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related to the properties of the apical cell
membrane of the columnar absorption cell and
thus gastrointestinal absorption becomes a
special case of the general biological phenomenon
of membrane transport (Levine, 1971). The api-
cal cell membrane exhibits the characteristic
trilaminar membrane structure upon electron
microscopic examination and is composed largely
of protein and lipid. Although the precise
molecular structure of a cell membrane is not
known, the apical cell membrane of the columnar
absorption cell appears to behave, with respect to
the absorption of drugs and nutrients, as a
‘lipoidal’ membrane penetrated periodically by
submicroscopic aqueous filled channels or pores.
Water-soluble substances of small molecular size
(radius less than 0.4 nm), such as urea, are
absorbed by simple diffusion through the water
filled channels. Most drug molecules, however,
are too large to pass through these channels and
the apical cell membrane (and hence the gastroin-
testinal/blood barrier) behaves like a ‘lipoidal
sieve’ with respect to the absorption of drugs.
Thus the barrier allows the passage of lipid-
soluble drugs in preference to lipid-insoluble
drugs. The majority of drugs appear to cross the
apical cell membrane of the lining epithelium
(and other cell membranes within the
gastrointestinal/blood barrier) by the mechanism
known as passive diffusion. This and other mech-
anisms by which some drugs are absorbed will be
considered.

Passive diffusion

In this process the apical cell membrane of a
columnar absorption cell plays a passive role and
does not participate actively in the transpor
process. The rate of drug transport is determined
by the physicochemical properties of the drug, the
nature of the membrane and the concentration
gradient of drug across the membrane. The
process of passive diffusion, shown in Fig. 94,
initially involves partition of a drug between the
aqueous fluid in the gastrointestinal tract and the
lipoidal-like cell membrane of the lining epithe-
lium. The drug in solution in the membrane then
diffuses across the membrane followed by 2
second partition of drug between the membrane
and the aqueous fluids within the columnar
absorption cells. The drug would cross the other
cell membranes in the gastrointestinal/blo
barrier by this sequence of steps and thus would
eventually enter the blood of the capillary network
in the lamina propria. If we considered that the
cell membranes and fluid regions making up U
gastrointestinal/blood barrier could be represén’
by a single ‘membrane’, the gastro%ntesmﬂ*
membrane, separating the aqueous gastrointest!
fluid from the capillary blood supply in the laminé
propria, then the stages involved in the g8
intestinal absorption of a drug by passive diffusion
could be represented by the model shown ¥
Fig. 9.4.

Passive diffusion of drugs across the B30

GASTROINTESTINAL GASTROINTESTINAL BLOOD
FLUID MEMBRANE
Drug in - [ Drug in solution
solution ~ § - .. p— carr?ed away by
circulating blood
Partition Diffusion Partition

. 9.4 Di ; : atads : e
Fig. 9.4 Diagrammatic representation of gastrointestinal absorption via passive diffusion (bold arrows indicate directo% oo

movement of drug)
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intestinal/blood barrier can often be described
mathematically by Fick’s first law of diffusion.
Accordingly the rate of appearance of drug in the
blood at the site of absorption is given by

dm D A (K,C; — K,Cy)
& h

(2L

where dm/dt is the rate of appearance of drug in
the blood at the site of absorption, D is the effec-
tive diffusion coefficient of the drug in the
gastrointestinal (g.i.) ‘membrane’, A is the surface
area of the gastrointestinal ‘membrane’ available
for absorption by passive diffusion, K, is the
apparent partition coefficient of the drug between
the gastrointestinal ‘membrane’ and the gastro-
intestinal fluid i.e.

concentration of drug inside ‘membrane’ at
g.i. fluid/membrane interface

X concentration of drug in g.i. fluid
Cq is the concentration of drug in solution in the
gastrointestinal fluid at the site of absorption, K
is the apparent partition coefficient of the drug
between the gastrointestinal ‘membrane’ and the
blood, C,, is the concentration of drug in the blood
dt the site of absorption, and 4 is the thickness of
the gastrointestinal ‘membrane’.

Ht:nce K,C, and K,C, represent the concen-
trations of drug inside the gastrointestinal
membrane at the g.i. fluid/membrane interface

ind g.i. membrane/blood interface respectively.
The expression

EGCE S R0
h

‘®Presents the concentration gradient of drug
4r0ss the ‘membrane’.
iinElqzb‘;.l iqdicates that the rate of gast'roint.es-
dcpcndssﬂfptlon of » drug by passive d1ffusmr3
that ig .OII. the Su_rtag:e area of the_ ‘membyang
mmpa{ibalmk_‘,b!e for drug absorpnon. This is
inftestine ¢ with the observation that the small
Site. for ~dDarucularly Fhe duodem_im,_ is the major
g rfug a_bsorpuo.n du_e_pru%c;pa!l_v to the
Enm’rnguS0 villi and microvilli whu;h provide an
o, ings. surface area for absiorptlon. Eqn ?,1
Cates that the rate of drug absorption

FACTORS INFLUENCING BIOAVAILABILITY 141

depends on a large concentration gradient of drug
existing across the gastrointestinal ‘membrane’. It
is of interest to note that the concentration
gradient of drug across the membrane is influ-
enced by the apparent partition coefficients exhi-
bited by the drug with respect to the g.i.
‘membrane’/g.i. fluid interface and the g.i.
‘membrane’/blood interface. It is important that
the drug has sufficient affinity (solubility) for the
‘membrane’ phase that it can partition readily into
the gastrointestinal ‘membrane’, i.e. K, should
exceed unity. In addition, after diffusing across
the ‘membrane’ the drug should exhibit sufficient
solubility for the blood such that it can partition
readily out of the ‘membrane’ phase into the
blood, i.e. K; should be less than 1. Drug on
entering the blood in the capillary network in the
lamina propria will be carried away from the site
of absorption by the rapidly circulating gastro-
intestnal blood supply and will become diluted by

1 distribution in a large volume of blood, i.e. the
systemic circulation,

2 distribution into body tissue and other fluids of
distribution, and

3 by metabolism and excretion.

In addition, proteins in the blood may bind
drug molecules and thereby further lower the
concentration of ‘free’ (diffusible) drug in the
blood. Consequently the blood acts as a ‘sink’ for
absorbed drug and ensures that the concentration
of drug in the blood at the site of absorption is
low in relation to the concentration of drug in
solution in the gastrointestinal fluids at the site of
absorption, i.e. C; > Cp. The ‘sink’ conditions
provided by the systemic circulation ensures that
a large concentration gradient is maintained across
the gastrointestinal ‘membrane’ during the absorp-
tion process. The passive absorption process is
driven solely by the concentration gradient of the
diffusible species of the drug which exists across
the gastrointestinal/blood barrier. Under such
conditions that K;C, >» K,C, and thus
(K,C, — K;Cy,) approximates to K,Cy, Eqn 9.1
may be rewritten in the form

dm D A K,C, ©.2
dr h g
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142 BIOPHARMACEUTICS

For a given drug and ‘membrane’ under specified
conditions, D, A, K; and h may be regarded as
constants which can be incorporated into a
combined constant known as the permeability
constant, . Hence Eqn 9.2 becomes

L (9.3)
de
where
D A K,
p oSt
h

Egn 9.3 is an expression for a first order kinetic
process and indicates that the rate of passive drug
absorption will be proportional to the concen-
tration of absorbable drug in solution in the
gastrointestinal fluids at the site of absorption. In
practice, the gastrointestinal absorption of most
drugs by passive diffusion follows first order
kinetics.

It has been assumed that the drug in aqueous
solution on each side of the gastrointestinal/blood
barrier (see Fig. 9.4) existed entirely in the form
of a single absorbable (via passive diffusion)
species which exhibited definite partition
coefficients for distribution between

1 the aqueous gastrointestinal fluids and the
lipoidal ‘membrane’, and
2 the blood and the lipoidal ‘membrane’.

However, many drugs are weak electrolytes which
exist in aqueous solution as two species, namely
the unionized and ionized species. Since it is the
unionized form of a weak electrolyte drug which
exhibits greater lipid solubility compared to the
corresponding ionized form, the gastrointestinal
‘membrane’ (like other membranes) is permeable
preferentially to the unionized species. Thus the
rate of passive absorption of weak electrolyte
drugs is related to the fraction of total drug that
exists in the unionized form in solution in the
gastrointestinal fluids at the site of absorption.
This fraction is determined by the dissociation
constant of the drug (i.e. its pK, value) and by the
pH of its aqueous environment in accordance with
the Henderson—Hasselbalch equations for weak
acids and bases. The gastrointestinal absorption of
a weak electrolyte drug is enhanced when the pH

At t achnent 3a: Copy of Docunment 3 fromthe Rutgers University Library

at the site of absorption favours the formation of
a large fraction of the drug in aqueous solution
that is unionized. These observations form the
basis of the pH—partition hypothesis (see later in
this chapter).

