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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 ne 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-lig-
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

_ Thax k'c
r 1+ be (31)
where Inay 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 [1 (see Eq 28) and solute
concentration, ¢, known as the Syszkowski equation:

0=Tr,,RTIn(l+kec)

max

(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,
oceurs at the vapor-liquid and liquid-liquid interfaces,
with adsorption to liquid interfaces, adsorption to solid ,
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 5
in equilibrium with a solute concentration of . The tery
and n are empirical constants. However, as Giles?
pointed out, the variety of combinations of solutes and
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 bhe 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 3
contact 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 esca;
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 bul
general, the more chemically unlike the solute and sols
and the more alike the solid surface groups and solute,

X/m, Millimoles per Grom C
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Concentration, Moles per Liter
The relation between adsorption and molecular weic

Fig 19-15.
fatty acids.®
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Fig 19-16. The adsorption of a cationic surfactant, LNt onto a
nsgatively charged silica or glass surface, exposing a hydrophabic
surface as the solid is exposed to air. 10

ater the extent of adsorption. Another factor which
must be kept in mind is that charged solid surfaces, such as
polyelectrolytes, will strongly adsorb oppositely c_harged so_l -
utes. This is similar to the strong specific binding seen in
gas chemisorption and it is characterized by significant
monolayer adsarption 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. [t 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
_haaed on chemical structure appears best as a means of
introducing the topic. It is generally convenient to catego-
Fize surfactants according to their polar portions since the
"'°“P°1ﬂ"' portion is usually made up of alky! or aryl groups.
T_h? major polar groups found in most surfactants may be
F"V}ded as follows: anionie, cationic, amphoteric and non-
‘onic. As we shall see, the last group is the largest and most
widely used for pharmaceutical systems, so that it will be
emphasized in the discussion that follows.

Types

Anionic Agents—The most commonly used anionic sur-
sulfate ; are those containing carboxylate, sulfonate, and
-~ tons. Thase containing carboxylate ions are known
mmr:lsrand are generau_y prepared by the saponification of
COmapg atty acid glycerides in alkaline solution. The most

n caupns associated with soaps are sodium, potassi-
!ené-t;m;mm"m' and triethanolamine, while the chain

Of the fatty acids ranges from 12 to 18.

degree of water solubility is greatly influenced by the

B ex:f the alkyl chain and the presence of double bonds.
r Mple, sodium stearate is quite insoluble in water at
con dinof:sp_eratqre, whereas sodium oleate under the same

13 quite water soluble.
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Table Vil—Eftfect of Aerosol OT Concentration on the
Surface Tension of Water and the Contact Angle of Water
with Magnesium Stearate

Concentration,

m 108 Yav ]
1.0 60.1 120°
3.0 4938 113°
5.0 45.1 104
8.0 406 89°

10.0 38.6 80°
12.0 379 i i
15.0 35.0 63°
20.0 324 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 Aerasal 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
aleohols 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, ete. 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. Ona molar
basis, therefore, a L00% 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 assaciated 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 this
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 cme (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
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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 loW
solubility in pure water '
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Fig 19-18. Different types of micelles. A: Spherical miceile of ari anionic surfactant; B: spherical micelle of a nonionic surfactant; C:
eylindrical micelle of an ionic surfactant: D: lamellar micelle of an ‘onic surfactant; E: reverse micelie of an anionic surfactant in oil.""

more asymmetric and eventually assume cylindrical (Fig 19-
18C) or lamellar (Fig 19-18D) structures. Itis important to
recognize that equilibrium, and hence reversibility, exists
tween the monomers and the various types of micelles.
he sizes of such micelles depend on the number of mono-
Mmers 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
:;he polyoxyethylene chain, and hence the more polar and
ulkier the molecule, the higher the cmc, ie the less the
tendency for micelle formation. It is also possible for oil-
‘Slﬂluble surfactants to show a tendency to self-associate into
159E"Brsg micelles in nonpolar solvents, as depicted in Fig 19-
o with their polar groups all oriented away from the
‘:2 vent. In general these micelles tended to be smaller and
& aggregate over a wider range of concentrations than seen
Water, and therefore, to exhibit no well-defined cme.

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 hrought hormoge-
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 cyana. 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 19-198). For instance,
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Table Vill—Critical Micelle Concentrations and Micellar Aggregation Numbers of Various Surfactants in Water at Room

Temperature
Surfactant
malecules/
Structure Name CMC, mM/L micelle

n-C HxCOOK Potassium laurate 24 50
n-CyHs803Na Sodium octant sulfonate 150 28
n-C1oH SO3Na Sodium decane sulfonate 40 40
n-CoHys803Na Sodium dodecane sulfonate 9 54
n-Ci2H25080;Na Soedium lauryl sulfate B 62
n-C1aHs080;Na Sodium lauryl sulfate® 1 96

Sodium di-2-ethylhexyl sulfosuccinate 5 48
n-CigHy N(CHa)1Br Decyltrimethylammonium bromide 63 36
n-CioHasN(CHy)3Br Dodecyltrimethylammonium bromide 14 50
n-CysHagN(CH3)3Br Tetradecyltrimethylammonium bromide 3 75
n-C4HygN(CHy)4Cl Tetradecyltrimethylammonium chloride 3 64
n-CoHysNH,CI Dodecylammonium chloride 13 55
n-C12Hs0(CH,CH;0)sH Octzoxyethylene glycol monododecyl ether 0.13 132
n-C12Has0(CH2CH,0)g H? 0.10 301
n-CiaHas{ CH,CH,0) o H Dodecaoxyethylene glycol monododecyl ether 0.14 8
n-C12HagO(CH;CH20) s H? 0.091 116
t-CgH;+-CeHy-O(CH,CH20)e -H Decaoxyethylene glycol mono-p,t-octylphenyl ether (octoxynol 9) 0.27 100

¢ [nterpolated for physiologic saline, 0 154 M NaCl
b AL 55° inatead of 20°,

oS = o—
SURFACE SOLUBILIZATE
ACTIVE
AGENT

Fig 19-19.

SURFACE ACTIVE AGENT

—= POLYOXYETHYLENE CHAIN

. —= HYDROCARBON CHAIN

1
SOLUBILIZATE

The locations of solubilizates in spherical micelles. A: lonic surfactant (solubilized molecule has no hydrophilic groups); B:

lonic surfactant (solubilized molecule has a hydrophilic group); C: nonionic surfactant (polar solubilizate) '2

when cholesterol or dodecanol is solubilized by sodium lau-
ryl sulfate, their hydroxyl groups penetrate between sulfate
ions and are even bound 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-

egories of solubilizates. The first consists of comparatively
large, asymmetrical and rigid molecules forming crystalline
solids, such as steroids and dyes. These do not blend in with
the normal paraffin tails which make up the micellar core;
because of dissimilarity in structure, they remain distinet 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 absorhance of its saturated solutions,
versus the surfactant concentration produces a straight line
which intersects the surfactant concentration axis at the
cme. Above the cme, the amount of solubilized dye is direct-
ly proportional to the number of micelles and, therefore,
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Table IX—Micellar Solubliization Capacities of Difterent

Surfactants for Estrone™
o Moles
surfactant/
mole
Concentration Temp, solubilized
Surfactant range, molarity  °C estrone
NP - = =
jum laurate 0.025-0.023 40 91
giﬁﬁ oleate 0.002-0.35 40 53
Godium lauryl sulfate 0.004-0.15 40 71
Sodium cholate 0.09-0.23 20 238
Godium deoxychalate 0.007-0.36 20 476
Diamyl sodium sulfosuccinate 0.08-0.4 40 833
Dioctyl sodium sulfosuccinate 0.002-0.05 40 196
Tetradecyltrimethylammonium
bromide 0.005-0.08 20 45
Hexadecylpyridinium chloride  0.001-0.1 20 32
Polysarbate 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
small, 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 cmec.

Microemulsionsi4-16

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 mechanieal
energy for their preparation, which may be supplied by col-
oid mills, homogenizers or ultrasonic generators.

Both emulsions and microemulsions may contain high
volume fractions of the internal phase. For instance, some

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
cmc, micelles are spheres (Fig 19-184, Band E) or ellipsoids.

hen an oil 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.

‘croemulsion droplets also have a narrow droplet size dis-
iﬂbutlon with a mean diameter range of approximately 60 to

- Sinee the droplet diameters are less than Y, 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.l8 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
Sodium lauryl sulfate  Surfactant 13 10
L-Pentanol Cosurfactant 8 25
Xylene 0il 8 50
Water i 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 vegetahle
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.?42?

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.?!-2*?® For instance, clear,
transparent solidified jellies were prepared by cooling aque-
ous solutions of CaCly, Ba(SCN); and Aly(S0,)s, and aque-
ous-alcoholic solutions of NaCl, KCI, NH,Cl, KSCN, NaBr
and bgﬂ-[‘NO;, which were nearly saturated at room tempera-
ture.?8

Colloid chemistry became a science in its own right around
1906, when Wolfgang Ostwald 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 [nterfaces.”

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-
sion in the range of 10 to 100 A (1 Angstrom unit = 10"3¢m =

107 m) or 1-10 nm (1 nanometer = 10~? m) at the lower
end, and a few micrometers (um) at the upper end (1 pm =
10* A = 106 m). Thus blood, cell membranes, the thinner
nerve fibers, milk, rubber latex, fog and beer foam are colloi-
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).2-%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 umor 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. 628

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). The ionsin
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 foree 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,,, namely, the area A (cm?) per
unit volume V (1 cm?) or per unit mass M (1 gram). Fora
sphere, A = 4 -r2and V= 4/3 r rd. If the density, d, of the
material is expressed in g/em?, the specific surface area is

A_ 4P 3 4 3 8
o= =——==cm/em’==cm
# V. 4/3xr r
or
A=A A_ 4 3 L
¥ M Vd 4/3zr'd rd
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xi—Ettect of Comminution on Specific Surface Area

T Volume of 4x/3 cm?, Divided into Uniform Spheres of
Radius R
Number of spheres R A, cm?lem?

e
1 lem 3
10° 0.lem =1 mm 3x10
106 0.1 mm 3 x10?
10° 00l mm =10 um 3Ix10°
1 I um He (TN
1 W opem 1% iy
TIS OOl gm o m
' 1A = [ nm o K e
102 1A ax108

-

Shaded region cotresponds ta colloidal particle-size range

Table XI illustrates the effect of comminution on the
specific surface area of 4 x/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
gpecific surface areas of about 6 X 106 cm?/g and 104 cm?/g,
respectively. One gram of activated charcoal, because of its
extensive porosity and internal voids, has an area equal to s
acre.

In conclusion, colloidal systems by definition are those
polyphasic systems where at least one dimension of the dis-
perse phase measures hetween 10 or 100 A and a few micro-
meters. The term “colloidal” designates a state of matter
characterized by submicroscopic dimensions rather than
certain substances. 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). [f 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 if 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 cils (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.?2.24-27

Table Xil—Classification of Colloidal Digpersions According to State of Matter

Disperse Dispersion Medium (Vehicle)
Phase Solid Liquid 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. Isoproterencl
carbonate with sodium Alumina Oral Suspension USP. Sulfate Inhalation Aerosol.
carboxymethylcellulose binder). Tetracycline Oral Suspension USP.
Pigmented plastics (titanium
o diaxide in polyethylene).
Liquid Absorption bases (aqueous medium in Emulsions: Mineral Oil Emulsion Liquid aerosols: Mist, fog. Nasal
Hydrophilic Petralatum USP). USP. Soybean oil in water relief sprays (naphazoline
Emulsion bases (oil in Hydrophilic emulsion for IV feeding. Milk. hydrochloride solution).
Qintment USP). Butter. Mayonnaise. Betamethasone Valerate Topical
Aercsol USP. Povidone-Iodine
G Topical Aerosol.
as Solid foams (foamed plastics and Foams. Carbonated beverages. No colloidal dispersions.
~____ rubbers). Pumice Effervescent salts in water,
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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 lyophobic (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)s, and clays such as bentonite and
kaolin, possess some characteristics of both 222427

Association Colloids—Organic compounds which con-
tain large hydrophobic moieties together with strongly hy-
drophilic groups in the same malecule 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

Maost of the discussion of lyophobic dispersions deals with
hydrophobic dispersions or hydrasols (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. 227

The mechanisms of the following examples are explained
in subsequent sections. When powdered activated chareoal
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

FRESENIUS EXHIBIT 1013
Page 73 of 408




; s (sublimed sulfur or flowers of sulfur) can be
tsi?s:l:e?;ﬁaf: ufater by addition of a suitable surfactant to
produce a hydrosol. :

Chemical methods u_u:luda the reaction betwgen hydrogen
sulfide and sulfur dioxide, eg, by bubbling H,S into an aque-

ous S0, solution:
2H.S +80, —+3S +2H,0

The same reaction occurs when aqueous so[u_:tions contain-
ing sodium sulfide and sulfite are acidified with an excess of
sulfuric or hydroch!onc aqd. Another reaction is the c_ie-
compogition of sodium thiosulfate by sulfuric acid, using
either very dilute or very concentrated solutions to obtain
colloidally dispersed sulfur:

H._,SO‘ +3 NEQS-ZO:, —- 4 S +3 NaQSO‘ + HQO

Both reactions also produce pentathionic acid, H2S¢0g, 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).22%77 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, stannie 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 decom paositions producing insoluble salts can lead
to colluidal dispersions. Examples are silver chloride and
nickel sulfide:

NaCl + AgNO, — AgCl + NaNO,
(NH,),S + NiCl, — NiS + 2 NH CI

Compare also the preparation of White Lotion, which con-
tains precipitated zinc 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-
Peutic application in nuclear medicine. Radioactive col-
!mds that accumulate in tumors and/or lesions or emboli,
indicating their location and size, may be used as diagnostic
dids. 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-
loids is made visible by stationary or scanning devices which
show the location, size and shape of the organ being investi-
Bated, as well as any tumors within. Radiocolloids are use-
ulin anticancer radiation therapy because of their low solu-
ility, radiation characteristics, and their ability to accumu-
Le and remain located in certain target organs or tumors.
Colloidal gold Au 198 is made by reducing a solution of
gold (198A) chloride either by treatment with ascorbic acid
Or by heating with an alkaline glucose solution. Gelatin is
2dded a5 a protective colloid (see below). The particle size
Tanges from 50 to 500 A with a mean of 300 A. The color of
the sol is 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 '%8Au 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

repared in fairly narrow particle-size ranges from 100-200

through 45-55 um. A variety of 3- and y-emitting radio-
nuclides such as 3], ¥mT¢, 13 or 51Cr can be incorporat-
ed to label the microspheres. Such products have been used
to sean heart, brain, urogenital and gastrointestinal tracts,
liver, and in pulmonary perfusion and inhalation studies.®

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 stahiliz-
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 — C,)/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,

am _ A,D
dt ] (€=CJ

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 hoth 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, 6 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.2223.2-28  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, befare 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
anecessary condition for producing colloidal dispersions. If
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Fig 19-20. Eftect 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).?-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,?3233!

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.®

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. In asaturated
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

expresaed as
S =3, exp M 34)
i (rpRT) .
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Table Xlit—Effects of Particle Size on Solubllity

T ripm) s
e
0.01 78.
0.10 L.128.
1.0 1.018.
10 1.001 S.

'-—'-_—_--_ o
M = 500; v = 30 ergs/em® 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-
lute temperature. Only approzimations can be obtained
with this equation because the particles are not spheres, and
¢ values are different for different crystal faces. Table XIII
shows the magnitude of particle size effects on the solubility
for reasonable values of M, y and p. [t is evident that with
particles in the colloidal range, ie, r = 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 3

Another process by which particles in colloidal dispersions
grow in size is by agglomeration of individual particles into
zii(regatea. This process, called coagulation, is discussed

ow.

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 hy means of membranes with
Pore openings smaller than the colloidal particles.

Membranes—Conventional filter papers are permeable
10 colloidal particles as well as to small solute molecules.
Anm_ng the early membranes capable of retaining colloidal
Particles but permeable to small solute molecules were pig’s
bladder 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
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cellulose made by extruding cellulose xanthate solutions
(viscose) through slit or annular dies into a 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, loging 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
225 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 accumulation of negatively charged
sol particles shown in Fig 19-21. Hence the supernatant

Fig 19-21. Electrodialyzer showing electrodecantation
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liquid can be changed by decantation. This process, which
may be used to speed up electrodialysis, is called electrode-
cantation,?%

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 jons 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 hody 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 metaholites 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 hecause 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 cannat 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 34 The advantage of hollow fibers
is their compactness. A bundle of 10,000 fibers 18 em long
has a surface area of 1.4 m?,

Particle Shape, Optical, and Transport Properties of
Lyaphobic Dispersions

Hydrophobic materials handled by pharmacists in aque-
ous dispersion range from metallic conductors to inorganie
precipitates to organic solids and liquids which are electric
insulators. Despite the great diversity of the hydrophaobic
disperse phase, their hydrosols have certain common charac-
teristies.

Particle Shape and Particle Size Distribution—Bo¢p,
of these properties depend on the chemical and physical
nature of the disperse phase and on the method employed tq
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 heing 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 carbonate, 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 ashestos 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.

mined. Processing yields the fine particle material of Fig 19-’%3
(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 Technalogy).

Native cellulose consists of erystalline 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 pm in size, were
embrittled by the acid treatment and lost the elasticity of
the native cellulose. They are well eompressible and capa-
?)ie of undergoing plastic deformation, a property important
in tableting. Their porosity permits the aggregates to ab-
sarb liquid ingredients while still remaining a free-flowing
powder, thus preventing these liquids from reducing the
flowability 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 cetlulose crystallites
shown in Fig 19-25. The latter, which average 0.3 um in
length and 0.02 w«m in width, are of colloidal dimensions.
€se 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
Water to ointment consistency by swelling and producing a
izgffinuous network of rods extending throughout the entire
: icle. Attraction between the elongated particles is pre-
Umably due to flocculation in the secondary minimum (see
Elow). Treatment of the microcrystalline mass with sodi-
'EE’; carboxymethylcellulose facilitates its disintegration into
thickl}"{'ﬂ&l‘y needle-shaped particles and enhances their
€ning action.
ile in the special cases of certain clays and cellulose,
spmn_llnution produces lamellar and fibrillar particles, re-
ectively, as a rule regular particle shapes are produced by
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Fig 18-24. Scanning electron micrograph of Avicel PH-102 tablet-
ing grade microcrystaltine cellulose. The aggregates of fiber bundles
are porous and compressible (courtesy, FMC Corporation; Avicel is a
registered trademark of FMC Corporation).

"

Fig 19-25. Transmission electron micrograph of Avicel RC-591
thickening grade microcrystailine cellulose. The needles are individ-
ual cellulose crystailites; 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 hydralysis 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?/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
silicosis. The spheres of colloidal silicon dioxide are nonpo-
rous. While the density of the spherical particles is 2.13
g/em?, 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 cellulnse, 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 Aerosil 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, Dequssa 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; Aerasil
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
conasist of short chains of fused spherical particles. In the
latter category is Aerosil 200, the grade most widely used as a
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 cintments 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 hetween
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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lace inside spherical surfactant ptice‘lles.which swell be-
cause additional monomer keeps @ffusmg into the micelles.
Examples include latex-based paints. Some clays grow as
plate-like particles possessing straight edges and hexagonal
angles, €g bentonite and kaolin (see Fig 19-23). Other c{lays
have lath-shaped (nontronite) or needle-shaped particles

ite).
(atéﬂrg‘:"llsgi fi c;tion produces spherical droplets to minimize
the oil-water interfacial area. Cooling the emulsu:.-n _below
the melting point of the disperse phase freezes it in the
spherical shape. For instance, paraffin can be emulsified in
80° water; cooling to lmom temperature produces a hydrosol

; herical particles.
w'ggff 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 avallal?le
for calibration of electron micrographs (see_Flg 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
the 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
hg:ut 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 vpalescence de-
pends on the nature, size and concentration of the particles.
When clear mineral oil is dispersed in an equal volume of a
clear aqueous surfactant solution, the resultant emulsion is
milky white and opaque due to light scattering. Microemul-
sions, 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-
llhlts observation of particles much smaller than the wave-
ength of light, was the only means of detecting submicro-
Scopie particles before the advent of electron microscopy. A
Special cardioid condenser produces a hollow cylinder of

ght and converges it into a hollow cone focused on the
?.ampl_e- The sample is at the apex of the cone, where the
ight intensity is high. After passing through the sample,

cane 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, electrophoretic 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 pm appear as a single blur.

Turbidity may be used to measure the concentration of
dispersed particles in two ways. Inturbidimetry, 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),%4%527
namely

where I and 1, 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 compounds 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 X\ is>-%

9 00 _ o
EEtuh ), n"(nl,, o) (1 + cos®8)

de

I, is the intensity of the unpolarized incident light; I is the
intensity of light scattered in a direction making an angle 6
with the incident beam and measured at a distance d. The
scattered light is largely polarized. The concentration ¢ 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 ta 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

5 ]
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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 1/20, 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, 22221 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 colioidal 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 ohserved 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 T 2Dt
where x is the mean displacement in the x-direction in time f
and Dis the diffusion coefficient. Einstein alsoshowed that
for spherical particles of radius r under conditions specified

in Chapter 20 for the validity of Stokes’ law and Finstein's
law of viscosity

RT
6rarN

where R is the gas constant, T the absolute temperature, N
Avogadro’s number, and 7 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 107 for sucrose and 6.1 X 10~ 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 pm 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 1076/6.1 X
10-7 ="7.7, in agreement with the ahove equation. Diffusion
coefficients of steroids and other molecules of similar size
dissolved in absorption bases based on petrolatum are gen-
erally in the 107! to 10~8 em?/sec range. Steroids have only
slightly higher molecular weights than sucrose. Their much

smaller diffusion coefficients are due to the much higher
viscosity of the vehicle.

Dynamic light-scattering or photon-correlation spectrog.
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,26 which in turn yields
their radius according to the equation abave.

