluids may
be determinad by biological assay with an organism of
known susceplibility for the specific agent.

The laboratory diagnosis of virel infections is based upon
{1) examination of the infected tissues for pathognomonic
changes or for the presence of viral material; (2) isolation
and identilication of the viral agent; (3) demonstration of a
gignificant increase in antibody Liter to a given virus during
the course of the illness; (4) detection of viral antigens in
lesions—uning fluorescein-labeled antibodies and (5) elec-
Lron microscopic examination of vesicular fluids or tissue
extracts, Bload is used for serological tests but seldom for
virus isolalion. Acute and convalescent-phase blood speci-
meng must be examined in parallel to deterine whether or
not antibodies have appenred or inereased in titer during the
course of the disense, Some examples of human viral infee-
tiong are respiralory infeclions (Adenovirus group); diseases
of the nervous system, ie, polio and coxsackie viruses of the
picornavirus group; smailpox (poxvirus group); moeasles
{paramyxovirus group); chicken pox {(herpesvirus group)
and influenza (myxovirus group).

Members of Mycoplasmatagea plenropneumonia-like or-
ganisms (PPLO) are of a range of sive similar Lo the larger
viruses, They are highly pleomorphic because they lack a
rigid cell wall, they can reproduce in cell-free media and they
do not reverl Lo or [rom bacterial parental forms as the L-
forme. Specimens (sputum, bronchiol secrelions, urinary
sediment, etc) for the primary isolation of mycoplasmas (M
prewmeniae, M hominis, etc) should be cultured on agar
media eontaining peplone, serum, ascitic fluid, whole blood
or ey yolk. The species identificalion may bo by growth
inhibition on ngar medium containing Lype-specific rabhit
antisera. Antigenic variants or subspecies may be delected
by immunodiffugion. Various PPLO are pathogenic, para-
gitic or saprophytic. Mycoplasmas have a predilection for
mucous membranes and are agsocinted with primary atypi-
cnl pneumonio and bronchitis,

Clinical parasitology is a science which is eoncerned with
the parasitic protozea (amoeba), the helminths {cestodes,
tapeworms; Lrematodes, {lukes; nematodes, roundworms)
and the arthropods. The identification of protozoan ova is
hased on detailed microacopic morphology (nuclei, ete) us-
ing wel mounts (saline or iodine) or stained preparations
¢iron hematoxylin, ete) obtained from fecal specimens ([resh
or preserved with polyvinyl aleohol), which are concentrated
by sedimentation, centrifugation or flotation technigues,
Trophozoite and/or cysiic stages may be detected in fecal
specimens associated with intestinal protozoa as in amoebie
dysentery caused by Entarmoeba histolytica.

The commonly encountered helminlhs are Necator amer-
icanus (hookwormn), Trichuris trichfura (whipworm) and
Enterobius vermicularis (pinworm); they are identified by
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characteristic ova,  Characterization of tapeworm segments
(proglottids) or head {seolex) in n fecal apecimen will differ-
entiate Taenia sagingta (beel tapeworm) from Taenia so-
liem {pork tapeworm), Bggs of T selium and T saginata
ennnot be differentiated on a morphological hasis.

Adult flukes oviposit a characteristic egg which may reach
the wrine, sputum or feces, Sehistosoma Juponicum eggs
have a small, indistinet apine; S mansont, a distinet, large,
lateral spine; and 8 haematobium, a distinel terminal spine.

Arthropoda constitute the lagest of the animal phyla
which are characterized by a segmented body with the seg-
ments usually grouped in two or three distinet body regions,
by n chitinous exosheleton, several pairs of jointed appen-
dages and charncteristic internal organs. Most arthropoda
can be preserved in 70% alcohol. They are of medical impor-
Lance since Lthey can infest man and cause mechanical traa-
ma or produce hypersensitivity from repeated exposure (Ci-
mex lectulariug, the badbug) or by toxin injection (Latro-
dectus mactens, the black widow spider), by slin invasion
(Surcoptes scabief, the itch mite) and by Lransmitéing dis-
ease {(Anopheles mosquitoes, malaria), and Yersinia pestis
in fieas (plague).

The serodiagnosis of parasitic diseases includes the fol-
lowing immunodiagnostic tests: complement-fixalion
(trichinosis), precipitin tesl (schistosomiasis), bentonite
flocculation (ascariagis), hemagglutination (echinococcoais),
latex agglutination (trichinosis), cholesteral flocculation
(schistosomiasis), fluorascent antibody (maluria) and meth-
ylene blue dys test (toxoplasmaoesis),

immunochemistry

Clinieal immunopathology?® includes general immunolo-
gy (immunofluerescence, immunodiffusion, immunoelectro-
phoresis and agglutination tests), radioimmunoassay (R1A-
hormones, vitamins, drugs, immunoglobuling), {sswe Lyping
{histocompatibility tests in organ tranaplants}, cellular im-
munology, cancer immunclogy and immunchematology,
Examples of each of these disciplines are discussed in this
section and other parts of this chapter,

The ELISA, enzyme-linked immunosorbent assay, de-
tects untibodies by an indirect technigque using enzyme-
linked antibodies to label antigenic substances in tissue or
body fluid. The anligen is attached to a solid malrix and
reacts with a specimen thal may coniain a complimentary
antibody. ‘The antihuman globulin, which is conjugated
with the enzyme, is added and the antigen reacts with the
bound antibody of the patient. By adding the substrate
molecule the enzyme is detected. This system has been
used {o identify antibodies to viruses, parvasites, bacterial
products and quantitation of some drugs,

Antibody response is a complex process involving the lym-
phoid cell system response to foreign stimulus or antigen.
Hematopoietic cells in the fetal yolk sac, liver or marrow
develop into lymphoid stem cells which, in turn, differenti-
ate into T-lymphoeytes of thymic origin and B-lymphocytes
of bane-marrow origin,  The Teells further differentiale
into lymphoblasts which are respensible for cell-mediaied
eellular immunity (graft vs host reaction, tssue transplant
rejection, tuberculin akin teating, deleyed-type hypersensi-
tivity), B-cells differentiale into plasma cells which are
responsible for humoral immunity which is mediated by
circulating serum immunoglobuling {(immediate-typé hy-
persensitivity).

Macrophages can cooperate in presentation of antigen to
the T or B-lymphobllasts. Cooperation between T and B~
cells, immunological memaory, development of immune tol-
erance to antigens and genetie control of the immune re-
sponse are integral properties of the immune system and are

related to development of immune deficiency and autoim-
mune disease.

The identilication and determination of immunogloby.
ling (IgG, IgM, TgA} by radial immunodiffusion and immu-
noelectrophoresis have been discussod under Froteins. IgM
(M) is the earliest antibody found in the primary immune
response and falls rapidly afler the onset of Ig(i antibody
aynthesis, IgG (yG) in the major class of antibody in both
the primary and secondary immune response.  IgG can erosy
the placenta to provide the early forms of antibody protec-
tion for the newborn. IgQ and IgM can participate in the
complement (ixation renction. fgA (yA) is found predomi.
nantly in saliva and secretions of the gastrointestinal and
respiratory teacts. Tn contrast Lo IgM and IgG, only a small
portion of total IgA is found in blood. IgA functions in
protection against pathogens that enter the host through the
respiratory or gastrointestinal tract. gD (yD) is found in
trace quantities in sern and its Function is unknown, gk
(I} is prohably the most important antibody in acute hy-
persensitivity or allergic reactions.  Reaction of mast ceil- or
basophil-bound Jgl8 with antigen initiates the relense of his-
tomine, slow-reacting substance (8RS), serotonin and bhra-
dykinin and the subsequent allergic response. gl is besl
guantitated by RIA, Mean serum levels (mg%) in healthy
adults are Ig(i 1200 4; 500, IgA 210 & 140, IgM 140 & 70, gD
3 and Iglt <0.1.

Heterophile antibodies are aggiutining which ave capable
of rencting with antigens that are entirely unrelated to those
which stimulate their production. These antibodies, which
oceur in the seram of patients with infectious monenucleosis
or serwmn sickness, will agglutinate formalized horse erythro-
cytes. In order to distinguish the specific heterophile ag-
glutinins of infectious mononucleosis, the serum sample is
mixed with guinea-pig kidney tissue or heefl erythrocyte
stromata; the infectious mononuelensis nntibody will he ab-
sorbed and inactivated by the beef cells but not by the
lidney tissue, and subsequent agglutination of horse eryth-
roeytes will occur only in the kidney-tissue system. This
test is used to defeet infectious mononucleosis even prior {0
clinical symptoms. The heteraphile titer hag no relation to
the course or severity of Lhe disense.

Two prolein constituents of human plasma, rheamatoid
factor (R and C-reactive protein (CRP) are of value in the
differential diagnosis of rheumatoid diseases. CRP isa pro-
tein present in the serum of patients in the acute stages of
hacterial and viral infections, collagen disenses and other
inflammatory processes, The presence of this antigen in
serum is detected by agglutination of polystyrene latex par-
ticles sensitized with specific CRI antibody globudin, Inthe
management of rheumatic fever, decreases in CRT blood
levels are used to measure the effectiveness of therapy.

Rheuwmatoid arthritis is characterized by the presence of a
reactive group of macroglobulins known as RE in bleod and
synovial flaid. RF is a prolein of the 1gM globulin fraction
and is regarded as an autoantibody against antigenic deter-
minants of IgG;.  Analysis of RF is based on agghitination
procedures employing polystyrene latex particles coated
with a layer of adsorbed human gamma globulin,  The RI%
antibody reaction causes n visible agglutination of the inert
latex particles, CRY is not elevated in rhoumatoid arthritis,

B-Hemalytic streptococci, the causative agent in rheumat.-
ic fever, produce streptolysin O and 5, streptokinage, hyal-
uronidase, desoxyribonuclease and NADase in the hody.
The growth of streptococci in tissue with elaboration of
these proteins serves as the antigenic stimulus to evoke the
production of specific antibodies (og, antistreptolysin-0,
AS0). The quantitation of the antibody titer to these en-
symes 19 an index of the sirenglh of the antigenic stimulus
and the extent of the atreplococenl inleetion. These anli-
hadies can be detected by latex agglutination (ASQ) or tests
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dependent on the inhibition of enzyme action by the anti-
body (anti-hyaluronidase inhibition of hyaluronic acid de-
polymerization by hyaluronidase}.

The Iaboratory dingnosis of syphifis (treponemal disense)
and the evaluation of a chemotherapeulic approach is based
on serclogical tests, Demonstration of an antibody-like
substance, reagin, ot of true antitreponemal antibody in the
serum of infected individuals is accomplished by compile.
ment fixation or floccudation fests for reagin, or immunoflu-
orescent technigques for treponemnal antibody.

In the complement fixation lesls (Kolmer CI¥), reagin
reacts with a complex phosphatidic ncid antigen (cardioli-
pin) and complement; the complement is hound and witl not
lyse hemolysin-sensitized red cells which were added in the
second phase of the test.  In normal serum the reagin-car-
diolipin complex is not formed and the complement is free {o
reacl with hemolysin and lyse the erythrocytes.

Flocculation texts for determining of ayphilis use a cardio-
lipin-lecithin-cholesterol antigen which clumps in the pres-
ence of gerum reagin occurring in nontreponemal diseases
and syphilis (Venereal Disease Research Laboratory-—-
VDRL Test; rapid plasma reagin—RPR Lest),

Treponemal untibody can be detecled also by the reaction
of the patienl’s serum with treponersal antigen and aubse-
quenl confirmation with fluorescein-labeled antibuman
globulin as an indicator of primary antigen-antihody reac-
ton (fluorescent treponemal aniibody-IFPA test). The pa-
Lient’s sorum can be (reated with an extract of {reponemes
prior to the FTA Lest to romove interforing antibodies and
climinate biological false-positives (IFT'A- Abs Test). False-
positives oceur in refated treponematosis such as yaws, pinta
and bejel.  Increased reagin fitors also oceur in malaria,
loprosy, infeclious mononucleosis, chronie rheumatoid ar-
thritis or systemic lupus erythematosus and in patients on
hydralazine therapy.

Febrile antibodies are present in the serum of patienis
with certain Dacterial or ricketisial infections {spotled, ty-
phus or Q fever), In typhus the patient’s serum contains a
febrile antibody which will agglutinate a suspension of fro-
tens OX-19 bacteria (Weil-Felix Reaction), Salmonella (-
H, Pasteurella tularensis and Brucella abortus antigens are
used in febrile antihody Llests for diagnosis of typhoid or
paratyphoid fever, tularemia and brucellosis, respectively.

Toxoplasmosis is & major cause of birth defects,  An ex-
pectant mother may become infected with cocysts in un-
cooked meat, or from eal fur, and infeet. the fetus tranypla-
centally, Toxoplusmoris tasting is based on deteeting se-
rum antibody by a hemagglutination procedure. Red cells
sensitized by exposure Lo toxoplasmosis antigen are aggluti-
nated by the specific antibody.