Carrier-mediated transport

Active transport Most drugs are absorbcd
from the gastrointestinal tract by passive difoSllJl:L
However, a few lipid-insoluble drugs (such as >-
fluorouracil) and many substances of nutrition
interest are absorbed by active transport meg‘h-
anisms. In contrast to passive diffusion, actve
transport involves active participation by Fh‘
apical cell membrane of the columnar absorpton
cell (and presumably also by the other cl
membranes constituting the gastrointestigal blﬂ_f’d
barrier) in the gastrointestinal absorption of 2
drug. A ‘carrier’ which may be an enzyme Or Some
other component of the cell membrane is respor
sible for effecting the transfer of drug by a proce
which is represented in Fig. 9.5. :

Figure 9.5 shows that the drug molecule or _10'n
forms a complex with the ‘carrier’ in the surface
of the apical cell membrane of a columnar absorp-
tion cell involved in the active transport of ¢
particular drug. The ‘drug—carrier’ complex the?
moves across the membrane and liberates the d“‘g
on the other side of the membrane. The {;am;r
(now free) returns to its initial position 17 ihc
surface of the cell membrane adjacent 1 ti
lumen of the gastrointestinal tract t0 awart
arrival of another drug molecule or 100. i

Active transport is a process whereby man‘::ion
can be transported against a concentrd s
gradient across a cell membrane, 1.€. Ua‘_“’pon i
occur from a region of lower concentration Lom*'
of higher concentration. Therefore active [rm
port is an energy consuming absorption pmﬂ o
In the case of the gastrointestinal a‘bs‘“pm‘cuﬁ
drugs by active transport, transfer of drug o @
in the direction of the gastrointestinal lume?lm_,
the blood and not normally in the chersc gt
tion, i.e. drug absorption by actve tran; ool
across the gastrointestinal/blood barri€r dgin[ of
normally occur against a concentration gra' . o
the drug. The carrier system is generally 2
way’ transport system.
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X Intestinal Apical cell membrane of
on lumen columnar absorption cell Cell interior
he
s _w~ DRUG+CARRIER .
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DRUG ——— — = CARRIER CARRIER DRUG. == — — <>
\ ;

xd \\ //’
n. ~~ CARRIER -
5.
nal
ch-
ive Fig. 9.5 Diagrammatic representation of active transport of a drug across a cell membrane
the
ion There appear to be several carrier-mediated Vitamins such as thiamine, nicotinic acid, ribo-
cell active transport systems in the small intestine. flavin and B¢ require an active transport system.
od Each carrier appears to be highly selective with The anticancer drug S5-fluorouracil, methyldopa
f 2 respect to the chemical structure of the substance and nicotinamide are absorbed by active transport.
me which it will transport. Thus if a drug structurally Active transport also plays an important role in
on- resembles a natural substance which is actively the renal and biliary excretion of many drugs and
i transported then that drug is also likely to be metabolites.

transported by the same carrier mechanism. For Facilitated diffusion or transport Thisis alsoa
_ion instance the drug levodopa, which is structurally carrier-mediated transport system which differs
ace related to the amino acids tyrosine and phenyl- from active transport in that it cannot transport
o alanine, is absorbed by the same active transport a substance against a concentration gradient of
the system that is used to -transpor[ these amino acids that substance. Therefore facilitated diffusion does
hen from the lumen of the small intestine into the not require an energy input but it does require a
rug blood. Each carrier system is generally concen- concentration gradient for its driving force (as
Tiet trated in a specific scg-mem of the gastrointestinal ~does passive diffusion). In terms of drug absorp-
the tract. The substance which is transported by that ton, facilitated diffusion seems to play a very
;ﬁ: Tarrio?r will thus be absorbed preferentially in the minor role.

ocation of highest carrier density. For instance,
b :Oorl:orflz?f:i‘e'": is absorb_ed from the proximal on-pair absorption
; mall intestine than from the large _
tod Of upper intestine. This mechanism of absorption has been proposed
can Unlike passive absorption, where the rate of to explain how certain drugs such as_qua:crngry-
ﬂn.e absorption is directly proportional to the concen- ammonium compounds "“_‘d tctracyvcimesl. which
ans- lration of the absorb—able species of the drug at the are ionized over the entire gastr.mmeﬁtmal pH
e55- absorption site, active transport proceeds at a rate range, are absorbed from the gastrointestinal tract.
i which is proportional to the drug concentration Such drug ions are m"'ﬂdmd_ to be too h_f"d
curs only at |ow concentrations. At higher concen- insoluble to partition directly into the hmeul
e ations the carrier mechanism becomes saturated apical cell membrane of the columnar S e
;1;3'. :2‘3 irf:érther increases in drug‘conc_entration will‘ cells lu?11:‘3gr‘tshjuiﬁl:;g¢$:;31l:d[;‘ﬂ- ll‘l?gid:‘“;lf;
ot abso Tease the rate of absorption, i.e. the rate of these wa . ( : by s it o
ol “l'pnon T - tthUgh o "lque-ld o ist in the cell membrane
'[:mf' any body nutrients such as sugars and L- which are considered to exis

amy 2

im M0 acids are transported across the gastro-
€S $ » -
Unal ‘membrane’ by active transport processes.

lining the gastrointestinal tract. However, the
interaction of such drug ions with endogenous

Par Pharm., Inc.
Exhibit 1004
Page 087



ttachnment 3a: Copy of Docunent 3 fromthe Rutgers University Library

144 BIOPHARMACEUTICS

organic ions of opposite charge to form an absorb-
able neutral species (i.e. an ion-pair) is a possible
explanation of their mechanism of absorption.
Since the charges are ‘buried’ in the ion-pair, the
latter can now partition into the lipoidal cell
membrane lining the gastrointestinal tract and be
absorbed by passive diffusion.

Convective absorption (pore transport)

Very small molecules such as water, urea and low
molecular weight sugars and organic electrolytes
are able to cross cell membranes as if the
membrane contained aqueous filled channels or
pores. The effective radius of these channels has
been estimated to be of the order of 0.4 nm. As
a result of molecular size limitations, this mech-
anism of absorption appears to be of minor
importance with respect to the gastrointestinal
absorption of large water-soluble drug molecules
or ions. However, convective absorption is
involved in the renal excretion of drugs and the
uptake of drugs into the liver.

Pinocytosis

Pinocytosis is the only mechanism of absorption
in which the material does not have to be in
aqueous solution in order to be absorbed. The
mechanism is comparable to phagocytosis and
involves invagination of the material by the apical
cell membrane of the columnar absorption cells
lining the gastrointestinal tract to form vacuoles
containing the material. These vacuoles then cross
the columnar absorption cells. This mechanism of
absorption appears to be of little importance for

drugs but is important for the absorption of
macromolecules such as proteins.

PHYSIOLOGICAL FACTORS
INFLUENCING DRUG ABSORPTION
FROM THE GASTROINTESTINAL TRACT

In discussing how various physiological properties
of the gastrointestinal tract may influence drug
absorption, it should be noted that it is assumed
(unless otherwise stated) that the drug is in
solution in the appropriate gastrointestinal fluid.

Where appropriate, consideration will be given
also to the influence that physiological factors can
have on the release and dissolution of a drug from
a dosage form. A drug must be in solution before
it can be absorbed and the rate of drug
release/dissolution can under certain conditions be
the rate-controlling step in the appearance of
drug in the systemic circulation (see later in this
chapter).

Surface area of the gastrointestinal absorption
sites

The biological environments and the areas of
membrane available for absorption in the stomac_h»
the small intestine and the large intestine are quit¢
different and these differences give rise to var-
ations in the rate and extent of absorption of &
drug from these anatomical regions.

As previously discussed, the presence O_f ha
folds in the mucosa, (b) villi and (c) micr.o\'llh ’
responsible for the small intestine having ¢
largest effective surface area available for absor
tion. Consequently the small intestine is the regit
of maximum absorption for the majority of dr®
even though the pH of the intestinal fluid do?s not
provide optimum conditions for the absorptiof o
all drugs, e.g. weak acidic drugs. In addiuon ©
its large absorptive surface area the small intestté
is the most important region for carrielj—mffh"ih
drug absorption, i.e. the small intestine 1S g
location of highest ‘carrier’ density.