Brownian motion and convection currents maintain dig-
solved molecules and small colloidal particles in suspension
indefinitely. Asthe particle size and r increase, the Brown-
ian motion decreases; x is proportional to r~12. Provided
that the density of the particle dp and of the liquid vehicle d;
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

2dp — d)r'gt
I

where h is the height through which a spherical particle
settles in time ¢. The rate of sedimentation is proportional
to r%.  Thus, with increasing particle size, the Brownian
motion diminishes while the tendency tosediment increases.
The two becore 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 emulisions 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 observed. 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. Qwing 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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ups like hydroxgrl. carbg:yéi aming, and imino
. . d water through hydrogen bonding.
M}Il‘;}; t;:-l:: energy of dissolution or dispersion, AG., of hy-
drophilic solids includes a large negative (exothermic) heat
roplthglpy of solvation, AH., and a large increase in entro-
¢ e:ls Since AG, = AH, = TAS,, AG, has a large negative
" the dissolution of hydrophilic macromolecules and
the dispersion of hydrophilic particulate solids in water oc-
cur spontaneously (see Chapter 16), overcoming the parallel
increases in surface area and surface free energy. Dissolu-
tion and dispersion take place so that water can come into
contact and interact 'm_th the hydro]_:hlllc groups of the sol-
ids (enthalpy of solvation), and to increase the numbgr of
available configur)ations of the macromolecules and particles
increase).
{er'jfl't::pian 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-
ionic 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.’%27 These
stabilization mechanisms are discussed below.

The reductions in surface area and surface free energy
accompanying flocculation or coagulation are small because
lrrggular solid particles, being rigid, touch only at a few
points 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
contact. This recrystallization process is spontaneous be-
cause it decreases the specific surface area of the disperse
solid and the surface free energy of the dispersion. Sinter-
Ing is analogous to Ostwald 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. In proteins, one end group of
the p'?lmeptide chain and aspartic and glutamic acid units
contribute carboxylic acid groups, which are ionized into

functional gro

pYy:
valu
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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*, K*, CaZ*
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 2247

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 carboxymethyleellulose, while synthetic car-
boxylated polymers include carbomer, a copolymer ol acrylic
acid.

Aluminum hydroxide, AI{QH);, is dissolved by acids and
alkalis forming aluminum ions, Al**, 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 paositive charges attribut-
able to incompletely neutralized positive AI3* 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/\l—
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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 to 9.1,%37 there are neither [AI(OH),|* nor
[AI(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
AP by Mg?* or of Si** by AI3* 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 [~ 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 I~ over Ag* ions.?*?527 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, ' including
ionic surfactants.

Electric Double Layers—The surface layer of a silver
iodide particle prepared with an excess of sodium iodide
contains more [~ 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 Na* and NO;~, a lower concen-
tration of [, 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 NO;~ 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 Na* counterions required for electroneutra-
lity. The combination of the two layers of oppositely
charged ions constitutes an electric double layer. It is illus-
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. art of Fig 19-28. The horizontal axis
trated 1% t?lfe tc(l)igt:nce from fhe particle surface in both the
represents

and bottom parts. . . K

The electric pot:.entlal of a p_lane is egual to the wor

:nat electrostatic forces required to bring a unit electric
g 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 Yo potential, which mea-
the p(;he total potential of the double layer. This is the
sures dynamic potential which operates in galvanic cells.
glerm(:)viig away from the particle surface towards the bulk

111 nt}on in the direction of the horizontal axis, the potential
30 u rapidly across the Stern layer because the Na* ions in
tl{g?;]mediabe vicinity of the surface screen Na* ions farther
removed, in the diffuse part of the double layer, from 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 wpere the
anion concentration equals the cation concentration, and
the potential approaches zero asymptotically. ‘In view of the
indefinite end point, the thickness § of the dlt:fuse 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+-?7
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
attheplane 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
the <. as 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 electrostatic 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 4.

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
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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 d4.
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
dg but move away from each other. A net positive potential
energy of about 25 AT units usually suffices to keep them
apart, rendering the dispersion permanently stable; k is the
Boltzmann constant and T is the absolute temperature. At
T = 298°K, this corresponds to 1 X 10-2erg. The kinetic
energy of a particle is of the order of kT.

On the other hand, if their kinetic energy exceeds the
potential energy barrier B, the particles continue to ap-
proach each other past dp, where the van der Waals attrae-
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 asol 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 aigng;
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 ean 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 ¢y 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. Theccy 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 c¢oys of cations with the same valence
are relatively minor. However, there is a slight but significant trend of
decreasing ¢¢y with increasing atomic number in the alkali and in the
alkaline earth metal groups. Arranging these cations in the order of
decreasing ¢y produces the Hofmewster or Lyotropic 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 ohserved 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

Li* > Na* > K* > NH,;* > Rb* > Cs*

A similar lyotropic series exists tor anions 2746

The lithium ion has a higher ccv than the cesium ion because it is more
extensively hydrated, so that Li* (ag), including the hydration shell, is
larger than Cs* (ag). Owing to its smaller size, the hydrated cesium ion
can approach the negative particle surface more closelv than the hydrat-

Table XIV—Coagulation Values for Negative Silver lodide

sdl

Electralyte Cey. MA/L Electrolyte Cev. MMIL
LiNO, 165 AgNO; 0.01
NBNO:\ I"O iﬂg (C:QH%N HQ]QSO.; 07
16 Na:S0, 141 Strychnine nitrate 1.5
KNO, 136 15, Morphine sulfate 25
o K280, 138
RbNO; 126

Mean 141
Mg(NO3)» 2.60 Quinine sulfate 0.7
MgS0, 2.57
CB(NO;;}'_! 2.40
Sr(NOs)s 2.38
Ba(NOy), 2.26
Zn(NO4)y 2.50
Ph(NO;); 2.43

Mean 2.45
Al(NOy)y 0.067
La(NO;), 0.069
Ce(NO3), 0.069

Mean 0.068

2 From Ref 21 and unpublished data.
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L . Moreover, because of 1its greater electron cloud, the Cs*
ed 1o mnlaﬁznh!e than the Li* ion Therefore, it is more strongly

“:;-.s;sr l'.'tmri!:I th;m Stern layer, which makes it a more effective coagulating
a

agent- lation values depend primarily on the valence of the
= ‘I.-‘i’:.;:o?ecureaaing by one to two orders of magnitude for each

-wunwe of one in their valence (Schulze-Hardy rule). According to the
'"E%’meory. the coagulation values vary inversely with the sixth power
Er the valence of the counterions. For mono-, di- and trivalent counter-
ions, they should be in the ratio

L.L.1 5 100:16:014

LA
The mean ccy's of Tahle XIV are 141 : 2.45: 0.068, or 100: 1.7 : 0.05, in
satisfactory agreement with the DLVO theory.

The following conclusion can be drawn from the right half of

Table XIV:

4. The cations on the right side of Table XIV constitute obvious
exceptions to the preceding. Ag* is the potential-determining counter-
ion. Potential-determining ions are those whose concentration deter-
mines the surface potential. whgn si.lver qitnl:e is pddcd tothe qegatjvz
ailver iodide dispersion, some of its silver ions are incorporated into the
negatively charged surface of the particles and lower the magnitude 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 yq as well as of the { potential. Indifferent salts,
which reduce only the latter, require much higher salt concentrations for
comparahle reductions in the { potential. The other potential-deter-
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 y; more negative. Bromide and chloride
jons 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 Fe'*
and Cr¥* which form mixed hydroxides with A12*,

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 1odide 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 cqv than purely inorganic cations of the
same valence,

6. Anionie surfactants like those contaiming lauryl sulfate ions also
have a tendency to be adsorbed at solid-liquid interfaces. However,

use of electrostatic repulsion between the negatively charged sur-
face of silver iodide particles whose surface layer contains an excess
iodide ions and the surface-active anions, adsorption usually does not
oceur below the critical micelle concentration (see below). [f such ad-
sorption does occur, it increases the density of negative charges in the
particle surface, raising the ¢cy of anionic surfactants above that corre-
sponding to their valence.

. [onic 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
golution even at low concentrations, which increases their
surface charge densities and the magnitude of their { poten-
tials, stabilizing their aqueous dispersions.
he addition of water-miscible solvents such as alcohol,
Kl.ycerin, propylene glycol or polyethylene glycols to aqueous
1spersions 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-
selves, solvents make the dispersions more sensitive to coag-
ulation by added electrolytes, ie, they lower the cov.
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 Y, and { potentials of aqueous sul-
famerazine suspensions are negative ahove their isoelectric
points; those of bismuth subnitrate are positive. As dis-
cussed on page 297, the addition of Al* to the former and of
PO,3" to the latter in large enough amounts inverts the sign
of their { potentials; their J, 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 4. 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 ds 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.2!:25-2738 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
above, 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 hydrocarhon 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 CHa(CH3)s(OCH2CH>)100H. 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 apens 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 todisperse
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. Polyuinyl 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, hydroxypropyl 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 19-31 A, 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-

w

Fig 19-30. Schematic representation ol 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 hydrﬂﬂl}c_"
bic sols (protective action) are also operative in the stahili-
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 macramolecules rather
than their looped segments. The following protective
mechanisms are operative:

1. The layer of adsorbed polymer and enmeshed water surrounding
the particles forms a mechanical or steric barrter 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 hut tend to spring back.

2. 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 in 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
occurs hecause it is energetically more favarable. The particles are thus
prevented from coagulation by entropic repulsion through the mecha-
nism of entrapic stabilezation 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 hecome 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
\ncreased resistance of the sol to coagulation by salts.40

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?’ Gelatin is 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-
l“t“'_'g a disperse dosage form, one should measure the pro-
lective action on the actual solid hydrophobic phase to be

1spersed as a sol.

Sensitization is the opposite of protective action, namely,
@decreage in the stability of hydrophobicsols. Itis brought
about hy some protective colloids, at concentrations well
t IO_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 twa 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. %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.

®
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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
ionized. 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 electrophaore-
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 electroosmasis,
and the pressure produced by it, electroosmotic 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.2¢—274!  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 of
field strength E/d, expressed in v/em. From the average
velocity v of the particles, measured with the eyepiece micro.
meter of a microscope and a stopwatch, the { potential ig
calculated by the Smoluchowski equation

=(4mn\( v ). (472
o= (5)(z7) = ()~

The electrophoretic mobility u = v/(E/d) is the velocity in g
potential gradient of 1 v/em. Particle size and shape do not
affect the I'potential according to the above equation. How-
ever, if the particle radius is comparable to § or smaller (in
which case the particles cannot be detected in a microscope),
the factor 4 is replaced by 8. The viscosity n 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 um/sec and the
electrophoretic mobility in (um/sec)/(volts/em), and con-
verting into the appropriate units reduces the Smoluchowski
equation to { = 12.9 u, with { given in millivolts (mV). Ifthe
particle surface has appreciable conductance, the  potential
calculated by this equation may be low.?54142 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. Onlyinvery dilute dispersions is it possible to follow the motion of
single particles in the microscope field and to measure their velocity.
Sinee 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.?42741.8344  [n moving boundary electro-
phoresis, the movement of the houndary 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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with the electrode compartments. The spot or
band spreads and unfolds as each component mig_rates to-
wards one or the other electrode at a rate determined pri-
marily by its electrophoretic mobility. Evaporation of wa-
ter due to the heating effect of the electric current may be
minimized by immersing the strip in a cooling liquid or
sandwiching it between impervious solid sheets. After a
sufficient time has elap§ed to afford gqod separation, the
strip is removed and dried. The position of the spots or
bands corresponding to the individual 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. 3% 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**46 uges electrophoresis to separate
proteins according to their isoelectric points. At pH values
equal to their iscelectric 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
thg pH values are intermediate and equal to their iscelectric
points.

in contact

Hydrophilic Dispersions

Most liquid disperse systems of pharmaceutical interest
are aqueous. Therefore, most lyophilic colloidal systems
d‘lSCLLSsed 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 primary 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
linear, 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 pm. 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

s Na* S0; Na™
H—CH,7—CH—CH, ?-CH, s
CH—CH: H—CH,~CH—CH;
0
807 Na*/ | So7 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-
815.

Cholestyramine resin is an anion-exchange resin contain-
ing the same backbone of cross-linked polystyrene, but sub-
stituted with —CH;—N*(CHj3)3Cl~ 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
carhoxyl 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 ¥ 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 ' of a fraction, soluble in hot water, called
amylose. The remainder, amylopectin, merely absorhs wa-
ter and swells. [t owes its insolubility to extensive branch-
ing rather than cross-linking.

Soluble Polymers as Lyophilic Colloids

Maost 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 8-1,4 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
mare 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 methyi-
cellulose (DS = 1.85-1.93), —0—CH; and sodium carboxy-
methylcellulose (DS = 0.60-1.00), —0—CH,—COO~Nat,
Hydroxyethyl cellulose (DS = 1.0), —0+CH;CH:—04+,H
and hydroxypropyl cellulose (DS = 2.5) are manufactured

—-—0—(—(]3[-1-—-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). In general, 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;H;; cellulose acetate phthalate (DS
= 1.70 for acetyl and 0.77 for phthalyl); and pyroxylin or
cellulose nitrate (DS = 2), —0—NQO,. 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, consista
mostly of vinyl derivatives including polyviny! alcohol, po-
vidone or polyvinylpyrrolidone, and carbomer (Carbapol), 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 ahove their isoelectric
points, eg, sodium caseinate. A stronger acid group is sulfu-
ricacid, which exists as a monoester in agar and heparin and
as a monoamide in heparin. Cationic or positively charged
polyelectrolytes are rare. Examples are polypeptides at pH
values below their iscelectric 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 enc
in a sheath of solvent molecules that solvate its functio
groups. In the case of aqueous solutions, water molecules
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hydrogen-bonﬂed to the hydroxyl groups of polyvinyl
alcohol, hydroxyl groups and ether links of polysaccharides,
ether links of polyethylene oxide or polyethylene glycol,
amide groups of polypeptides and povidone, and carboxylate

oups of anionic polye[ectrolytes. "[:he envelope pf water of
hydration prevents c_halns segments In r.:lose proximity from
touching and attracting one another by interchain hydrogen
bonds and van der Waals forces 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
golvation sheaths. ) .

Factors that lower the hydration of dissolved macromole-
cules reduce or thin out the sheath of hydration separating
adjacent chains. When the hydration is low, contiguous
chains tend to attract one anather by secondary valence
forces ineluding 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.'\7 [f 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 golution. Chain entanglements provide the sole tem-
porary cross-links in those cases. The network of associated
pplymer chains immobilizes the solvent and causes the solu-
tiontoset toa gel. Gelatinous precipitates or highly swollen
- may separate when cooling more dilute polymer solu-

ions.

Besides the chemical nature of polymer and solvent, the
ﬂlll'ge 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
promate 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
. solutions at about 32°. The gelation is reversible: the

gels !‘q'-lEfy when heated above these temperatures. Gela-

onis rarely observed above 34° regardless of concentration,
80 that gelatin solutions do not gel at 37°. Conversely,
gelatin will dissolve readily in water at hody temperature.
_selatmn.temperatu:e or gel point of gelatin is highest at
w:tlsohz{iecmc point, where the attachment between adja-
l:arb: ns by coulombic attraction or ionic bonds between
Xylate ions and alkylammonium, guanidinium or imi-

o lum Broups is most extensive. Since the carboxyl
o P8 are not ionized at gastric pH, interchain ionic bonds
< Practically nonexistent, and interchain attraction is lim-
Gﬁiat;f; hydrogen bonds and van ‘der Waals forces. The
depe c{‘s temperature or the melting point of gelatin gels
Nds more strongly on temperature and concentration

on pH.#84 The combination of an acid pH consider-

are
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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 Y of the required amount of water heated
to 80t090°. 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 ' 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 golutions
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 yotro-
pic series arranges ions in the order of increasing hydration
and increasing effectiveness in salting out hydrophilic col-
loids. The series, for monaovalent cations, is

Cs* < Rb* < NH,* < K* < Na* < Li*
and for divalent cations,
Ba?* < Sr?* < Ca?* < Mg?*

This series also arranges the cations in the order of decreas-
ing coagulating power or increasing coagulation values for
negative hydrophobic sols (see Table XIV) and of increasing
ease of their displacement from cation exchange resins: K*
displaces Na* and Li*. For anions, the lyotropic series in
the order of decreasing coagulating power and decreasing
effectiveness in salting out is

F- > citrate?™ > HPO,?" > tartrate’” >
S0, > acetate” > Cl- > NO;~ > Cl0,~
Br->ClO,~ > 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.?!2224-28  These large polarizahle
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, hromides, 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 Tahle 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 alcohol 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 Lo an aqueous polymer solution may cause coacerva-

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 hydrophilie
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 sucrese 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 Jower 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, chromie, 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,CO0™Na* + R,CO0™Na* + CuSO, —

AN

CR, + N 4
R‘\O/\/Ra 2,90,

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-
gY:

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 revgrsible component resisting
droplet distortion. Surfa'cg-actwe agents algo_may play an
important role in determining whether an oil-in-water or a
water-in-oil emulsion preferentially survives the shearing

ction. . . .
' 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,

Settling and Its 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:

)= 2r’(p, = po)g
9n

where v is the terminal velocity in cm/see, r is the radius of
the particles in em, py 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 em/sec?) and n 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.

Floccuiation and Deflocculation—Zeta potential ¢, isa
measurable indication of the potential existing at the surface
of aparticle. When ¢, isrelatively high (25 mV or more), the
repulsive forces between 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 comcentration 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
systemn 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

Particles exist in suspension as separate entities.

Rate of sedimentation is slow, since each particle settles
separately and particle size is minimal.

A sediment is formed slowly.

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.

poips

P

——

Particles form loose aggregates.

Rate of sedimentation is high, since particles settle as a flac, 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, so as o reform the original suspension.

The suspension is somewhat unsightly, due to rapid sedimentation
and the presence of an cbvious, 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 houndary 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, V5. 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 O 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.. Itis expressed as

B8=F/F, (37)

The degree of flocculation is, therefore, an expression of
the increased sediment volume resulting from flocculation.

Deflocculated

Flocculated

Fig 19-33. Sedimentation parameters of suspensions. Defloccu-
lated suspension: F., =0.15 Flocculated suspension: F=0.75. 73
=5.0.

If, for example, § 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, § 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

Adduion of wetting agent and dispersion medium

L

Uniform dispersion of
deflocculated particles
. ¥ ;
A B C
| |
Incorporation of Addition of Additon nl
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Flocculated |
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Fig 19-34. Alternative approaches to the formulation of suspen-
sions.
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third, a combination of the two previous methods, results in
a product with optimum stability. The various schemes are
illustrated in Fig 19'34; 5 .

Dispersion of Pnrmgles—The dispersion step has been
discussed earlier in this chapter. Surface-active agents
commonly are used as wetting agents; maximum efficiency is
obtained when the HLB value lies within the range of 7 to 9.
A concentrated solution of the wetting agent in the vehicle
may be used to prepare a slurry of. the powder; this is dl]l.lt.t?d
with the required amount of vehicle. Alcohol and glycerin
may be used sometimes in the imt_lal 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
solution. Typical examples are methylcellulose, carboxy-
methyleellulose, 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 floceulat-
Ing agents. They act by reducing the electrical forces of
Tepulsion between particles, thereby allowing the particles
to form the loose floes 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
example, taken from the work of Haines and Martin.® Par-
ticles 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

!’le 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 potentiat and
sedimentation volume, as a positively charged fiocculating 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 AlCl; 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. Inorder toobtain 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 PO4%" 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'-5? 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 (1072 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 10~? 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 102 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 DLVO 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~% molar or less.
Only at concentrations in the range of 1077 to 1072 molar
aluminum chloride did the theoretical plots show deep pri-
mary minima, indicative of flocculation. These occurred at
a distance of separation hetween 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 al5* have published details of a laboratory
investigation (suitable for undergraduates) that combines
calculations bhased on the DLVO 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 heen
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 been prepared beforehand.

For adetailed 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, therefare, 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 hody 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 patential 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 he 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 ad minis-
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/0 emulsions,

Recently, so-called multiple emulsions have been deve!-
oped with a view to delaying the release of an active ingredi-
ent. Inthese typesof emulsions three phases are present, ie,
the emulsion has the form W/O/W or O/W/0. In these
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«emulsions within emulsions,” any drug present in tl_1e in-
permost phase must DOw Cross two phase boundaries to
reach the external, continuous, phase.

It is important for the phqrmacng.t to know the type of
emulsion he has prepared or is dealing with, since this can
affect its properties and performaqce. 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 mcorporate_d
into the emulsion and separation is apparent. 'I‘h? 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/0.

Dye-Solubility Test—The knowledge that a water-solu-
ble dye will dissolve in the aqueous phase of an emulsion
while an oil-solubie 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-
designed 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. [n 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
nto the second liquid, and vice versa. These threads are

unstable, and become varicosed or beaded. The beadssepa- |

rate and become spherical, as illustrated in Fig 19-36. De-
Pending on the agitation or the shear rate used, larger drop-
18 are also deformed to give small threads, which in turn

Produce smaller drops.
he time of agitation is important. Thus, the mean size of
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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 shaking is 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 spontanecus 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 Bibliagraphy.

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, ordrops. 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 floceulated, 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 by 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/em.

2. Be adsorbed quickly around the dispersed drops as a condensed,
nonadherent film which will prevent coalescence.

3 Impart to the droplets an adequate electnical potential so that
mutual repulsion occurs,

4. [ncrease the viscosity of the emulsion.

5. Beeffective 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

6rV
d

AF = (38)

where V is the volume of dispersed phase in mL and d is the
mean diameter of the particles. Inorder to disperse 100 mL
of oil as 1-ym (10~*-cm) droplets in water when yow = 50
dynes/cm, requires an energy input of
A = 8X50X100
1x107*

= 30 joules or 30/4.184 = 7.2 cal

=30 X 107 ergs

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/em, 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

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 um. Thus,

Particle diameter = l um =1 X 10™* em

3
Volume of particle = E—g— =0.524 X 1071 cm?

Total number of particles in 50 g
50

" 0524 X 10712
Surface area of each particle = xd? = 3.142 X 1078 em?
Total surface area = 3.142 X 1078

% 95.5 X 10'2 = 300 X 10* cm?

= 95.5 X 10!2

If the area each molecule occupies at the oil/water inter-
face is 30 A2 (30 X 10~16 em?), we require

300 X 10* _ ; % 102! molecules
30 % 108

A typical emulsifying agent might have a molecular weight
of 1000. Thus, the required weight is

1000 X 102 _
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
areasonable 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. Itshould 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.