Radioimmuncassay (RIA)? has heen mentioned in vari-
ous sections of Lhis chapter as an analytical tool in the men-
surement of hormones, immunoglobuling, drugs and ste-
roids. The hasic principle of RIA is

Ap* b Ap + Ab = Ag¥Ab + AgAb + Ag¥ + Ag (1)

RIA {5 not to he confused with the specific reactor assay
using labeled antigen and nonantibody protein receplors
which is used for vitamin 3,4, T, T and cortisol assays.

All procedures are based on the ohservation that radiola-
heled antigens (Ag*®) compete with nonlabeled antigen (Ag)
for binding sites on specific antibody (Ab) in the formation
of antigen-antibody complexes (Ag*AD, AgAb). When in-
creasing amounts of Ag are added Lo the assay, the binding
sites of Ab are saturated progressively and the antibody ean
bind less Ag*. Therefore, the ratio of bound to lree Ag®
{3/ or % Ag* bound is a direct index of the concentration
of Ag in the assay.

The requiremnents for RIA are (1) preparation and charac-
terization of Ag {2} radiolabeling of Ag, (8) preparalion of
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specific Ab and {(4) development of Lhe nssay system and
mothods to separate free (Ag, Ag*) from antibody bound
(ApAb, Ag*Ab) antigen,

Antigens can he prepared from natural tissue sources or
preferably synthesized.  *H, MC or 0 )gholad antigens are
used routinely in the assay. The biological und immuno-
chemical getivity of the antigen musi not be altered in the
tagging procedure, and the apecific activity of Ag* must be
exiremely high so that tracer quantilies can be vgod in the
assay.  Tritium labeling and todination (FF) produce the
highest specilic activity, bul also increase susceptibility of
Ag* 1o internal degradation and self-radiolysis, in contrast
to MC, In maony instances, the originud antigen cannot be
iodinated, but can be altered chemically in such a way as to
retain full antigenic cross-renctivily in RIA; eg, cyelic AMP
has no tyrosyl or histidyl residue for iodination; 20I-succin-
yleyelic AMP-tyrogine methyl ester rotaing full cross-reac-
tivity with antibodies to eyelic AMP and is used in the assay.

Hormones, steroids and drug subsiances are haplens.
They do not preduce the nntibody response when injected
by themselves, but will produce anlibodies specific far the
hapten whewn injected as a hapten-protein carrier conjugate.
Jnatrin (haplen) is coupled to albumin (protein-carrior} hy
trealment with carbodibmides {(CCD), which couple func-
tional carloxy], amino, aleohol, phosphate or thiol groups.
Morphine must be converted to the 3-O-carboxymethyl de-
rivative prior to CCD coupling with albumin to provide &
functional coupling group in the hapten. The hapten-con-
jugate usuafly s emulsified in a mineral ofl preparation of
killed Mycobacteritan (Complete Freunds Adjuvant) and
injecled intradermally in rabbits or guinea pigs on several
occasions, 'The serum andibody must have both high speci-
{icity and affinity for the antigens.

The assay system contping Ag*, sample-containing en-
dogenous Ag or a standard Ag and antibody, al specified pH
(6.5 Lo 8.5), After incubation at. 540 37° for anywhere from 1
hour o several days, free and antibody-bound antigen must
he separated, ‘This is accomplished by double-antibody
technique, solid-phase RIA, resin techniques or selt or sol-
vend precipitation. In the double-antibody technique, anti-
globulin {Ab’) serum is added to the assay svstem afler
incubation, Ab-Ag* and AlrAg complexes are antibody-
globulin antigen complexes, The antiglobulin will react to
form insoluble AW-Ab-Ag® and Ab-Ab-Ag complexes,
which can he removed by centrifugation. The free Ag*, Ag
i in the supernale,

The solid phase RIA is performed by coaling tubes with
Al Ag and Ag* reactl, compete and bind with Al on the wall
of tube, Unreacted Ay and Ag?® is separated by decanting
and rinsing the tube.  AD also can be bound covalently with
isothiocyanate to dextran gel particles. Ag and Ag* will
compete and bind with Ab on particles. Bound antigen then
can be separated from free antigen by cendrilugation.

RIA has been applied to analysis of hormones (ACTH,
aogiotensin T and 1, gastrin, HCG, FSH, GH, glucagon,
HLH, HPL, insulin, thyroxine), steroid hormones (aldostoe-
rone, androstenadione, glucocorticoids, lestosterone, es-
trones, progesicrone), drug substonces (digoxin, digitoxin,
amphetamines, barbilurates, morphine, 1S, cuabain}, en-
dogenous substances (cyclic AMP, cyclic GMP, prostaglan-
ding, immunoglobuling, hepatitis antigen, carcinoembryonic
antigen—CIA), Bxamples of the specific assays are dis-
cussed in other seclions,

CICA and AFP {(o-1-fetoprotein) are proleins found in
fotal tissue. CEA analysis was firsl proposed ag a specific
Lest for the early detection of howe cancer,  Although the
Lest does nol have ahsolute specificily for this disease, it may
prove of value as a dinghostic aild and therapy monitor.
CEA can be detected by RIA. Serum levels >2.06 ng
CEA/L are found in 60 to 70% of patients with adenocarci-

MYLAN INST. EXHIBIT 1013 PAGE 141




528 CHAPTER 28

nomn of the eolon; positive levels also are found in lower
percetitages in carcinomas of the pancreas, stomach, liver,
breast, endometrium, ovary, kidney and bronehus, as well as
in other conditions such as gastrointestinal polyps, colitis,
diverticulitis and cirrhosis.  CIBA appears to be associated
primarily with tumors of entodermally derived epithelial
tissue. The similarity belween CEA and cell-surtace glyco-
proteins and sialic acids has stimulated considerable re-
search inlerest in a new approach Lo eancer chemothernpy,
The study of Hssue-transplantation anfigens is an impor-
tant factor in siadies on Ussue and organ transplants, ABO
bloed group antigens arve involved in survivad of skin and

renal grafts. Because of the presence of nalural occurring

anti- & and B3, aveidance of ABQ incompatibility is impor-
tant in clinical grafting. The H1-A antigens are found on
tissue and on the white cells. There is one major histocom-
patibility locus, comprising o number of alleles or linked
genes, on a single chromosome segment. Bach allete con-
frols four to five groups of major Lransplnntation antigens,
These HL-A isoantigens affect the survival of allogenic tis-
sue grafls and organ tranaplants. HL-A antigens can be
typed by a leukoagglutination method in which the patient's
or donor’s while cells are reacted wilh specific HL-A anti-
sera.  HI-A typing also can be performed by a eylotoxicity
test in which lymphoceytes are mixed with antisern and com-
plement. ‘Fhe antibody can destroy the lymphocytes if o
eorresponding antigen is present on the cell surlnee,
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CHAPTER 35

Drug Absorption, Action and Disposition

Stewart C Harvey, PhD

Professor of Phoimacology
$chool of Medicine. Unlversity of Utah
Salt Loke City, UT 84132

Although drugs differ widely in their pharmacodynamic
effecis and clinical applicalion, in penetrance, absorption
and usual roule of administration, in distzibution ameng the
body tissues and in disposition and mode of termination of
action, there are certain general principles that help explain
tbese differences, These principles have both pharmaceutic
and therapeutic implications. They facilitate an under-
standing of both Lhe features that are common to a class of
drugs and the differentia among the members of that class.

Inr order for a drug to act it must be absorbed, transported
to the appropriate tissue or organ, penetrate to the respond-
ing subcelfular structure and elicit a response or alier engo-
ing processes. The drug may be distributed simultaneously
or sequentially to a number of tissues, bound or stored,
metabolized to inactive or active products or excreted. The
history of a drug in the body is summarized in Fig 35-1.
Each of the processes or events depicled relates importantly
Lo therapeutic and toxic effects of o drug and to the mode of
administration, and drug design musi take each into ac-
count. Since the effect elicited hy a drug is its raisen d’etre,
drug action and effect will be discussed first in the text that
{ollows, even though they are preceded by other events.

Drug Action

The word drug imposes an action-effect context within
which the properties of a substance are described. The
description of necessily must include the pertinent proper-
ties of the recipient of the drug. Thus, when a drug is
defined as an analgesic, it is implied thal the recipient reacls
in a certain way, called pain,* to a noxious stimulus. Both
because the pertinent properties are locked into the complex
and somewhat imprecise biological context and because the
types of possible response are many, descriptions of the
praperties of drugs tend to emphasize the qualitative fea-
tures of the effects they elicit. Thus, a drug may be de-
scribed as having analgesic, vasodepressor, convulsant, anti-
bacterial, etc, properties. ‘The specific effect (or use) cale-
gories into which the many drugs may be placed are the
subject of Chapters 38 through 65 and will not be elaborated
upon in this chapter. However, the description of a drug
does not end with the enumeration of the responses il may
elicit. There are certain intrinsic properties of the drug-re-
cipient system that can be described in quantitative terms
and which are essential to the full description of the drug
and to the validation of the drug for specific uses, Under
Definitions and Concepis, below, certain general Lerms are

* Sophisticaled studies indicate that pain is nol simply the perception
of & certain kind of stimulus but, rather, & reaction Lo the pereeption of n
variety of kinds of stimuli or stimulus patierns.
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defined in qualitative language; under Dose~Effect Rela-
tionships the foundation is laid for an appreciation of some
of the quantilative aspects of pharmacodynamics.

Definitions and Concepts

In the field of pharmacology, the vocabulary thatis enigque
to the discipline is relatively small, and the general vocabu-
lary is that of the biological sciences and chemistry. Never-
theless, there are a few definitions that are important to the
proper understanding of pharmacelogy. It is necessary 1o
differentiaie among action, effect, selectivity, dose, potency

-and efficacy.

Action vs Effect—The effect of a drug is an alteration of
function of the structure or process upon which the drug
acts. Itis common to use the terin action as a synonym for
effect. However, action precedes effect. Action is the al-
teration of condition that brings about the effect.

‘The final effect of a drug may be far removed from its site
of action. For example, the diuresis subsequent o the in-
gestion of ethanol does not result from an action on the
kidney but instead from a depression of activily in the su-
praopticoliypophyseal region of the hypothalamus, which
regulates the release of antidiuretic hormone from the poste-
rior pituitary gland. The alteration of supracpticohypo-

67

MYLAN INST. EXHIBIT 1013 PAGE 143

B




688 GHAPTER 30

physeal function is, of course, alao an effect of the drug, as is
each subseguent c¢hange in Lhe chain of events leading to
diuresis, The action of ethanol was exerted only at the
initial step, each subsequent cflect being then the action to a
following step.

Multipde Effects—No known drug is capable of exerting
a single effeet, although a number are known thal appear te
have a single mechanism of action. Multiple effects may
derive from a single mechanism of action.  For example, the
inhibition of acetylcholinesterase by physostigmine will elic-
it an effect al every site where acetylcholine is produced, is
potentially active, and is hydrolyzed by cholinesterase,
Thus, physostigmine elicits a constellation of effecls.

A drug also ean cause multiple effects at several different
sites by a single action at only one site, providing thal the
function initially altered at the site of action ramifies to

"comtrol other functions at distant sites, Thus, a drug thal
suppresses steroid synthesis in the liver may not only Jower
serum cholesterol, impair nerve myelination and function
and alter the eondition of the skin (as a consequence of
cholestern] deficiency) but also may affect digestive func-
tions (because of a deficiency in bile acids) and alter adreno-
cortical and sexual hormonal balance,

Although a single action ean give rise $o multiple effects,
maost drugs exert multiple actions. FThe various actions may
be related, as, for example, the sympathomimetic effects of
metaraminel that accrue to ils structural similarity to nor-
epinephrine and its ahility partially to suppress sympathetic
responses because it occupies lhe catecholamine storage
pools in lieu of norepinephrine; or the actions may he unre-
lated, as with the actions of morphine Lo interfere with the
release of acetylcholine from certain autonomic nerves,
block some actions of 5-hydroxytryptamine (seratonin) and
release histamine. Many drugs bring aboul immunologic
{allergic or hypersensitivity) responses that bear no relation
to the other pharmacodynamic actions of the drug.

Selectivity— Despite the potential most drugs have for
eliciting muliiple effects, one effect is generally more readily
elicitable than another, This differential responsiveness is
called selectivity, 1t usually is considered to be a property
of the drug, but it is also a property of the constitution and
hiodynamics of the recipient subject or patient.