In contrast to the small intestine, the abso
tive surface areas of the stomach and the large
intestine are relatively small since neither of thC;f_
regions possess villi or microvilli. Despite the [C;f
tively small absorptive surface area avaﬂ'able o lin
stomach, certain drugs (e.g. weak acidic dn.lgshis
solution which are unionized) are absorbeq in t :
region. It should be noted that following Orc
ingestion of a drug in solution a major part Ol' "
stomach’s absorptive area will be imme.dl'ate }thal
contact with dissolved drug and, P““_"dm &
the intrinsic physicochemical properties qui
drug permit permeation of the g‘aSUOimesumL, B
barrier, good absorption may occur. Howe «
because the absorptive surface area in the stOﬂ:jne.
is 50 small compared to that in the small i€ 4
the rate and extent of absorption of a gIVéR &
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from the stomach will, in most cases, be less than
from the small intestine. The large intestine func-
tions as an absorptive site for drugs that are so
slowly absorbed that a significant portion of the
administered dose passes through the stomach and
small intestine. In addition, the large intestine is
important for the absorption of some drugs such
as sulphasalazine which. must be degraded by the
bacterial flora in this region before absorption can
oceur.

pH of gastrointestinal fluids

The pH of the fluids varies considerably along the
length of the gastrointestinal tract. Gastric fluid is
highly acidic, exhibiting a pH within the range
1-3.5. The fluid in the small intestine is generally
considered to have a pH in the range 5-8, gener-
ally from a pH range of 5-6 in the duodenum to
about pH 8 in the lower ileum. The fluid in the
large intestine is generally considered to have a pH
of about 8. Considerable variations within the
.:ibm'e PH ranges may occur in an individual. For
Instance, there appears to be a diurnal cycle of
gastric acidity, the fluids becoming more acidic at
mght and fluctuating during the day primarily in
fesponse to food ingestion. Gastric fluid pH
generally increases when food is ingested and then
slowly decreases over the following few hours.
There is also considerable intersubject variation in
sastrointestinal pH depending on such factors as:

I the general health of the individual,
the Presence of localized disease conditions (e.g.
8astric and duodenal ulcers) along the gastro-
Intestinal tract,

: the types and amounts of food ingested, and
4 drug therapy.

dnlln the Case of drug therapy, anticholinergic
omlgs cllnh_lb_ll Or'recluce gastric secretion and the
= Administration of antacids usually elevates
— PH for a short period of time.
tromtestinal pH may influence drug absorp-
© 2 variety of ways. The degree to which a
the ga::ta_k ele‘?tml}’tﬁ_ drug ionizes in solution in
K, of iﬁmteslmal fluids is a function o* pH (and
Bf; d . drug),_ In general the unionized form
- ."U8 I solution will be absorbed faster than
omized form of the same drug at any

[mﬂ I
Biven
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particular site along the gastrointestinal tract.
Thus any change in pH of the gastric fluid (caused
by any of the above variables), to a value which
increases the extent to which a weak electrolyte
drug in solution exists in its unionized form, will
result in faster absorption from the stomach than
was observed from this site at the original pH.
However, most drugs in solution are absorbed
more rapidly from the small intestine regardless
of differences in pH between the stomach, small
intestine and large intestine. This is a reflection
of the over-riding influence of the available
absorptive surface area on the rate of absorption
of drugs in solution from these sites.

Since the aqueous solubility of a weak electro-
lyte drug is influenced by pH, the rate of
dissolution of such a drug from a solid dosage
form will be pH dependent. In the case of a poorly
soluble weak electrolyte drug administered in a
solid dosage form, the rate of drug dissolution in
the gastrointestinal fluids may be the rate-limiting
step for the absorption of such a drug. Hence
gastrointestinal pH would be expected to exert a
major influence on the dissolution rate and hence
the overall absorption rate of such a drug admin-
istered in a solid dosage form such as a tablet or
a hard gelatin capsule. Consequently a poorly
soluble weak acidic drug, which only exhibits a
high dissolution rate in an alkaline aqueous
environment, will only be expected to be rapidly
absorbed from a solid dosage form when the drug
passes through the acid environment of the
stomach and reaches the more alkaline intestinal
fluids where rapid drug dissolution can occur. In
contrast, a poorly aqueous-soluble weak basic
drug, which only exhibits a high dissolution rate
in an acidic aqueous environment, must first
dissolve in the acidic gastric fluid before it reaches
the small intestine in order to be rapidly absorbed
from the small intestine. Any undissolved weak
basic drug which reaches the small intestine would
be expected to exhibit a relatively low absorption
rate since its dissolution rate in the relatively
alkaline intestinal fluids would be low
(Mayersohn, 1979).

A further way by which gastrointestinal pH can
influence drug absorption is in the case of drugs
which exhibit limited chemical stability in either
acidic or alkaline environments. The influence
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that the chemical stability exhibited by a drug in
the gastrointestinal fluids can have on the absorp-
tion of such a drug from the gastrointestinal tract
is discussed later in this chapter.

Gastric emptying rate

Most drugs are optimally absorbed from the small
intestine following peroral administration. Hence
any reduction in the rate at which a drug in
solution leaves the stomach and enters the
duodenum (i.e. the gastric emptying rate) is likely
to reduce the overall rate of drug absorption and
therefore delay the onset of the therapeutic
response of the drug. In addition the intensity of
the therapeutic response may be reduced. The rate
of gastric emptying is also important for drugs
which are prone to chemical degradation in the
stomach by virtue of the low pH or enzyme
activity associated with the gastric fluid. The
longer the time that a susceptible drug spends in
the stomach, the more likely the drug is to be
degraded with an accompanying reduction in its
effective concentration and hence bioavailability.
Drugs contained in enteric-coated dosage forms,
which are formulated so as to prevent drug release
into gastric fluid but to allow release into the fluid
in the duodenum, will show a delayed onset of
therapeutic activity if the gastric emptying rate is
suppressed.

The gastric emptying of fluids and small par-
ticles appears to be an exponential process (Bech-
gaard and Christensen, 1982). Standard low bulk
meals and liquids are transferred from the
stomach into the duodenum in an apparent first
order rate process, i.e. the rate of gastric emptying
1s proportional to the volume of the material
remaining in the stomach. Gastric emptying rate
is influenced by a large number of factors. Factors
progmting gastric emptying rate include hunger,
anxiety, the patient’s body position (i.e. lying on
the right side), the intake of liquids and the
antiemetic drug, metoclopramide (Gibaldi, 1984).
Gastric emptying rate is retarded by factors such
as fatty foods, a high bulk (viscous) diet, mental
deprgssion, gastric ulcers, pyloric stenosis, hypo-
thyroidism, the patient’s body position (lying on
the left side) and drugs such as anticholinergics,
tricyclic antidepressants, aluminuim hydroxide

and alcohol (Mayersohn, 1979). In view of these
numerous factors which can influence gastic
emptying rate, it is not surprising that this is a
highly variable parameter both among different
individuals and within any one individual a
different times. It is likely that such variation i
gastric emptying rate contributes to the inter
subject and intrasubject variation observed in the
bioavailability of a given drug.

The gastric emptying of solution-type dosagt
forms and suspensions of fine drug particles 1
generally much faster and less variable than tha
of solid, non-disintegrating unit dosage forms and
lumpy masses of aggregrated particles. For
instance the gastric emptying times of single nor-
disintegrating tablets (diameter 1016 mm) rang
from 0.5 to 4.5 hours whereas dosage forms which
disintegrate into small subunits (e.g. granules,
pellets) are emptied gradually from the stomach
with a mean time of 1.5 hours (Bechgaz_-‘r_d and
Christensen, 1982). It is thus not surprising ©
find that the gastric emptying times of.en'tem_-
coated tablets, which are designed to remain int!
in the stomach, are very erratic and this tm““
butes to the unusually large intersubject vambﬂlff‘
found in the absorption of drugs from this type
of dosage form (Gibaldi, 1984). 4

In general, the presence of food in the St
reduces the gastric emptying rate and [hus:l]:
delay the absorption of drugs which are nom;l&
absorbed from the small intestine. Hence, U :
a drug is irritating to the gastric muC_Osa’ a.dnt.
should not be administered with or 1[nlﬂ_€dl‘“erl-1
after a bulky meal. In general a drug will rt."a:_
the small intestine most rapidly if it 15 adﬂ“;”'is
tered with water to a patient whose stomﬁfdrug
empty of food. However, effects of food on i
absorption from the gastrointestinal tract ar¢ (}aref
variable and are considered in greater detall
in this chapter. hat 3

Whilst the above discussion Suggests dvar
decrease in gastric emptying rate will be dlsabsor?
tageous with respect to the overall rat of a .
tion of many drugs, the opposite may als0 " fors
An example is the case of a soh'd_dosaget.
containing a poorly soluble drug whlgh m:s 4
dissolve in gastric fluid prior to being & s?d be
rapidly from the small intestine. Suc;h woul g
the case for a poorly soluble weak basic drug
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any of this drug which reached the small intestine
in the undissolved state would be expected to
dissolve (and hence be absorbed) slowly. This is
a consequence of the reduced solubility exhibited
by such drugs at intestinal pH conditions. Hence
a decrease in gastric emptying rate would permit
a longer time in which dissolution of such a drug
could occur in the more favourable acidic pH
conditions of the stomach. A greater proportion
of the administered dose of drug would dissolve
and thus be in an absorbable form when it passed
into the duodenum. The enchanced bioavailability
exhibited by the poorly soluble drug nitrofuran-
tin in the presence of food was considered to be
a result of the accompanying decreased gastric
emptying rate which permitted a greater propor-
tion of the drug to dissolve in the gastric fluids
before passing into the duodenum from where it

I optimally absorbed (Rosenberg and Bates,
1976).