66¢g

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 Viscositys?
o
ase
2 Inu?:lluﬂ!e concentration (¢); hydrodynamic interaction be-
* tween globules; flocculation, leading to formation of globule
ates.
vif::gity (n1); deformation of globules 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.
d. Chemical constitution.
9. Continuous phase ) )
a Viscosity (70}, and other rheological properties.
b. Chemical constitution, polarity, pH; potential energy of
" interaction between globules.
¢ Electrolyte concentration if polar medium.
3. Emulsifyingagent . )

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. Ifthe 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
adsorbed 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_ulaifying 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
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classification and that based on the mechanism of action.
Faor 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-
ids (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

CH;(CH,),,CO0~ K*

Solutions of alkali scaps 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.

FRESENIUS EXHIBIT 1013
Page 100 of 408



302 CHAPTER 19

Table XVil—Classitication of Emulsifying Agents

Type Type of film

Examples

Synthetic (surface-active Monomolecular

agents)

Natural Multimolecular

Maonomolecular

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

Nonioruc.

Polyoxyethylene fatty alcohol ethers

Sorbitan fatty acid esters

Polyoxyethylene sorbitan fatty acid esters

Hydrophilic colloids.

Acacia

Gelatin

Lecithin

Cholesterol

Colloidal clays:

Bentonite

Veegum

Metallic hydroxides:
Magnesium hydroxide

Table XVHi—Auxiliary Emulsifying Agentss®

Product Source and compasition Principal use
Bentonite Colloidal hydrated aluminum silicate Hydrophilic thickening agent and stabilizer for O/
W and W/O lotions and creams
Cetyl aleohol Chiefly C(¢Hys0H Lipophilic thickening agent and stabilizer for O/W

Glyceryl monostearate C17H3sCOOCH,CHOHCH,0H

lotions and ointments
Lipophilic thickening agent and stabilizer for O/W
lotions and ointments

Methylcellulose Series of methy! esters of cellulose Hydrophilic thickening agent and stabilizer for Of
W emulsions; weak O/W emulsifier
Sodium alginate The sodium salt of alginic acid, a purified carhohy- Hydrophilic thickening agent and stabilizer for O/
drate extracted from giant kelp W emulsions
Sodium carboxymethyl- Sodiurm salt of the carboxymethyl esters of cellulose  Hydrophilic thickening agent and stabilizer for O/
cellulose W emulsions
Stearic acid A mixture of solid acids from fats, chiefly stearic Lipophilic thickening agent and stabilizer for O/W
and palmitic lotions and ointments. Formas a true emulsifier
when reacted with an alkali
Stearyl alcohol Chiefly CyHz,OH Lipophilic thickening agent and stabilizer for O/W
lotions and ointments
Veegum Colioidal magnesium aluminum silicate 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
Q/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:}(CHQ} mCHg’OSOg_ Na*

Sulfonates are a class of compounds in which the sulfur
atom is connected directly to the carbon atom, giving the
general formula

CH3(CH,),.CH,S803~ 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 ammeonium compounds. An example is cetyltrimethyl-
ammonium bromide.
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ulsifiers should nat be used in the same for-

Cationic eB L nic emulsifiers as they will interact.
: : tibility may not be immediately apparent

While the-mict:$ﬁirtual}l{y all of the desired antibacterial
as 2 'pmﬁﬁ generally have been lost. ‘
activity cs—These undissociated surfactants find wide-

Nemians as emulsifying agents when they possess the
dr bu:fance of hydrophilic and lipophilic groups within
prope lecule. Their popularity is based on the fact that,
the_motﬁi m{ionic and cationic types, nonionic emulsifiers
unhket usceptible to pH changes and the presence of elec-
areinﬂ $ The number of nonionic agents available is legion;
mﬁi frequently used are the glyceryl esters, polyoxyeth-
ylene glycol esters and ethers, and the sorbitan fatty acid

ters and their polyoxyethylene derivatives,
e A g]yceryl ester, such as glyceryl monostearate, is too
lipophilic toserve asa good emulsifier; it is widely used as an
auxiliary agent (Table XVIII) and has the structure

CH,00CC,;Hy
CHOH

CH,OH
Sorbitan fatty acid esters, such as sorbitan monopalmitate

Wo____ oH
n
:0:‘é-cn,n
o
[« (Cishy,1COD)

are nonion.c oil-soluble emulsifiers that promote W/Q emul-
sions. The polyoxyethylene sorbitan fatty acid esters, such
as polyoxyethylene sorbitan monopalmitate, are hydrophilic
water-soluble derivatives that favor O/W emulsions.

HOIC,H.Ol, L IOEC M, 1, OH
7
~0 CItOC,H‘i.,Oﬂ
HCIOC,HY R
[Sum of w. ¥ and 2 15 20,
R 15(C,4H1,1C00 |

Polyoxyethylene glycol esters, such as the monostearate,
Ci7H3sCOO(CH,OCHo,).H, 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
I8 necessary to preserve acacia emulsions against microbial
attack by the use of asuitable 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 aleohol.

Gel:_atip, a protein, has been used for many years as an
emulmt‘_ymg agent. Gelatin can have two isoelectric points,
depending on the method of preparation. So-called Type A
gelatin, 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, ob-
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/0 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/O
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/QO 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 X VIII.

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, asevidenced 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
EmuisHying Agents

Generic or chemical name HLB
Sorbitan trioleate 1.8
Sorhitan tristearate 2.1
Propylene glycol monostearate 34
Sorhitan sesquioleate 3.7
Glycerol monostearate (non self-emulsifying) 38
Sorbitan monooleate 43
Propylene glycol monolaurate 4.5
Sorhitan monostearate 4.7
Glyceryl monostearate (self-emulsifying) 5.5
Sorbitan monopalmitate 6.7
Sorbitan monolaurate 86
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 18.7
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/0 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 balance 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 isshaken 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

~W,RT

Ratel =C,e (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 bhefore 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 = Cye (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 Wh is, as before, related to the fraction of
the interface covered by the surface-active agent. Another
contributing factor is the number of —CHas— 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.

Davies5¢ 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/0O 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.

~W,/RT

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, O/W or W/O) 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 productshould 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 of
emulsifiers for a product was essentially a trial-and-error
procedure. Fortunately, the work of Griffin50 provided 2
logical means of selecting emulsifying agents. Griffins
method, based on the balance between the hydrophilic and
lipaphilic partions of the emulsifying agent, is now widely
used and has come to be known as the HLB system. It 18
used most in the rational selection of combinations of non-
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Table XX—Relationship between HLB Range and

Surtactant Application
HLB range Use
—
0-3 Antifoaming agents
46 W/0O emulsifying agents
7.9 Wetting agents
8-18 O/W emulsifying agenta
13-15 Detergents
10-18 Solubilizing agents

Table XXI—Required HLB Values for Some Common

Emulsion Ingredients
Substance wro O/W
- =«
Acid, stearic _— 17
Aleohol. cetyl _ 13
Lanolin, anhydrous 8 15
Qil, cottonseed e 75
mineral oil, light 4 10-12
mineral oil, heavy 4 10.5
Wax, beeswax 5 10-16
microcrystalline soams 9.5
paraffin s 9

ionic emulsifiers, and we shall limit our discussion accord-
ingly.

gshown 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 HLB values in the range of
4-6 are given consideration when a W/0 emulsion is desired.
Some typical examples are given in Table XIX.

Another factor is the presence or ahsence 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 ia
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

Liquud petrolatum (Required HLB10.5) . .. .... 50g
Emulsifying agents ......... ............. RS 5g
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
quyoxyethylene 20 sorbitan monooleate will result in a
g{lxed emulsifying agent having the required HLB of 10.5.
3;1;1102& the formula calls for 5 g, the required weightsare 2.1 g
o Og, respectively. The oil-soluble sorbitan monooleate
llssolved in the oil and heated to 75°; the water-soluble
2" Yoxyethylene 20 sorbitan monooleate is added to the
Adueous phase which is heated to 70°. At this point the oil
Phase is mixed with 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 XXil—Nonionic Blends having HLB Values of 10.5

Required amounts
Surtactant {% ) to give
blend HLB HLB = 10§
Sorbitan tristearate 2.1 344
Polyoxethylene 20 sorbitan 14.9 65.6
monostearate
Sorbitan monopalmitate 6.7 57.3
Polyoxyethylene 20 sorbitan 15.6 42.7
monopalmitate
Sorbitan sesquioleate 37 48.5
Polyoxyethylene lauryl ether 16.9 515

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 XXlil—HLB Group Numbers®'

Group number
Hydrophilic groups
—80, Na*+ 38.7
—CO0-K* 211
—CO00-Na* 19.1
N (tertiary amine) 94
Eater (sorbitan ring) 6.8
Ester (free) 24
—COOH 2.1
Hydroxyl (free) L.9
—0— 1.3
Hydroxyl (sorbitan ring) 0.5
Lipophilic groups
—LCH.—
CH,— ~0.475
—CH—
Derived groups
—(CHy—CH.—0)— +0.33
—(CHy—CH;—CH.—0)— ~0.15
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HLB = 3(hydrophilic group numbers) —
m(group number/—CH;— group) + 7

where m is the number of —CH>— 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 abso-
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 mare 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-lipaphile 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 (ane,
oil-soluble; the other, water-soluble) at the air/water inter-
face was also present at the O/W interface. Thia interfacial
complex was held to be responsible for the improved stabil-
ity. For example, sodium cetyl sulfate, a moderately good
O/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 ¢is isomer, is used with sodium cetyl sulfate, there is no
avidence 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 heeswax.

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 thoge 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
emulsionis4:2:1. Thus, the preparation of 60 mL of a 40%
cod liver oil emulsion requires the following:

Cod liveroil . ....

Acacia . .....
Water, qs .

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 gam method. Again, the approach
is to prepare a primary emulsion from which the final prod-
uet 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 hottle 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 L
R

Volatile oils, plus liquid petrolatum and 2-3 20-30

linseed oil
Water 2 20
Gum 1 L
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i re separated into those that are oil-soluble and
m{;lsiut%:;: are \n?ater-solublg. These are dissolved in their
respective solvents by heating to about 70 to 75°. When
golution is complete, the two‘phases are mn_xed and _the prod-
uct is stirred until cool. This method, which requires nath-
ing more than two beakere:. a thermomete_r and a source of
heat. is necessarily used in t.hfe prepaltatlon pf emulsl?ns
containing waxes and other hlgh~meltmg-pomt maperlals
that must be melted before they can be clispeysed in tl-_:e
emulsion. The relatively simple methodol_ogy involved 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 Emulsions

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-
sess 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 he 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
mare prone to degradation in the emulsified state than when
they exist as a bulk phase.
. 11_1 the present discussion, detailed consideration will be
limited to the question of physical stability. Reviews of this
topic have been published by Garrett&® and Kitchener and

ussellwhite.* For information on the effect that emulsifi-
¢ation can have on the biologic activity and chemical stabil-
1ty of materials in emulsions, see Wedderburn,% Burt® and
Swarbrick 67

The theories of emulsion stability have been discussed by

Cclestopﬁs in an attempt to understand the situation in
tertl}; a simple O/W emulsion and complex commercial sys-

‘The three major phenomena associated with physical sta-
bility are

o :f,e The upward or downward movement of dispersed droplets relative
ly - ontinuuusphase, termed creaming or sedimentation, respective-

!el:t T[? aggregation and possible coalescence of the dispersed drop-
olre orm the separate. bulk phases.

emu| fversion. in which an O/W emulsion inverts to become a W/Q
s1on, and vuce persa.

mim“mins and Sedimentation—Creaming is the upward
ement 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 aliquid 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?

[nversion—An emulsion is said to invert when it changes
from an O/W to a W/Q 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 calecium chloride,
because the calcium stearate formed is a lipophilic emulsifi-
er and favors the formation of a W/Q 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
bicavailability 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 bioavail-
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 ohserved by Antal,
et al'? in a study of the bioavailability of several doxyeyeline
products, including a suspension and hard gelatin capsules.
Sansom, et al*® found mean plasma phenytoin levels higher
after the administration of asuspension 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 biocavailability 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 abseorption 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 particlesin 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’™® 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 bicavailability. 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 adrug with low aqueoussolubility can be formulat-
ed so 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 al” 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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CHAPTER 28

Clinical Analysis
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The characterizntion and quantitation of the various ¢om-
ponents of blood, urine and other body fhaids ave the prima-
ry funetions of the clinical laboratory. The major divisions
of elinical apalysis are elinical biochemislry, hematology,
hlood-bank technology, histopathelogy, immunology and
microbislogy. The accurale dingnosia of disease and detor-
mination of a potential therapeulic regimen frequently are
hased on the lnboratory analysis of blood, urine, feces, gos.
{ricrecretions or cerebrogpinal fluid.  Modern mediea) prac-
tice is Londing loward grenter relinnce on laboratory results
08 definitive measures of prthological or normal states,

The pharmacist should fmilinrize himself with the basic
prineiples involved in sample collection, analysis and diag-
nostic significance of the various clinical parametors. His
role in community health necessitates his comprehension of

Erythrocytes and Hemoglobin—'The crythrocytic sys-
tem is composed of the mature erythrocytes in peripheral
Llood and their precursors in bone marrow, The precursors
of erythrocytes, as found in the erythropoielic system (red
bone marrow), ave ¢lagsified as Lo Lhe degree of nucleation
and characteristics of eytoplagmic constituents.
quence of erythrocyte formation in bone marrow—based on
the gradual denucleation of the eell, generation of the chro-
matin structure and changesin nueleolar structure and eylo-
pleamic constituents—-is 88 follows:

pranormoblast -+ busuphitic normoblast -+ polychromatic norme-
Ilnet -+ orthochromatic normoliast -+ polychromatophilic evythrocyte
= prythroeyte.

The first four types are nucleated and normally are seen

The #e-

only in bone marrow. In normal erythroevie formation g
these immature bone-marrow cells are designated as nor-
moblastic or normeeytic,  In pernicious anemia and related
conditions they become shnormally lnrge and arve designaled
mepatoblastic or megatocytic,  In iron-deficiency anemig,
these cells hecome almormally small and are designated
microblastic or microcytic-—of the iron-deficiency Lype,

the methodology and dingnostic value of clinical laboratory
procedures, The influence of various drugs and drog inter-
actions on these parameters musl be considered in both the
clinical and drug-nbuse sithation.

Hematology

The delermination of the morphologienl, physiologieal
and biochemical properties of peripheral blood and the

Lleod-Forming organs (hemalopoietic system) is a {unclion Norenal ngﬁn;?;i

of the hematology laboratory. 'Fhe lunetional categories of Valun Valnos

hematology are {1} analysis of cellular elementy, and specific

Biochemical and physiological paremeters of peripheral  prohrocytes (eumm X 109

blood and the hematopoietic system, (2) blood-congulation Male 5.4 1.6-6.2

nnalysis and (3) blood-hank technology. FFemnle 4.8 1.2.5.8
Periphers] blood is n hiphasic liguid tissue aystem of ¢cellu-  Reliculocytes (ou v X 10F) &l 10-100

lar elements suspended in a liquid plosma phase. ‘Ihecellu-  Hemoglabin (%)

lar phase comprises about 45% of the blood volume and Male 16.0 14.0-18.0

Femaly 14.0 12.0-14.0

containg erythrocytes {red blood cells, RIBC), leukocytles
(white bood cella, WBC) and thrombocytes (platelets).

; i \ . ! A00- 34,0
The plasma phase is primarily water (90 to 92%) and protein IT&I:L,E :gg :W.U—-E?.(l .
7%,)' R . , , . Mean corpuscular volume (mm} 87 82-92
The hematological analysie of blood is coneerned primari-  Mean corpuscular hewoglalin (pg) 20 27-31

ly with enumcration and differentintion of the various cellu-

lar elements. An analysis of the hematopoietic system (of, contralion (%) 34 3230
bone marrow and lymphoid tissue) determines the status of  Mean corpuscalar diamoter Gum) .3 4.7-7.7
blood-celt precursors in these Lissues. Delerminations of  Leukocyles (camim X 10Y) [ 50-100
specific biochemicn! (hemoglobin) and physiclogical (blood L“I:‘J"""Vt'e Idi’l” erontiat (%) i St
¢r plasma volume) parameters are performed in a complete ],ﬁf;:f‘?':]]'i],? "1 ’lf
pvaluation of the erythron system (blood and marrew RIBC m:(]p]:i]a % 1 fh.1
and their precursors). The normal hematological values in Lynphocytes 40 9531
the adult are presented in Table L Monaceytes B 37
Platelets (cumm X 10" 340 1.4-6.0
. Erlhroeyte sedimentation rote (Wintrohe),
i {mm/hr}

The authors ackuowledge the sssistance of Droloseph P Usenvage of Male 1 0.9

Raorer Group L, in tho preparation of Lhe Meorobiology soalion wod Dy Female 10 0-20

Alfred H Pree of the Ames Co for the Uringlysis section,

Tabls —Normal Hematological Values in Man’

Humatoerit (%)

Mean corpuncular hemoglobin con-
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Normal blood contains 0.5 Lo £.6% of cireulating exythro-
eylos as retienloeytes. These colls contain a {ine netwark of
basophilie reticulum that is demonstrable on slaining witha
vital dye such as briilinnt cresyl blue. The number of these
eells in the blood is a measure of effective erythropoiesis.
IHigh eireulating-reticulocyto values are an index of erythro-
poietic activity and are lound in the {irst fow days of lile,
ofter hemorrhage and affer treatment of iron- or vitamin
B s-deficioncy nnemias,

The nermal ervthroeyte (normocyte) is a {lexible, elastic,
biconeave, encleated strueture with o mean diameter of 7.3
pm oand a Chickness near 2.2 g, 'The chemical constituents
of the red blood ee)l 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-
mary [unction of the erythroeyte is transport of oxygen and
carbon dioxide. T'he red cell membrane, o dynamic, semi-
parmenble component. of the cell, is associated with energy
melabolism in the maintenance of the permeability charnc-
teristies of the cell to various cations (Nat, K*) and anions
(Cl", HCO47). The stroma of insoluble material which re-
mains after red-cell disruption (hemolysis) constitutes 2 Lo
5% of the wel-cell weights i is primarily protein (40 to G0%)
and lipid (10 to 12%). The membrane includes stromatin (a
fibrous or structural protein) and mucopolysnccharides as-
socialed with A, B and O blood-group substances. The lipid
fractions include phosphatides (lecithin, cephalin), choles-
teral, choleaterol esters, neutral fals, cerebirosides and sialic
acid glycoproteins.

Lrythrocyles may be enumerated by either visual or elec-
tronic proceduwres. In the visual procedures, a measured
quantity of blood is diluted with a fluid which is isotonie
with blood and will prevent its coagulation, The diluted
blaod is then placed in a counting chamber (hemoeytome-
ter), and the nwnber of cells in a circumseribed aren is
enumerated microscopically, Havem’s solution {sedium
sulfate, 2.6 g sodium chloride, 0.25 g mercuric ehloride, 0.25
gy distilled water, 100 mbL), Towon's fuid (sodium sulfate, 8
i@ sodium chloride, 1 ¢ methyl violet, 0.026 g; glycerin, 30
ml,; distilied water, 180 mL) or 0.0% sodium chlovide are
used ay diluting fuids. The overall ervor of this method is
about 8%,

A greater degree of uccuracy and reproducibility can be
achicved by erythroeyle enumeration in an electronic connt-
ing apparatus; og, Coulter Counter or Ortho ¢ell counters,
The Coulter method (Rig 28-1) determines the number and
size of particles suspended in an eleetrically conductive lig
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Fig 28-1. Couller-counting colls by elactronic Impedance
{cowrtosy Coulter Electronics).

uid, ‘The bload cells traverse a small aperture and displace
their own volume in the diluent as to produce a change in
resislance between the electrodes; the magnitude of the volt-
age pulse is proportional to cefl volume, and the resultant
pulses are then amplified, scaled and automatically counted.

In the Ortho ELT-8 technique (Fig 28-2), the principles of
taser flow cytometry are used Lo count, cells,  Hydrodynamic
foeusing and laminar flow are combined in the system to
count a large number of individual cells. Light focused by a
helium-neon laser is scaticred by the cells as they pass
through the flow channel. The scattered light is monitored
by a pholoeloctric sensor and transfers Lthe electrical pulses
which ure processed by the systems cireuitry. In addition to
inereased counting speed, the overall exror of the electronic
procedures is reduced to aboul 1%.

‘The hematocrit value is also a measure of the erythrocyte
portion of blood. A sample of blood containing an anticong-
ulant is placed in o graduated hematoerit eapillary tube,
centrifuged and the volume ratio of packed red cells Lo {otal
Blood volume (hematocrit value) determined. The centri-
fuged sample appenrs as a red layer of packed ervthrocytes
over which is found an off~white layer of packed leukocytes
and platelets, and a supernatant plasma phase. The hema-
Lu;:irit value is an index of both the number and size of Whe red
CeHE,

Hemogilobin, a conjugated hemoprotein with an approxi-
mate molecular weight of 67,000, containa basic proteing, the
globing and ferroproloporphyrin (heme). It is essentiatly o
tetramenr, consisting of four peptide chains, 1o each of which
is bound a heme group, Heme, which constitutes about 4%
of the weight of the molecuie, consista of a divalenl ivon atom
in the center of a pyrrole-porphyrin structure.  Four distinet
polypeptide chains (v, 4, v, 8 can be incorporated into
hemoglobin, Normal adult hemoglobin is HbA = ayt@t,
Fetal hemoglobin contains 2a and 2y chains and is designat-
ed HDBIT = arph,F

Differences in the structural sequences of amine acids in
the peptide portion of the hemoglobin molecules are con-
trolled genetically and are responsible for different. Lypes of
hemoglobin,  Based on the characteristic mobilily of the
hemoglobin, in an electric field {elecirophoresis) on starch,
paper, cellulose neelote, agar or acrylamide gel media, many
homoglobin types have been recoghized (see Chapter 29).
Only Lypes P, F and Ajy-Ay are considered normal.  Sickle-
cell anemia and B-thalassemia are homolylic anemias associ-
ated with abnormal hemoglobins (ie, ‘Type S in pickle-cell
anemia and abnormal production of Lhe # chain in f-thalas-
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i1 homosgous HHS dizease sickling of the red celly
i due 1o the low solubility of the abnormal hemogdobin in it
reduced =hato, with the production of semicryatalline bodies

s,

(tnctodels), which distort and clongate the eefls, Tn Che siek-
{e-vell brait (hederoxypous), the Dlood smear shows no sickle
cells, In the homoezypous condition, HbS accounts for near
Iy all of the hamoglobin with sl amounts of HhF. In the
heteroaygous condition, HDS constitutes 50% or less of the
hemoglnbin, with the balance as HbA.