Selectivily may come ahout in several ways. The subcel-
lular structure (receptor) with which a drug combines to
initiate one response may have a higher affinity for the drug
than that for some other action,  Atropine, for example, has
a much higher affinity for musearinic receptors (page 889)
that subserve the Tunction of sweating than it does for the
nicotinic receptors {page 889} that subserve voluntary neu-
romuseular transmission, so that suppression of sweating

can be achieved with enly a tiny fraction of the dose neces-

sary to cause paralysis of the skeletal muscles. A drug may
he distributed unevenly, so that it reaches a higher concen-
iration at one site than throughout the lssues generally;
chloroquine is much nore effective against hepatic than
intestinal (colonic) amebiasis because it reaches a much
higher concentration in the liver than in the wall of the
colon. An affected function may be much more critical to or
have less reserve in one organ than in another, so that a drug
will be predisposed to elicit an effect at the more eritical site.
Some inhibitors of dopa decarboxylase (which is alse 5-
hydroxytryptophan decarboxylase) depress the synthesis of
histamine more than that of either norepinephrine or 5-
hydroxytryptamine (serotonin), even though histidine de-
carboxylase is less sensitive to the drug, simply because
histidine decarboxylase is the only step and, hence, is rate-
limiting in the biosynthesis of histamine. Depa decarboxyl-
ase is not rate-limiting in the synthesis of either norepineph-
rine or 5-hydroxytryptamine until the enzyme is nearly com-
pletely inhibited, Another example of the determination of

selectivity by the critical balance of the affected function is
that of the mercurial diuretic drugs. An inhibition of only
1% in the tubular resorption of glomerular filtrate usuaily
will double urine flow, since 99% of the glomerular filtrate is
normally resorbed. Asicde from the question of the possible
concentration of diuretics in the urine, a drug-induced re-
duction of 1% in sulfhydryl enzyme rctivity in tissues other
than the kidney usually is not accompanied by an observable
change in funetion. Selectivity also can be determined by
the patiern of distrilation of destructive or activating en-
zymes among the tissues and by other factors.

Dose—Tven the uninitiated person knows that the dose
of a drug is the amount administered, However, the appro-
priate dose of a drug is not some unvarying quantity, a fact
somaetimes overlooked hy pharmacists, official committees
and physicians. The practice of pharmacy is entrapped ina
system of fixed-dose formulations, so that line adjustments
in dosage are often difficult to achieve. Fortunately, there is
usually a rather wide latitude allowable in dosages. It is
obvious that the size of the recipient individual should have
a bearing upon the dose, and the physician may elect to
adminigier the drug on a body-weight or swface-area bagis
rather than as a fixed dose.  Usually, however, a lixed dose is
riven to all adulis, unless the adult is exceptionally large or
small. ‘The dose for infants and children often is deter-
mined hy one of several formmulas which take into account
age or weight, depending on the age group of the child and
the type of action exerted by the drug. Infants, relatively,
are more sensitive to many drugs, often because enzyme
systems which destroy the drugs may not be developed fully
in the infant.

The nutritional condition of the patient, the mental out-
look, the presence of pain or discomfort, the severity of the
condition being treated, the presence of secondary disense or
pathology, genetic and many other factors affect the dose of
o drug necessary Lo achieve a given therapeutic response or
{0 canse an untoward effect (Chapter 67). ven {wo appar-
enily well-matched normal persons may require widely dif-
ferent doses for the same intensity of effect. Furthermore, a
drug is not always employed for the same effect and, hence,
not in the same dose.  For example, the dase of a progestin
necessary for an oral contraceptive effect is considerably
different from that necessary to prevent spontaneous ahor-
tion, and a dose of an estrogen for the treatment of the
menopause is much too small for the treatment of prostatic
carcinona.

Irom the above it is evidend. that the wise physician knows
that the dose of a drug s “encugh’ (ie, no rigid guantity but
rather thal which is necessary and can be tolerated) and
individualizes the vegimen accordingly. The wise pharma-
cist also will appreciate this dictum and rvecognize that offi-

[ .
cial or manufacturer’s recommended doses are sometimes

quite narrowly defined and may be very wide of the mark.
They should serve only as a useful guide rather than as an
imperative.

Poteney and Efficacy—The potency of n drug is the
reciprocal of dose. Thus, 34 will have the units of per-
sons/unit weight of drug or body weight/unit weight of diug,
etc. Potency generally has little utility other than to pro-
vide a means of comparing the relative activities of drugs in a
series, in which case relative poteney, relalive to some proto-
type member of the series, is a parameter conmonly used
among pharmacologists and in the pharmaceutical industry.

Whether a given drug is more potent than another has
little hearing on its clinical usefulness, provided that the
potency is not so low that the size of the dose is physically
unmanageable or the cost of treatment is higher than with an
equivalent drug. I a drug is less potent but more selective,
it is the one to be preferred. Promotional arguments in
favor of a more potent drug thus arve irvelevant Lo the impor-
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tant considerations that should govern the choice of a drug.
However, it somelimes occurs that drugs of the same class
differ in the maximum intensity of effect; that is, some drugs
of the class may be less efficacious than others, irrespectlive
of how large n dose is used.

Efficacy connotes the property of a drug Lo achieve the
desired response, and maximum efficacy denotes the maxi-
mum achievable effect. Iven huge doses of codeine often
cannot achieve the relief rom severe pain that relatively
small doses of morphine can; thus, codeine is said to have a
jower maximum efficacy than morphine. Efficacy is one of
the primary determinants of the choice of a drug.

Dose—-FEffect Reiationships

The importance of knowing how changes in the intensity
of response to a drug vary with the dose is virtually self-
evident. Both the physician, who prescrihes or administers
a drug, and the manufacturer, who must package the drug in
appropriate dose sizes, must. translate such knowledge into
everyday praclice. Theoretical or molecular pharmacolo-
gists also study such relationships in inguiries into mecha-
nism of action and receptor theory (see page 702). Il is
necessary to define two types of relationships: (1) dose-in-
tensity relationship——ie, the manner in which the intensity
of effect in the individual recipient relates to dose—and (2)
dese—frequency relationship—ie, the manner in which the
number of responders among a population of recipients re-
lates to dose.

Dose-Intensity of Effect Relationships—Whether the
intensity of effect is determined ir vivo (eg, the biood-pres-
sure response to epinephrine in the human patient) or in
vitro (og, the response of the isolated guinea pig ileum to
histamine), the dose-intensily of effect (often called dose-
effect) curve usually has n characteristic shape, namely a
curve that closely resembles one quadrant of a reclangular
hyperbola.

In the dose-intensity curve depicted in Fig 35-2, the curve
appears to intercepi the » axis at 0 only because the lower
doses are quite small on the scale of the abscissa, the smallest
dose being 1.5 X 1079 ug.  Actually, the x intercept has a
pasitive value, since a finite dose of drug is required to bring
ahout a response, Lhis lowest effective dose being known as
the threshold dose.  Statislics and chemical kinetics predict
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Fig 35-2. The relationship of the intensity of the blood-pressure
response of the cat 1o the intravencus dose of norepinephrine.

that the curve should approach the y axis asymptotically.
However, if the intensity of the measured variable does not
start from zero, the curve possibly may have a positive y
intercept (or negative x intercept), especially if the ongoing
basal activity before the drug is given is closely related to
that induced by the drug.

In practlice, instead of an asymptote to the y axis, dose~in-
tensity curves nearly always show an upward concave foot at
the origin of the curve, so that the curve has a lopsided
sigmoid shape. At high doses, the curve approaches an
asymplole which is paraliel to the x axis, and the value of the
asymplote establishes the maximum possible response Lo
the drug, or maximum efficacy. However, experimental
dala in the regions of the asymptotes generally are too errat-
ic Lo permit an exact definition of the curve at the very low
and very high doses. The example shown represents an
unusuaily good set of data.
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Fig 35-3.

The relationship of the intensity of the blood-pressure response of the cat to the log of the intravenous dose of norepinephrine.
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Because the dose range may be 100- or 1000-fold from the
lowest 1o the highest dose, it has become the practice to plot
dose-intensity curves on a logarithmic scale of abscissa; ie, Lo
plet the log of dose versus the intensity of effect. Figure 35-
3 is such a semilogarithmic plot of the same data as in Fig 35-
2. In the figure the intensity of effect is plotted both in
absolute unita (at the left) or in relative units, as percent {at
the right).

Although no new information is created by a semilogarith-
mic representation, the curve is stretched in such a way as to
facilitate the inspection of the dats; the comparison of re-
sults from multipie chservations and the testing of different
drugs also is rendered easier. In the example shown, the
curve is essentially what is called a sigmoid curve and is
nearly symmetrical about the poinl which represents an
intensity equal to 50% of the maximal effect, ie, about the
midpoint. ‘The symmetry follows from the rectangular hy-
perbolic character of the previous Cartesian plot (Fig 85-2).
The semilogarithmic plot reveals better the dose-effect refa-
tionships in the low-dose range, which are lost in the steep
slope of the Carfesian plot.  Furthermore, the data about
the midpoint are almost a straight line; the nearly linear
portion covers approximately 50% of the curve, The slope of
the linear portion of the curve or, more correctly, the slope at
the point of inflection, has theoretical significance (see Lirug
Receptors and Receptor Theory, page 702).

The upper porticn of the curve approaches an asymptote,
which is the same as that in the Cartesian plot. If the
response system is completely at rest before the drug is
administered, the lower portion of the curve should be as-
ymptotic to the x axis. Both asymptotes and the symmetry
derive from the law of mass action (see page 703).

Dose—-inlensity curves often deviate from the ideal config-
urafion illustrated and discussed above, Usually, the devi-
ate curve remains sigmoid but not extended symmetrically
about the midpoint of the linear segment. Occasionally,
other shapes cceur, sometimes quite bizarre ones.  Devi-
ations may derive {rom multiple actions that converge upen
the same final effector system, from varying degrees of meta-
bolic alteration of the drug at different doses, from modula-
tion of the response by feedback systems, from nonlinearity
in the relationship between action and effect or from other
causes.

It is frequently necessary to identify the dose which elicits
a given intensity of effect. The intensity of effect that is
generally designated is the 50% of maximum intensity. The
corresponding dose is called the 50% effective dose, or indi-
piduel 2D50 (see Fig 35-3), The use of the adjective, indi-
vidual, distinguishes the 181250 based upan the intensity of
effect from the medion effective dose, also abbreviated
D50, determined from frequency of response data in a
population (see Dase-Frequency Reletionships, this page).

Dirugs that elicit the same quality of effect may be com-
pared graphically. In Fig 85-4, five hypothetical drugs are
compared. Drugs 4, B, € and E all can achieve the same
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Flg 35-4,  Log dose-intensily of offect curves of five different hypo-

thetical drugs {seo text for explanation).

maximum effect, which sugrests that the same effector sys-
tem may be common to all. 22 possibly may be working
through the same effector system, bul there are no a priori
reasons Lo thinle this is so. Only A and B have parallel
curves and common slopes.  Commeon slapes are consistent.
with, but in no way prove, the idea that A and B not only act
through the same effector system but also by the same mech-
anism, Although drug-receptor theory (see Dirug Receptors
and Receptor Theory, page 702} requires that the curves of
identical mechanism have equal slopes, examples of excep-
tions ave known. TFurthermore, mass-law statistics require
that all simple drug-receptor futeractions generale the same
slope; only when slopes depart from this universal slope in
accordance with distinctive characteristics of the response
system do they provide evidence of specific mechanisins,

The relative potesey of any drug may be obtained by
dividing the EDS0 of the standard, or prototype, drug by
that of the drug in question. Any level of effect other than
50% may be used, but it should be recopnized that when the
slopes are not paraile] the relative potency depends upon the
fntensity of effect chosen.  Thus, the potency of A relative to
C (in Fig 85-4) calculated from the EI50 will be smaller than
that caleulated {from the IED285.

The low maximum intensity inducible by I) poses even
more complications in the determination of relative potency
than do the unegual slopes of the other drugs. 1 its dose-in-
tensity curve is plotted in {erms of percent of its own maxi-
mum effeci, its relalive inefficacy is ohscured and the mita-
tions of relative potency at the ED50 level will not be evi-
dent. This dilemma simply underscores the fact that drugs
can be compared better from their entivre dose-intensity
curves than from a single derived nwmber like BDS0 or
relative potency.

Drugs that clicit muitiple effects will generate a dose-in-
tensity curve for each effect. Even though the various el-
fects may be qualitatively different, the several curves may
be plotted together on a common seale of abscissa, and the
intensity may be expressed in terms of percent of maximum
effect; thus, all curves can share a common scale of ordinates
in addition to econmon abscissa. Separate scales of ordi-
nates could be employed, but this would make it harder to
compare data.

The selectivity of a drug can be determined by noting
what percent of maximum of one effect can be achieved
hefore a second effect occurs. As with relative potency,
selectivity may be expressed in terms of the ratio between
the EDSO for one effect to that for another effect, or a ratio at
some other intensity of effeci. Shmilarly to relative potency,
difficulties follow from nonparallelism. In such instances,
selectivity expressed in dose ratios varies from one intensity
level to another,

When the dose-iniensify curves for a number of subjects
are compared, it is found that they vary considerably from
individual to individual in many respects; eg, threshold dose,
midpoint, maximum inlensity and sometimes even slope.
By averaging the intensities of the effect at each dose, an
average dose-inlensity curve can be constructed.