Intestinal motility

Once 2 drug empties from the stomach and enters
the small intestine it will be exposed to an
tavironment which is totally different from that
Uf_‘he stomach. Since the small intestine is the
Primary site of drug absorption, the longer the
m‘d‘“}ce time in this region the greater is the
Potential for efficient drug absorption assuming
that the drug is stable in the intestinal fluids and
does not react with endogenous materials to form
Poorly absorbable ‘complexes’ (Mayersohn, 1979).
here are two types of intestinal movements,
Propulsive and - mixing. The propulsive move-
MeNts primarily determine the intestinal transit
::; m‘fj [hu§ the resideflce time of a drug or a
iﬂt.t:sffn ?rm in the small intestine. The greater the
and tha lmonhty, the shoFter the Fesndeqce time
= : €ss time there is for dissolution and
mcuf;;ton of drqgs to occur. Under nc_)rmal
tinal con‘:ncesv peristaltic waves .pro;_}el the intes-
e ents relauvely slowly, i.e. it takes 3-10
5 m[irm?‘fe a meal in the foqn of cfh_vme along
sohn 19;9 ength Of. the sn}all intestine (Ma_ver—
ghic=0) )- The residence time in the small intes-
= i;:;ﬁ;’t“emﬂned by intestinal motility, may be
ability T;nt factor with respect to drug bl_oavall-
- Ihe longer a drug is in contact with the
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absorption site(s) the greater the amount of drug
absorbed (Bates and Gibaldi, 1970). Intestinal
residence time will thus be important for

1 dosage forms which release drug slowly (e.g.
controlled/sustained/prolonged release dosage
forms) as they pass along the entire length of
the gastrointestinal tract,

2 enteric-coated dosage forms which release drug
only when they reach the small intestine,

3 drugs which dissolve slowly in the intestinal
fluids and

4 drugs which are absorbed by intestinal carrier-
mediated transport systems.

Mixing movements of the small intestine bring
drug which is in solution in the intestinal contents
into intimate contact with the large epithelial
absorptive surface area of the small intestine. The
mixing movements thus increase the area of
contact between drug in solution and the gastroin-
testinal ‘membrane’. In addition, the mixing
movements will also increase the dissolution rate
of drugs from solid dosage forms and this will be
particularly significant in the case of poorly
soluble drugs which exhibit dissolution rate-
limited absorption.

Drug stability in the gastrointestinal tract

Absorption is not the only process that can occur
as a drug in solution passes along the gastrointes-
tinal tract. A drug may be chemically degraded
and/or metabolized in the gastrointestinal tract.
The consequence of this is usually incomplete
bioavailability since only a fraction of the admin-
istered dose reaches the systemic circulation in the
form of intact drug. Chemical degradation,
particularly pH-dependent reactions such as
hydrolysis, can occur in the fluids of the gastroin-
testinal tract. For instance, erythromycin under-
goes acid-catalysed hydrolysis in gastric fluid.
Drugs which resemble nutrients such as poly-
peptides, nucleotides or fatty acids may be
especially susceptible to enzymic hydrolysis in thc
gastrointestinal tract. In addition to enzymic
metabolism in the gastrointestinal fluids, drugs
may be metabolized by enzymes located in the
intéstinal mucosa. For instance, intestinal metab-
olism accounts for orally administered isoproter-
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enol being 1000 times less active than intravenously
administered isoproterenol (Gibaldi, 1984). Other
drugs which appear to be metabolized in .the
gastrointestinal mucosa include chlorpromazine,
L-dopa, stilboestrol, progesterone and testos-
terone. The metabolic potential of the gastrointes-
tinal microflora is also now recognized (Mayersohn,
1979).

It would seem that metabolism and degradation
of a drug in the gastrointestinal tract would serve
primarily to reduce the extent of its bioavail-
ability. However, in some instances these
processes may be essential for drug absorption to
occur. Many pro-drugs such as erythromycin
stearate and chloramphenicol palmitate depend on
degradation in the gastrointestinal tract in order

to release the therapeutically active parent
molecule.

Hepatic metabolism

All drugs that are absorbed from the stomach,
small intestine and colon pass into the hepatic
portal system and are presented to the liver before
reaching the systemic circulation. The liver is the
primary site of drug metabolism. Hence this first
pass of absorbed drug through the liver may result
in extensive metabolism of the drug and a signi-
ficant proportion of the absorbed dose of intact
drug may never reach the systemic circulation.
This phenomenon is known as the first pass effect
and results in a decrease in bioavailability of those
drugs which are rapidly metabolised by the liver.
The bioavailability of a susceptible drug may be
reduced to such an extent so as to render the
gastrointestinal route of administration ineffective
(as in the case of lignocaine where 70% of the oral
dose is metabolized by the intestinal wall and
liver) or to necessitate an oral dose which 1s many
times larger than the intravenous dose (e.g.
propranolol). Other drugs which are subject to the
first pass effect include alprenolol, pethidine,

organic nitrates and propoxyphene.
Influence of food and diet

There is considerable evidence that the rate and/or
extent of drug absorption can be influenced by the

presence of food in the gastrointestinal trat

(Welling, 1980). Food may influence druu
bioavailability by means of the following
mechanisms.

Alteration in the rate of gastric emptying

For instance, solid meals (particularly 'lhosel
which are hot and contain a high proportion o
fat) tend to decrease gastric emptying rate and ca
thus delay the onset of therapeutic action of some
drugs. Further information on the- potentil
consequences of reduced gastric emptying rate o;
drug bioavailability has been given earlier in ths
chapter.

Stimulation of gastrointestinal secretions

Gastrointestinal secretions (e.g. gastric hf"d:;
chloric acid, pepsin) secreted in responseé t0 ;,
presence of food may result in the C_legfada”o;;
drugs which are susceptible to chemical h}fdl"’-“J
or enzymic metabolism. This would lead © f
reduction in drug bioavailability. In the mml
stable drugs, the stimulation of gastromies o
secretions may increase bioavailability by asﬂsﬁ‘
drug dissolution. The ingestion of food_, fSP“’Mé
fat, stimulates the secretion of bile. Bile Sal“”
surface-active agents and can increase

erey
dissolution of some poorly soluble drug[santi
enhancing their absorption. For IS ol

enhanced absorption exhibited by 8o o e
when fatty meals are ingested may be.due ot
solubilizing effect of bile salts secreted 11 resclzobd-:
to the fatty components of the meal. HOWTV 4
salts have been shown to form insolubles ¥
absorbable complexes with §UCh drugs
neomycin, kanamycin and nystatin.

; drugs [
Competition between food components and 4r

specialized absorption mechanisms

~hemcd
In the case of those drugs which 'have a :1]:::1: :
structure similar to nutrients feq‘flred i hanis®
for which specialized absorption m?:ive, f
exist, there is the possibility of Compd]l appes®
bition of drug absorption. One examp emhibllec
to be L-dopa whose absorption may be
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by certain amino acids resulting from the break-
down of ingested proteins.

Complexation of drugs with components in the diet

The gastrointestinal absorption of tetracyline is
reduced by virtue of the formation of a non-
absorbable complex with calcium present in dairy
foods. Foods containing a high iron content also
reduce the bioavailability of tetracycline due to
complex formation. In general, complexation is
only important (with respect to bioavailability)
when an irreversible or an insoluble complex is
formed. In such cases the fraction of the admin-
istered dose of drug which becomes complexed is
unavailable for absorption. Consequently the
effective concentration of drug in solution in the
gastrointestinal fluids is reduced and both the rate
and/or extent of drug absorption is reduced. If the
complex formed is water soluble and readily
dissociates to liberate the ‘free’ (absorbable) drug,
then little or no effect of complexation on drug
sbsorption is noted. The rate at which the
complex dissociates determines whether drug
absorption is as rapid and/or complete as in the
3b8§nce of complex formation. Further infor-
Mation on the effects of complexation on drug
absorption is given later in this chapter.

I . . : :
Mereased viscosity of gastrointestinal contents

Eile Presence of food in the gastrointestinal tract
resuhp'mVIde a viscous environment wl’_uch may
.~t1n a reduction in the rate of drug dissolution
:{Ethsfg:_s[roiptestinal contents. In addition, the
L iffusion of a drug in solution ﬁjom the

0 to the absorbing membrane lining the
?:::mte_stinﬁl tract may be reduced by an
oad lzedm viscosity. .Both of these_ effects will

€Crease the bioavailability of drug.

Food.:. ; L
00d-indyced changes in blood flow to the liver

Bl .
mOod flow to the gastrointestinal tract and liver
Creases

bloog g shortly a.f_ter a meal. This increased
which OW to the liver will increase the rate at
Metabo; €S are presented to the liver. The

S of some drugs (e.g. propranolol,
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hydralazine, dextropropoxyphene) is sensitive to
their rate of presentation to the liver. The greater
the rate of presentation of such drugs to the liver,
the larger the fraction of drug that escapes first
pass metabolism. This is because the enzyme
systems responsible for their metabolism become
‘swamped’ (i.e. saturated) by the increased rate of
presentation of drug to the site of biotransfor-
mation. Under these circumstances food, by virtue
of causing a transient increase in hepatic blood
flow, can increase the amounts of such drugs that
reach the systemic circulation intact.

It is thus evident that food can influence the
absorption of drugs from the gastrointestinal tract
by a variety of mechanisms. A summary of the
influences that food may have on the absorption
of a number of drugs is given in Table 9.1. Whilst
food has been reported to increase or decrease the
rate and/or extent of absorption of numerous
drugs, it should be noted that the absorption of
some drugs does not appear to be influenced by
food ingestion. Drugs whose absorption is
reported to be unaffected by food include chlor-
propamide, oxazepam and prednisolone (Welling,
1980).