Phe detection of sickle-cell disease is porformed by micro.
seopic observation of the induciion of ved-cell sickling in the
presence of o reduciig agent such ns sodiun metabisullive or
by quantitotive determination of urea-dispersivle turbidipy
induced by dithionite following reduetion off HbS Lo deoxy-
M0 in RBC lysales, The microscopic proveduore will detect.
only homozygoles, whereas MhAS and HBS and its stractus-
al variand hC-Harlew holh are detecied in the urea-dith-
fonite lechnigue,  Commercinl quaditative test s are avail-
able for detecting siclde-cell trait and anemia by solubility
determinations, Al hemoglobing positive to the dithionite
test must be electrophorized (cellulose acetate, citrate agar
or sterch gel) to differentiate HBS from HHC and thalasse-
mia braits, Theaps causing hemolysis in glucose G-phosphate
dehydrogenase (GG deficiency include sulfones, nitrofu.
rang, chloroquine, dimereaprol, nalidixie aeid and probene-
el

Phe hemaogiobin concentration is measured specirophoio-
metrically alter Iysis of whale blood and convergion of hemao-
globin t¢ hematin, oxyhemopdobin ar cyanmethemoglobin,
The addition of a sirong base (NaOH) to pbt 10 converts
axyhemwaoglobin, earboxyhemogiobin and methemoglobin Lo
hematin, which can be estimated photometricatly. Weaker
trases (N 008 or NHLOH) converl bemoglobin Lo oxyhena-
globin for analysis.

Total hemoglobin is measured also by conversion Lo eyan-
methemogiobin using alkaline sodium evanide- polagsivm
ferricyanide reagenl.  Hemoglobin standards certifiad by
the (linical Standards Committee of the College of Ameri-
can Pathologists are used in Lthese procedures, and atl results
are expressed as “g hemoglobin per 100 mb blood.”

Inthe nermal stale, the oxygen consumption of the RBC is
fow and it is involved in the conversion of hemoglobin to
axidized (176} methemoglobin (HbM) which canmot bind
oxypen. The normal halanee of HOM (<0.5%) is maintained
by two enzyme systems - NADH md NADPH methemoylo-
bin reductases,  Aninherited deficiency of the RBC enzyme,
GORIY. This will decreqse the rate of reduction of gluintli-
pne and methemogiobin, make the cell more vulmerable 4o
oxidative attack and result in susceplibility o drug-induced
ar imnmme-nedisled ponspherocylic hemaolylic anemia.
GEPD delicieney is found predominantly in Mediterranean
peoples, Suuthenst Asins, Africans and American hagroes,
The ensyme can be guantilated spectrometyically or hy
fhaoronephelometry by measuring the rate ol reduction of
micotinamide adenine dinucleoiide phosphate (NADI?) in
the presence of GEPD. Presumptive sereening tests based
on reduced ghiinthione (GEH) content of blood hefore and
after ineubation with acetylpbenylhydrazine abso are vsed.

Beythrooyle eount, hemaoglohin contont and hematoerit
vilue are used to determine various blood indices in the
diapnosis und teentment of anemin,  These mensurements
ave:

Muoan corpreseidar sofume MOV {anl)] =

vt (%)
cound [wil}

s i)

FiryUnracy

Mean varpieseslar hemmeplobin IMCH {pg)) =
Hemsoglobin (p/100ml,) 210
vebree e count Ol
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Moan corprseidar hemoplafia coneeatrodion NCTICEE) =

Hemaylohin Gedtog nl )y X 100
Hematoeedl (7)

An additionad parameter tsed Lo charaetoriz red.cet] viria-
tion is the red-coll distribution width (DWW determined on
the Coulter 5-2us 1. Phe RDW is calealated divectly by
the standard deviation and coefficient ol variation from a
red-vell histogram on the S-Plus I The differance in cell
size may he used 1o monitor pualients with pernicious or
hemaorrhagle anemia,

Anemias nre dassifisd os 1o ved-coll volume and hemoglo
bin concentration.  Maereeyiie (arge eelli MOV = 243,
avimoeytic (nornal ool MOV, B2 1o 92), or mizrocylic
(small cell; MOV < 80) we the cassifications aceording Lo
celbvolume,  Celludar hemoglobin concentration entegorizes
the cells as Lo hyperelromic (MCHG 2> 38), nosmochronrie
{MCHC = 22 to 36), or hyvpochromic (MOFC < 30). Lxam.
ples of anemijas:

b Hypochromic Microeytic—orythiroitl normoblastie ancmia
in bone murrow
Ao lron Dafieiency —tow hemegdobin (Hiyg) and RBC, low
gervm iron, bigl tolal iron linding enpacity, alsent hema-
siderin.
L IHetary--bow iron iniake
2 Intestinal problems--decioased iron absorption
4 Pregmaney, infants — inerepsed fron seguirements
A4, drvon loss-due tochranie hemorehage, parvasitic infee.
tions, G tpael lesiony, excess mensirual beeding.
13, Hereditary Sideroblastic - defect in e heme synihiesis,
an inabitity Lo ulilize ingested iron.
€. Thalassemig—genetic abnormality which prodoces nor
md Loy increased Fibgd and/or HbigAo,
1, Normoshromic Mormueviic
A Hemelytic —incromsed destrietion of erythroeytes,
b Antoimpune haemolylic
2 Cold agglutinin hemolytic
A Mechanica! destroetion of RBCs
4. Parasysmal Noclurmal heamoglobinurit
5 Lymphomas and Hodghins discase
G Tnleelions
13 Hemaglobinapathies -abnormlitios in strocturve of al-
pha or beli chains of hemoglobin mokecale; nonollaatic
erythroidhyperplusiu in bune morrow,
I Sielde-cell
2 Hemolysis
3, Hemoglobin €O
. Acute Hemorrhage
13 Oiher
1. Aplastic Avemin, Leakemia, Malignaney
% Renal faiture and drug-relited wsemias eaused by
chlormplenicol it antineoplastic drugs.
Marmoehramic Macroeyte due 1o deficieney of vitamin 3,
or folate;, bone MArrow i Byperecelnlar witle incromsed orv-
throid precursors,
b Persieiows
2 Siderollnstiv
4 Sprue tetal ron-hinding cupacity is decreaserd; he.
mosilerin is increased in the hone marvow,
4, Pregnancy

IH.

Diederminntions of the suspension stnhility of whale blood
and ervihvoeyte fragilily are asefut adjunels in the diagnosis
ol various disenses,

Phe eryvthrocyte sedinentation rute (I85H) is oo ostimate of the sus-
puension slahility of ved blood ectls v phoma; it s reladed to the number
andd sive of the red cells and Lo the relagive coneenteation of plisma
proteing, especiaily fibrinoger and the aooand @ plobuling. This Lest i3
perforpind by detsrivining the rate of sedineniation of bleod cetls ina
standdard flie, Normal blood BS12 a0 to iHwmZhour, Inereasesnrenn
inelication of metive bt olseare disesse processes such os Wuberatlosis
andl ankylosing spondylitis.  BESIR is affected by anemin and dovs not
ros jm:u! Tnenrly willy changes 0 e e venl mseromsieenles such as
fibwinogen and Hobins,

The zote sochpendadion val o UESI) toehnigue overconios these disad-
vantages, ik basel on s messure of Uhe eloseness with which T30 wil}
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appreach ench other after standardized eveles ol dlinporsion and coriiae
g,

Phe eeythreeyte frapility test is based an resistanee of colls to hmoly-
sid i decrensing concentralions of hypolonie saling,

Inexeaerl asmolic Mragilily of the red cells s asiosinied witl warious
typer of spherccytosis mid sequired hemelylic atenis inereused resis-
e hiw been olmerved in thalissemia, sielde-cell snemin and hypo-
chromic anemin. The tost ean e pecformiad mannlly Iy colorimetrie
estimalion of hemoglabin relessed by hypotonie eell rapture or pomal-
jendly in i instrument which contimually records the inereane in light
transitlanee through a suspension of red eells inoa continuously de
ereasing sudl gradiol during distysis

Loukoeytes— Mature {euhoeytes (white blood cells,
WRC) in periphoral blood and their precursors in hone and
lymphoid tisse comprise the lenkoeytic system.  Various
types of lewkocytos are found in normal bload,  Diffarentia-
tian of the lymphocytic, monocéytic and granuloeytic levuko-
evie types is based on cell size, color, chromaliin siruciare
and eytoplasm constituents,

The primary function of leukocyies is the development of
the various defensive nnd reparative processes in inflannia-
tory and immune-response moechanisme,  The migration of
latkoeytes to the site of inflanmation is associnted with the
release or activation of various biechemical substances (5-
hydraxytryplamine, histamine, eomplement, immunaglobu-
ling, prostnglending, lysosomal enzymes). The Lissue histio-
eyte or monogyle (macrophage) also can eagull and destroy
foreign particles by the provess of endocytosis and cevlain
leukoeyte types by phagocytouis.

The chamical composition of the leukocyte inciudes water
(82%), nucleoprotein, phospholipids and trace minerals.
Bnzyme content, glyeogen and histamine levels vary in the
dilferent Lypes of white cells,  Deficiency in enzymes associ-
ated with glycolytic metabolism (hexokinase) and increases
in phosphomonoester hydrolases {alkaling phosphatase}
have been observed in leukoeytes of cortaln leukemia pa.
(iends,

The precursors of granulacylic Jeukocytes are found in
bone marvow and arve classifiod according 1o the degree of
eyloplasmic granulation, dyo-affinity of the granules and
shape of the muclena (Schifling, Arneth or Coole-Pondoer
Clasgification).  Asundifferentialed cells (myelohlasis) ma.
fanee
promyctoryle - myolocyle o onotamyelacyle o band lealiorpde
sapmenicd eukoeyie

melachromatic granules appenr in the cytoplasm (granulo-
eytes), Al segmented leukocyles are motile, a requirement
for participation in the inflammatory ar phagoeyiic process-

In the mature basephilic and eusinophilic fevkocyles,
these granules develop an affinity for a basic or acidic dye,
respectively; thase cells coniaining granules which do not
stain are called newdrophiis,  1n peripheral bload, the ma-
ture pranuloeviie cells are desipnated palymorphoniclear
fewhocytes—newtrophiiiv, evsinophilic or basophilic,

The other types of white cells normally observed in pe-
vipheral blood have no granules and are classificd as Lo gize
and shape into the monecyie and fymphocyte, which are
formed in lympboid tssue, The small lympboey (e is thy-
mie-derived and is found iy the cirendation and germinal
centers of lymphoid Lissue, The origin of the large lympho-
eyte 14 agul-nssocialed lymphoid stem coll which can further
ditferentinte indo the immunoglobulin-producing plasma-
evie. The interaction of thymic (1) and bone-marrow (13)
Iymphoeytes is the basis for the development end mainte
nance of humoral and cellular immune mechanismas,

Leukoeytes are enumerated hy procedures similar Lo those
used for evythroeytes, In the visual procedures the blood is
diluted with a fluid (3% v/v acetic neid) which lyses the red
cuells, nnd the Lolad Jenkocy e count. is delermined microscop-
jcallv. Rosinophils alse may be analyzed differentiolly with
a diluting Muid which renders the red cells norefraetile and

nvisilile, and lyses the base-labile leuloeyies, leaving the
base-atable eosinophils intact, A suitable diluting flujd for
thiss purpose ia Pilot’s Fluid (propylene glyeol, B0 mb; dis-
tlled waler, 40 mly 1% phloxine, 10 mls 10% sodium
enrbonate, 1 ml, and heparin sodium, 100 units),  Blectron-
i¢-counting procedures are shmilar to those used For erythro-
cvles with the added advantages of speed, aceuracy and
reproducibility,

Thie ormal adult leukoeyte value is H000 Lo 10,000 cells/on
wm. Values greater than 10,000 (lewkoeyiosts) are encoun-
tered in the newborn mfant, young children, after viclunt
excrelse, convalsive seizures of epilepsy, feukemin and can-
cer. Values of leas than 5000 (lewkopenia) ave observed in
certain microbial infections (eg, typhoid fever, mensles, mo.
Inria, overwhe) ming septicemia), ciivhosis ol the liver, perni-
ciovs anemie, radiation injury and replacement of marrow
by malignant tissue,

A differentiel count of the leukoeytes provides informa-
tion as 1o the relative numbers of oach type. A thin fibn of
blood is prepared on a microscope slide stained with a poly-
chromatic preparation such as the Leishmon, Wright or
Giemsastain, and analyzed microscopically,  Wright's stain
containg polychromed methylene blue and eosin dyes; the
erylthrocyles are stained pink; the nucled of the lewkocytes,
purplish-hhue;, neutrophilic granules, violet-pink; cosing.
philic granules, red; basophilic granules, bue; and platelets,
blue.

The recenl introduction of anvtomated sysiems for differ-
ential white-cell counts significantly veduce the errors inher-
ant with the subjective nalure of the visunl counting prace-
dure. Diflarentiztion of the vavious cell fypes can be made
an ihe bagis of eytochemistry and staining properties of
enzymes apecific lor a single cell type. The granules of
neutrophils and cosinophils are stained by action ol ther
perexidnnes on 4-chloro-I-naphthol to form a colored qui-
none in the presence of & peroxide and further ditferentiated
by the optinmum pH for peroxidase activity between these
two cell fypes. The memoeylic lipase is used as a specific
warkor by the reaction of busic fuchsin with e-naphthol
liherated hy lipase on e-naphthylbutyrele substrate. The
bemphocytes are not stained in this procedure but are mea-
sured by electronic sizing.

Automated differentind WBC counts also bave been ob-
tained in systoms which count large populations of cells by
simultaneous measurement of lwo oplical properties (axint
tight Joas and/ar narrow-angle scatior and/or multiple-wave-
tength fluorescence). Laser lght alsois used to dilferentiate
cell sive, granularity and volume of cells, 'The colleeted Jight
measured by forward versus right-angle scatter is converted
0 a histogram giving the peveent of lymphoeytos, monocytes
and granuloeytes.  Another system involves computer pro-
cessing of two-dimensiona] mgges of the various cell types
usihg an automalic seanning nicroscope.

Palymorphenueclear pewtrophilic lewkoeyles {(veutro-
phils, “polys”) normally comprise 62% (60 Lo 67%) of the
total leulkoeyle count.  These cells are irvogular in shape (10
to 15 pm in diameter) and wsually contain a mullilobated
nucleus with fine, lightly stained cytoplasmic granules, An
immature or juvenile form of neutrophil, with a band-
shaped nonzegmented micleus conatitutes 3 1o 5% of periph-
eral Dlood leukacytes, Inereases in the relative perceninge
of thesa cells (neutrophilia) is observed in acute microbial
infections (g, meningitis, smallpos, polivmyelitia), mela-
hobic disorders {(dinbelic acidosis, pout), drug inloxication
{digitalis, epinephrine), vaccination, coronary thrombosis
and malignant nooplasms.*

Polymorphonuelear eosinophilic leukocytes (eosing-
phils) normally comprise aboul 1 to 3% of total cireuluding
white-blood eells, In appearince they are similar to the
nentrephil with the exception of Jarge, red-stained eytoplas-
mio granules. Bosinophilia hng been observed in corinin
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skin disenses (prorinsis, ecsema), parasitic infeatations (poik
vound worni--Lrichinesig), cerlain hypersensitivity rece-
tions, seurlet fever and pernicious anemia,  Chareot- Levden
crystals, which are found in bronchial secretions from asth-
matics, are derived from nucleoprotein-disintegration prod-
uels of eosinophils,

Folymorphanuclear basophilic leukoeytes (hasophils)
possess large eytoplasmic granules which stain a deep blue.
These cells, which are primarily sources of blood heparin
amd histamine, constitule less than 1.0% of the leukoceytes,
Bogophilic leukocylosis is seen in chronie myeloeytic leuke-
mia, hemolyiic anemia and Hodgkin’s disease.  Basophitic
leukopenia oceurs following radiation or therapy with gluco-
corticoids,

Lymphaocytes hove a cell dinmeter from 7 10 10 g (small)
to 10 to 18 wm (large).  They have a round, or slighily
indented, deeply stained nucleus and normally comprise 25
to 3% of the leukocytes, Lymphoeylosis is sgen in infec-
tious mononteleosis, lymphocytic leukemia, rickets and in
most. conditions awsociated with neutrophilic leukopenia
{neutropenia).

Manneytes constilule 3 o 7% of the leukocyies. They are
Jarger (12 o 20 om) than the other leukocytes and possess an
abandant, pale, hluish-violet-stained cytoplasm with a fing,
reticulated chromatin structure in #he nucleus, The mono-
eyies (macrophages) phagocytize bacterin, parasitic proto-
won, foreign particles and even erythrocyles, Monocytosis is
seen i certain microbial infections (tuberculosis, typhus,
malaria}, Hodgkin's discnse and monoeytic leukemia,

Drug therapy {roquently cnuses neutrophil dysfunction
which can be characterized by a decreasod munber of mature
newtrophils or a defect in cellular funetion resulting in the
inahility of the hody 1o defend itsell’ ngainst infection.
Dyrugs such as nitrogen mustard and chloramphenico) de-
generale hone-marrow stem cells, and DNA synthesis is im-
paired by mmtimetnbolites such as methotrexate and flure:
ueacil,  Depolymerization of DNA is caused by procarbagine
and alkylating agents.  Mitosis is inhibited hy colehicine
and vinea alkndoids, "The following cutline lists drugs which
cause granlocviopenia

MNonchetiot hevapuiie Phenathissines

rifinpin chivrpromagine
Tistovetin mepiEine
b ne methotrimesrazine
nitrow oxide prachlosporazine
ethunol tharidizing
Anlithyroid Andihiotios
curbimunoke chitoramphenicul
methimazole earhenicillin
thiowracil prineofulvin
Divreties wmoniozic

neetnzolamide novehiocin

chioriilidune Jurdiovasenlar

chlorothiszide dhinzonide

ethacrynic acid procainamide

hydrochlorothinside mothyl dope

meyeurinle eginiding
Antihistumines proprinulol

ethylenedizmine

thenalidine

il aphenylene

pyrilienzaming

As qualitative und quantitative changes in leukocytes in
peripheral biood and their precursors in bone marrow and
lymphntic tissue nre pssociated with the various types of
leweitemia, this disense has been classifiod on the hasis of the
preduminating type of leukoeyte, ie, myeloeytic (granulocyt-
ic}, lymphocylic, monocylic or plasmacytic, Leuhemin may
he either acute or ¢lyonic and invelve the replacement of
bore-marrow elements by malignant cells, infiltration of the
reticuloendothelinl vystem, anemia, thrombacylopenia and
hemaorrhage.  Loukemia usually s associnted wilh wn elevat-
ed WRBC count and inerease in the specific cell and its pre-
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cursors in peripheral blood, but in certain instonees thero s
an aleukemic hlood picture with no evidence of leuliocylosis.
Leukoeyles in seute levkemia are more immature (“blost”-
Lype cells) than those encoantered in the chironic type.

T many disenses of the hematopoietic syalam, iL is neces-
anry Lo examing the bone marrow to determine the rates of
formation, maturation and retease of blood cetls into the
peripheral civeulation. Using o punciure biopsy needle,
sumples of bone marrore may be obtained from the sternum,
iliae crost or proximal and of the Whia. Swmears of marrow
then are prepared, stained (Wright's stein or speciulized
histopathological procedure) and examined microscopically.
T'he ratio of myeloid leukoeyie to nucleated red cells in hone
marrow, the presence of abnovmal (noamyeloid) cells, ihe
number of plalelel precursors (megakeryoeyies), the sigms
of cell-maturation arrest.ad the presence of foenl lesions are
impertant fuctors in the diagnosis of various disense staies.

Systentie lupus erythemotosus (SLIY is @ disease charae-
terized by mumerous oliniesl and pathological manifesta-
tions asaocinted with various organ. Although the disease
chiefly affects the lymphatic system, the eardiae, venal and
uriicular systems also are involved, The dimgnosis of this
disease is bused on the presence of an SLE-cell factor in the
pamma-glohulin fraction of Blooed it the disensed state,
‘I'his factor dissolves the nudlei of leukocyies by depolymeri-
zalion of deoxyribonucleie acid to form the SLld-body. 1
sarum from patients with SE1 is incubnted with white colls,
the “polys” will engulf the liberated SELI-bady and form the
typical BLIE-cell with n characteristic progressive loss of
nuelear detui).  Drugs which cause SLIT and produce a posi-
tive SLE-prep include hydralazine, procainrmide, isoniazid
wied phenytoin,

These antibodies to nueleoprotein alse can he dotected by
immunalogical technigques.  In the double-gntibody tech-
nique, the test serum containing antibodies to nuclear pro-
tein s incubated with o pal kidney slice (antigen). The
gecond antibody is a Huerescein-lnheled gont antibuman im
munoglebulin (TgG) which combines with the humap LG
bound o the antigen sile in a positive test. The Duores-
cence 38 eatimated by immunomicroscopy.  Normal light-
microseapy can be used i the goat-antibnmman ke s labelod
with peroxiduse.

Thrombocytes-—T'he primary functions of throntbocytes
(blood platelets) are the maintenance of hemostasis arrest
of bload Row from a vessel) and blood coagulation (clot
formation), Plateleis are oval (o sphevical 1o shape and
have a mean dismeter of 2 to 4 pon, Phey origingde from an
immature coll (megakaryvoeyie) in bone marrow and ranges
of 140,000 to 450,000/cu mm have been reporied i normal
bloud,

Adhesiveness, aggrogation and ngplutination are the prin-
cipal physical propartics of platelets responsible for hemo.
gtasis and coagulation reactions. Chemically, they contain
protein (60%), lipid (15%) and carbohydrate (8.5%). Their
eontent of serotonin, epimephrine and norepinephrine aids
in promoting conatriction al the site of Injury.  ‘The release
of “platelel thromboplastin,” a cephalin-type phosphatide,
and ADP are imporiant in blood congulation.