Average dose-intensity curves enjoy a limited application
in comparing drugs. A single line expressing an average
response has littie value in predicting individual responses
unless it is accompanied by some expression of the range of
the effect at the variovs doses. 'This may be done by indicat-
ing the atandard error of ihe response at each dose.  Ocea-
sionally, a simple scatter diagram is plotted in lien of an
average curve and statistical parameters (see Fig 10-21).
An averape dose-intensity curve also may be constructed
from a population in which different individuals receive
different doses; if sufficiently large populations are em-
ployed, the average curves determined by the two methoeds
will approximate each other,
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1t is obvious that the detevmination of such average curves
from a population sulficiently large to be statistically mean-
ingful requires a great deal of work, Retrospective clinical
data occasionally are treated in this way, but prospective
studies infrequently are designed in advance to yield average
curves, The usual practice in comparing drugs is to employ
a quantal (aH-or-none) end-point and plot the frequiency or
cumulative frequency of response over the dose range, as
discussed below.

Dose-Frequency of Response Relationships—When
an end-point is truly all-or-none, such as death, it is an easy
matiter to plot the number of responding individuals (eg,
dead subjects) at each dose of drug or intoxicant. Many
other responses that vary in inlensity can be treated as all-
pr-none if simply the presence or absence of a response (eg,
cough or no cough, convulsion or no convulsion) is recorded,
without regard Lo the intensity of the response when it oc-
curs.

When the response changes from the basal or control state
in a less abrupt manner {eg, tachycardia, miosis, rate of
gastric seeretion) it may be necessary to designate arbitrarily
some particular intensity of effect as the end-point. If the
end-point is taken as an increase in heart rate of 20 heats/
min, all individuals whose tachyecardia is less than 20/min
would he recorded as nonresponders, while all those with 20
or ahove would e recorded as responders, When the per-
cent of responders in the population is plofled against the
dose, a characteristic dose-response curve, more properly
called a doge—cumulative frequency or dose-perceni curve,
is generated. Such a curve is, in fact, a cumulative {requen-
cy-distribution curve, the percent of responders at a given
dose being the frequency of response,

Dose-—-cumulative frequency curves are generally of the
same geometric shape as dose-intensity curves (namely, sig-
moid) when frequency is plotted against log dose (see Fig 35-
), The tendency of the cumulated frequency of response (ie,
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Fig 35-5. The relationship of the number of responders in a popula-
tion of mice to the dose of penlylenetetrazol {courtesy, Drs DG
McQuarry and EG Fingl, University of Utah).
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percent) to be linearly proportiona) (o the log of the dose in
the middle of the dose range is calied the Weber-Fechner
law, although it is not invariable, as a true natural faw should
be. 1n many instances, the cumulative [requency is simply
proportional to dose rather than log dose. The Weber-
FFechner law applies to either dose-intensity or dose-cumu-
lative frequency data. The similarily between dose-{re-
quency and dose-intensity eurves may be more than foriu-
itous, since the intensity of response will usually have an
approximately linear relationship to the percent of respond-
ing units (smooth muscle cells, nerve fibers, etc) and, hence,
is also a type of cumulative frequency of response. These
are Lhe same kind of slatistics that govern the law of mass
action.

If only the increase in the number of responders with each
new dose is plotted, insiead of the cumulative percent of
responders, a bell-shaped curve is obtained, This curve is
the first derivative of the dose-cumulative frequency curve
and is a frequency—distribution curve (see Chapter 10}
"The distribution will be symmetriea)—ie, normal or Gauss-
ian {see Fig 10-5)-—only if the dose-cumulative frequency
curve is symmetrically hyperbolic. Because most dose-cu-
mulative freguency curves are more nearly symmetrical
when plotted semilogarithmically (ie, as log dose}, dose-cu-
mulative frequency curves are usuailv log-normal,

Since the dose-intensity and dose-curnulative frequency
curves are basically similar in shape, it follows that the
curves have similar defining characteristics, such as K150,
maximum effect (maximum efficacy) and slope.  In dose--
cumulative frequency daila, the BED50 (median effective
dose) is the dose to which 50% of the population responds
(see Fig 35-5), If the frequency distribution is normal, the
RD5A0 is both the arithmetic mean and median dose and is
represented by the midpoint on the curve; if the distribution
is log-normal, the BD50 is the median dose bul not the
arithmetic mean dose. The efficacy is the cumulative fre-
quency summed over all doses; it is usualty, but not always,
100%. The slope is characteristic of both the drug and fest
population. Even two drugs of identical mechanism may
give rise Lo different slopes in dose-percent curves, whereas
in dose~intensity curves the slopes are the same.

Statistical parameters (such as standard deviation), in
addition to ED50, maximum cumulative frequency (effica-
ey} and slope, characlerize dose-cumulative frequency rela-
tienships (see Chapter 10).

There are several formulations for dose-cumulative fre-
quency curves, some of which are empleyed only to define
the linear segment of a curve and to determine the statistical
parameters of this segment. For the statistical treatment of
dosc—frequency data, see Chapter 10. One simple mathe-
matical expression of the entire log-symmetrical sigmoid
curve is

log dose = i +/ log( 100% - 1'esp(mse) W
where percent response may be either the percent of maxi-
mum intensity or the percent of a population responding.
The equation is thus basically the same for both log nermal
dose-intensily and log normal dose--percent relationships,
K is a constant that is characteristic of the midpoint of the
carve, or ED50, and 1/f is characteristically related to the
slope of the linear segment, which, in turn is closely related
1o the standard deviation of the derivative log-normal fre-
quency-distribution curve.

The comparison of dose-percent relationships among
drugs is subject to the pitfalls indicated for dose-intensity
comparisons {see page 699), nainely, that when the slopes of
the curves are not the same (ie, the dose-percent curves are
not parallel}, it is necesgary to state at which level of re-
sponse & polency ratio is calculated. As with dose-intensity
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data, potencies generally are caleulated from the IED5G, but
poteney ratios may he ealculated for any arbitrary percent
response. 1'he expression of selectivity is, likewise, subject
to similar qualifications, inasmuch as the dose-percent
curves for the several effects are usually nonparallel,

The term therepeutic index is used 1o designate a guanti-
tative siatement of the selectivily of a drug when a therapeu-
tic and an untoward effect are being compaved, If the unto-
ward effect is designated as T (for toxic) and the therapeutic
effect as I, the therapeutic index may be defined as
TR5O/EDS0 or a similar ratio at some other arbitrary levels
of response. ‘Ihe T and the JIT are not required to express
the same percent of response; some clinicians use the ratio
TD1/EDNY or TNS/EDYS, based on the rationale that if the
wnloward effect is serious, il is important (o use a most-
severe therapeulic index in passing judgment upon the drug.
Unfortunately, therapeutic indices are known in man for
only a few drugs.

There will he a different. therapeutic index for each unto-
ward effect thatl a drug may elicit, and, i there is more than
one therapeutic effect, a family of therapeutic indices for
each therapeutic effect. However, in clinical practice, i is
eustomary to distinguish among the various toxicilies by
indicating the percent incidence of a given side effect.

Variations in Hesponse and Responsiveness—From
the above discussion of dose-frequency relationships and
Chapter 10, it is obvious that in a normal population of
persons there may he quite a large difference in the dose
required Lo elicit & given response in the least-responsive
member of the population and that to elicit the response in
the most-responsive member. The difference ordinarily
will be a function of the slope of the dose-percent curve, or,
in statistical terms, of the standard deviation. If the stan-
dard deviation is large, the extremes ol responsiveness of
responders are likewise large.

In a normal papulation 95.46% of the population responds
to doses within two standard deviations from the EID50 and
09.73% within three standard deviations. In log-normal
pepulations the same distribution applies when standard
deviation is expressed as log dose.

In the popuiation represented in Fig 35-5, 2.25% of the
population (twe standard deviations from the nedian)
would require a dose more than 1.4 times the KEI¥S0; an
equally small percent would respond to 0.7 the BDRS0. The
physician who is unfamiliar with statistics is apt to consider
the 2.25% at either extreme as abnornal reactors. The stat-
istician will argue that these 4.5% are within the normal
popuiation and only those who responed well outside of the
normal population, at least three standard deviations from
the median, deserve to be called abnormal.

Irrespective of whether the erviteria of abnormality that
the physician or the statistician obtain, the term hyporeac-
tive applies to those individuals who require abnormally
high doses and hyperreactive to those who require abnor-
mally low doses. The terms hyporesponsive and hyperre-
sponsive also may be used. 1t is incorrect 1o use the terms

hyposensitive and hypersensitive in this eontext; hypersen-
sitivily denotes an allergic response 1o a drug and should not
e used 1o refer to hyperreactivity, The term supersensitiv-
ity correctly applies to hyperreactivity that results from
denervation of the effector organ; it is often more definitive-
ly called denervation supersensitivity. Sometimes hypor-
eactivity is the result of an immunochemical deactivation of
the drug, or immunity. Hyporeactivity should be distin-
guished from an increased dose requirement that resulls
from a severe pathological condition, Severe pain requires
largo doses of analgesics, but the patient is not a hyporeac-
tor; whal has changed is the baseline from which the end-
point gquantum is measured. The responsiveness of a pa-
tient Lo certain drugs sometimes may be determined by the
history of previous exposure to appropriate drugs.

Tolerance is a diminution in responsiveness as uge of the
drug continues. The consequence of tolerance is an increase
in the dose requirement. . may be due Lo an increase in the
rate of elimination of drug {as discussed elsewhere in this
chapter), to refiex or other compensatory homeostatic ad-
justments, to a decrease in the number of receptors or in the
number of enzyme melecules or other coupling proteins in
the effector sequence, Lo exhaustion of the effector system or
depletion of mediators, 1o the development of immunity ox
Lo other mechaniems. Tolerance may he gradual, reguiring
many doses and days to months to develop, or acute, reguir-
ing only the first or a few doses and only minutes to hours to
develop. Acule tolerance is called tachyphylaxis.

Drug resistance is the decrease in responsiveness of mi-
croorganisms, neoplasms or pests to chemotherapeutic
agenis, antineoplastics or pesticides, respectively. It is not.
tolerance in the sense thal the sensitivity of the individual
microorganism or cancer cell decreases; rather, it is the sur-
vival of normally unresponsive cells which then pass the
genelic factors of resistance on: to their progeny.

Patients who fail to respond to a drug are called refrac-
tory. Refractoriness may result from tolerance or resis-
tance, but it also may result from the progression of patho-
logical states that negate the response or render the response
incapable of surmounting an overwhelming pathology.
Rarely, it may result from a poorly developed receptor or
response system.

Sometimes a drug evolies an unusual response that is
qualitatively different from the expected response. Such
an unexpected response is called a meta-reaction. A not
uncommon meta-reaction is a central nervous stimulant
rather Lhan depressant effect. of phenobarbital, especially in
women. Iain and certain pathological states sometimes
favor meta-reactivity. Responses that are different in in-
fants or the aged than in yvoung and middie-aged people are
not meta-reactions if the response is usual in the age group.
The term idiosynerasy also denotes mela-reactivity, but the
word bas been so abused that it is recommended that it be
dropped. Although hypersensitivity may cause unusual ef-
fects, it is not included in meta-reactivity.

Drug Receptors and Receptor Theory

Most drugs act by combining with some key substance in
the biological milieu that has an important regulatory funce-
tion in the target organ or tissue. ‘This biological partner of
the drug goes by the name of reeepiive sibstance or drug
receptor. The receptive substance is considered mostly o
e a cellular constituent, although in a few instances it may
e extracellular, as the cholinesterases are, in parl. The
receptive substance is 1thought of as having a special chemi-
cal affinity and structural requirements for the drug. Drugs
such as emollients, which have a physical rather than chemi-

cal basis for their action, obviously do not act upon recep-
tors. Drugs such as demuleents and astringents, which act
in a nonselective or nonspecific chemical way, also are not
considered Lo act upon receptors, since the candidate recep-
tors have neither sharp chemical nor biological defintion.
Even antacids, which react with the extremely well-defined
hydronium ion, cannot be said to have a receptor, since the
reactive proton has no permanent iological residence.
Because of early preoceupation with physical theories of
action and the classical and illogical dichotomy of chemical
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and physical motecular inleraction, there is a reluctance to
admit receptors for drugs such as local anesthetics, general
anesthetics, certain electrolyles, ete, which generally are not
accepted to combine selectively with distinct cellular or or-
ganetle membrane constituents. The word receptlor often is
used inconsistently and intuitively, However, the termis a
legitimate symbol for that biological structure with which a
drug interacts to initiate a response. Ignorance of the iden-
tities of many receptors does nol detract {from, but rather
increases, the importance of the term and general concepl.