Miscellaneous physiological factors influencing
gastrointestinal absorption

Disease states and physiological disorders associ-
ated with the gastrointestinal tract are likely to
influence the absorption and hence bioavailabili-
ties of drugs administered via this route. Local
disease states can cause alterations in gastric pH.
For instance, the pH of gastric fluid is elevated
(up to pH 6.9) in patients with gastric cancer. The
various ways by which alterations in gastric pH
can influence drug bioavailability have been
discussed earlier in this chapter. Gastric surgery
can cause drugs to exhibit different bioavailabili-
ties in such patients compared to normal individ-
uals. Partial or total gastrectomy results in drugs
reaching the duodenum more rapidly than in the
case of normal individuals. This increased rate of
presentation of drug to the small intestine may
result in an increased overall rate of absorption of
drugs which are best absorbed from this segment
of the gastrointestinal tract. However, drugs
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Table 9.1 The influence of food on the gastrointestinal absorption of some drugs (Mayersohn, 1979)

Drug Influence of food on absorption Comments
Aspirin Reduction in rate but not in extent of Reduced rate of gastric emptying gives delayed
. absorption onset of analgesia
Barbiturates Reduction in rate but not in extent of Reduced rate of gastric emptying gives delayed
absorption hypnotic response
Cephalosporins Reduction in rate but not in extent of Reduced rate of gastric emptying gives lower |
absorption peak plasma concentrations
Griseofulvin Absorption increased when fatty meal Solubilizing effect of bile salts secreted in
ingested response to fatty meal
i i ce i ives improved
Nitrofurantoin Reduced rate but increased extent of Prol'onged. res;denne in sto_mach gives imp
absorption gives higher urinary dissolution in gastric fluids
concentrations
Penicillins Rate and extent of absorption reduced Prolonged residence in stoma_d_ll L‘i:i:s;;ichm
(benzylpenicillin, increased loss of those penict

methicillin, oxacillin)
Hydralazine

Tetracyclines
(tetracycline, oxytetracycline)

Extent of absorption increased

Extent of absorption decreased

sensitive to acid hydrolysis
Reduction in first pass degradation

Formation of non-absorbable complex with
calcium ions present in dairy products

which require a period of time in the stomach in
order to facilitate their dissolution may show
reduced bioavailabilities in such patients. Diar-
rhoeal conditions may reduce drug bicavailability
by virtue of reducing the drug’s residence time in
the small intestine.

Other factors which may influence the bioavail-
abilities of drugs from the gastrointestinal tract
include age (i.e. children, adults and elderly
patients), stress (e.g. stress induced through
illness) and whether a patient is bedridden or not.

PHYSICOCHEMICAL FACTORS
INFLUENCING DRUG ABSORPTION
FROM THE GASTROINTESTINAL TRACT

In the previous section, drug absorption has been
shown to be influenced by many physiological
factors. The absorption and hence the bioavail-
ability of a drug is also influenced by many of its
physicochemical properties, notably pK,, lipid
solubility, dissolution rate, chemical stability

: and
complexation.

Drug dissociation constant and lipid solubility

The dissociation constant and lipid solubility of a
drug and the pH at the absorption site often

dictate the absorption characteristics of a_dﬂl?_
throughout the gastrointestinal tract. The 1““;_2
relationship between the degree of ionization (')'{a
weak electrolyte drug (which is determined by ¥
dissociation constant and the pH at the abSO_fDU"P
site) and the extent of drug absqerOI:ir;:
embodied in the pH-partition hypothesss of dru
absorption.

pH-partition hypothesis of drug absorption
the gastroint

ccordin; his hypothesis, iy
According to t ypo i rowarts

tinal/blood barrier acts as a lipid ba d
weak electrolyte drugs which are absorbemr
passive diffusion. The gastroimestinalfbl@ "
is thus impermeable to the ionized ("e‘.pmm
lipid-soluble) form of a weak acidic o bf_"ﬂz ;. ck.
but relatively permeable to the non-ionize Cor
more lipid-soluble) form of such 2 .d%'ug- hype
sequently, according to the pH«pETUU‘Eie dreg
thesis, the absorption of a weak electroly which
will be determined chiefly by the extent © site 0
the drug exists in its unionized form at the 2
absorption.

: 3 f the P
In order to illustrate the concept OLhe dister
partition hypothesis, let us consider oss U8

. e o ac
bution of weak acidic and basic drugs &~ fuid
gaSlﬂL

2k gcidi

gastrointestinal barrier between .{he 5
and the blood. The extent to which 2

Par Pharm., Inc.
Exhibit 1004
Page 094



At t achnent 3a: Copy of Document 3 fromthe Rutgers University Library

f 2

i |

or basic drug ionizes in solution in gastric fluid or
blood may be calculated using the appropriate
form of the Henderson—-Hasselbalch equation (see
Chapter 3). For a weak acidic drug having a single
ionizable group (e.g. aspirin, phenylbutazone,
salicylic acid) the equation takes the form of . . .
log $0als = pH — pK,
[HA] :
where pK, is the negative logarithm of the acid
dissociation constant of the drug, [HA] and [A-]
are the respective concentrations (mol dm-3) of
the unionized and ionized forms of the weak acidic
drug, which are in equilibrium and in solution
either the gastric fluid or the blood. pH refers to
the pH of the environment of the ionized and
unionized species of the weak acidic drug, i.e.
gastric fluid or blood.
: For a weak basic drug possessing a single
ionizable group (e.g. chlorpromazine) the
analogous equation is
log LBH']
® [B]

(9.4)

= pK, — pH (9.5)
where [BH*] and [B] are the respective concen-
rations (mol dm~3) of the ionized and unionized
forms of the weak basic drug which are in equi-
blhbxjium and in solution in either the blood or
gastric fluid.

Absorption of a weak acidic drug Consider
e distribution of a weak acidic drug having a
EKJ of 3.0 between the blood and gastric fluid.
hor the Purposes of this calculation, assume that
1€ pH of gastric fluid is 1.2 and the pH of blood
- 74 Equation 9.4 may be used to calculate the
:ra[@ of the concentrations of the ionized form
dA ) and unionized form (HA-) of the weak acidic
‘U8 which exist in equilibrium in solution in

gastric fluid 2 .
fid, piq ll .Zand blood, respectively. In gastric

lOg[_Ai = pH = pKd

[HA]
=12-30=-18
Thel't‘fore,
(A] :
‘[ﬁm = antilog (—1.8) = 0.016
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Thus the ratio of the concentrations of the ionized
and unionized forms of the weak acidic drug
(pK, = 3.0) in solution in gastric fluid (pH 1.2)
1s 0.016 : 1, respectively. The vast majority
(98.4%) of the drug in solution in gastric fluid
exists therefore in the ionized (absorbable) form.
Thus the vast majority of the drug in solution in
gastric fluid will be absorbed passively through the
gastrointestinal barrier and enter the blood. On
partitioning into the blood, the drug will experi-
ence a pH of 7.4. The extent of ionization of the
weak acidic drug (pK, = 3.0) in the blood
(pH 7.4) may be calculated using Eqn 9.4 as
follows:

A] :
log {HA} = pH - pK,
=74-30=44
Therefore,
% = antilog (4.4)

= 25119

Thus the ratio of the concentrations of the ionized
and unionized forms of the weak acidic drug in
solution in the blood is 25 119 : 1, respectively. It
is evident that the weak acidic drug, once present
in the blood, will exist almost entirely (99.996%)
in its ionized form, A-. Thus irrespective of the
sink conditions provided by the systemic circu-
lation to absorbed drug, there will be virtually no
tendency for the weak acidic drug in the blood to
be absorbed back into the stomach since only
0.004% of the drug in the blood exists in the
absorbable, unionized form.

If the stomach and blood are considered to be two
enclosed compartments separated by the gastro-
intestinal barrier, which is freely permeable to the
unionized form of the weak acidic drug but
impermeable to the ionized form of the drug, then
the unionized form of the drug (HA) will
distribute between the gastric fluid and the blood
until equilibrium is reached, i.c. the concen-
trations of unionized drug on each side of the
gastmimesrinal barrier are equal. However,
because the pH on each side of the gastrointestinal
barrier is different and the barrier is assumed to
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be impermeable to the ionized form of the drug,
the concentration of the ionized form on each side
of the membrane when this equilibrium 1is
attained, may not be equal. The equilibrium
distribution of the weak acidic drug (pK, = 3.0)
between gastric fluid (pH 1.2) and blood (pH 7.4)
may be represented as shown in Fig 9.6.

Gastrointestinal

barrier
STOMACH ; BLOOD
pH 1.2 L1 pH 7.4
o
i -t
[A7] = [HA] =—>[HA] == [A "]
e
Relative 0.016 10 121 10 25119
concentrations =
|1
/
/
Total relati 1
otal relative
concentrations 1.016 /// 25120
of ionized and
unionized forms =

Fig. 9.6 Diagrammatic representation of the equilibrium
distribution of a weak acidic drug (pK, 3.0) between the
stomach and the blood

For this particular example the total relative
equilibrium concentrations of weak acidic drug in
the stomach and the blood are in the ratio of
1.016 : 25 120 respectively. The total equilib-
rium concentration of weak acidic drug is thus
approximately 25 000 times greater in the blood
than in the stomach. Hence according to the pH-
partition hypothesis drugs such as weak acidic
drugs which exist predominantly in the unionized
form at gastric pHs will be well absorbed from the
stomach.