As of the preseni Lime, there is no satisfuctory manual
mothod for acourate enwmeration of blood platelets. The
aize and physicat properties of the platelet seviously deter
the development of accurate and reproducible methodology.
Indirect methods of analysis are based on the propartion of
phatelets to erythrocytes in a stained blood smear. Blood
samples obtained divectly from the fingertip puneture nre
diluted with an anticongulant fluid which simultaneously
will stain the plateiets. The ratio of platelets to red cells
then 1s determined microseopicully and the number caleu-
lited from the predetermined red-cell count (normal 3 (o 8
platelets/T00 BRBC), In the direct procedures, u sample of
blood is abtained by venipuaneture, placed in a siliconined
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tube, diluted and subsequently analyzed by counting the
platelets in o mieroscopie counting chamber tsing conven-
onal or phase-microscopy apparatus. Suitable diluting
fluids arve the Recs-Beker Fluid (sodium citrate, 3.8 g form-
aldehyde, 0.22 ml,; brilliant eresyl blue, 0,05 g water, gs 100
mLg or Brecker Fluid (1% anamonium oxalate). Automated
procedures for platelet counting have increased the neenracy
Lo 5 Lo 1B Blood is collectad in a special anticoagulant,
diluted and centrifuged al specified speeds Lo obtain a
“platelet-rich” supomatant fuid, which then s counted in
an automated counting apparaius similar Lo those used for
RBC ¢connting.

Meihods Tor counting plutelets in whale blood include
clectronic impedence instruments and laser-optical
counters uaing hydrodynamic focusing.®  ‘These new hema-
l.i)lngy .tml]tipm'mm!t.el' m\ulymrs })rrwi(l(} freater aceuracy,
precigion and increased rate of anslysis performed vna smndl
volume of Dlood,  'The autemated instruments provide pre-
cise platelet measurements for monitoring ebemotherapy-
indueed thrombocytopenia and transfusion therapy.

Porsistent. inereases in platelet count (Chrombaocythemia
or piastrenemia) have been observed in chronic myelocytic
leukemia, polyeythemia, megakaryoeylic hyperplasia and
splenic alrophy, Acule or temporary inereases in platelet
values (thromboeylosis) are seen in trawma and asplyxia-
tion.

Thrombocytopenia or a decrense in platelets 1o values less
than 60,000/cu nun oceurs it varigus purpuras or hemor-
vhagie states (idiopathic or symplematie thromboeytopenic
purpura).  Inherited platelet defects inelude Glanzmann’s
thrombasthenia which is characterized by prolonged bleed-
ing time and poer clol retraction, while Bernard-Soulier
Syndrome and Von Willehrand's disease demonstrates de-
foctive platelet adhesiveness, Defects in the release renc-
tion includes “Storage Pool Deficloney™ and “Aspirin dike”
syndrome,

A rare, inheritod, structural and funetional platelet abmor-
mality is the grey-platelet syndrome characterized by large
platelets lacking alpha granules and appearing grey on
WrighlUs-stained peripheral blood smears,  Patients have a
history of bleading, poteching, casy bruising and expistaxis,
Diagnosis is confirmed by radicimmunosssay procedures to
detect fevels of platelel-specifie alpha-granule proteins,

Lewkemin, axtensive burns, splenic disorders and agents
such as quimidine, suifonamides, hydrochlorothiazide, di-
uretics, antiepilepties and neuropharmacological agenis
have been implicated in the eliclogy of symplomatic throm.
boeylopeniy.  Decreases in platelet count nlso are accompa-
pied hy morphologiesl changes in the size, shape and eyto-
plasmic granulation of these cells and changes in adhesive-
ness and normat function in hemostasis and coagulation.

Studies on plaielel aggregation have been of significant
value in the study of platelet abnormalitios and their role in
disease states. The rale and extent of the sggregation and
clotding response Lo adrenaline, ADE, collagen and thrombin
have been measured by observing changes in opticn] density
of platelet-rich plasma on adding of these agents or other
Lest substances, Tow amounts of A1 give reversible agure-
gatian, while a biphasic-aggregation pattern occurs wilh in-
termediate concentrations of ADY eor with cpinephrine.
The second phase is the release of the platelels’ endogenous
ADP. High coneentrations of AP result in an rreversible
aggregation,  Aspivin aels as an inhibitor af the intringic-
platelel AD? and the collagen resclion.

Reticuloeyies—In normal peripheral blood 0.5 1o 3.5% of
the erythracytes possess n fine reticlum in the cytoplasm.
In blood smears prepared with Wright's, Giemsa and othor
Romanowsky methods, basephilic stippling of the erythro.
eytes occurs in lend potsoning (plembism). This iz not. Lo e
confused with the basophilic staining of the reticuloeyie

which only can be seen when cells are steined by supravital
procedures (mixtore of dyes with wet blood prior to prepar-

g of an air-dried blood smenr),  The ohserved granular
filaments or reticulum of this immalure ervthroeyie are a
result, of endoplasmic coagulation by lipophilic dyes used in
Lhe supravitel procodures,  Retfewlocyles are enumerated
by supravital staining of fresh blood with an anticongulant.
dye solufion,
The usual method of expression is
v gy DO TebiculaRy L 100D NG W
10

The “corvected” reticulocyte count is ealeulated for a more
meaningful clinical approach in the degree of anemin by
oxpressing the pereentage of reticulosyles per mm® of whole
blood,

oirrected  Rotioutaeyte 5 Pationts homatoerit)
3 (:'omliy 0= ount {Normnl hematoerit)

Tn indirect counting methods a thin film of the blood-dye
mixture is prepared on o microscope sitde, counterstained
with Wright's stain and the reticulocytes enumerated in
proportion Lo a predeterminod erythroeyle count.  1n direct,
procedures, reticulovytes are enumerated in wel (il with-
oul counlersinining, Suituble dyes are briliant cresyl blue,
methylene blue and Janus green. These methods are sul-
Jeet Lo a high counting error,

An ingrease in the number of reticulocytes is an Index of
aceelerated homatopoiesis and is observed in acute hemor-
rhage or adeguate therapeutic managemont of iron-deficien-
oy or pernivious anemia.  In cases of chronie hiood loss or
bone-marrow depression a deerease in reticaloeytes i seen,

Blood-Volume and Exythropoietic Mechanisms—The
mean red-cell mass in normal males is 2095 4 384 ml, (30
ml/kgh, the avernge plasma volume s 2766 & 459 ml, (40
rl/kg) and the total blood volume is 4861 & 786 ml, (90
ml/kig). The specific detormination of red-cell mass is esti-
maoted aceuralely by ngging erythroeytes with "Wy in vitro
or ®e in piva, These sotopes are incorporated into the -
polypeptide (Cr) or porphyrin (Fe} of hemoglobin in the
RBC and subsequent isotope dilution in blood after injee-
tion of Lagged erythrocytes is used for caleulation of red-cel)
mass, Iy hemolylic anemia there is also a decrease in the
normal hile span (108 to 120 days) of the erythrocyte as
indicated by a decreased survival time of *(r-tngged red
cells in blood {refer o Chapter 33).

Plusima volume s estimated by measurement of hemaodi-
lution of IV-injected 57 or 1 human serum albumin, The
activity of libeled albumin sieadily decrenses after injection
due to the less of albamin to the extravascular space.  Tisti-
mates of zere-lime radionctivity levels can be made by ex-
trapolation of a typical first-order blood-level decay curve.
Dyes (Fvans Blue) and other isolopes are Jeas satistactory
for aceurate assossment, of plasma volume. 'The total blood
volume is equat to the red-cell mass and plasma volume,

Chroniv expansion of the red-cell mass is seen in primary
and secondary polyeythemia agsociatod with erythrocytosis
due to hypoxia, itmors and renn) digease, In Uhese condi-
Lions, there is an increased hemoglobin and hemalocrit and
absolute increase in red-cell mass, In relative polyeythemia
the high hematoerit is due to conlraction of the plasma
volume, Chronie expansion of the blued volume, with a
resubtunt decrease in hematoerit value and, in some cases, n
“hemadilution™ anemia, is seen in eardine failure, normal
pregnaney, hepalic cirrhosis, splenomegily and arteriove-
nous fistula.

‘The metabolic defect in pernfeious anemia, characlerized
by inadequate gaetrointesiinal absoyption of vitamin 13, is
diagnesed readily by monitoving urinary radieactivity lol-
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lowing oral administration of cyanocobalamin-"Co with and
without intrinsic factor. ‘The percent recovery of the iso-
tope in normal patients is 3 to 25% and in pernicious anemin
0 to 2.5%.

8Cr-agged crythrocytes also are uased in studying the
effects of various compounds, such as the nonsteroidal anti-
inflammatory drugs, on gastroiniestinal (GI) bleeding,
The patient's blood cells are Lagged with ™ Cr and the agent
under test. is administored, 17GI Dleeding occurs, there is an
increase in $Cr content of facal samples as a result of bload
[osa into the lumen of the GI tract.

Mearaurement of the nbsorption of radioactive iron (*1Fe),
ils tisaue dialribution {liver, spleen, precordium, sacral bone
marrow), plasma elimination and urinary exeretion estab-
lish various ferrokinetic purameters, Iron is absorbed to
the greatest extent ns the fervous salt in the upper small
intestine. Absorption is decrensed in fron overload, eryth-
ropoiesis and various malignant, inflammatory or infectious
disenses. Iron is transported in plasmn bound to transfer-
riny, & specifie ivon-binding protein. Alterations in plasma
iron and iron-binding capacity are seen in pregnancy, thales-
semia major and iron deficiency Chypochromic) anemia.
Iron ig stored in the liver, bene marrvow, skelotal musele and
apleen ag ferritin and hemosiderine The daily turnover of
iron is about 35 my, primarily from an “erythropoietic lahile
pool™ in bone marrow.

Hemosiderosis in aimply an increase in iron slarage,
wherens hemochromatosis denotes inereased iron storage
with associated tissue damage. Both of theso states can
resull from oral or parenteral medicingl/transfusion fron
overload. Ironexcretion is limited and oceurs by desguama-
tion of iron-containing cells from the bowe), skin and urinary
tract.

Iron-deficiency anemia is a symptom and not o disease.
Treatmeant is baged on evaluation of ferrokinetic parame-
ters, correction ol hemoglobin and tissue-iron deficiency and
recognition of the underlying cause (eg, chronic blood loss),

Blood CoagulationHemostasis, the arrest of blood
flow from a vessed, is rogulated by extravaseular (muscle,
skin and subcutancous tissue), vaseular (blood vessels} and
intravaseular (platelet-adhesion, clot-retraction and blood-
coagulation) mechanisms. The following discussion will be
Hmited to those processes related to the blood-cosgulation
mechaniem. When bload i allowed Lo clat, the free-flowing
tquid is converted into a firm cell clot surrounded by serum.
If an anticeaguiant is added to bload, coagulation does not
oceur and the blood cells ave suspended in a liguid phase
—plasma, The clotting mechanism involves three stages:
the formation of plasma thromboplastin, the conversion of
prothrombin to thrombin and the conversion of fibrinogen
Lo fibrin,

The Internationnt Committos on Nomenclature of Blood
Clotting Factors has numorically designated the blood-cong-
ulation factors {Table 11). Fibrinogen and Factors V and
V111 are absent in normal blood serum a5 a result of the
clotting process, ‘The absorption eharacteristics of certain
blood-coagulation factors on calcium phosphate or baviwm
suifate are used in the diffarential analysis of specific {nc-
tors. The interaction of coagulation factors may he initinted
through either the intrinsic or exlringic pathways. In the
intringic system all the factors are present in the blood, while
the extrinsic system is aclivated by the release of tissue
thromboplastin,  Figure 28-3 shows the activitios of both
pathways to form a stabilized fibrin elot

In Btage 1 of the congulation process, the contoel of injured tissue with
Bland resuits in the aetivotion of Factar X1, which veacte with ealeium,
FIA, 10, ARG and Feetors BV aad X 1o viekd intyingic or blood
thromboplastin, This stage narmatly is completed in 3 to § min, Hx-
trinsie or tissue Usromboplastin is formed rapidly (<12 sech in various
tisgues i the body sueh ag Jung and brain in the presence of caleivm and
Factora ¥, VI and X,
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Table li-—Blood-Coagulation Factors

Factor Synorym

1 Filrinogen
1T Prothrambin
11 Thromboplastin (tasue)
iV Caleium
V  Labile fnctor, proaceelesin, Ac globulin
VI Aceslerin
VII  Stable factor, proconvertin, serum prothrombin
conversion accelezator (SPOA)
VIII  Antihesnophilic globulin (AHLG)
IX  Christmas tactor, plasma thiromboplastin componeni
(PTC)
X Stusrl-Prower factor
X1 Plasma thromboplastin antecedent (I°A)

X1} Hageman factor
KIT  Fibrin-stabitizing factor (P817)
Ingzingie,
x1i
il
1 Ca?
1% Extdngle
l 11 (Tisswa Trromboplagtin)
Vi
(vitt @ o™ + PLY) cn?
1 rd

X =——r (V' + PL 4 Ca?h

|

(Prathrombind 11— Thrombin

Fibrinagon —k f=thrin

Throbin
HKAL] e X {1
Cl‘im
Smbilized Fibrin Clot
*Pintalon lipkd
Flg 28-3,  Blood Coagulation Process.

In Btage 2, thrombeplostin entateses the converaion of prothrombin lo
thrombin (8 to 35 aee) in the presence of Fretors V, VI R and caleivm.

InStage 3, the thrombin #apicly converta {ibrinogen into Librin, which
thon forms o network of Tibevs that traps ved cells and thus forms the
hload clot.

Although the exact nalure of the enzymatic sequances in the
coagulation process is not eloay, it is definitely a biological
amplification process starting from the small reaction of
tinsue eontoct to rapid conversion of fibrinogen Lo tibrin,

Rlood containg natural inhibiters of cosgulation such as
antithrombin, heparin and antithromboplastin, which ean
prevent a particular reaction in the congulation sequence.
The dissolution of hlood clots oceurs by the action of the
blood proteolytic enzyme-~plasmin or fibrinolysin.  Plas-
min i formed from ils precarsor, plasminogen, after activa-
tion by lissue and hody fluids or substances of baeterial
origin (streptokinaee).

‘T'he youtine tests performed in the coagulation labovatory
are indices of vascular function {vaseular phase and platelot
adhesion) or intrinaie clotting mechaniams.  Deteyminn-
tions of bleeding time and eapillary fragility provide esti-

FRESENIUS EXHIBIT 1013
Page 115 of 408




502 CHAPTER 28

males of blood conpulation in the presence of platelels and
tasue or vaseuler factors. In the Ivy method for determina.
tion of capillary bleeding time, 2 blood pressure cuff is
placed on the forearm and inflated to 40 Lorr a puncture
wound is made and the time required for bleeding Lo stop ia
noted, Bileeding time is a sereening test lor disorders of
platelet function or vascular defects but is ustaliy normal in
coagitlation disorders. 'The teat is useful in the differential
diagnosis of Von Willebrand’s (reduced factor VIII, with a
normal bleeding time) disense from mild hemophilin, The
normal bleeding iime, as determined by this method is 1 to @
min. Dextran, pantothenyl alcohol, and derivalives, peni-
cillin G, nonsteroidal anti-imflammatory drags and strepto-
kinase-streptodornase may cause o prolonged bleeding time.
The Simplate 11 (General Diagnostics Div, Warner Lam-
bert) is a standardized, disposable, springlonded hleeding.
time device for platelet function lesling. It uses two blades
that are released automatically to produce two uniform inci-
sions 6 mm long X 1 mm deep, making the procedure reliable
and reproducible,

The capillary fregility or towrniquel test is hased on the
incidence of petechipe (small red masrks) formation pro-
duced by an inflated blood pressure culf over a S-min period.
Normally, a few tiny petechiae may appear, 'The most com-
mon cause of abnormatities in vascular-function and plate-
let-adhesion Lesls is thrombocytopenia,

An analysis of the fntrinsic cosgulation mechanism is
concerned with the determination of the Jevels of the specific
clotting factors in whole bleod. In preliminary studies of a
suspected hemorthagic disorder, determinations of coagula-
tion time, clol retraction, plateled count, bleeding time and
capitary fragility vsually ore performed.

In the Lee-White procedure, the coagulation time of whole
blood is delermined in regular or siliconed tubes, Normal
values are 8.5 1o 15 min in glass and 18 Lo 60 min in siliconed
tubes,  Anticongulants and tetracyclines may cause in-
creased times while corticosteroids and epinephrine cnuse
decreased values, The sibconization of glassware prevenls
platelet aggregation and thus, deluys coagulation. The sam-
ples used in the analysis of coagulation thne are then in-
spected at0.5, 1,2, 4 and 24 hr aficr cloting to determine the
time required for the various phases of clot retraction, The
tubes also are ohserved for evidence of clot. lysis or dissolu-
tion.  The clol normally will start to retract in 30 min,
completely retract within 24 hr and show no evidence of Lysis
overn 72-hr period. Prolonged coagalation times are associ-
ated with hemophilia, hypolibrinogenemia and Faetor IX
Qeficiency, Abnormalities in any of these tests indicate the
requirements for (urther congulation studies.

The prothrombin time test is o measave of the levels of all
anagulation factors, except 111, 1V and VI, and is an index of
the capacily of plasma to lform thrombin, 1o the “One
Slage’ test, the plasia sample s mixed with ealeium ehlo-
ride and tissue thromboplastin, and the time required Tor
fihrin-clot formation is determined. Results are compared
with & normal plasma control, and the prothrombin time is
reported either in seconds or ay the pereent of prothrembin
calealated from a standard ackivity curve. Correction stud-
fes using normal seram, adsorbed normal plasma or whole
normal plasma added Lo test serim indieate deficiencies of
Factors VII and X, Factor V and Factor 11, respectivety, If'
none of these additives shorlen the prothrombin time, a
cireulating anticoagulunt problem ean be suspected.

A madification of this technigue (the prothrombin-pro-
conpertin procedure) using a 1:30 dilution of both patient
and control plasma in the presence of prothrombin-free
plasima as a source of Factors 1 and V, ig & more sensitive
index of specilic deficioncics in prothrombin, Fretor VI 1X
and X.

Owren's thrembolest, ss performod on whole blood, is

sensitive to changes in both extravascular and inbravageular
clotting mechanisms, including Factor 1X. The dosege of
anticongulant drugs, such az dicumarel, is adjusted in accor-
dance with prothrombin-time determinations; patients are
maintained usually within a thernpeatic tange of 20 to 40%
of prothrombin activity (normad range, 80 to 130%). Re-
duced prothrombin levels, with prolonged prothrombin
timos, are observed in vitamin K deficiency, hemorrhagic
disense of the newborn, oxcessive anticoagulant therapy,
Hver and hiliary disease.  The interaction of other drugs
with anticongulanis may cause increased prothrombin
times, Drugs such as salicylates, phenylbutazone, oxyphen-
butazone, indomethacin and some sulfonamides increase the
amount of aetive anticongulant nctivity,  Other drugs de-
ercnse the amount of vitamin K produced by gut bacteria
which include chloramphenicol, kanamyein, neomycin,
streptomyein and the sullonamides.

The prothrombin consumption test is an index of the
efficiency of conversion of prothrombin to thrombin in the
coagulation process. The blood sample is allowed (o clot
under standardized conditions and then the quantily of pro-
thrombin complex removed in the serum is determined in
the presence of extrivsic fibrinogen. At Jeast 80% of the
prothrombin is consumed normally, Reduced consumption
of prothrombin (<80%) ia observed in congulation deficien-
cies (hemophilia) related to thromboplastin generation.

Other types of coagulation tests detect deficlencies in
thramboplastin generation mechanism, The thwomboplas-
L generation Hime test (TG provides o means of detect-
ing specific defliciencies of Factors V, VI, 1X, X, X1 or XII,
In the initinl phase of this procedure the clotting time of the
patient’s adsorbed plasma is determined in the presence of a
standardized platelet {aclor reagent, calcium chloride, plas-
ma substrate reagent (Factors 1, 1T and V) and the patient's
serum. If the dlofting time is abnormal (16 sec), further
tesls ave performed with the patient’s plasma or serum.
The adsorption of the plasme sample on bartum sulfate
removes Faciors 11, VI 1% and X and facilitates differentia-
tion of a Factor IX to X from V to VI deficiency in the
thromboplastin-generation mechanism.  Thromboplastin
generation s reduced in hemophilia and thromboeytopenia,

The activated partial thrombaplestin time test (PTT) s
based on the observation that hemophilic plasing bas a nor-
mal clotting time in the presence of a complete thromboplas-
Lin (extrinsic-saline exteact of brain tissue), as used in pro-
thrombin delerminations, but will give a markedly pro-
tonged clotting time with an incomplete thromboplestin
(cephalin),  Cephalin is a thromboplastic, ether-soluhle
phospholipid factor with platelet-like activity. Tn this teal
the clotting time of the patient’s plasma is determined in the
presence of calcium chloride and activated cephalin, This
Leat is used primarily to delect deficiencies in Stage 1 of the
coagulation mechanism and is rather sensitive to changes in
Tactors VI aned IX, as seen in classienl hemophilin and
Tactor 1X deficiency {(Hemaphilia I3 or Christmas disease).

Iy Stage 3 of the coagulation process, the presence of
ndequate levels of fibrinogen and thrombin is critical,  Fi-
brinogen levels are analyzed semiquantitatively by deter-
mining the clobling time of a diluted plasma sample in the
presence of extrinsic thromboplastin,d ‘Phis test is bosically
independent of prothrombin levels, Pibrincgen coneentra-
Liong of 126 mg% or greater ave adequate; deliciencies {hypo-
fibrinogenemia) have heen observed in liver disease, carcino-
matoesis and in certain complications of pregnancy.