Once a receptor is identified, it frequently is no longer
thought of as a receptor, although such identification may
afford the basis of profound advances in receptor theory.
Since the eflects of anlicholinesterases are derived only indi-
rectly from inhibition of cholinesterase and no drugs are
known that stimulate the enzyme, it may be argued that it is
not a receptor. Neverlheless, a number of drugs ultimately
act indirectly through the inhibition of such modulator en-
zymes and it is important for the theoretician to develop
models based upon such indirect interrelations.

Enzymes, of course, readily suggest themselves as candi-
dates for receptors, However, there is more to cellular func-
tion than enzymes. Receplors may be membrane or intra-
cellular constituents thal govern: the spatial orientation of
enzymes, gene expression, compartmentalization of the cy-
toplasm, contractile or compliant properties of subcellular
structures or permeahility and electrical properties of memn-
branes. For nearly every cellular constituent there can be
imagined a possible way for a drug to affect s function;
therefore, few cellular constituents can be dismissed a priori
as possible receptors. All the receptors for neurotransinit-
ters and sulonomic agonists are membrane proteins with
agonisi-binding groups projecting into the extracellular
space. The transducing apparatus, whereby an occupied
receptor elicits a response, is called a eoupling system. Hx-
citatory neurotransmitiers in the central nervous system,
and nicotinie receplors elsewhere, are coupled to ion chan-
nels which, when opened, permit the rapid ingress, especial-
ly of sodium ions. GABA (y-amino-butyric acid) and gly-
cine are coupled to inhibitory ehloride channels. Benzodia-
zepine receptors are coupled to the GABA-receptor. Beta-
adrenergic receptors and a number of receptors for
polypeptide hormones interact with a stimulatory GDP/
G'TP-hinding protein {G-protein) which can activate the
enzyme adenylate cyclase. The cyclase then produces §,5-
cyclic AMP (cAMP) which, in turn, activates protein ki-
nases. Other receptors interact with inhibitory G-proteins.
Some receptors couple to guanylate cyclase.

Alpha-adrenergic, some muscarinic and various other re-
ceptors couple to the membrane enzyme, phospholipase-C,
which cleaves inositol phosphates froin phosphoinositides.
The cleavage product, 1,4,5-inositol triphosphate {IPy), then
causes an increase in intracellular calcium, whereas the
product, diacylglycerol (DAG), activates kinase-C. There
are a number of olher less ubiquitous coupling systems.
Substances such as cAMP, ¢cGMP, IP, and DAG are called
second messengers.

It has been found thal there may be seversl different
receptors for a given agonist. Differences may he shown not
only in the types of coupling systems and effects hut also by
differentinl binding of agonists and antagonists, desensitiza-
tion kinetics, physical and chemical properties, genes and
amino acid sequences. The differentiation among receptor
subtypes is called receptor classification. Receptor sub-
types are designated by Greek or Arabic alphabetical prefix-
es and/or numerical subscripts, There are al least two each
of bela-adrenergic, histaminergic, seroteninergic, GABAer-
gic and benzodiazepine receptors, probably three of musca-
rinic and alpha-adrenergic and five of opioid receptor sub-
types.
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Occupation and Other Theories

Drug-receptor interactions are governed hy the law of
mass aclion, a concept initiated by Langley in 1878, Howev-
er, most chemical applications of mass law are concerned
with the rale al which reagents disappear or products are
formed, whereas receptor theory usually concerns itself with
the [raction of the receptors combined with a drug, similar to
theories of adsorption. 'The usual concept is that only when
ibe receptor actually is occupied by the drug is its function
transformed in such a way as to elicit a response. This
concept hns become known as the occupation theory. The
earliest clear statement of its assumptions and formulations
is often credited to Clark in 1926, but both Langley and Hill
made important contributions to the theory in the first two
decades of this century,

In all receptor theories, the terms agonist, partial agonist
and antagonist are employed. An eponist is a drug that
combines with a receptor to initiate a response.

In the classical occupation theory, two attributes of the
drug are required: (1) affinily, a measure of the equilibrium
constant of the drug-receptor interaction, and (2) intrinsic
activity, or inlrinste efficacy (not to be confused with effica-
cy as intensily of effeet), a measure of the ability of the drug
1o induce a positive change in the function of the receptor.

A partial agonist is a drug thal can elicit some bul not a
maximal effect and which antagonizes an agonist. In the
occupation theory it would be a drug with a favorabie affini-
ty but a low intrinsic activity.

A competitive antagonist is a drug thal occupies a signifi-
cant proportion of the receptors and thereby preempls them
from reacting maximally with an agonist. In the oceupation
theory the prerequisite property is affinity without intrinsic
aclivity.

A noncompetitive antagonist may reacl with the receptor
in such o way as not io prevent agonist-receplor comhina-
tion but to prevent the combination from initialing a re-
sponse, or it may act to inhibit some subsequent event in the
chain of action—elfect-action-effect that leads to the final
averl response.

The mathematical formulation of the receptor theories
derives directly from the law of mass action and chemical
kinetics, Certain assumplions are required to simplify cal-
culations, The key assumption is that the intensily of effect
is a direct linear funclion of the proportion of receptors
oceupied. The correctness of this assumption is most im-
probable on the basis of Lheoretical considerations, but em-
pirically it appears Lo be a close enough approximation to he
useful. A second assumption upon which formulations are
based is that the drug-receptor interaction is at equilibrium.
Another cominon assumption is that the number of mole-
cules of receptor is negligibly smali compared to that of the
drug. This assumption is undoubledly true in most in-
stances, and departures from this situation greatly compli-
cale the mathematical expression of drug-receptor interac-
tions.

The first clearly stated mathematical formulation of
drug-receptor kinetics was Lhat of Clark.! In his equation,

K= Yo )

where K is the affinity constant, x is the concentration of
drug, n is the molecularity of the reaction, and v is Lhe
percent of maximum response. Clark assumed that y was a
linear function of the percent of receptors occupied by the
drug, so that ¥ could also symbolize the percent of receptors
occupied. When the equation is rearranged to solve for y,
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A Cartesian plot of this equation is identical in form to that
shown in Mg 35-2, When y is plotted against log x instead of
x, the usual sigmoid curve is obtained. ‘Thus, it may he seen
that the dose-intensity curve derives from mass action equi-
librium kinetics, which in twrn derive from the statistical
nature of molecular interaction. The fact that dose-inten-
gity and dose-percent curves have the same shape shows
that they involve similar statistics.
If Iiq 2 is put into log {form

y
A 4
100 ~ y )

a plot of log ¥/100 — y against log x then will yield a straight
line with a slope of 3 1 is theoretically the number of mole-
cules of drug which react with each molecule of receptor, At
present, there are no known examples in which more (han
one molecule of agonist combines with a single receptor,
hence, n should be equal to 1, universally. Nevortheless, n
often deviales [rom 1; deviations oceur because of coopera-
tive internclions among receplors (ecoperalivity), spare re-
ceptors (see below), amplifications in the response system
(cascades), receptor coupling to more than one sequence (eg,
to both adenylate cyclase and calcium channelsy and other
reasons. In these departures from n = 1, the slope becomes
a characteristic of the mechanisin of action and response
syslem.

‘The probahility that a molecule of drug will react with a
receptor is a function of the concentration of both drug and
receptor. The concentration of receptor molecules cannot
be manipulated like the concentration of a drug. But, as
each molecule of drug combines with a receptor, the popula-
tion of free receptors is diminished accordingly. If the drug
is a competitive antagonist, it will diminish the probability
of an agonisl-receptor combination in direct proportion to
the percent of receplor molecules preempled by the antago-
nist. Consequently, the intensity of effect will be dimin-
ished. However, the probability of agonist-receptor inter-
action can be increased by increasing the concentration of
agonist, and the intensity of effect can be restored by appro-
priately larger doses ol agonist. Addition of more antago-
nist will again diminish the response, which can, again, be
overcome or surmounted by more agonist.

Clark showed empirically, and by theory, that as long as
the ratio of antogonist Lo agonist was constant, the concen-
iration of the competitive drugs could be varied over an
enormous range without changing the magnitude of the re-
sponse {see Fig 35-6). Since the presence of competitive
antagonist only diminishes the probability of agonist-recep-
tor comhination at a given concentration of agonist and does
not alter the molecularity of the reaction, it also follows that
the effect of the competitive antagonist is to shift. the do-
se~intensity curve to the right in proportion to the amount of
antagonist present; neither shape nor slope of the curve ia

/

log I +n logx = log
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Fig 35-6. Direct proportionality of the dose of agonisi (acetylcha-
line) to the dose of antagonist (atropine) necassary to cause & con-
stant degree of Inhibition (50%) of the response of the frog hoart
{courtosy, adaptation, Clark}.
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Flg 35-7. Effect of an antagonist 1o shift the log dose-intensity curve

to the right withowt altering the slope. The effeclor is the Isolated
heart. I' noatroping; ! atroping, 107M; il: 1077TM; /v: 1075p;
Ve 107IM VI 10T ViR 107 Y % of maximum intensity
of rosponse; the function log y/(100-y) converts fhe log dose-
intansity relationship to a straight line (courtesy, adaptation, Clark’).

changed {see Iig 35-7). Both Figs 35-6 and 35-7 are from
Clark’s criginal paper on compelitive antogonism.!

Many refinements of the Clark [ormula have been made,
but they will nol be treated here; delails and citations of
relevant literature can be found among various works on
receptors cited in the Bibliography. Several refinements
are introdueed Lo facilitate studies of competitive inhibition.
The introduction of the concepls of intrinsic activity? and
efficacy? required appropriate changes in mathematical
treatment,

Another important concept has been added to the occupa-
tion theory, namely the concept of spare receptors, Clark
assumed the maximal response to oceur only when the recep-
tors were completely oceupied, which does not account for
the possibility that the maximum response might be limited
hy some step in the action-effect sequence subsequent to
receptor occupation. Work with isotopically labeled ago-
nists and ontagonists and with dose~effect kinetics has
shown that the maximal effect sometimes is achieved when
only a small fraction of the receptors are yel oceupied. The
mathematical treatment of this phenomenon has enabled
theorists to explain several puzzling observations that previ-
ously appeared to contradict occupation theory.

The classical occupation theory fails to explain several
phenomena satisfactorily, and it is unable to generate a
realistic model of intrinsic aclivity and partlial agonism. A
rate theory, in which the intensity of response is proportion-
al to the rate of drug-receptor interaction instead of occupa-
tion, was proposed to explain sone of the phenomena that
occupation theory could not, but the rate theory was unable
to provide a realistic mechanistic model of response genera-
tion, and it had other serious limitations as well.

The phenotena that neither the classieal occupation nor
rate theory could explain can be explained by various theo-
ries in which the receptor can exist in at least two conforma-
tional stales, one of which is the active one; the drug can
react with one or more conforiners. In a two-state modeld

Re=R*

where R is the inactive and IL* is the active conformer. The
agonist combines mainly with 1%, the partial agonist can
combine with both R and R* and the antagonist can combine
with R, the equilibrium being shifted according to the extent
of oceupation of R and R*. Other variations of occupation
theory treat the receplor ns an aggregate of subunits which
interact cooperatively.?

MYLAN INST. EXHIBIT 1013 PAGE 150



The Nature of Receptor Groups
and Models of Receptors

A receplor group is that portion of the receplor molecule
with which an agonist acts and which is vital to the function
of the receptor. Studies of receptor group composition and
configuration are too complex for the purposes of this text;
consequently, only a brief skelch will be made here to orient
the reader to the nature of the approach.

From the chemical configuration and reactivity of ago-
nists and antagonists, certain deduclions can be made about
the structure of a receptor group. For example, ail bighly
active agonists of muscarinic receptors are cations at physio-
logical pH. This suggests that the receptor group contains
an anionic group and that the force of attraction is electro-
static, at Jeast in part, which agrees with thermodynamic
data. That van der Waals forces (especinlly Heitler-London
fluctuation forces) may also make an important contribution
to binding is suggested by the requirement for N-methyl
groups and by the low but definite activity of the nonioniz-
able quaternary carbon analog of acetylcholine, 3,3-dimeth-
vlbutyl acetate. This establishes a requirement for an auxil-
iary structure close to the anionic site. Studies of the contri-
bution to aclivity of ester and carbony] oxygen among ana-
logs of acetylcholine, intramolecular distances and the
stereospecificity of various isomers and cenformers have
indicated a partial cationic (proton donor) site between 2.5
and 4 A and a region of high electronic density (electron
donor} between 5 and 7 A from the anionic site. This is
similar to the way in which the active site of acetylcholines-
terase was mapped (see page 427, and Figs 25-44, 45 and 46).

The structure—activity relalionships among competitive
inhibitors also must be consistent with any model of a recep-
tor. However, binding sites additionat to the receptor group
can he invelved, and results are [requently more difficuit to
interpret than those with agonists. Nevertheless, studies
with antagonists have made a substantial contribution to
receptor group analysis. There is considerable interest in
antagonists that combine irreversibly with the receptor,
since such drugs offer a way of marking (affinity iaheling)
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the receptor for isolation and for identification of the recep-
tor group.