Absorption of a weak basic drug Let us now
consider how a weak basic drug having a pK, of
5.0 becomes distributed between the gastric fluid
(pH = 1.2) and the blood (pH = 7.4). Eqn 9.5
may be used to calculate the ratios of the union-
ized (B) and ionized (BH*) forms of the drug
which exist in equilibrium in solution in the
gastric fluid and in the blood, respectively.

In gastric fluid, pH 1.2,

127 ) il

log —— = pK, — pH
[B]

=:5.0 = 1.2=(3%§
Therefore,
w = antilog (3.8)
[B]

6309.6

Hence, in gastric fluid (pH 1.2) the rat?o of the
equilibrium concentrations of the iomjzed and
unionized forms of the weak basic dmg
(pK, = 5.0) is 6309.6 : 1, respec[ively.. The vas
majority of the drug (i.e. 99.98%) in solution
exists in the ionized, unabsorbable form.

In blood, pH 7.4,

(BH*]

1 = pK, — pH
am
=5.0-74=-24
Therefore,
[BH. ] = antilog (—2.4)
[B]

= 0.004

Hence in blood (pH 7.4) the ratio of the ‘?““*hfd
rium concentrations of the ionized ‘mfl um.ogl,z A
forms of the weak basic drug (pKa= 5 o
0.004 : 1, respectively. It is thus evident fhﬂi s
of the weak basic drug which 1s absorbed “f"“ dv
stomach into the blood will exist predomlﬂa%c-r
(i.. 99.6%) in the unionized form. If we COnSim_
that the blood and stomach are enclos:_:d co;nﬁﬁﬂ
ments separated by the gastroint_et‘vtl_ﬂa1 g
which is freely permeable to the unionized slpet :
(B) but impermeable to the ionjzed‘SP“’-‘acS B
of the weak basic drug, then the unionized bg:nb
will distribute between these two COMPATE .
until its concentration on each side of d‘lehe etk
is equal. The equilibrium distribution b ch an
basic drug (pK, = 5.0) between the StOma 97.
blood may be represented as shown 10 F'g;vs that

For this particular example, Fig. 9-7 s0 ons Of
the total relative equilibrium concf:ﬂ_[fz;;; "t
weak basic drug in solution in the gastri¢
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barrier

STOMACH
pH 1.2

BLOOD
pH 7.4

[BH"] == [B] =£—3= [B] 2= [BH*]

Relative 6309.6 1.0 1.0 0.004
concentrations

Total relative

concentrations 6310.6 1.004

of ionized and
unionized forms

c IS EEPL

Fig. 9.7 Diagrammatic representation of the equilibrium
distribution of a weak basic drug (pK, = 5.0) between the
stomach and the blood

the blood are in the ratio of 6310.6 : 1.004,
respectively. At equilibrium the total concen-
tration of the weak basic drug in the stomach is
approximately 6300 times greater than that in the
blood. Thus according to the pH-partition
hypothesis, drugs such as weak basic drugs which
are predominantly ionized at gastric pHs will be
poorly absorbed from the stomach.

Limitations of the pH-partition hypothesis In
calculating the distribution of a typical weak acidic
drug and a typical weak basic drug between the
Somach and blood, it has been assumed that an
®quilibrium distribution is attained. In practice
Sud.l an equilibrium will rarely (if ever) be
achieved since the stomach and the blood are not
closed, static compartments. Drug is removed
fom the stomach into the intestine by the normal
‘ontractions of the stomach. Drug which enters
Lhe ‘_"°°d i_S removed from the site of absorption
tgqrcma“"“ of the blood and is removed from
ui;blmd by distribution into tissues, by glomer-

filration and by metabolism. However,
S;S;‘;ehme above criticism, absorption from the
gener:n’ as determined by direct measurements,
~4lly  conforms qualitatively to the pH-
g‘:l;lrltlon hypothesis. Weak organic acids are rela-
cOmyl well ﬂbs_orbed since they are all almost
& Pletely unionized at gastric pHs. Strong
BaNic acids (pK, < 1) which are ionized even in
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the acid conditions of the stomach are not well
absorbed. Weak bases, which are ionized at gastric
pHs tend to be only absorbed negligibly but their
absorption can be increased, as expected, by
raising the pH of the gastric fluid. For more
detailed informaiton concerning the influence of
pK, and pH on the gastric absorption of weak
basic and acidic drugs the reader should refer to
the work of Hogben et al. (1957), Schanker et al.
(1957), Shore et al. (1957) and Brodie (1964).

The pH range of the small intestinal fluids is
less acid than that of the stomach. Thus, in
accordance with the pH-partition hypothesis, the
absorption of weak bases generally tends to be
favoured over weak acids since a larger fraction of
a weak basic drug in solution will be in the union-
ized form. However, the extent to which a drug
exists in the unionized form is not the sole cri-
terion determining the extent of absorption of a
drug form the small intestine. For instance, it is
found that despite their high degree of ionization,
weak acids are still quite well absorbed from the
small intestine. In fact, the rate of intestinal
absorption of a weak acid drug is often higher
than its rate of absorption from the stomach even
though the drug will be unionized in the stomach.
The existence of an effective pH at the surface of
the intestinal mucosa (the so-called ‘virtual
membrane pH’ of about pH 5.3), which is lower
than the bulk pH in the lumen of the small intes-
tine, has been proposed to account for the
unexpectedly high rate of absorption of weak acids
from this segment of the gastrointestinal tract.
However, it is likely that the larger mucosal
surface area available for absorption in the small
intestine more than compensates for the low
degree of unionization of weak acidic drugs at
intestinal pHs.

A further illustration that the absorption of a
drug from the gastrointestinal tract is not soley
dependent on the drug being unionized, is_
provided by the observation that a number of
drugs are poorly absorbed from cer_tain areas of
the gastrointestinal tract despite the fact that their
unionized forms predominate in such areas. For
instance barbitone (pK, 7.8), which is almost
totally unionized at gastric pHs, is only poorly
absorbed from the stomach. However thiopen-
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tone, which has a similar pK, value (i.e. pK, 7.6)
is much better absorbed from the stomach than
barbitone. The reason for this difference is that
the absorption of drugs is also affected by the lipid
solubility exhibited by the unionized form. Thus
the unionized form of thiopentone, being more
lipid soluble than the unionized form of barbitone,
exhibits a greater affinity for the gastrointestinal
‘membrane’ and is thus better absorbed than
barbitone from the stomach. The importance of
lipid solubility to the gastrointestinal absorption
of barbiturates has been demonstrated by
Schanker (1960).

A further observation which cannot be
explained by the pH-partition hypothesis is that
certain drugs (e.g. quaternary ammonium
compounds and tetracyclines) are absorbed readily
despite being ionized over the enter pH range of
the gastrointestinal tract. For more detailed
discussions on the limitations of the pH-partition
hypothesis of drug absorption, the reader is
referred to articles by Benet (1973), Wagner and
Sedman (1973) and Florence and Attwood (1981a).

To summarize, the gastrointestinal absorption
characteristics of drugs which are weak electro-
lytes cannot be explained completely on the basis
of their degree of ionization at any particular site
of absorption. However, in general, the unionized
form of drug in aqueous solution will be absorbed
faster than the ionized form of the same drug at
any particular site in the gastrointestinal tract.
Since the absorptive surface area of the small
intestine is so large in comparison to the stomach,
this region is accepted as the major site of absorp-
tion for both weak acids and bases. Hence the rate
of absorption of a given weak electrolyte drug
from the small intestine will be greater than form
the stomach even if the drug is ionized in the
intestine and unionized in the stomach. Despite
its I_imitations, the pH-partition hypothesis
remains a useful guide in predicting general trends
in_ drug absorption as a function of pH and pK,
within a specific region of the gastrointestinal
tract.

Dissolution rate of drugs

l\r.iost d@gs are absorbed and reach the systemic
circulation by one of the following processes.

Absorption from solution or following rapid
dissolution of solid drug particles

The drug is usually administered orally in the
form of either a solution (e.g. an elixir) or 2
suspension, tablet or hard gelatin capsule from
which rapid drug release/dissolution occurs. In
such cases the bioavailability of a drug is infl-
enced chiefly by:

1 how rapidly and how much of the drug in
solution reaches the site(s) of absorption in &
absorbable form,

2 the rate and extent of absorption across the
gastrointestinal barrier, and :

3 the extent to which the drug is metaboh_zed
during passage through the gastrointestinal
barrier and/or the liver.