Increased levela of frbrinogen degradation products
(FDP) have been demonstrated in serum due to primary
uctivation of the librinolytic system (pathological fibrinoly-
sis) or by secondary activation following increased blood
elotting (disseminated intravaseular congulation). Fibrino-
gen {mol wi 3.4 X 109) is degraded sequentially to fragments
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X, Y, Doand 18 with mol wis of 2.7, 1.65, 0,85 and 0.55 X 105,
respectively.  Fragments X and Y sre more potent anticoug-
wlants than fragments 1 and B and ave vesponsiblo for hem-
orehagic states in defibrination. Complexes between fhrin
monamer, fragment X and other FDP interfere with throm.
hoplastin generation and platelet formation, FIN? ean be
measured by mmumologicnl teehniques invelving latex ag-
glutination of preticles senaitized with spocific antibudies o
FIOI or by a hemaglutination-iphibition test.  'T'he normal
level of serum FDPis 4.9 & 28 pg/meb.,  Increased levels are
seen in acule myocardial infaretion, menstruation, compli-
eations of pregnancy, hypoxic newborng, malignancy and
rennd disease,

Defteiencies in the clotting mechanisms usually can be
corrected purtially and temporarily by transfusion of normal
blood or plasma. When this fails, the presence of efreadal-
tng anlicoagdunts (antithrombin, antithromboplastins,
heparin) must be considered,  eparin acts indirectly by
moans of antithrombin 111, which neutralizes several aetival-
vl clotting [uclors (XIla, activated Fletcher factor, XTa,
1Xa, Xa, Ha und X1Ma), “The pharmacological effeet of an
oral anticongulant is the inhibition of hlood clobting by inter-
fering with vitamin K-dependent clotting factors 1, VL IX
and X, Circulating anticoagulants are detected by defer-
mining the effect of normal plasma on the clotting time
{recefeifecation time) of the pulient's oxalated plasma in the
prasence of enleium chloride. 11 the addition of the normal
plasma does not shorten the prolonged rocaleification time,
a circulating anticoagulant state can be reported,

Sinee the end-point of all coagulation Lests is Lhe coaver-
sion of fibrinogen W filrin, it is vital that the analyst vigidly
standardize his concepts of {ibrin formation in visual record.
ing procedures.  The use of mechanical instrumentation in
the detection of clot formation significantly has increased
the standardization, nvewracy tnd reproducibility of coagu-
lation procedures. These instraments measure ane record
the process of fibrin formation via increased turbidity {co-
ngulogram or photomaetric clol detection) or changes in elec.
trienl conductance in the ronction mixtures. As woll as per-
forming routine laboratory tests simultaneously or sequen-
tinlly, updated systems can run Fibrinogen and Factor as-
anys achieving rapid throughput and seeuracy, New
porfarmance features are available with many of the suto.
mated coagulation instraments, 'These include monitoring
temperature zones, digital displays of the individual clotiing
Limues, automatic dilutions or patients samples and progrm-
mable parameters for testing Moxibility,

Hemophilia is a classic deficiency of antihemophilic glob-
ulin (AHQG), Christimas disease of P'PC and Hageman trait of
Factor XI1 Hereditary or acquired deliciencies of Pactors
LV, VI X and X) also are associated with discase stotes,
The process of blood coagulation, analysiz of congulation
Taetors and interpretation of results comprise a highly eom-
Plex system, The coagulation lnboratory and the physician
fimclion together in the diagnosis and treatment of cosgula-
tion-deficiency disenscs.

Blood-Bank Technology

Blood-bank technology in the modern laboratory is part of
the blood-transfusion servico.  As whole blood for trans-
Fuaiom and its components are biologically active therapeutic
substances, a complete analysis of their chemieal and biolog-
eal characteristics is vital to the assurance of successful
If-llm'up:-.uti:: eifects. 'The translusion serviee is responsilic

o
1. Receiving and examining of die donor.
2. Uolleeting, prosessing and gloring the blond,

2 o Pyping of recipient and donor for ABO and BRb Ilontd-prosp [ne.
LTS
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b Compatibility (cross- mateling) testing hefore ramslusion,
B Jasuing of bioud For transfasion and ext rcorporeal cirealation.
6. Mvaluating iransfusion complications,
"t Perlorming of apecial serologieal toests pertinent 1o blied proups
and other factars,

In this seclion a diseussion of perlinent factors related 1o
the various phases of the transfusion service will he presont-
od.

Receiving and Examining of the Denor A comploete
registry? of prospective donors should be maintained, with
specific reference to age, sex, weight, address, oceupation
and telephone munber.  Computerized blood banking has
inerensed Lhe efficiency of thisservice.  Donors should pref-
erably be between the ages of 21 and 60 and should weigh no
less han 110 1h, The donor may he refectod on the basis of
previous or active imcidence of cortain microlinl disenses
(recurrent malaria, syphilis, infectious or homologous seruim
hepatitis, tuberculosis), bleeding wbnormalities, convul-
siens, allergic syndromes, skin or hent diseases, diabeles,
aleohol or drug addiction, pregnancy, eancer, recent. immu-
nization with live vaccine produoct, acquired immune defi-
cieney syndrome (AIDS) or blood-pressure abnormalities
{acceptable blood pressure;  between 100/60 and 200/100;
pulsc rate: 60 to 12/min), The sereening of blood for expo-
aure to human immunodeliciency virus (LIV) is erucinl
to reducing the risk of infection frow teansfusion.  BLISA
{meyme-linked inmmunosorhent assoy) soreening tosts for
the detection of antibodies agninst HIV are available fvom
manufacturers. More sensitive tests are being developed Lo
deteet viral DNA in body fuids.

A period of al least 8 weeks should have clapsed since
biood was withdrawn and e blood hemoglobin level should
be 12,5 10 13.5% or greater, Serum bilirabin and transami-
nase Jevels also should be evaluated in donors with previous
incidence of jnundice.

Collecling, Processing nnd Storing the Blood A Lour-
niguet is applied 1o the arm of thoe donor to ocdude the
venous return, the skin area is sterilized and the blood is
collected by venipuncture (phlebotomy). NIH Formula A
or B [ACIHAcid- Citrate-Dex trose) or ACE-phasphate| so-
lutions are used as anticongulants in the sterile blood-col-
leeting conlainers, Evacuated containers may be of regular
or siliconad gass; collapsible plastic containers offer mony
advantages in donation, bleod-hanking and Lrnnsfusion pro-
cedures.

The proservation of the ved cells in blood is improved by
the complete removal of trapped adr in the blood collection
apparatus, rapid cooling after eollection and storage nt 4°,
Proparly collectod whole blood is usually stable for 21 days
at 1 to 6% The delerioration of whole blood is related (o
increpsed cellulur fragility (incrensed plasma X' and de-
ereased plucose utilization, Blood which is nsed for corvee.
Lion of any bleeding tendency or cloling defect should be as
frosh oy possilile.  Leukoeytes, platelets and Factors Voand
VI deteriorate in stored plasina or whole blood.

ABO Blood-Group Classification®— Human red cells
can he classilied into various groups or types on the basis of
reactivity of certain hlood factors (agplietinogens) locatod en
the erythrooyte membrane,  The Landsteiner syatem (Ta-
Isle TIT) for the four blood groups is based on the presence or
absence of either A or B agglutinogen on the cell surface
(Group A, B, AB or O, respectively).

Serum dees nol contain the antibody (agpdutindn-1gM
type) for the avtipen present inan individual’s own red cells,
It doos contnin the isoagglutinin (o, anti-B in blood group
A) due o expostre, early in life, Lo bacterinl and plant
antigens similar in stroeture to he A-B antigens.  'I'he
clumping or agglutination of the red cells by reaction of
agglitinogen with agglutinin s used in blood-grouping tech-
pigues. o cerlain instances bemolysin untibodies, present.
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Table ¥l—Bload-Group Systems

Auaclion®  Mouction®  Frequoncy
Bood  Agghtinogen  Agglalinls  with Anti-A - withAnti-B - (%) in
Groug {1y Coll in Sorum Sorum Barum Causasinng
A A Anti-13 4 e 11
3 B Anti-AAy = 4 10
AR Ald Mone + -+ 4
[§] Nune Anti-A - = 4
and B

 Aggehetind fo.

in serum containing anti-A or anti-B agglutining, cause the
distuplion of eells and release of hemoglobin (hemolysis).

Hunan blood cells are grouped by two separate reactions:
cellutar or “front” grouping and serum or “reverse” group-
ing. The blood group ordinarily is determined by testing an
individual’s red cells with standardized anti-A or anti-B
serum (certified by the Div of 3iological Standards, NIH).
Conlirmation of (lie blood group (reverse typing) is accom-
plished by an analysis of an individual’s agglutinin titer, In
this procedure the individaal’s serum is heated ot 56° for 10
min to destroy hemolysing, and then mixed with known
Subgroup A; or 13, human red (Rh-negative) cells in the
aggiutination tesl. Theso two tests gshould be in agreement
prior 1o the release of blood for transgfusion.

Althaugh human blood cells of Group B react uniformly
with Anti-I3 serum, Group A and AB cells show a wide range
of reactivity with Anli-A or Anti-A13 serum. Blood-group
A may be further categorized into Bubgroups Ay, Ajy., Ay A,
Agund A, on the basis of Lhe reaction with ahworbed Anti-A,
Anti-Aj-lectin, Anti-H-lectin, Anti-A,y and Anli-AB serum
and the prosence of Anti-A, in the serum. Certain Group O
individunls possess anti-I1 in their serum and are further
subeategorized into the Bombay or Oy phenotype. Tests for
A, I3 and H in saliva can establish the genotype of an individ-
wal, je, A and H in saliva of Dlood-proup A, Band Hin B, H
and O and A, B, Hin A3, This is helpful in cnses of poorly
developed red-celt antigens ot in the loss of celludar antigen
in some pationts with leukemin,

As the human Blood cell containg many antigens with
mther complex biochemical and immunochemical proper-
ties, the blood factors have boen classified Turther into vari-
ous subsystems. The Kell (K), Lutheran {Lu}, Lewis (Le),
Dufly (I2y), Kidd (3k), MNS, Suttey {Js), Diego (i) and P
bloed-factor syslems are based on the detection of a specific
antigen on or within the red coll by means of antibody (1so-
hemagplutingn) renctions with speeific antisera or panels of
rongent red cells, Some of these faclors {eg, Kidd, Kell and
Lewis) have been involved in lransfusion reactions.

The Rb-Hr System and Antihuman Glebulin
Test-—The presence or ahsence of Khy antigen in buman
blaod is of prime importance in transfusion reactions, pater-
nity disputes and isosensitization phenomena. ‘There are
cipght blood Bh phenstypes which are determined hy their
renction with three specific serum agglitining (Anti-Rhe,
Anti-th’ and Anti-rh*): eh, rh, th?, rh'rh?, Rhg, Rhy', Rhyg”
and RhyRhe”. The rh groupa do not contain the Ihy factor
on the cell surfnce and are designated “Rh-negative.” The
terminolugy of the Wiener system (Ith, rh) is comparable Lo
the Pisher-Race (CHIR) os follows:  #h(C), Rhg(D), rh”{is).
The Tosenfeld system uses o numerical elassification:. RH1
= Rhy,

The nhsence of the Rh antigen in about 16% of the popula-
tion does nol proclude the presence of other factors; Lthe use
ol spevific antisera (Anti-ha” and Anti-br™) has demonstrat-
ed the existence of the Hir factors {Heg, by, ), For exam-
ple, the Rh-negative cell (rh”) possesses rh™he'ldrg antigens.
"I'he antigen Rby(1)) is the most. potent immunogen of all the
Rh antigens,

‘The th antibodies are either saline agglutinins {com-
plete) or “blocking”’ antibodies (incomplete). ‘The tbatter are
of the 16 type. They are used in Ith testing procedures and
are produced more commaonly, and in higher titer, in the
human isosensitization or autoantibody resctions.  They
will not agglutinate saline suspensions of normal Rh-posi.
tive red cells oxceptl in the presence of a high concentration
of albumin, serum or conglutinin (Al sexum with al bumin)
st n temperatare of 35 Lo 379,

In routine Rh testing procedures, a sample of blood (oun-
lated or heparinized) or a suspension of cells in serum or
slbumin is mixed with Anti-Rhg serum on a slide or in s tube
at 47 Lo 47°, The presence of clumping indicates Lhal the
blood possegses Rbg antigen.  Confirmation of an Rh-nega-
tive test imay be performed by vetesting with Anti-rh/Ithyrh”
HETLM,

In Rb testing procedures, red cells from patienis with
ncquired hemaolytic anemia are partially coated with buman
autoantibody, and eells from erythroblastic infants are cont-
od with maternal antibody globuling and may he dumped
{alsely by Rh typing sertm containing a high protein concen-
tration, or may appear to be Rh-positive in the saline-cell
suspension Lest.  Demonstration of anti-Rhe(I) in an elunte
from these antibody-conted cells can hielp to establish true
R type.

Anti-Ith antibodies are not novinally present in human
serum; they may be acquired vin igvsensitization. The
transfusion of Rh-positive blood to an Rh-negative recipi-
ent, or Lransfer of cells of Rh-positive fetvs through the
placental barrier Lo the Rh-negative mother, will result in
formation of antibodies to Rh agglutinogens not present in
the cells of the recipient or mother, respectively.

Hemolytic Mood-transfusion reactions and hemolytic dis-
case of the newborn (erythreblastosis fatalis) invelve iso-
sensittzation phenomena vsually related to the Rhg antigen.
Hr and ABO antigens also can be responsibile for hemolytic
disease of the nowborn, If an expectant mother is Rh-
negative and the father ia Rh-posilive, the Rh genotype of
the {ather should be determined. I the father is homaezy-
gous, the crythrocytes will contain a pair of hg factors and
the ofTspring will inherit the Rhg factor; i he is helerovypgous,
one Rhg and one Hry, factor will be present and his offspring
may or may not inherit the factor,

If the fotus is Ri-positive, the mothar may be sensitized Lo
the Rh antigen and in subsequent pregnancies the develop-
ment of high titers of Anti-Rhy antibodies will result in
hemolytic disense of the fetus, These antibodies enter the
fetal civeulation via the placental hayriey, coat the red eells of
the fetus and cause excessive erythrocyle destruetion,
hyperbilirubinemin and assoeiated potentinl for brain dom-
age, hydropa fetalis (edema) and congenital anemin of the
newborn, This Rh disease can he avoided now by proper
therapeutic use of Rhp(D) Human Immune Globulin (Rho-
GAM, Ortho) to prevent the postpartum formation of active
antibodies in the Rhy(D-negative, D*-negative mother who
has delivered an Rhg{D}-positive or D4-positive infunt.

The Coombs” antiglobulin test is a method of delecting
the Llocking-type antibodies, globuling and complement
which are atlached to red-cell antigens in isosensitization
phengmena,

In the “direct” test procedure, a saline suspension of
washed red cells is mixed with anti-human gamma globulin
antiserum and agglutination is indicative of the combination
of human antibody with antigen on tho ved cell, eg, malerpal
incomplete isoantibody on infan’s red cells in hemolylic
disease of the newhaorn, autoimmune, drug-induced, afloan-
tibody-induced hemolytic nnemin and alter transtusion of
incompatible red cells,

An “indirect” procedure is used to demonstrate the pres-
enece of blocking antibody in the serum of pregnant Rh-
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negitive womm arnd in bransfusion reactions,  in this proce-
dure the patient’s serum is incubated with a suspension of
Chroup O Rh-positive red celly; the cells are washed snd then
antilinman globulin antisertm ig added to detect the conting
of the red cells with antibody globulin from the patient’s
serum by agplutination phenomens. 1 agplutination oceurs
in the firg, part. of the provedurs, a saline agglutinin is also

present,  Anticomplement sera (anti-nongammaglohulin
anbiserum) are used 1o deteet, reactions involving anti-JK,

The Du allele is # clinically important vaviant of the Khy
factor and usually associated with rh’(C} and rh” (). Indi-
viduals with this Tuclor ave considered Rh-positive, and the
rod colls fail Lo react with anti-Ithy in the saline- tubhe method
It renels with incomplete anti-Rho(12) by other slide or
tube techniques, Rhonegative donors should be tested for
1 factor. If positive, their blood must only be given to Rh.
pogitive recipionts.

Dreug-Related Problems--Hematologioal abnormalities
may be caused by the administration of drugs which ean
cause @ positive direct antiglobulin test and inynune hemo-
Iytic nyemia, og, cephalovidine, cephalothin (Keflin), meth-
yldopa (Aldomet), peniciltin, 1.-dopa, guinidine, phenacetin
and insulin.

Compatibility Toesting.--Cross-natehing procedures are
designed Lo detect incompatibitities in the blood of doners
and recipient, The lest is designed to prevent transfugion
reaetion and asgure maximum beneflit to the pationt.  Al-
thaugh erreneous ABO grouping usually will result in an
incompatible eross mateh, no such protection exists in the
Rb system,  An incorrectly Lyped Ith-positive dovor blood
can resull in primary immunizition to Rhe(D) antigen if
transfused to an Hb-negative reciplent. For sach transfu-
sion, a4 major omd minor eross mateh should he performed.

In the major cross maetch (1) o saline suspension of the
donor’s cells is mixed with the recipient’s servum and (2) the
donor’s cells ars sugpended in recipient's serum or in serum
with added alhumin, The galine cross moteh is an addition-
ol cheek on the ARBO Lyping and may detect incompatibil.
itics cnused by nntibodies to M, N, 8, F and Lu subgroups,
The high-protein or albumin cross match ean demonstrate
antibodies in the Ry system, The presence of agglutination
or hemolysis indicates incompatibitity.

The minor eross mateh includes the donor's serunt anl the
recipient’s cells, and is usefud av a check of the ABO Lyping
and an indieation of the possilility of transfusion reactions
cansed by a rare antigen on the recipient’s cells or uneom-
maon antihodies divected against an antigen in the serum of
the doner. 'The minor oross mateh has heen replaced in
many instances with sercening of the donors serum against a
panel or pool of red cells of known antigenicity,

Phe indirect antihonion globulin procedure also must. be
performed with the recipient’s serum and donor’s cells with
and witheut albumin (major side) and may be tested with
the donor’s serum aned recipient’s cells (minor side). The
nse of proteolytic enzymes (bromelain) enhances the agglu-
tination of red calls by low-titer or weakly reacting 13h-Fr
antibodies, probalbly by removing sinlic neid residues on the
RBC surface. The red colls used in the indireet Coomba Lest,
aro treated with the enzyme prior Lo absorpiion of antibodies
and addition of antiglobulin reagent.

The usual cross-matching techniques involve (1) a foom-
temperature or 30° procedure, preferably with the addition
of albumin, (2} o high-protein procedure and (3) an antiglob-
ulin procedure,

The presence of nonspecific autoantibodies, cold agiluti-
nins and bucteriogente agglutingifon sometimes compii-
eales the cross-matehing procedare, 1 the recipient’s so-
rum reacts move strongly with his own cells than with the
donor’s, autoantibodies shoudd be suspected.  Cold aggluti-
ning usually will ngglutinate all blood, regardless af type, at
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low temperatares, but will not react at 37°, Apglutination
as 2 result of bacterial contamination of blood is ealled pan-
apglutination.

Hepatitis Fesiing—Posttransiusion hepatitis 1§ assoc
ated with the transmission of virug-like particles referred to
as Avstralic or sert hepalilis anligen or the hepaliils
assaciated antiren (1AA). Al donar blood niust be tested
for the presence of HAA. Agar gel diffusion (AGD), coun-
ferelectrophoresis (CI1), complement. fixation (C1% and
rheopharesis procedures can be used®  The rheophoresis
procedire uses a modificd gel-diffusion technigne for the
detection of HAA by precipitin-dype renction with HAA
antibody. 1L offers the sensitivity of CRP and CF proce.
dures with the simplicity of the AGD procedure. Olher
tosts for EAA are hased on racloimmunoassay (JRIA) tech-
nigue for deteetion of antigen by hemaggbutination (HA) or
HA-inhibition for the presence of HAA antibody. In the
RIA technigue, the donor’s seytuen is added Lo s test tube
comted with HAA antibody (solid RIA). 11 the serum con-
tains HAA, it will bind Lo the antibedy. "LIAA is then
ndded 1o the tube. T the antibody hinding site Is occupied
previously with TAA from the donor’s serwm, P1-HAA will
notl bind and the determination of ™3 bowd versus free is
an index of HAA content of the donor's serum.

Issuing of Blood and Fesluating Pransfusion Reae-
tions-—Whole-blood, red-cell ar leukocyte suspensions,
plasma, platelet-vich plasmn, platelot soncentrates, lewko-
eyte-poor bloed, AHF, factor 1X complex, plasma protein
[ractions snd RhoGAM are products of the transfusion sor-
viee,! Transfusion reactions are related to antibady phe-
nomena or disense transmission,  The hemolytic reaction
resulting {rom the transfusion of incompatible cells is the
most serious problem.  The transfusion of microbiatly con-
taminated blood gan result i a pyvogenic reaction or trons-
migsion ol infectious diseases, such as malayia, syphilis or
hepatitis.  Allergic reactions (urlicaria, asthmafic seizires),
cirenlatory overload, embuolic complivations (blood clot, air
emboli) slto may be encouniered. Leukoeyte and platelet
antibodies develop i repest transfusions and in Lransplan-
sation patients. The transfusion gervice is an integral unit
in evatuating such complications.

Techniques of Analysis

"This seetion will deseribe the principles of the procedures
used in the analyses of various substances in blood, plasta
oruring, lixamples of the significance of such tests in clini.
cal diagnosis will be presented.  For o complete deseription
of the physiologieal and pharmaeological aspects of these
blood conrtituents, see the Bibliography.