Since receplors for autonemic agonists are embedded in
the cell membrane, they have been difficult to isolate with-
oul inactivation. Several laboratories have succeeded in
isolating proteins, the chemical properties of which are con-
sistent with those expected of varicus receptors. Receplors
for steroid hormones have been easier to isolate, and some
have been characlerized relatively well. Further details of
drug-receptor interactions and the nature of receptors can
be found in the works on receptors and molecular pharma-
cology.

Up- and Down-Regulotion—In many receplor-eflector
systems, if there is a paucity of agonist, the system will
respond by increasing the responsiveness, number of recep-
tors on the effector membrane or number of coupling pro-
teins or enzymes in the effector system, This is known as
up-regulation. In adrenergic systems, sympalhetic dener-
vation bas been shown to increase the number of post-synap-
tic B-adrenoreceptors at some junctions and the availability
of nucleolide-hinding protein units and/or adenylate cyclase
molecules at others., Hyperthvroid activity also increases
the number of #-adrenoreceplors in heart muscle, which
explains the excessive heart rate, Denervation of skeletal
muscie causes a great multiplication of whatl is normally a
minor type of nicotinic receplor, and the new receptors
spread across the entire myocyte membrane. Prolonged
blockade of recepfors by antagonists also may cause up-
regulation. The abrupt discontinuation of treatment, such
that drug levels fall faster than rve-regulation, may be fol-
lowed by excessive activity, eg, in pernicious tachycardia and
angina pecloris from abrupt withdrawal of propranolol,

Excessive agonism will lead to a decrease in the number of
receplors or in stimulus-response coupling, This is one
cause of lachyphylaxis or tolerance, such as occurs to the
bronchadilator effects of B-adrenocreceplor agonists.
Abrupt withdrawal may resull in poor residual function or in
rebound effecis, depending upon the type ol effect cavsed by
the agonist. Jixcessive agonism also may cause desensitiza-
tion by agonist-induced changes in receptor conformation to
inactive, slowly reconformable states.

Mechanism of Drug Action

Any metabolic or physiological function provides a poten-
tial mechanism of action of a drug. The term mechanism of
action has been employed in a number of ways. Inthe past
it was often the habit to confuse the site, or locus of action,
with the mechanism of action. For example, the mechanisim
of the hypotensive action of tetraethylammonium ion origi-
nally was described as thal of ganglionic blockade, which did
nothing more than identifly the anatomical structure upon
which the drug acted. In a general sense, this was a partial
clucidation of the mechanism of action, if mechanism is used
in the mechanical sense of the entire linkage between the
input and cutput of a machine. However, there has been a
gradual narrowing of the definition of mechanism of action
to be restricted to only the [irst event in the action-cffect
sequence, thal is, only to the alteration of receptor function
by the drug. In this sense, the mechanism of action of
tetraethylammonium is defined more appropriately as that
of competition with acelylcholine for nicotine cholinergic
receptors on the postsynaptic ganglion cell membrane, even
though the alteration in receplor function is not defined.
The ultimate mechanism of action is known for only a few
drugs.

It is customary to speak of a drug as a stimulant or a
depressant, of the action as being excitatory or inhibitory,

etc. Such terms deseribe only the effect and not the action,
and they have no bearing upon whether the drug augments
receptor function or diminishes it.  In hiclogical systems,
positive and negative medulation and feedback oceur ai
every level, the organ as well as the subcellular. Thus, an
agonist Lo a negative modulator may be able Lo bring about
the same elfect as an antagonist Lo a positive modulator. It
is possible for an antagonist or inhibitor to elicit an excitato-
ry effect. An example is the convulsant action of strych-
nine, which resuits from its aniagonism of glycine, an impor-
tant medintor of postsynaptic inhibition in the central ner-
vous system. Conversely, it is possible for an agonist to
elicit an inhibitory effect. An exampic is the reflex brady-
cardia that results from the stimulant action of veratrum
alkaloids on chemoreceptlors in Lhe jeft ventricle.

Because of the central role enzymes play in cellular func-
tion, it is not surprising that thoughts about the mechanism
of action of drugs has focused largely upon enzymes. Ago-
nist drugs conceivably could serve as substrates, cofaclors or
activators. At the present time, no drug is known definitely
to exert its action as a substrate or as a cofactor, exclusive of
vitamins and known nutrients. However, at least three
clagses of drugs are known and several are suspected to work
through the activation ol enzymes.
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The most notable example of enzwyme activation is that of
epinephrine and similar g-adrenoreceplor agonists, which
activate adenyl cyclase (0 increase the production of 37,5
eyelie adenylic acid (eyclic AMP; cAMP). The metabolic
and cardiac effects of catecholamines are attributable, in
part, (o the increment in cAMP.  One modulator of adenyl
cyclase is the f-adrenergic receptor. The -adrenoreceptor
is coupled to adenylate eyclase through a regulatory protein
that binds GDP and GTP (G-protein). When GDP is
present, the agonist-receptor complex is associated with the
regulatory protein, GTP causes transfer of the regulatory
prolein to adenyiate eyelase and dissociation of the f-adre-
noreceptor. Glucagon also owes its hyperglycemic action to
activation of hepatic adenylate eyclase. A number of other
agonisls also activate adenylate cyclase. There is, thus, the
interesting phenomenon of one enzyme, adenyl cyciase, be-
ing activated by numerous chemically unrelated drugs.
Since S-adrenergic-blocking agents do not antagenize ghuca-
gon, it.is obvious that glucagon works upon a different recep-
tor than dees epinephrine.

Thue, cAMP activates protein kinases that increase the
activity of phospharylase, actomyosin, the sequestration of
caleium by the sarcoplasmic reticulum and calcium chan-
nels. Therefore, a brief activation of the f-adrenoreceptor
sets in motion a cascade of events that greatly amplify the
signal, Kinases also participale in down-regulation and de-
sensitization.

Other importanl enzymes coupled 1o receptors are gua-
nylate cyclase and phospholipases A and C, which are in-
volved with membrane fluidity and calcium channels, re-
spectively,

Many drugs are inhibitors of enzymes. When the drugis a
competitive inhibitor of a natural endogenous substrate of
the enzyme, it is called an antimetabolite (see also page 431).
Examples of antimetabolites are suifonamides, which com-
pete with para-aminobenzoic acid and, thus, interfere with
its incorporation into dihydrofolic acid and methotrexate,
which competes with lolic acid for dihydrofolate reductase
and, thus, interferes with the formation of folinic acid. [t
might seem that anticholinesterases are also anlimelabo-
lites, although they ave never placed into that classification.
The reason is thatl the products of cholinesterase-acetyleho-
line interaction do not subserve important metabolic func-
tions, as do folic and {elinic acids, so that the organism is not
deprived of an important metaboelite by the action of the
cholinesterase inhibitors,

Some drugs are competitive inhibitors of enzyme systems
whose natural function appears not to produce useful me-
tabolites but 1o rid the body of foreign substances. Inhibi-
tors of the hepatic microsomes and probenecid fall into this
category; the hiepatic microsomes do perform a few biotrans-
formations on endogenous substrates, but the renal tubular
anion trangport system does not appear to be required lo
eliminate any important endogenous substances,

Since neither the hepatic mierosomes nor the tubular an-
ion Lransport system seems to be involved in response sys-
tems, inhibitors of these enzyme systems are antagonists
without corresponding ngonists. Indeed, even natural en-
dogenous substrates of enzymes are rarely considered o be
agonists.

Noncompetitive enzyme inhibitors among drugs alse are
known. Examples are cyanide, (luoride, disulfivam and car-
diac glycosides. When enzyme inhibition brings about a
positive response—eg, the cholinergic effects of the anti-
cholinesterases or the elfects of diazoxide consequent to
inhibition of phosphodiesterase-—the drug appears Lo be an
agonist. Yet, there can be ne competitive antagonisi to such
an inhibitor, since the competitor to the drug is more sub-
strate, to which the effect of the drug is actually attributable.

Acetyleholine increases the permeability of the subsynap-

tic membrane 1o cations and the keart muscle membrane to
potassium, The mechanisim is thought generally to invalve
a change in conformation of a pretein constituent of the
polassium channel, so that pore size or permeability con-
stant is alfected. The muscarinic recepior is coupled Lo the
polassivm channel through a G-protein. Other awtonomic
agonists also are known Lo alter the permenbility wo {ons, in
part through activation of adenyl cyclase, guany] cyclase,
phospholipase-c or other enzymes. Many drugs and toxins
act through alterations in the structural and physical prop-
erties of membranes. 'Fo the extent thal seme of such sub-
stances may disperse themselves generally throughout the
lipid phase of the membrane rather than to combine with
special chemical eatities, no definite receptors for such
drugs can be said 1o exist,

The mechanism of action of certain drugs, especially aulo-
nomic drugs, often is stated to be mimicry of a natural
neurohumor or hormone.  Thus, methacholine mimics ace-
tyleholine ag an agonist.  This does not define the mecha-
nism of action, unless the mechanism of action of the natural
substance is known.,

Mimicry usually occurs because of a stractural similarity
hetween Uhe natural substance and the mimetic drug. Mim-
iery in agonist functions is easy to demonstrate, bul the site
of action may not always he mimicry of the natural agonist at
ils receptor hut rather at an allosteric site on a receplor or at
its storage site to release the natural agomist.

Ixamples of mimetics that act by release of the natural
mediator are indirectly acting sympathomimetics such as d-
amphetamine, mephentermine, ephedrine (in part), tyra-
mine and others, which are now known to act by displacing
norepinephrine from storage siles within the adrenergic
newon. Many of such indirectly acting sympathomimetics
lack a direct action on the adrenergic receptor, although
some, like ephedrine, act, both upon the receptor and the
storage complex.  Another mimetic by a release mechanisin
is carbachol, which promotes the presynaptic discharge of
acetyicholine.

In these exnmples, there is a close structural similarity
between the mimetic and the released mediator, In the case
of many releasers of histamine (such as tubocurarine, poly-
myxin or morphine}, no close chemical refationship exists
between the releaser and the released. In such instances,
release has heen explained by activation of receptors on (he
mast-cell membrane which promote exocylosis of the hista-
mine-containing granules, by an influx of calelum and acti-
vation of microtubules, all of which may he involved in
moving the granules oul of the mast cell,

Structural similarity also may aid mimicry by promoting
chemical combination with an enzyme of destruction or
some olher means of disposition. For cxample, metara-
minel, amphetamine, ele Inhibit membrane transport into
the peuron and, hence, inkibit the neurcnal recapture of
released norepinephrine.  Consequently, the extraneuronal
concentration of norepinephrine in the nearby region of the
receptors does not drop as rapidly as in the absence of the
mimetic, and the action of the mediator is sustained.

Some inhibitors of the enzymes of the destruetion of medi-
ators are structurally similar enough to the mediator to have
some agonist action. 'This is true of neostigmine, which has
adirect stimuiant action on nicotlinic receptors in addition to
its anticholinesterase action. In contrast, the anticholines-
terase, physostigmine, bas some antagonist actions on cho-
linergic receptors and also an effect to interfere with acetyl-
choline synthesis.

The above multiple actions come about because all the
structures that interacl with a small molecule mediator {the
receplor, synthesizing enzyme, destructive enzyme, storage
molecule, membrane irangport carvier) must have some
common stractural fealures and affinities. A drug thas re-
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acts with one of these molecules has a distinet probability of
interacting with another.

The recognition of the critical role of fons in the funetion
of membranes, the excitability of cells and the aclivity of
many enzymes has generated & renewed inerest in tons in
the mechanism of action of certuin drugs. The inorganic
jons, some of which arc used as drugs, lend themselves auto-
matically to a discussion of ionic mechanisms. ‘The repair of
elecirolyte deficiencies by replacement therapy warrants no
further comment here. Some nonphysiological ions acl as
imperfect impersonators of physiological jons; lithium part-
ly substitutes for sodium, bromide for chloride and thiccya-
nate for iodide, and each may owe its pharmacological ac-
tion, in part, to a slaggish mobility through membrane chan-
nels, through which their sister ions normally pass readily
when traffic is not impeded by “slowly moving vehicles.”
Iodide has an effect to increase the penetrance of drugs into
caseous and necrotic areas, 1o aid in the resolution of gum-
maious lesions, to reduce the viscosity of mucous secretions
and other odd effects; it is thought to do so by increasing the
hydration of collagen and mucoproteins by a poorly under-
stood mechanism. The transition elements and heavy met-
als have in common the ability to form complexes with a
variety of physiclogically active substances, particularly the
active centers of many enzymes. Chelation and other lypes
of complexation are the mechanisms of aclion of several
drugs used to treal heavy-metal intoxication, diseases that
involve abnormal body burdens or plasma levels of heavy
metals ang hypercaicemia. Chelates and chelation are dis-
cussed in more detoil in Chapter 14.