Absorption following the slow dissolution of solid
drug particles

In those cases where a sparingly soluble drug* 5
administered in the form of a suspension, tablet
or a hard gelatin capsule, the rate at which
solid drug particles dissolve in the gastrointesnnal_
fluids may be the slowest step in the sequence o
events leading to the appearance of intact .drug i
the systemic circulation (refer back to Fig. 9-1“
In such cases, drug absorption and hfm:
bioavailability is dependent on how fast _the drug
dissolves in the gastrointestinal fluids, 1.¢- drug
bioavailability is dissolution rate limited. Hen
factors which influence the rate of dissolu.uon]t‘:
the drug in the gastrointestinal fluids will 2
influence the bioavailability of the drug.

. ; : . 5 i
Factors influencing the dissolution rates of drug

the gastrointestinal tract

5 L Cri'
A schematic outline of the dissolution of aﬁspgs 1
cal drug particle in the gastrointestinal !
shown in Fig. 9.8.

J—
* The term sparingly soluble refers to the solubility et £
by a drug in the gastric and/or intestinal content> ©. -y
which was administered as an aqueous solution o
exhibit dissolution rare-limited absorption if the . and
precipitated by the conditions in the gastroinfest®
the dissolution rate exhibited by the precipitated
sufficiently low.
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Fig. 9.8 Schematic representation of the dissolution of a drug particle in the gastrointestinal fluids
: An equation which describes this process of dis- dissolution rate of a drug) may be influenced by
15 solution is the Noyes—Whitney equation. This equa- the physiological conditions in the gastrointestinal
et li()ﬂ, which describes the rate of dissolution of tract. For instance, the diffusion coefficient, D, of
he spherical drug particles when the dissolution the drug in the gastrointestinal fluids may be
al process is diffusion controlled and involves no decreased by the presence of substances which
,01 chemical reaction, may be written increase the viscosity of the ﬂuild.\'. Hence the pres-
” ence of food in the gastrointestinal tract may cause
). dm =_Q_A_ { ragh i by (9.6) a decrease in the dissolution rate of a drug by
o de R : virtue of reducing the rate of diffusion of drug
ug where dm/dr is the rate of dissolution of the drug molecules away from the diffusion layer surrounding
ug Particles, D is the diffusion coefficient of the drug each undissolved drug particle. The thickness of
4 i solution in the gastrointestinal fluids, A is the the diffusion layer, h, will be influenced by the
of effective surface area of the drug particles in degree of agitation experienced by each drug
Js0 contact with the gastrointestinal fluids, k is the particle in the gastrointestinal tract. Hence, an
thickness of the diffusion layer around each drug increase in gastric and/or intestinal motility may
Particle, C, is the saturation solubility of the drug increase the dissolution rate of a sparingly soluble
: i the diffusion layer, and C is the concentration drug by virtue of decreasing the lthkl‘!L.‘SN ni't_hc
of drug in solution in the bulk of the gastrointes- diffusion layer around each drug particle. The
tinal fluids, concentration, C, of drug in solution in the bulk
” _ The limitations of the Noyes—Whitney equation of the gastrointestinal fluids will be influenced by
15 I describing the dissolution of drug p‘f;r[iclcs are such factors as the rate of removal of Vdiw».lvcd
scussed in Chapter S. Despite its limitations, the drug by absorption through the gastrointestinal
Y0¥es~Whitney equation serves to illustrate and blood barrier and by the volume of fluid available
= :Kglam how various physicochemical and physio- for dissolutiop. In the sm:mch. the u_alnmp of
ru O8ical factors can influence the rate of dissolution fluid will be influenced by the '“T“i"':t‘ of fluid in
::i! o drugs in the gastrointestinal tract. the diet. According to DF NGyes WAy S
and m:fly siological conditions In this context, _n isof tion, a low \'alu%-. of ( ; \f-]li.‘ta‘\‘lfl‘lr mgl.d .'Tl:h\i,lu'“‘}‘rf
W Erest to consider how certain parameters in the of the drug by virtue of increasing the value of the
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Gastrointestinal

"O¥es~Whitney equation (and hence the

term (C. — ©). In the case of drugs whose absorp-
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tion is dissolution rate limited, the value of C is
normally maintained at a very low value by virtue
of absorption of the drug. Hence dissolution
occurs under so-called ‘sink’ conditions, (see
Chapter 5) i.e., under conditions such that the
value of (C; — C) approximates to C,.. Thus for
dissolution of a drug in the gastrointestinal fluids
under sink conditions, the Noyes—Whitney equa-
tion may be expressed as
o L ©.7)
dz h

Let us now consider how various physico-
chemical properties exhibited by a drug can influ-
ence its rate of dissolution in the gastrointestinal
fluids.

Particle size According to the Noyes—Whitney
equation, an increase in the total effective surface
area of drug in contact with the gastrointestinal
fluids will cause an increase in dissolution rate.
Provided that each particle of drug is intimately
wetted by the gastrointestinal fluids, the effective
surface area exhibited by the drug will be directly
porportional to the particle size of the drug.
Hence the smaller the particle size, the greater the
effective surface area exhibited by a given mass of
drug and the higher will be the dissolution rate.
Particle size reduction is thus likely to result in
increased bioavailability provided that absorption
of the drug is dissolution rate limited.

A striking example of this effect is provided by
griseofulvin. A reduction in particle size from
about 10 um (specific surface area = 0.4 m? g 1)
to 2.7 wm (specific surface area = 1.5 m? g!) was
shown by Atkinson et al. (1962) to produce an
approximate doubling in the amount of griseo-
fulvin absorbed in humans. Duncan e al. (1962)
also demonstrated that particle size reduction of
griseofulvin permitted similar blood levels of this
drug to be obtained in humans with half
inal dose, i.e. a dose of 0.25
griseofulvin.

Other drugs whose bicavailabilities have been
enhanced by particle size reduction
sulphadiazine, phenothiazine, tolbutamide,
spironolactone, aspirin, nitrofurantoin, digoxin
and bishydroxycoumarin (Fincher, 1968; Shaw er
al., 1973; Florence ot al., 1974; Nash e al.,
1974/75). It is interesting to note that in the case

the orig-
g instead of 0.5 g of

include

of nitrofurantoin, the inclusion of small-sized
particles of this drug in tablets gave an increased
incidence of undesirable side effects. The
enhanced bioavailability resulting from parti;le
size reduction was believed to be responsible for
these undesirable side effects. This is an example
where improved bioavailability resulted in patients
becoming overmedicated. o
It is possible that particle size reduction may fai
to increase the bioavailability exhibited by a drug.
This would be the case for a drug whose absorp-
tion was not dissolution rate limited. In the cas
of a poorly soluble, hydrophobic drug, whos
absorption is dissolution rate limited, extensx\‘c'
particle size reduction can increase the tendenc,\_
of the particles to aggregate in the aqueots
gastrointestinal fluids with a consequent reduction
in effective surface area, dissolution rate aﬂfi
hence bioavailability. Certain drugs such as P
cillin G and erythromycin are unstable in gastt
fluids. Thus chemical degradation will be mlm
mized if such a drug does not dissolve .readll_v;fi
gastric fluids. Hence particle size reduction Wou
not only produce an increased rate of drug
dissolution in gastric fluid but also an increase 111:
the extent of drug degradation. This would Gy
in a decrease in the amount of intact drug
able for absorption from the small intestne. =
Solid dispersions A unique approach to pres:m
ing a poorly soluble drug in an extremel)f ﬁn? ’ the
of subdivision to the gastrointestinal ﬂu:d:f, I8 ;
administration of the drug in the form of 3 50”
eutectic mixture. Such a mixture coOnsists Ioble
microcrystalline dispersion of the poorly S?ing
drug (e.g. sulphathiazole) in a matrix Conb‘llsublc
of a physiologically inert, readily water-s ften
solid such as urea. The water-soluble SOl_ld e ?e
referred to as the ‘carrier’. Exposure of [ e [t:nal
of solid dispersion system to the gas{rom[-eslublc
fluids results in dissolution of the Wa[?‘"’? it
matrix (carrier). As the matrix dissolves 1t f:ﬂi;)an
the dispersed poorly soluble drug, which 15 oot
extremely fine state of subdivision, to the aqulublc
gastrointestinal fluids. Hence the poorl_y ?Gfol'm
drug is presented to the aqueous fluids 10 2 =8
which facilitates its dissolution rate and b!oavail‘
ability. It is interesting to note that [he‘blf;:
ability of sulphathiazole was found to be 1n¢

: of 3
when this drug was presented in the for™
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solid eutectic mixture with urea (Sekiguchi and
Obi, 1961). The formation of a solid solution of
a poorly soluble drug in a water-soluble physio-
logically inert solid should offer a greater improve-
ment in dissolution rate and bioavailability of the
poorly soluble drug than would a eutectic mixture.
In the case of a solid solution the poorly soluble
drug would be dispersed as single molecules
throughout the water-soluble solid (carrier), i.e.
the dispersed drug is in the ultimate form of
subdivision.