Instrumentation-.The development of instrumentation
hag necelerated progress in elinical chemistry, An excellent
review of Uhe principles and applications in clinical chemis-
try of automation, atmmic-absorplion spectroscopy, ultravi-
olel and visible spectrophotemetry, fhorimetry, phosphori-
metry, infrared and Haman speciroseopy, microwave and
raciowave speetroscopy and nucleonics was prepared by
Broughton mnd Dawson.®  Guality-contyol tochniques are a
vital part of any clinical laboratory, Standurd reference
materials, M srandarcdization of quantities and units' and
continual evaiustion of precision and aceuracy of various
determinntions'? arc incorporated into procedures of all reli-
ahle elinieal laboratorics. The manufacture of certified
standards and resgents and the certilication of clinical
chemists and clinical Inhoratories are under tie suparvision
of either the FDA, NIH, Pharmacentical Manulaeturers As.
sociation (PMAY, American Associution of Clinical Chers.
ists, the College off American Pathologists and (he Notional
Committee for Clinical Lahoratory Standards (NCCLES).

FRESENIUS EXHIBIT 1013
Page 119 of 408




506 CHAPTER 28

Interaction of Drugs with Cliniead Eaboratory Tests
Denggs toay interfere with the inlorpretation of lahoratory
tesls by three classes of mechanisms:

L Chemicad or Diochentical intelerence due To renction of o drwg or
s metahodite i bivlogieal Fluits with test reoguns i analytcal proce.
doras,

11, Pharmasodogicat intorisence doe to sormal deag-indueed nltor-
atiens in various physiolopiced paramisiers,

L FPorictlogical interlferoe: as v oongequenee of the lox
g,

e of &

Examples of Class 1 interferance include false-positive
urine ghicose resulis duae 1o the reducing properties of drugs
ar metabolites suclh as ascorbic neid, p-uminosalicylic acid,
Lelrneyeline, cephaloridine and levodopa, which are excreted
in urine.  Spironolactone will result in wn elevation of cer
(ain urinary ketosioroids through crosg-reaction of the drog
in the analytical procedure.

Fxamples of Class 1T interference inchide the decrease in
serum-potassivm tevels in patients receiving thisside di-
wretics, the alteration in serum uric acid with probenceid
and the elevation in various pasma proteins and thyroid
function tests with estrogen-progesierone combinalions.
Drug-drug internction also can result in changes in these
parameters, Guanethidine enhances the effect of the cou-
marin anticoapulants,  Barbiturates induce hepatie micro-
somal enzyme synthesis and subsequently inerease the me-
tabolism ond decrease the thernpeutic effect of drugs, such
as warfarin, even after these drags ave lerminated.

Jsxamples of Class 111 interference include changes in liv-
er- und kidney-function tests and hematological parameters
{anemia, agranulocytosis, lenkopenin} due Lo drag-induced
toxleity and positive LI and ANA Lests due 1o a “lupus-like”
syndrome induced by bydralazine.

1t is bevond ihe scope of this chapier o include a complete
listing of drug interactions in laboratory testa, The reader is
veferred Lo an amnual, readily available, computerized review
of the effect of normal therapeutic drug dosaes, as well ng
overdoses, on clinieal luboratory teats!® and Lo other review
articles, '

Flond

Collection and Preparafion fox Chomical Analysis-
Lising aseplic lechnique, o blood sample is obtained by veni-
puncture and usually placed in evacuated glass tubes. 1'he
choiee of anticoagulant, tpe of specimer, stability of fest
component and use of preservatives depends on the type of
analysis requesied and the specific smalytical pracedure in-
volved. IF serum is desived, the blood smnple is allowed to
clof snd the seram is separaied by centrifugation. When
whole blood or plasma i to he used in the annlysis, an
anticongulant is added Lo the collecting tube.

The fallowing concentrations of specific anticoagulants
are wsed routinely per 10 mi, blood; lithium, potassiumn or
sadimn oxalate (15 1o 26 mg), sudinm citrate (40 1o 60 my),
beparin sodivm (2 mg), disodivm or tripolassium ethylene-
dimminetetraacetate (KDTA-Nay, 10 to 30 mg) or ACD-For-
mula 13 solution (1.0 mb),

Heparin prevents blood congulation by inhibiting the
ihrombin-catalysed conversion of librinogen Lo fibein, The
other anticouguinnts either precipilate bload calcium or con-
vart ionized calaium into a ponionized (chelated) form which
cannot. function in the eongulalion reaction. Heparin and
EITA dopot alter the cellalar elements of Dlood significant-
Iy, Sodium ftuoride and thymeol are used os proservatives or
engying inhibitors to prevent the detorioration of various
substances in the blood sample, og, glucose -+ lactic neid.
Preseevatives and anlicoagulants can inlerfore with some
enzyme hests, Serum usually is vsed for Uhese procedures.

e separation of plasma or seram, and chemical analysis,
wsuatly are performed s soo as possille after the eollection

of (he sarple. 'The addition af polystyrene granules o the
blood saumple prior to centrifugation facilitales the isolation
of serum or plasm. Hemolysis interferes with annlylicn)
proceduras for hilirubin, albumin, nonprotein nitvogens, pH,
phosphoras, potassinm and vavious engyines. The sernm
aluo should he ohserved Tor prosence of lipemia, Changes in
the ratio of GOy, chloride and electrolyfes in cells and phos.
mi, ghyeolylic conversion of glucose to lactic acid, hydyolysis
of eyter phosphaie 1o free inorganic phosphate, hacterial
conversion of wen 10 mnmonia and conversion of pyruvale
(o lactate are examples of changes Uist can ocour i conlami-
nated, improperly preserved or unrefrigerated blovd speci.
mens,

The Fiest stage in many of the chemicsl delerminations is
the removal of blood protein and preparation of protea-frec
bilood [ilirate, ‘The prolein is precipilaled with togstic
ackd, trichloroncetic neid, zine hydroxide or organic salvents,
such as aleahod and acetone, and then filtered or centrifuged
Lo remove the protein coagulum.  Tungstic acid precipita-
tion is performed by mixing | yvolume of blood or 2 volumes
of plasma with 9 volumes of stabilized tongatic actd reagent,
The filtrate obinined in this procedure should be in the pH
rangze of S0 Lo 5.1 to assaire the adeqguate removal of proteins
(<2 mpd in fillraie).

The Somogyi Bltrate is prepared by mixing 1 volume of
Blood with & volumes of water, 2 volumes of 5% 2inc sulfate
and 2 volumes of 08 N barium hydroxide. The barium
sulfate is precipitated and the zine hydroxide formed in the
reaction precipitates the blood proteins, Prichloreacetic
acid (F0%, in a ratio of 9:1 with blood, yields greater volumes
of filteate due {o o more complete formation of protein ag-
#lomerates,

Blood Glueose-—Meihods for determining blood glucose
are based on the vae of glucose as a reducing agent or on the
enzymatic oxidation of glicose to glhiconic aeid, In the
Folin-Wu technique, glucose is determined in a protein-free
blood fillrate by reduction of alkaline cupric sulfale and
subsequent reaction with phosphomolybdic or avzenamolyh-
diw acid reggent to form a blug complex which can be esti-
mated colovimetricnlly, The Nelson-Somopyi method uses
a protein-free blood (ilirate prepaved with zine hydroxide 1o
remove most of the interfering reducing substances.

The prosence of o Lerminal aldehyde In the glucose mole.
cuhe i the basis of a colorimetric determination with pheno-
lie hydroxy! reagents (phenal in agueous methyl salicylate or
phosphoryisted 1,3-dilivdroxybenzene) in the presence of
sirong sulfurie acid and heat.

The o-lofuidine procedure is o color reaction specific for
hexoses—glucose, mannose and galactose,  Since aldobex
oses other than glucose are normally present in very small
concentrations, resulls obtained hy this methed approsch
the tree value of glucose,  o/Toluidine is condensed with
plucose in glacial acetic acid Lo yield o green chromogen hy
forming an equilibrium misture of a glycosylumine and
Sehufl base.

In the preceding technigues, interfering substances such
as lactose, galactose and glidathione are measured and the
value is reported in the nonspecific term “sugar,” Fnzymat-
ic delennination with glieose oxidase is the only test specific
for blood glueose. Blood glucose is converted Lo ghuconice
acid and hydrogen peroxide by glucose oxidase; the peroxide
is then estimated by fodimetric procedures or by oxitdation of
a chromopen {o-dianisidine or 2,2"-azino]dicthylhenzothia-
zolinesullonic acid]) in the presence of a peroxidase Lo form a
colored produet, rugs which conse o slight increase in
plucose values include ACTH, corticosteroids, n-thyroxine,
diazoxide, epinephrine, estrogens, indomethacin, oral con-
traceptives, lithium earbonate, phenothinzones, phenytoin,
thishendazele and diuretics.  Drug interforences with o-
toluidine methods, which cause a slight increase. include
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gseorbic neid, dextran, fruelose, palaclose, mannose, ribose,
sylose and bilirubin.

Another enzymalic procedure uses the hexolkinase-catie
Iyzed conversion of ghicose to glucose G-phosphate (G6P}
and then Lo 6-phosphopluconaie and NADEPH in (he pres-
ence of NADP and G617 dehydrogenase, The NADPH thus
formed is equivalent Lo the amount of glucase presentand is
estimaled spectrometricatly at 340 or 366 om.

Normel fasting blood-sugar values for adulis ave 80 Lo 120
mg/ 100 mis; true glucose is 65 to H0 mg/ 100 ml. When the
blood-sugar values exceeds 20 (hyporglycemia), dinbetles
mellitus should be suspected and can be conlemed by ovi-
denee of diminished carbohydrate tolerance. Fhe effoct of
ingested carbohydrale on blood sugar can he determined by
the plucose lerance test; 100 g of glucose (1,756 g/kg) in
water or & flavored beverage, is administered orally and
glucose determinations are performed on blood and urine
sumples at hourly intervals for 3 hours,  Values above 160 al
1 b andd 10 ad. 2 houra in biood samples are abnormal. 'The
rengl threshold for glucose is TR0 1o 200 my/100 mE of Dlood,
and, therelore, sugar should not appear in the uring of nor-
wmal subjects in the Lolerance test.

Hyperglyeemia and decreased glocose tolerance are seen
in diabetes mellitug (o 500 mg/100 mL] and hyperactivily of
the adrenal, pituitary and tyreid ghands,  Hypogfyeemia,
with a blood-sugar value of <60 mg/100 ml and inereased
glueose tolerance, is enconntored in insulin overdose, pluca-
pon deficiencies and  hypoeclivity of various endocrine
glands.  Intravenous glieose tolerance studies are used {o
cireumvent defeciive absorption of glacose in the gastroin-
tostinal tract, og, in steatorhen.

Monitoring bemoglolin Ay, is another way Lo follow pa-
tients with hyperglycemia. This i more specific for diag-
nosing diabeles hul Juss sensitive than the glucose tolerance
lest. Normally, hemogtobin Ay, aceounts lor 310 6% of the
Lofal hemoglobin while in disbeties it is § to 12%.  The
concentration of Hgb Ay, in the hlood reflects the pationt’s
sarhohydrate status over a period of tme, providing a mark-
er for hyperglycemia.  Pencreatio function lests include
studies on 1V and oral glucose, gluengon and tolbutamide
tolernnce.  ‘The beta cells of prnerentic islel tissue secrete
imetlin amd the alphn eells seerete glucagon, a substanee
antagonistie 1o insulin and having a byperglycemic effect
induced by its glyeogenolytic action, In glucagon inlerance
studies the effect of parenteral administration of glucagon
on blood -sugar values is useful in the diagnosis of panereatic
and hepatic function,  Insulin end tolbulamide lelerance
stidios ave used in the disgnosis of endocrine disorders,
differentintion of insulin-resisianl diabelics and defermina.
tion of functional hypaplyeomia and islei-cell tumors.

(lalactosemia, the presence of galaciose (4.6 mgh%) in
biowd, is usually due to ap inborn evror of galactose metnbo.
lism. Congenilal deficiencies in galwctokinase or galaciose
L-phosphate uridyl transferase resull in inadequabe padac-
1ose metabolisns with oceumulation of gatactase 1-phoes
phite in the liver, Oral adiministration of galactose in palae
tosentia leads Lo o decrease in blood glucose and sy inerense
in concentrations of galactose in the urine and Blood. Ga-
lactose is measured by estimation of NADM Jiberaled in the
conversion of galactose (o galactonolactone in the presence
of NAD and galactose dehydrogenase. Doficiencios in inles.
tina) disnecharidases such as lactase will preelude efficient
conversion of lnclose Lo galactose and glucose, and oral ad-
ministration of lactose will cause ne incrense m blood galae-
tase and usunlly produce diarchaa. Galactose-loading stud-
ies are useful in the diagnosis of Loxic or inflammatory condi-
tions of the liver. In hepatic cirrhosis, there is a decrease (h
the galaclose-metabolizing capacity of the fiver due Lo the
inhibition of hepatie diphosphopgalaciose-1-epimaerase.

Laetie aeid is & product of ghicose metabolisng; il is con-
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verled into pyruvic acid and NATH Dy lactic dehydrogenase
(1LY in the presence of NAD. Blood lactic acid is estimat-
ed by reaction with LD Lo form pyravate and NADS the
NADH level is determined spectrophotomelrically ol 340
wm oand is a funetlon of lactie acid concentration. I is
elevated (20 mg/100 mbl) following exercise, anesthesia
and certain types of actdosis. The blood lactete/pyruvate
roiio should be calenlated in order to determine the preasence
of exvess lactic acid in Lhe blood in acidosis, thigmine defi-
cieney and decompensated heart disense.

Blood pyrovie acid is determined by the reverse proce-
dure; je, the conversion of pyravate to lnelate inhe presence
of LA and NADH, Normal blaod pyruvie acid ringes
from 0.6 1o 1.9 mg/100 ml by chemical meihads and 0.3 (o
07 mp/100 ml by enzymic procedures,

Nonproiein Nitrogen {(NPN) Compounds-These re-
fer 1o all nitrogen-containing compounds in hiolegieal Muids
exclugive of protein, neluding nitrogen from amino neids,
tow-moleonlar-weighl peptides, urea, nucleotides, uric aeid,
creabinine, creatine and ammonia, Blood NEPN usually is
delermined by digosting a protein-free blood flirate wilth
sulfurie acid in the presence of & catalyst (Re0,) 16 convert,
nitrogen to mmmoniwm sulfate (ICeldahl digestion —see
pagre 444); Lhe exeess acid is neutralized and ammonis doter-
mined by Nesslerization or veaction with alkaline hypochlo-
rite

Pive norma) blood NIPN i 25 Lo 45 ayr/ 100 m . (48% urea
N, 14% amino ackl N, 4% wreatine N, 1% creatinine N, 3%
uric acid N and 30% residual N). In renal domage, NPN is
slevated to values ranging from 60 (o 500 me/100 ml. (ezote-
mia). As varlations in NPN mainly reflect alterations iy
hlood urea nitropen (BUNY, urea delerminations are more
sensitive and preferred as a guide to kidney funetion,

The primary pathway of nitrogen metabolism in man s
the synihesis of urea {rom ammonia in the liver and then
rupid rennl excretion of wrea. In renal disease (repliritis),
the excretion of wrea is diminished and blood NPN and
BUN are ineressed.  1n BUN procedures, urea is converled
enzymatically o ammonin by urease; the annonia then is
determined by Nesslerization, reaction with phenol-alkaline
hypochlorite, seration inte standard scld and subsequent
Litration or reaction with salieylme-nitroprusside reagent at
i 12 in the presence of alkaling dichioroisocyanuraie to
form a preen chromogen which con be estimated colovimetri-
eally, “The ammaonia alse can be estimaied by spectrophoto-
melrie determination of NAD produced in the conversion of
ammtonia and e-letoglularate Lo glutamate by NAD -1
utamate debydrogennse.  Diveet chemieat determinalions
of urea are bused on the reaction with 2,3 butanedione in an
acid medium (Foaron reaction).

BUN (normal = 5 to 26 myr/100 ml.) s increased in chronie
and agute nephritis, meiallic poisoning and cardiae failure;
reduced leveks aceur in rapid dehydration or following diure-
sis.  In severe liver damage due Lo diminished uren forma-
tion, aninerease in blood ammonia and deerense in BUN are
viwerved. Urine uren outpul 16 Lo 17 g/day) is an index of
glomeralar [iltration rate (GFRY and Widney funetion. In-
erensed diatary protein and gastroiniestinal heworrhape will
inerense wing uren.  Decreases in urea exceretion invelve
either tubular reabsorption or secretion defects,

The nitrogen balance represents the Dalance hetween ni-
trogen inpul. or produced (Ng,) and nitrogen excroted (Ny;
in normal individuads Ny, = Ngae N 18 regulated by renal
GUER; invenal disense GFR is decreased, N, > Ny and BUN
is increased.  The rate of urinary excretion of parenterally
administered dyes (phenolsulfonphthaiein), inuliv sodium,
p-aminohippurate and mannitol are sensitive indices of
GIR. in renal clearanee studies.

Creatine (methylpuanidoacetic acid) and creatinine tore.
atine anhydride) ore involved in the physiology of musele
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contraction. Creatine phosphate is an intracellular source
of high-energy phosphate bonds via the reaction of ATP and
crentine kinase, Crealinine is the waste product of ereatine
metabolism and is the normally excreted compound.

Serum crentitine is determined by reaction with alkaline
picrate to form a red chramogen. These values usually rep-
rosent 20 o 30% of noncreatinine-interfering substances,
Ahsolute determinations can be made by the absorption of
crealinine from protein-free blood filtrates on aluminum
silicate prior to the final delermination. Drugs eausing
nephrotoxicity result in a slight increase in crentinine and
those which interfere wilth color formation in tho reaclion
include bramosulfophthalsin (BSP), phenojsullonphthalein
(PSP), acetoncetate, nscorbic ackd, levodopa, methyldopa,
glucase and Mructose, Creatine is determined alier hydre-
Ivtic conversion to ereatinine with boiling, aqueous picric or
hydrochloric acid.

Renal clearance of endogenous creatinine iz related to
SR and js nermally 11e 2 g/day (ereatinine coefficient = 20
to 26 mig/kp/?4 hr). Normal serum creatinine is 1 to %
mg/100 m1; ereatine 0.2 o 1.0 my/100 mI.  Higher values (G
wy/100 mL) indieate glomerular damage or cardiac insuffi-
ciency.

Uric acid is a eatabolite of purine metabolism ns derived
from nucleic aeids or nucleotide cofaclors,  Direct methods
for determining uric acid involve the reaction with alkaline
phospholungstic acid to form a “tungaten blue,” which is
estimated colorimetrically.  In another method, alecholic
NaOH is added {o a protein-free filtrale to eliminaio inter-
fering redueing substances (sscorbic acid, glutathione) prior
to the reduction of uric acid with acid copper chelate to form
a cupric chromogen complex,

In indirect procedures, uric acid is hydrolyzed by the en-
zyme uricase; the decrease in absorbanee at 290 t0 293 nm iy
a function of the initial eoncentrations of utic acid. The
noemal blood value is 1.5 10 6.0 mg/100 ml. It is elevated in
renal disease, goul due o increased melabolic povls of urie
acid and leukemia as a result of increased turnover of cellu-
lar nucleoprotein,

Aming acid daterminetions in blood are performed by
conventional eolorimetric ninhydrin techniques or reaction
with aticaline #-naphthoquinone-4-sulfonate. Normal plas-
ma values range (rom 3.9 to 7.8 mg/100 ml. A variety of
metabolic disorders may be detected by analyzing for in-
crensed Jevels of specifie amino ncids in the urine or blead.
Total urine amino acids are determined hy formol Litration;
formaldehyde rencta with basic amine groups and thus per-
mits subsequent Litration of the neidic groups of the amino
acids. Daily exeretion of amine neid nitrogen ranges from
100 o 400 mg, congtituling 1 to 2% of tetal urine nitragen.

The identification and quantitation of specific amino ac-
ids in the blood ond urine are accomplished by paper, thin-
layer (TLC), column and jon-exchange chromatographic
and electrophoretic separation of electrolytically desalted
ood or urine sumples, See Chapter 29.

Abnormal amino acid metaholism {aminoacidopathics)
usually results in the presence of abnormal quantities of
specific aming acids iy the urine (aminoacidurin},

The aminoacidurias ore divided into two main groups:

1. Primary voerflow ominoeciduweio o which blood wnine acids ace
atevated [phm:iy!!mtm\urin {II’K U, maple ryrup wrine disease (MSUDD),
tyrosinesia and dtkapt i
J‘2. Amingneidurias choragterived by elevated amino acid uring levels
with normal blood Yevels (transport diseases with adefect in the kidney
tubule—eg, cystinurin—and *no-threshold” aminoacidurin in which the
kldnoy hae 5o mechanism for roabsorbing the amine acid involved —ey,
hemaoeystinuria),

P, a disease cheracterized by mental deficiency, i as-
sociated wilh the presence of phenylpyruvic acid in the urine

and elevated serum phenylatanine levels due 1o a hereditary
{(autonmmal recesgive) deficiency of hepatic phenylalaning
hydroxylage, which converts phenylalanine 1o tyrosing
The availabilify of treatment through diatary intake is pred.
ivated upon early detoction. Many stafes have possed legis.
lation for mase-sereening [or PICU in allinfonts. The Guth.
rie lest is performed by placing lilter paper discs impregnag..
od with serum or blood on the surface of an agar culture
medinm containing G-(2-thienyl)alanine at a concentration
aulficient to inhibit the growth of Bsubtilis, Phenylalanine
will reverse this inhibition and the Bacterial Inhibition As.
aay (BIA) is o direct measure of this amine acid. Serum
phenylalanine determinations also can be performaod by ests-
mating the flworescence of & complex with ninhydrin and
copper in the presence of L-leucyl-L-nlunine.

MSUD is characterized by the odor of the urine and rapid.
ly is fotal to infanis. It is associnted with a deficioncy in the
oxidative decarboxylation of e-keto aeitds leading to an aceu-
mulation of both the keto and amino neids in the blood and
urine (valine, leucine, isoleucine}. T'LC and BIA assays can
bo used Lo detect MSUD.

Athaptomeria is a rave, hereditary diseage in which homao.
gentisic acid carnot be metnbolized furlher due Lo & lack of
homogentisic acid oxidase, ‘This causes homogentisie acid-
uria, ochronosis and arthritis.