There is much interest in the effects of drugs on fon move-
ments. Cardiac glycosides are known to inhibit an ATPase
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involved in the membrane transport of sodium and several
other substances, which indirectly causes an increase in in-
traceitular caleium content. In part, the mechanisms of
action of local anesthetics, quinidine and various olher drugs
also are speculated Lo involve caleitm movements, In the
past decade there has appeared a whole new class of drugs,
the caleium channel blockers.

Concomitant with the development of molecular biology
was the appreciation that drugs act through nuclear and
extranuclear genetic mechanisms. Nitrogen mustards
have long been known Lo interfere with the replication of
DNA. Streptomycin, kanamycin, neomycin and gentamicin
cause misreading by the ribosomes of the code incorporated
into messenger RNA; tetracyclines, erythromycin and chior-
amphenicol inhibit the synthesis of protein at the ribosomes;
and chloroguine, novobiocin and colchicine inhihit DNA
polymerase. Other drugs induce the production of enzymes;
aldosterone appears to act hy inducing the synthesis of the
enzyme, membrane ATPase, necessary to sodivm transport.
In general, steroid hormaones caombine with a cytosolic recep-
tor, the complex of which is processed and Lranslocated to
the chromatin, where gene expression is altered. Many
drugs induce cne or more of the hepatic and extrahepatic
eylochrome P-450 enzymes.

A number of drugs have simple mechanisms that do not
involve an action at the cellular level. Fxamples are bulk
and saline cathartics, osmotic diuretics and cholestyramine.
Alithough such drugs usually de not generate much excite-
ment amaong pharmacologists, they do serve as a reminder of
the many avenues through which a mechanism of action may
be expressed. Throughout the various chapters of Part 6,
specific mechanisms of action may be mentioned.

Absorption, Distribution and Excretion

No matter by which route a drug is administered it must
pass through several to many biological membranes during
ihe processes of absorption, distribution, biotransformation
and elimination. Since membranes are traversed in all of
these events, the subject of this section will begin with a brief
description of hiclogical membranes and membrane process-
es and the relationship of the physiochemical properties of a
drug molecule to penetrance and transport.

Structure and Properties of Membranes

The concept thal a membrane surrounds each cell arose
shortly after the cellular nature of tissue was discovered.
The biclogical and physiochemical properties of cells
seemed in accord with this view, In the past, from time to
time, the actual exiatence of the membrane has been ques-
tioned Dby brilliant men, and ingenious explanations have
heen advanced to explain cellular integrity and the osmotic
and electrophysiological properties of cells. Microchemicsl,
x-ray diffraction, electron microscopic, nuclear magnetic
resonance, electron spin resonance and other investigations
have proved both the existence and nature of the plasma,
mitochondrial, nuclear and other cell membranes. The de-
seription of the plasma membrane that follows is much over-
gimplified, but. it will suffice to provide a background for an
understanding of penetrance inte and through membranes,

Structure and Composition—The cell membrane has
been described as a “mayonnaise sandwich,” in which a
bimoiecular layer of lipid material is entrained between two
parallel monomolecular layers of prolein. However, the
protein does not make continuous layers, like the bread in a
sandwich, but rather is sporadicaily scattered over the sur-

faces, like icebergs; ie, much of the protein is below the
surfece. In Fig 35-8 the lipid layers are represenied as a
somewhat orderly, closely packed lamellar array of jphespho-
lipid molecules associated tail-to-tail, each “tail” being an
atkyl chain or steroid group and the “heads" being polar
groups, including the glycerate moieties, with their polar
ether and carbonyl oxygens and phosphate with attached
polar groups. In reality, the lamellar portion is probably not

.., EXTRAGELLULAR =y [5)
e & & . T @
o @

1 o

v
¥
AL
=
&

¥

Rt ad

e s

~
o
~
=
e

vy

s
%

g

ani
PV

N
>
-
S
C
S
3
=4}
)
-

£
o

ST g
pvnrariod
PRV
AR
i
R
%8
s

R

£3
Y
33
2%

e
e
B '}

IR

e

EYVVN

J-‘-‘j AT
e
oL
e A
L ‘1
XA
T

UTPRPPII
oY
o
~
7
T
=
O

C"'I‘.\;\' RPN
E DA
[ TRV
R,

L

A nAANRRANAR AN
ARk At ey
rropie

<7,
Ly
g

",},
£
-

<}
o

3%

Ry
&

,\

=
=
&

INTRACELLULAR

Flg 35-8. Simpiifiod cross section of a cell membrane {(components
are not to scalg). The lipid interior of the lamellar portion of the
membrane consists of various phospholipids, fatly acids, cholasterol
and othar steroids. lons are indicated in order to illustrate diffarences
in size ralative to the channel.  Pr: protein; Su: sugar.
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so orderly, since ils composition is quite complex. Chains of
fatly acids of different degrees of saturation and cholestero}
cannotl arrny themselves in simple parallel arrangements.
Furthermore, the polar heads will assume a number of orien-
tations depending upon the substances and groups involved.
Moreover, the lamellar portion is penetrated hy large globu-
lar proteins, the interior of which, like the lipid layers, has &
high hydrophobicity, and some fibrous proteins.

The plasma membrane appears to he asymmetrical. The
lipid composition varies from cell type to celi type and per-
haps from site to site on the same membrane. There are, for
example, differences belween the membrane of the endo-
plasmic reticalum and the plasma membrane, even though
the memhranes are coextensive. Where membranes are
double, the inner and ouler layers may differ considerably;
ke inner and outer membranes of mitochondria have been
shown to have strikingly different compositions and proper-
ties. Some authorilies have expressed doubt as to the exis-
tence of the protein layers in hiological membranes, al-
though the evidence is preponderantly in favor of at least an
outer ghycoprolein coat. Sugar moieties also are attached to
the outer profeins; these sugar moieties are important to
cellular and immunological recognition and adhesion and
have other functions as well,

The cell membrane appears to be perforated by water-
filled pores of various sizes, varying from about 4 to 10 A, the
majority of which are ahout 7 Probably all major ion
channels are through the large globular proteins that tra-
verse the membrane, Through these pores pass inorganic
jons and small arganic molecules. Since sodium ions are
more hydrated than potassium and chloride jons, they are
larger and do not pass as {reely through the pores as potassi-
um and chioride, The vascular endoethelium appears {o
have pores al least as large as 40 A, but. these seem Lo be
interstitial passages rather than transmembrane pores,
Lipid molecules smalt enough to pass through the pores may
de so, but they have a higher probahility of entering into the
lipidl layer, from where they will equilibrate chemically with
the interior of the cell. From work on monolayers, some
researchers contend that it is not necessary to postulate
pores Lo explain the permeability to water and small water-
soluhle molecules.

Stratum Corneum—Although the stratum corneum is
not g membrane in the same sense as a cell membrane, it
offers a harrier to diffusion, which is of significance in the
topical application of drugs. The stratumm corneurn consists
of severa) layers of dead keratinized cutanecus epithelial
cells enmeshed in & matrix of keratin {ibers and hound to-
gether with cementing desmosomes and penetrating tonofi-
brils of keratin, Varying amounts of lipids and fatty acids
from dying cells, sebum and sweat are contained among the
dead squamous cells. TDimmediately beneath the layer of
dead cells and above the viable epidermal epithelial cells is a
layer of keratolyaline granules and various water-soluble
substances, such as alpha-amino acids, purines, monosac-
charides and urea.

Both the upper and lower layers of the stratum corneun
are involved in the eutancous harrier to penetration, The
barrier to penetration from the surface is in the upper layers
for water-soluble substances and the lower layers for lipid-
soluble substances, and the barrier to the outward move-
ment of water is in the lowest layer.

Membrane Potentials—Across the cell membrane there
exists an electrical potential, always negative on the inside
and positive on the outside. I a cell did not have special-
membrane electrolyte-transport precesses, its membrane
potential wonld be mainly the result of the Donnan equilib-
rium {see Chapter 14) consequent to the semipermeability of
the membrane. Such potentials generally lie between 2 and
5 mv.

A cell with a membrane across which diffusible electrolyte
distribution is purely passive would he expected to have a
high internal concentration of sodium, such as is true for the
erythrocytes of some species. However, the interior of most
cells is high in potassium and low in sodium, as depicled in
Pig 85-8, This unequal distribution of cations atlesls lo
gpecial electrolyte-transport processes and to differential
permeabilities of diffusible ions, so thatl the membrane po-
tential is higher than that which would resull from a purely
passive Donnan distribution. In nerve tissue or skeletal and
cardiac muacle, the membrane potential ranges upwards to
about 90 mv. The electrical gradient is on the order of
50,000 v/em, because of the extreme thinness of the mem-
hrane. Obviously, such an intense potentinl gradient will
influence strongly the transmembrane passages of charged
drug molecules.

Diffusion and Transport

Transport is the movement of a drug from one place to
anothier within the body. The drug may diffuse freely in
uncombined form with a kinetic energy appropriate to its
thermal environmenl, or it may move in combination with
extracellular or cellular constituents, sometimes in connec-
tion with energy-yielding processes that allow the molecule
or complex to overcome harriers Lo simple diffusion.

Simple Nonionic Diffuston and Passive Transpori-—
Moiecules in solution meve in a purely random fashion,
provided they are not charged and moeving in an electrical
gradient. Such random movement is called diffusion, if the
molecule is uncharged, it is called nonionic diffusion.

In a population of drug molecules, the probability that
during unit time any drug molecule will move across a
boundary is directly proportional to the number of mole-
cules adjoining that boundary and, therefore, to the drug
concentration. Except at dilutions so extreme that only a
few molecules are present, the actual rate of mavement
{molecules/unit time) is directly praportional to the proha-
bility and, therefore, to the cancentration. Once molecules
have passed through the boundary to the opposite side, their
random motion may cause some to return and others to
continue Lo move further away from the boundary. Therate
of return is likewise proportional to the concentration on the
opposite side of the boundary., It follows that, although
molecules are moving in both directions, there will he a net
movetnent from the vegion of higher to that of lower conce-
tration, and the net transfer will be proportional to the
concentration differential. If ihe boundary is a membrane,
which has both substance and dimension, the rale of move-
ment is also directly proportional to the permeability and
inversely proportional to the thickness. These factors com-
bine into Fick’s Law of Diffusion,

dq DA - Cy
dt x
where @ is the net quantily of drug transferred across the

membrane, t is time, C; is the concentration on ene side and
(s on the other, x is the thickness of the membrane, A is the

(5)

ty. The equation is more nearly correct if chemical activi-
ties are used instead of concentrations. Since a biological
membrane is patchy, with pores of different sizes and proba-
bly with varying thickness and composition, both ) and x
probahly vary from spot to spol. Nevertheless, some mean
values can be assumed.

It is customary to combine the membrane factors into a
single constant, called a permeability constant or coefficient,
P, sothat P = D/x, A in IBq 5 having unit value. The rate of
net transport (diffusien) across the membrane then becomes
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As dilfusion continues, € approaches Cy, and the net rate,
dQ/dt, approaches zero in exponential fashion eharacteristic
of a first-order process. Equilibrivim is defined as that state
in which ¢, = Cs. The equilibrium is, of course, dynamie,
with equal numbers of molecules being transported in each
divection during unit ime. 1T water is also moving through
the membrane, it may either lacilitate the movement of drug
or impede i, according to the relative directions of move-
ment of water and drug; this effect of water movement is
called solvent drag.

Tonic or Electrochemical Diffusion—I{ a drug is jon-
ized, the transport properties are modified. The probability
of penetrating the memhrane is still a function of concentra-
tion, but it is also a function of the potential difference or
electrical gradienl across the membrane. A cationic drug
molecule will be repelled rom the positive charge on the
outside of the membrane, and only those molecules with a
high kinetic energy will pass through the ion barrier. Il the
cation is polyvalent, it may not. penetrate at all,

Once inside the membrane, a cation simultaneously will
be attracted Lo the negative charge on the intracellular sur-
lace of the membrane and repelled by the outer surface; it is
gaid to be moving ajong the electricel gradient. H it also is
moving from a higher lowards a lower concentration, it is
said to be moving along its electrockemical gradient, which
is the sum of the influences of the electrical field and the
concentration differential across the membrane,

Once inside the cell, cations will tend to be kept inside by
the attractive negative charge on the interior of the cell, and
the intracellular concentration of drug will increase until, by
sheer numbers of accumulated drug particles, the outward
diffusion or mass escape rale equals the inward transport
rate, and electrochemical equilibrium is said to have oc-
curred. At electrochemical equilibrium at body tempera-
ture {37°C), ionized drug molecules will be distributed ac-
cording to the Nernst equation,

¢,z .
> 61
where C, is the molar extracellular and C; the intracellular
conceniration, Z is the number of charges per molecale and
7 is the membrane potential in millivolts. Log C./Ci is
positive when ihe molecule is negatively charged and nega-
tive when the molecule is positively charged.