In Hartnup disease, indale and tryptophane appear in the
wrine due {o defective renal and intestinal absorption of
tryplophane.  Tryplophane is an intermedinry metabolite
in the synthoesis of serotonin (5-hydroxylryptamine) and 5-
hydroxyindole acetic ncid (HIAA). Excessive production of
serotonia ond the presenco of s JHIAA metabolite in the
urine nre assoclated with inelasiatic earcinoid tumors,
HIAA i3 measured alter removal of inlerfering keto acids
with dinitrophenythydrazine, extraction and eslimation
with nitrosonaphthol reagent.

Routine sereéning tests for congenital metabolie defects
and the substance under test in the newborn include PKU
(phenylnlaning), MSUD (leucine), tyrosinemia (Lyrosine),
homoeystinuria (methionine), histidemia (histidine), valine-
mia (voline), palactosemia (galactose or galoctose uridyl-
pransferase), orotic nciduria (orotidine-1-phosphate decar-
boxylnse), arginosvecinuria (arginosaceinic lyase), heredi-
tary sngioneurotic edema (C-1l-esteraso inhibitor) and
sickle-cell disease (hemoglohin 8).

The analyses for these substances are based on BHA, me~
tabolite bacterial inhibition assay (MIA), enzyme auxotraph
bacterinl assay (BNZ-Aux), fluorescent spot tests or TLO
and electrophoresis,

Proleing-—The plasma proteins (albumina, globulins and
fibrinogen) are involved in nutrition, electrolyte and acid-
hase balanee, transport mechanisme, coagulation, immunity
nod enzymatic action,  Total plasma proteins may he deter-
mined by Kjeldahl, Nasalerization, apecific ion-pair {(brom-
cresol green dye plus albuming or biurel procedures. The
last technigue is based on the reaction of —CONH-- groups
joined by carbon or nitvogen linkages in protein with all.-
Jine copper aullate to yield the biurel complex which ean be
estimated colorimetrically, Total protein also can be esti
mated by specific gravity, vefractometric or UV spectromet-
ric metheds. 'These methody are subject to lnrge errors in
the presence of a pathology involving increased ghicose, lip-
id, urea or abnormal prolein eoncentrations.

The albumin-globulin (A/G) ratio is determined by Lhe
hiuret method after precipitation of the glohuling with a
godithm sulfate-sulfite reagent. The normal range is 8.5 to
8.0 g% total protein with an A/G ratio of 1.4 to 2.4, Changes
in total protein and A/G ratio ocour in kidney and liver
dinease, hemorrhage, dehydration, rheumataid arthritis and
multiple myeloma, Gastraintestina] albumin Joss, as seen in
G1 bleeding, ulcerative colilis, spruc and enteritis, can be
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Flg 20-4.  Elocwophoretic separation of serum prolains (1), isoen-
zymes (i}, humoglobins (Il and immunoelectrophorests of plasma
protein (IV) {courtasy, Spinco).

detected by monitoring fecal radioactivity after 1V injection
of Cyr-human serwm albumin.

The physiochemical properiies of the plasma proteins.-..
mol wt (68,000 10 300,000} and isoelectric point (pH of mini-
mun solubility and fonic neutrality)—provide the basis for
the elecirophoretic separation of plasma proteins (Pig 28-4),
"The plasma sample is spotted on a paper or cellulose acelate
alrip, or in a polyacrylamide gel (dise or pel clectrophoresis)
al pH 8.6,

At this pH the proteins are electronnionic and, under the
influence of electric current, will migeate Lo the anode at a
rote dependent. on their isceleatric poind and, in the ease of
cellulose neetate or gel electrophoresis, Lhelr moleculur size,
The strips are then slained with a protein dye (hronwophenol
blue, Amidoschwarz or Poneeau S), and the concentrations
of the various proteing are estimated by denstometric scan-
ning.

The novmal ranges lor the major proteind are (in g%):
atbumin 3.8 to 5.0; todal globuling 2.0 to 3.8; ay-globulin, 0.1
to 0L5; ag-globulin, 0.5 to 0.9; B-globuling 0.5 to 1.2; y-glabu-
lin, 0.7 to 1.6

Ordinary cleetrophoresis does not identify the subgroups
of immunoglobuling, IgA, 1gM, Ig( and Iglt.  This is aceom-
plished by immunoelectrophoresis, a process involving elec.
trophoreris and bnmunodilfusion, The sample is eleciro-
phorized in an agar gel (zone sleclrophoresis) and then anfi.
serum Lo the speeific Ig or Lo tolal globuling is placed in a
trough sligned parallel to the axis of the original electropho-
resig. Fhe serum proteing and antisera diffuse toward eunch
other and fovm precipitin (antigen-antibody complex) lines.
COrdinary cellulose acotate or gel electrophoresie will permit,
the recognition of diffuse, polyclonal elevation of seruin im-
munoglobulins seen in chronic infoctions, isolaled M-pro-
tein peaks of macroglobulinemia and multiple miyeloma and
absent. gainma component in a hypogammaglobulinemie or
agammapglobwinenia,  Immunoalectrophoresis will indi-
cate specific 1 abnormalities 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 niltiple myeloma, macrogiobu-
lineia or ¢chronic lymphatic leukemin,

Radiad imonusodiffasion is a sisaple process which also can
be used for quantitation of lgA, 1gM and TGS Tt is pesr-
formed by incorporating the antibedy in ey agar gel and then
introducing the untigen or test sera into wells punched in the
apar. 'The antigen diffuses radially out of the well into the
swrrounding gel media, and a visible precipitin line forms
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where the antigon snd anlibody have reacted,  Quantilation
of IgA, IpM and TG aids in the diapnosis and differentiation
of collagen diseases, chromic infeetions and Hver disease.
1gl? is best quantitated by immuneelectrophoresis oy RIA
{see section on hmmunoelogy {or the hagis and principles of
RIA).

Nepbelometrie leehnigues detect immunological eonstif-
uenis by measuring the lght-ecatlering properties of various
antijen-antibody complexes in a test solution. e Hyland
aystem measures the amount of laser-heam deflection al an
angle by employing a photomaltiplier tabe which iz sensitive
in the red region of the spectrum.  Resulls arve caleulated by
an electronie-sereening system and read in percent relative
lglt-seatter on a digita) readout,

Automated electraphoresis equipment offers computer-
controlled sample application, staining options, densitome-
try and pattern interpredation for serum proteins and isoen-
ZyIIes,

Enzymes—Enzymes are proteins whose biologien fune-
tion is the catalysis of chemical reactions i living systems,
fEnvymes combine with the substanees on which they act
{substrates) ta form an intermediate enzyme-substrale com-
plex which is then converted to a reaction product and liber-
ated cnzyme, which continues its catalytic funciion, HEn-
wymes are highly specific o few exbibil alsolute specilicity
and catalyze only one perticular reaction, while others are
specific for a particular type of chemical bond, functional
group or stereoisomaeric struclure.

Mostserum enzymes of ¢linical gignilicance are intracellu-
Tar in origin and are elevated in hyperactivity disense, malig-
nancy or injury to cardiag, hepatie, pancreatic, muscle, hone
and tissue.  As the speeific tissue involved will determine
the typo of eneyme that will be elevated, such determina-
tions are valuable diagnostic tools in the differentintion of
various pathological stales,

Enzymes are npmed and dassified aceording o the Lype of
reaction al they cadalyze, and Lo their substrate specific-
ities. Tinzyme aotivity vsually is expressed in International
Einits (11U where 1 unit (1) is that amount of {he enzyme
which will cutalyze the transformation of 1 prole of sub-
girate/min al delinite temperature, pH and substrate-con-
centration conditions, Refer to Chapler 52 fox o more com-
plete discussion of enuymaoes.

Transferases are enzymes Lhal ¢otalyze the transfer of
arnino or phosphate growps from ane compound Lo another.
Aspartate aminotransierase (AST) and alanine aminetrans-
ferase (ALTY are impertant in clinical tHagnosiz,  These
enzymes catalyze the transfer of the amino group from glus
tamic acid 1o keto acids (oxaloncetie or pyruviel {o form
aupartic and e ketogiutarie acids with AST (aspartate ami-
notransferase) and alonine and o-keloglularie acid with
ALT (alanine aminotransierasel.

Colorimetric methods are based on an estimation of {he
reaction products {oxaloacetic or pyravie acid) with dinitro-
phenylhydrazine, or substrate (o-ketoglutaric acid) by cou-
pling with 6-bensamido-d-methoxy-ni-lofuidinedinsonium
chloride.

Spectrometric methods are based on the reastion of the
produet pyruvate with lectic dehydrogenase and NAD, or
of oxaloacetate with malic dehydrogennse and NADH. Tho
rate of NADH utilizalion is measured by the decrease in
absorbance at 340 or 360 nm and is directly proportional 1o
fransnminase acLivity.

Normal AST and ALT Jevels are <40 mU/mL. AST is
present in large amounts in Tiver, eardiae and sheletal mus-
¢he, whereas ALY s found primartly inliver tissue. AST is
olevated in myocesrdial infnretion and Duchenne muscular
dystrophy, AST and ALY are increased in liver discase,
actile Loxic or viral hepatiltis, infectious monanueleosiy, ol
structive joandice and hepatic eirrhosis.
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(reatine kinase (CI) is o transfornge found in musele and
brain tissue. 1t catalyzes (he ransfer of phosphate groups
trom erestine phosphate to adenesine diphosphate (A1) Lo
form adenosine Liphosphate (AT, Activated CIS netivity
in measured by following the inerease of A'NP in the ereati
nine phosphate ADP reaction in the presence of ghutathione
o eysiaine thiol activators. The AT can Lo messured by
the fluerimetric determination of light emnitted by lncifarin.
wse conversion of lueiforin to adenyl-oxyluciferin in the pres-
ence of AT, Normal serum Jevels are <50 mU/mb; it s
elevated i myocardinl imfaretion and Duchenne musealar
dyatrophy, but remains nl normal tevels in fiver disease.

Ornithing transearbamyiase (QFC) in serum is the only
enzyme of the urea cyele which has heen used in the clinical
investigntion of liver disense. 71 catalyzes the conversion of
omithing Lo citratline.  ‘The normal serum value is 0 to 04
mi/ml..

Oridoreductases or delydrogenases ave grizymes thai eat-
alyze hydrogen transfer i collolar oxidation processes.
Lactie LD, a-hydroxybutyric (HBRH), malic (MDH),
stutamic (GLIH), isociirie GCDHY and sorbitel (3D} de-
hydrogenuses are of dingnustic imporlance in myocardial
and fiver disease.

LDH eatalyzes the reversible conversion of pyruvie Lo Jac-
tic ncid in the presence of NADH. The activity may be
estimated colorimetrienlly by torming the pyruvic acid hy-
drazone with 24-dinitrophenylhydrazing spectrometric or
fluorimetric cstimation of NADH in this reaction also is usad
to estimnle enzyme activity. The normal serum LDH value
is <200 w1/ ml (pyrovate -+ lnctate) and <bOmU/nk (lac-
take -+ pyruvate).  LIDH is incressed to o much greater
extent aud for n mate prolenged period than AST ar CI in
nyocardinl imfareiion; it also is incrensed to varying deprees
in certain types of hepatic disense, disseminated malignan-
cies, pernicious anemin and muscalar dystrophy.

Ttecent ndvances in protein chemistry and technical meth-
adelogy have fed to Mractionation of enzymes, previously
thought to be hemogeneous, inte heterogeneous maielies,
These maltiple-molecular forms of enzyimes (spenzynies)
have similar silmlrate specificity boi different biephysical
propertics,  LIDH, MDH, CI, phosphntasey and lencing
aminopeplidase exist in isoenzyme forns.

CIC imomnegymes are important in the early detection of
myvocardial damnge, Two CK molecutar subunits, Mand 13,
produce ihree isoenzymes:  CK-MM found primarily in
sheletal muscles, CK-MB in the myocardivn and CI-BI3
primarily from the brain.  After neute myocardial inlaretion
(M), CK-MH appears in the serum in approximately 4 to 6
hours, reaches peak aelivity at 18 10 24 hours and may
disappear within 72 hours, Pisgnostic testing of M in-
cludes CIK and LI isoenzymes.  Harly detection of CK-
M allows the management of myoeardial infarets with
agents such an streptokinase or tisste plasminogen activator
(IPA). The mothods of asseasment include electrophore-
siy, column ehromatography and immuneinhibition,

Seramn eontuaing fve LAY isoenzybies, each a letramer
conposed of one or two monomers. LIDH | and 2 are found
in prepondernnce in heart, kidney and RIBC; whereas liver
and sleletal musele lsrpely contain LITH 4 and 5. Interme-
dinte forms prevail in lymphatic tissues and many malignan-
cies, ‘Fho fractionation of LDH isoenzyimes is important in
the differentinl disgnosis of cardiac, muscle and Fver dis-
easa, 1 ean be accomplished with DEAR-cellulose chroma-
tography, electrophoresis, sulfite or urea inhibition of specif-
i isoengymes, thermal stability and substeate-coneentrn-
ton tequirements,

HBDH reduces o letohbutyric acid to o hydroxybutyric
acid in the presence of NADI estimation of e e deeto aeid
via hydeagone Tormation or NADH Gg the bosis of activity
measurements,  The normal seraom HBB level is <140
mlfml it s elevatod in myoeardial infaretion, LIM4 1 is

high in HBDI activity. The ratio of tolal LDHAIRDY
ofton s uged in place of LDH isoenzyme determination,
Ratios >0.8 ave seen I myocardial infarction and <0.6 3,
acite liver dumage.

MDH and SEH in the presence of NAD, catalyre the
conversion of malale or sorbitol Lo oxaloacetate or fructoke,
respectively, They are of dingmostic value in MI (MM >qy
mii/mi) and acute liver injury (8121 »96 mU/ml).

TCDH exidizes isocitrale, in the presonce of NADP 4y
NAD, to w-ketoglutarate; it is clevated (25.0 mU/mlb) iy
actite hepatitis.

Hydrolases are enzymes that catalyze the addition of the
olements of waier acress the bond which is cleaved.  Amy.
fases, lipases, phosphatases, Snuelectidase, y-uhdemyl.
transpeptidose and leucine aminopeptidose are specific ox.
amples of elinically important hydrolases.

Salivary and panerentic amydases hydrotyae the substrate
stareh 1o maltose and dexirins.  Amylase setivity can be
moasured by procedures based on the loss in cortain proper.
ties of stareh as it is hydrolyzed (emyloclestic), or by the
genoration of reducing substances (saceharogenic), The
amyloclustic methods use the degrease in viscosily and tar-
bidity of hydrolyzed water-soluble starcly substrates, or the
reaction of starch with iodine as the meibod of estimation.
A newer procedure wses the colorimetric detorminntion of
water-soluble dye-dextrin fragments released by amylolylic
hydrolysis of n cross-linked, waler-insoluble, dye-stareh
polymer.  The saccharogenic methods determine the rene-
ton products (reducing sugars) by a previously described
mothodology. The normal serum Jevel is 140 mU/mls ele-
vabions are noted in aeute pancreaiitis, acule abdominal
conditiens {perforated peptic uleer, common bile-duet ob-
straetion) and salivary pland disease.

Lipases ealalyee the conversion of triglveerides to glyeerol
and fatty acids, Clinical determinations are based on the
Eitrimetric analysis of falty acids liberated from an emulsi-
fied alive oil substrate, or fuorimetric estimation of fuores-
cein libarated fron: a fluorescein fatly acid ester substrate.
Serum lpase is inereased in pancreatic careinoma.

Phosphatases ealalyze the hydrolysis of orthophosphoric
neid esters, and nre clussified according to the pH of optimal
activity into alkaline or acid phosphatases.  Activity (atka-
liney, pH 8§ to 10; acid, pH 4 10 6) is meosured with phenyl
phosphate, glycerophosphate, pnitrophenyl phosphate or
thymolphthalein monophosphate substrates. With the lat-
ter two chromogenic substrates, the amount of p-nitro.
phenal o Lhymoslphthalein Hhevated by phosphatase hydro-
[ysis i estimated colorimetricatty in an alkaling medium,
With a glyecrophosphate or phenyl phosphate substraie, the
libernted phosphorus is determined by molybdenum blue
formation with phosphemolyhdic-phospholungstic acids;
phenal also may be estimated with d-aminoantipyrine or
Folin-Cioealtean reagent.

Acid phosphatase activily may be differontiated by the
use of inhibitors in the assay mixture; formatdehyde has no
effect on acid phosphatase of prostatic origin, bul i inhibits
obher acid phosphatases, while tartrate is o selective inhibi-
Lor of the prostatic enzyme. Acid phosphatase iy of o pri-
mary dingnostic value 1 melastatic covcinomn of the pros-
tale.

MNormal values or alkaline phosphatase activity depend
on the substrato used; elevations in osteomalacia and in bone
tumors depend on the degree of osteolytic or osteoblaslic
activity, "The enzyme (isoenzyme) also is elevated in ob-
structive jaundice, bone and liver discuso.

The enzynie - nueleotidase 3s nn nllaline phosphomono-
esterase that hydrolyzes nucleotides with a phosphate radi-
el attached to the 57 position of the penlose (og, sdenosine
maonophosphate). The notnal serum value is 37 mU/Mmly it
is elevaled in hepatic disenze.

Leucine aminopepticuse (LAP) b an exopeptidige whicl
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hydrolyzes the peptide bond adjucent 1o a free amine group.
1t liberates amino acids from the N-terminal group of pro-
toins and polypeptidos in which the free amino group isal.-
leucine residue.  Activity is determined by speclropheto-
metric eatimation {ollowing hydrolysis of the amide hond of
# Jeucinamide substrate ot 288 nm.  Clinical estimations
usually are performed on synthetic substrales, and since
there is no correlation bolween cleavage of lencinamide and
these substratos, the LAP-lile aclivity is designated ieucine
arylamidase. A fluorometric determination of naphthyl:
amine liberated from a leucyl-g-naphthylamide substrate or
colorimetric detormination of p-nitronniline liborated from
Jeucine-p-nitroanilide substrate also has been used. The
nermal value is 8 to 22 mU/mL; it ig elevated in the last
trimester of pregnaney, hepato-biliary disease and pancroat.
ic carcinoma.

Serum y-glutamyl transpeptidase (yGT) is increased in
diseases of the liver, bile ducls and pancreas. Together with
alkaline phosphatase, LAP and & -nucleotidase, vG'T' nsual-
ly is tested in the group of cholestogis-indicating enzymes.
The assay is based on the hydrolysis of y-glutamyl-p-ni-
troanilide.

Serum Iysozyme {muramidase) activity i increased in
certain Lypes of leukemia, Serum arginase, an eniyine
which hydrolyzes arginine to ornithine ane urea, and serum
gunnase nre sonsitive indicators of hepatic necrosis,

Lyases are anzymes which split C-—C bonds without group
tranafer.  Aldolase is a glycolic lyase which catalyzes the
reversible aplitting of fructose 1,6-diphosphate to (orm dihy-
droxyacetone phoaphete and glyceraidehyde 3-phosphate.
In the estimation of aetivity, the trioss phosphatle reaction
products are hydrolyzed with alkali and the resultant trioses
are reacted with 24 -dinitrophenyllhydrazive to form cliro-
mogenic hydrazones lor colorimelric analysis, A spectro-
photometric estimation is made by coupling the aldolnse
renclion producis with a dehydrogenase acting on eme of the
triose phosphates and measuring concomitant changes in
NADH. The normal value is <& mU/mL; it is elevated in
muscalar dystrophy, polymyositis and acute hepatitis,

The significance of serum-enzyme changes in hepatitis is
seen in Fig 28-5 and enzyme activily following myocardial
infarction in Fig 28.6.
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Fig 28-5, Typieal courso of alterationa in serum enzyme activity In
acute viral hepaiitie {counesy, Schmidt E, Schmidt FW Med Wolt 21:
BOS5, 1970}
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Lipids—The major clasaes of blood lipids ave fotty acids,
cholesterol, trighyeerides, phospholipids and lipoproleins.
Hyperlipidemia is not a single aberration and there are n
number of different hyperlipidemic states, Lipid-profile
tests inelude measuwrements of cholesterol, triglyceride,
phospholipids and determination of lipoprotein phenotypes.

Cholesterel, a sterol moltecule, is an essential subslance in
sleroid-hormone synthesis by the adrenal coriex and bile
acid production in the liver. Il exists in blood as the {ree
sterol and as cholesterol eslovn of fatly acids.

In the determination of tofal cholesterol, the serum is
extracted wilh an aleshol-ether mixiure and the cholestorol
estimated colorimetrieally after reaction with acetic nnby-
dride-sulluric acid reagent. {Liebermonn-Burehard reac-
tion), The precipitation of frea cholesterol with digitonin
will differentinte free from esterified cholesterol. Chro-
matographic separation of cholesterol from its eaters on nlu-
ming, gilickc acid or magnesium silicate eohumns with organic
solvents alao hag boen used.

Gas chromatographic procedures have vesulted in the sep-
aration and quantitation of cholesterol, its metabolites and
precursors; this is a type of partition chromatography in
which a volatilized sample is partitioned belween a liquid
slationary phase and amobile gus phase. The normal-ndult
total-serum-cholesteral lavel is 150 1o 270 yug/100 by it is
inerensed in hyperlipemia and specificaily in hyper-f-lipo-
proteinemin, nephrosis, dishetes mellitus and myxedema,
and decreased in hyperthyroidism and hepatie disease.
Froe cholosteral comprises 20 4o 40% ond the esier {raction
G0 10 80% of Lhe tota] serum cholesterol.

Phospholipids nre “compound” or “heterolipids” which
contain phosphorus, a nitrogen base and a long-chain fatty
acid. Lecithin (phosphatidylcholines) and cephalin {phos-
phatidylethanolamine or serine) are the principal plasma
phospholipids, which nosmally comprise one-third of the
total plasma lipids. They usually are bound to lipoproteins,
Those serum lipids are extracted into an alcohol-ether mix-
ture, digested with sulfuric acid-hydrogen peroxide and the
liberated phosphorus determined by colorimetric {ech-
nigues. The normal Lipid phosphorus is 6 Lo 11 mg/100 ml
about one-helf i lecithin, The average yatio of cholesterol
Lo lipid phosphorus when cholesterol is normal is 21. Phou-
pholipid changes ugually are arsoeiated with cholesterol
changes tnd are of interest in coronary artery and liver
discases and the hyperlipoproteineming,
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