Facilitaied Diffusion—Sometimes a substance moves
more rapidly through a biological membrane than can be
accounted for by the process of simple diffusion. This accel-
erated movement is termed facilitated diffusion. It is
thought to be due to the presence of a special molecule
within the membrane, called a carrier, with which the trans-
ported substance combines. There is considered to be a
greater permeability to the carrier-drug complex than to the
drug alone, so that the transport rate is enhanced. After the
complex traverses the membrane, it dissociates. The carrier
must either return to the original side of the membrane to be
reused or constantly be produced on one side and eliminated
on the other in order for the carrier process to be continuous.
Many characteristics of [acilitated diffusion, formerly at-
tributed Lo ion carrviers, can be explained by ion exchange.
Although facilitated diffusion resembles active transport,
below, in its dependence upoen a continueus seurce of energy,
it. differs in that facilitated diffusion will only transport a
malecule along its electrochemical gradient.

Active Transport—Active transport may be defined as
energy-dependent movement of a substance through a hio-
logical membrane against an electrochemical gradient. M is
characterized by the following:
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1. The substance is transported from a region of lower to one of
higher electrochemical netivity.

2. Metabolic poisons interfere with transport.

4. The transport rate approaches an asymptote {e, saturates) as
concentration increases.

4. The transport system uswally shows a requirement [or specific
chemical structures.

5. Closely related chemicals are competitive for the transport sys-
Ltem.

Many drugs are secreted (rom the renal tubules into wine,
from liver cells into bile or [rom the cerebrospinal {tuid into
hlood by active transport, but the role of aclive transport of
drugs in the distribution into most body compartments and
tissues is less well known.  Active transport is required for
the penetrance of a number of sympathomimetics into neu-
ral tissue and for the movement. of several anticancer drugs
across cell membranes,

Pinocytosis and Exocytosis-—Many, perhaps all, cells
are capahle of a type ol phagocytosis called pinocyiosis,
The cell membrane has been cbserved to invaginate into a
saccular structure containing extracellular materials and
then pinch off the saccule at the membrane, so that the
saccule remains as a vesicle or vacuole within the interior of
the cell. Since metaholic activity is required and since an
extracellular substance may be transported against an elec-
trochemical gradient, pinocytosis shows some of the same
characlerislics as active transport. However, pinocylosis is
relatively slow and inefficient compared to most active
transport, excepl in gastrointestinal absorption, in which
pinoeytosis is of considerable importance.

It is not known Lo what extent pinocyloesis contributes Lo
the transport of most drugs, but many macromolecules and
even larger particles can he absorbed by the gut. Pinoeyto-
siz probably explains the oral elficacy of the Sabin polio
vaccine. Some drugs themselves affect pinocytosis; eg, ad-
renal glucocorticoids markedly inhibit the process in macro-
phages and other cells involved in inflammation.

Exocytosis is more or less the reverse of pinocytosis,
Granules, vacuoles or other organelles within the cell move
to the cell membrane, fuse with it and extrude their contents
into the interstitial space.

Physicochemical Factors in Penetrance

Dirugs and other substances may traverse the membrane
primarily either through the pores or hy dissocialion into the
membrane lipids and subsequent diffusion from the mem-
brane into the cyteso! or other fluid on the [ar side of the
membrane. The physicochemieal prerequisites are differ-
ent according Lo which route is taken, To pass through the
pores, the “diameler” of the molecule must be smaller than
the pore, but the molecule can be longer than the pore
diameter. The probability that a long, thin molecule will be
oriented properly is low, unless there is also bulk {low and
the transmembrane passage of large molecules is slow.

Water-soluble molecules with low lipid solubility usually
are thought to pass through the membrane mainly via the
pores and, to a small extent, by pinocytosis, but recent work
with lipid monolayers suggests that sinall water-solubie inol-
ecules also may he able Lo pass readily through the lipid, and
the necessity of postulating the existence of pores has been
questioned. Neveriheless, experimental data on pepe-
trance overwhelmingly favor the concept of passage of wa-
ter-soluble lipid-insoluble substances through poves, If
there is a membrane carrier or active transport system, a low
solubility of the drug in membrane lipids is no impediment
to penetration, since the drug-carrier complex is assumed to
have an appropriate soluhbility and energy from an active
trangporl system enables the drug to penetrate the energy
harrier “imposed by the lipids.”  Actually, the lipids are not
an important energy barrier; rather, the barrier is the lorce
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of attraction of the solvent water for its dipolar to polar
solute, 50 that it is difficult for the solute Lo leave the water
and enter the lpid.

Drugs with a high solubility in the membrane lipids, of
course, pass easily through the membrane, Even when their
dimensions are small enough Lo permil passage through
pores, lipid-soluble drugs primarily pass through the mem-
rane lipids, not only because chemical partition favors the
lipid phase but also because the surface area oceupied by
pores is only a small fraction of the total membrane area.

Lipid Solubility and Partition Coefficients—As early
as 1902, Overton investigated the importance of lipid soju-

Table 1—Rates of Entry of Drugs in CSF and the Degrees of lonlzation of Drugs at pH 7.47

bility to the penetrance and absorption of drugs. liventual-
ly, it was recognized thal more important than lipid solubili-
ty was the lipid-water distribution coefficieni; ie, a high
lipid solubility does not favor penetrance unless the water
solubility is low enough so that the drug is not entrained in
the agueous phase.

In Fig 35-9 is illustrated the relationship hetween the
chloroform-water partition coefficient and the colonic ab-
sorption of barhiturates. Chloraform probably is not the
optimal lipid solvent for such a study, and natural lipids
from nerve or other lissues have been shown to he superior in
the few instances in which they have been employed. Nev-
ertheless, the correlation shown in the figure is a convincing
one.

When the water solubitily of a substanee is so low thai a
significant concentration in water or extracelluiar fluid can-
not be achieved, absorplion may be neghigible in spite of a
favorable partition coefTicient. Hence, mineral oil, petrota-
tum, ete are virtually unabsorbed. The optimal partition
coefficient for permeation of the skin appears to be lowoer
than that for the permeation of the cell membrane, perhaps
being as low as one.

Dipolarity, Polarity and Nonionic Diffusion--The
partition cocfficient of a drug depends upon the polarigy and
the size of the molecule. Drugs with a high dipele moment,
even though un-jonized, have a low lipid solubility and,
hence, poor penetrance. An example of a highly dipolay
substance with a low partition coelficient, which does not
penetrate into cells, is sulfisoxazole. Sulfadiazine is some-
what less dipolar, has a chlaroforni—water partition coelli-
cient ten times thal of sulfisoxazole and readily penelrates
cells. Tonization notonly diminishes lipid solubility greatiy
but also may impede passage through charged membranes
(see Ionic Diffusion, page 709).

It is often stated that ionized molecules do not penctrate
membranes, except for ions of small diameter. This is not
necessarily true, because of the presence of membrane carri-
ers for some ions, which effeclively may shield or neutralize
the charge (ion-pair formatien), The renal tubular trans-
porl systems, which transport such obligate ions as tetraethyi-
ammoenium, probably form lon-pairs. Furthermore, if an
ionized molecule has a large nonpolar moiety such that an
appreciable lipid solubility is impaorted to the moleeule in
spite of the charge, the drug may penetrate, although usually
at aslow rate.  Por example, various morphinan derivatives
are absorbed passively from the stomach even though they

% binding
to piaama

% un-ionizad Pormwability censtant

Drug protein kLt at pH 7.4 PminY & 5E.
Drugs mainly iomized at pH 74
5-5ulfosalicylic acid 22 (strong) 0 <{,0001
N-Methvlnicotinamide <10 (strong) 0 0.0005 J: 4.00006
5-Nitrosalicylic acid 12 2.3 0,003 0.001 = 0.0001
Salicylic acid 40 3.0 0.004 0.006 £ 0.0004
Mecamytamine 20 11.2 1.016 0.021 4 0.0016
Quinine 76 8.4 9.09 0.078 £ 0.0061
Drugs mainly un-ionized et pH 7.4

Barbital <2 7.5 55.7 0.026 4 00022
Thiopenta 75 7.6 61.3 0.50 4 0.053
Pentobarhital 40 8.1 83.4 0.17 40014
Aminopyrine 20 50 99.6 0.26 0,020
Aniline 15 4.6 99.8 0.40 4 0.042
Sulfaguanidine G >10.00 >99.8 0.008 2 0.0002
Antipyrine 3 1.4 »99.0 012 #0013
N-Acetyl-4-aminoantipyrine <3 0.5 >99.9 {.012 = 0.0010

@ The dissociation constant of bolh acids and bases is expressed as u plS,—a negalive legarithin of the acidic dissociation constant,
® Sulfaguanidine hus o very wenkdy acidic group (pE, > 10} md Gwo very wealily basic groups (pl, 2.5 and 0.5).  Consequently, the compound is almost com-

pletely undissocintod at pH 7.4,
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are ionized completely at the pH of gastric fluid, Neverthe-
less, when a drug is a weak acid or base, the un<ionized form,
with a favorable partition coefficient, passes through a bio-
logical membrane so mueh more readily than the ionized
form that, for al} practical purposes, only the un-ionized
form is said to pass through the membrane. This has be-
come known as the principle of nonionic diffusion.

This principle is the reason that only the concentrations of

the un-ionized form of the barbiturates are plotted in Fig
35-9.

For the purpose of further illustrating the principle, Table
Iis provided. In the lable, the permeability constants [or
penetrance inte the cerebral spinal {luid of rats are higher
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for un-ionized drugs than for ionized ones. The apparent
exceptions—harbital, sulfaguanidine and acetylaminoanti-
pyrine—may be explained by the dipelarity of the un-ion-
ized molecules.  With barbital, the {we lipophilic ethyl
groups ave too small Lo compensate for ihe considerable
dipolarity of the un-ionized barbituric acid ring; also it may
be seen that barbital is appreciably jonized, which contrib-
utes to the relatively small permeability constant. Sulfa-
guanidine and acetylaminoantipyrine are hoth very polar
molecules, Mecamylamine also might be considered an ex-
ception, since il shows a modest permeallity even though
strongly ionized; there is no dipolarity in mecamylamine
exc¢ept in the amino group.

Absorpiion of Drugs

Absorption is the process of movement of a drug from the
site of applicalion into the extracellular compartment of the
body. Inasmuch as there is a great similarity amaong the
various membranes that a drug may pass through in order to
gain access to the extracellular {luid, it might be expected
that the particular site of application {or route) would make
little difference to the successful absorption of the drug. In
actual fact, it makes a great deal of difference; many lactors,
other than the structure and composition of the membrane,
determine the ease with which a drug is absorbed. These
factors are discussed in the following sections, along with an
accounl of the ways that drug formulations may be manipu-
lated (o alter the ability of a drug to he absorbed readity.

Routes of Administration

Drugs may be administered by many different routes.
The various routes include oral, rectal, sublingual o1 buccal,
parenteral, inhalation and topical. The choice of a route
depends upon hoth convenience and necessity.

Oral Route—"This is obvicusly the most convenient route
for access to the systemic circulation, providing that varicus
factors do not militate against this route. Oral administra-
tion does not always give rise Lo sufficienlly high plasma
concentrations to be effective; some drugs are ahsorbed un-
predictably or erratically; palients occasionally have an ab-
sorption malfunction. Drugs may net be given by mouth to
patients with gastrointestinal intolerance, or who are in
preparation for anesthesia or who have had gastrointestinal
surgery. Oral administration also is precluded in coma.

Rectal Route—Drugs that ordinarily are administered
by the oral route usually can be administered hy injection or
by the alternative lower enteral route, through the anal
portal into the reclum or lower intestine. With regard to the
latter, rectal suppositories or retention enemas formerly
were used quite frequentiy, but their popularity has abated
somewhal, owing to improvements in parenteral prepara-
tions, Nevertheless, they continue to he valid and, some-
times, very important ways of administering a drug, espe-
cially in pedintrics and geriatrics. In Fig 35-10 the availabil-
ity of a drug by retention enema may he compared with that
by the intravenous and oral route and rectal suppesitory
administration. It is apparent thal the retention enema
may be a very satisfactory means of administration but thai
rectal suppositories may he inadequate where rapid absorp-
tion and high plasma levels are required. The illustration is
not intended to lead the reader Lo the conclusion that a
retention encina always will give more prompé and higher
blood levels than the oral route, for converse findings for the
same drug have heen reported,? but, rather, to show that the
retention enema may offer a useful substitute for the oral
roule.

Sublingual or Buceal Roule--Even though an adequate
plasma concentration eventuatly may be achievable by the
oral route, it may rise much loo slowly [or use in some
siluations where a rapid response is desired. In such situa-
tions parenteral therapy usually is indicated. However, the
patienis with angina pecloris may get quite prompt relief
{rom an acute attack hy the sublingual or buceal administra-
tion of nitroglycerin, so that parenteral administration may
he avoided, When only small amounts of drugs are required
to pain access to the hlood, the buccal route may be very
satisfactory, providing the phyvsicochemical prerequisites
for absorption by this route are present in the drug and
dosage form. Only & few