The advantages of the solid solution over the
eutectic' mixture has been discussed by Goldberg
et al. (1965, 1966a, b, c). The increased dis-
solution rates and bioavailabilities exhibited by
solid dispersions of griseofulvin in polyethy..ne
glycols of high molecular weight were originally
attributed to solid solution formation (Chiou and
Riegelman, 1971). However, later work by Chiou
(1977) and Kaur er al. (1980) suggested that
griseofulvin had negligible or very limited solu-
bility in polyethylene glycol dispersion systems.
The marked enhancement of dissolution and
absorption rate of griseofulvin dispersed in such
Systems seemed to be primarily the result of the
reduced size of the griseofulvin crystals, i.e.
griseofulvin was in the form of microcrystals. In
addition to this reduction in crystal size, other
factors may also contribute to the improved
dissolution rate and bioavailability exhibited by a
drug presented in the form of a solid dispersion
System. These factors are:

I'an increase in aqueous solubility of the drug

: becaUS.e of its extremely small particle size,

© 4 possible solubilization effect on the drug by
the ‘carrier’ in the diffusion layer surrounding
€ach dissolving drug particle in the gastrointes-
tnal fluids,
4 reduction or absence of aggregation and

dgglomeration of the drug particles exposed to
the gastrointestinal fluids,
“xcellent wettability -and dispersibility of the
“Xposed drug particles in the gastrointestinal
ﬁ_“‘ds (factors 3 and 4 will ensure that the effec-
e surface area of the drug in contact with the
ga“lfolmestinal fluids is very large), and

: lfDOOr S::l‘)le fG.l'malion of metastable polymorphic

S (which are more soluble and rapidly
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dissolving in the gastrointestinal fluids) of the
drug during formation of the solid dispersion
system (Chiou and Riegelman, 1971).

Crystal form

Polymorphism Many drugs can exist in more
than one crystallline form, e.g. chloramphenicol
palmitaie, cortisone acetate, tetracyclines and
sulphathiazole. This property is referred to as
polymorphism and each crystalline form is known
as a polymorph. As discussed in Chapter 5, a
metastable polymorph usually exhibits a greater
aqueous solubility and dissolution rate than the
corresponding stable polymorph. Consequently
the metastable polymorphic form of a poorly
soluble drug may exhibit an increased bioavail-
ability in comparison to the stable polymorphic
form of that drug.

A classic example of the influence of poly-
morphism on drug bioavailability is provided by
chloramphenicol palmitate. This drug exists in
three crystalline forms designated A, B and C. At
normal temperature and pressure, A is the stable
polymorph, B is the metastable polymorph and C
is the unstable polymorph. The unstable poly-
morphic form of chloramphenicol palmitate is too
unstable to be included in a dosage form.
However, the metastable form is sufficiently stable
to permit its incorporation in a dosage form. The
mean blood serum levels and urinary excretion
rates of chloramphenicol from orally administered
suspensions containing varying proportions of the
polymorphic forms A and B of chloramphenicol
palmitate were studied by Augiar et al. (1967).
The extent of absorption of chloramphenicol
increased as the proportion of polymorphic form
B of chloramphenicol palmitate increased in each
suspension. This was attributed to the more rapid
in vivo rate of dissolution of the metastable poly-
morphic form, B, of chloramphenicol palmitate.
Following dissolution, chloramphenicol palmitate
is hvdrolysed to give free chloramphenicol in
solution which is then absorbed. The stable poly-
morphic form A of chloramphenicol palmitate
dissolves so slowly and consequently is hydrolysed
so slowly to chloramphenicol m wvivo that this
polymorph is virtually without biological activity.
The importance of polymorphism to the gastroin-
testinal bioavailability of chloramphenicol palmi-
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tate is reflected by a limit being placed on the
content of the inactive polymorphic form, A, in
Chloramphenicol Palmitate Mixture BP.
Amorphous solids In addition to different poly-
morphic crystalline forms, a drug may exist in an
amorphous form. Since the amorphous form is
usually more soluble and rapidly dissolving than
the corresponding crystalline form(s), the possi-
bility exists that there will be significant differ-
ences in the bioavailabilities exhibited by the
amorphous and crystalline form(s) of a given
poorly soluble drug. A classic example of the
influence of amorphous versus crystalline form of
a drug on its gastrointestinal bioavailability is
provided by the work of Mullins and Macek
(1960) on the antibiotic drug, novobiocin. The
more soluble and more rapidly dissolving
amorphous form of novobiocin was readily
absorbed following oral administration of an
aqueous suspension to humans and dogs.
However, the less soluble and slower dissolving
crystalline form of novobiocin did not appear to
be absorbed to any significant extent. The crys-
talline form was thus therapeutically ineffective.
A further important observation was made in the
case of aqueous suspensions of novobiocin. The
amorphous form of novobiocin slowly converts to
the more thermodynamically stable crystalline
form with an accompanying loss of therapeutic
effectiveness. Thus unless adequate precautions are
taken to ensure the stability of the less stable,
more therapeutically effective amorphous form of
a drug in a dosage form, then unacceptable vari-
ations in therapeutic effectiveness may occur.
Solvates Another variation in the crystalline
form of a drug can occur if the drug is able 1o
associate with solvent molecules to produce crys-
talline forms known as solvates. When water is the
solvent, the solvate formed is called a hydrate.
Generally the greater the solvation in the crystal,
the lower is the solubility and dissolution rate in
a solvent identical to the solvation molecules.
Since the solvated and non-solvated forms of a
dmg us_ually exhibit differences in solubility and
dissolution rates, it is reasonable to expect that
sgch forms may also exhibit differences in
bioavailability particularly in the case of a poorly

soluble drug which exhibits dissolution rate-
limited bioavailability.

Poole et al. (1968) showed that the mor
aqueous soluble and rapidly dissolving anhydrous
form of ampicillin was absorbed to a greater extent
from hard gelatin capsule or aqueous suspension
dosage forms administered to humans or dog
than was the less soluble, slower dissolving
trihydrate form of ampicillin. However, it is poss
ible that the observed difference may not ha\'§
been due entirely to the state of solvation df
ampicillin but also due to formulation differences
within each type of dosage form tested.

Solubility of the drug in the diffusion layer
(salt forms) According to the Noyes-
Whitney equation (referred to earlier in lhi§ chapter
the dissolution rate of a drug in the gastrointestinal
fluids is influenced by the solubility (C) that te
drug exhibits in the diffusion layer surrounding
each dissolving drug particle. In the case of drugs
which are weak electrolytes, their overall aqueoss
solubilities are dependent on pH (see Chapter -
Hence in the case of an orally administered solid
dosage form containing a weak elec[ro!&’te dm:i
the dissolution rate of the drug will be_mﬂuen;hF
by its solubility and hence the pH 1n the di
fusion layer surrounding each dissolving dsi:
particle. It should be noted that the pH 1n t.heH <
fusion layer is not necessarily equal to the P 5
the bulk of the gastrointestinal fluids. The d;slsq i
ution rate of a weak acidic drug in gastrc lu;_
(pH 1-3) will be relatively low. Thi_s is 2 C0~u[hc
quence of the low solubility (C,) exhibited by
drug in the diffusion layer because of the lovfil
in this layer. If the pH in the diffusion la}_'f‘-"fgz )
be increased, then the solubility (Cs) exhlbhl] :
the weak acidic drug in this layer and hence Sui :
solution rate of the drug in the gastri g
would be increased even though the bulk pralucr
the gastric fluids remained at the same oW ¥ ]
The pH of the diffusion layer would be .m...re g
if the chemical nature of the weak’ acidic .
was changed from that of the free acid t© a;)djum
alkali salt form of the free acid, 8- e S50y
or potassium salt form of the free acid- hit
in the diffusion layer surrounding each ‘:aj; tha
the salt form would be higher (e.8- pH J- fuids
the low bulk pH (pH 1-3) of the gﬂs“"':smug
because of the neutralizing action of the o
alkali cations (e.g. K* or Na™* ions) preseft
diffusion layer (see Fig. 9.9).
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Fig. 9.9 Schematic representation of the dissolution process of a salt form of a weak acidic drug in gastric fluid. (After

Cadwallader, 1973)

Since the salt form of the weak acidic drug has

a relatively high solubility at the elevated pH in
the .diffusion layer, dissolution of the drug
pfmlcles will take place at a faster rate. When
dissolved drug diffuses out of the diffusion layer
mto the bulk of the gastric fluid where the pH is
lower than that in the diffusion layer, precipitation
of the free acid form of the drug is likely to occur.
rhl_s yvill be a result of the lower overall solubility
|  cxhibited by the drug at the lower bulk pH. Thus
.[h{? free acid form of the drug in solution, which

S In excess of its solubility at the bulk pH of the
gastric fluid, will precipitate out leaving a satu-
fated (or near saturated) solution of free acid in

[ the gastric fluid. It is considered that the precipi-
l “ted free acid will be in the form of very fine,
: :0“"01"126‘1, wetted drug particles which exhibit
' Very large total effective surface area in contact
| :’”h the gastric fluids (much larger than would
l da\’e been obtained if the free acid form of the
e;fu \‘:Etif'lad been admim's_tered): _This lar.ge IOFal
Sﬂlutio; Sfurface are_a_w:ll fac:llFa[e rapid redlis-
when ad;’ .the precxpltateq particles of free acid
ey 1tional gastric fluid becomes available as

quence of either

; S:;jgl'\'ed dmg being absorbed,
o3 é‘;ﬂal ﬂuu_j accumulating in the stomach,‘ or
from Ehe preczpua['ed particles being emptied
€ stomach into the intestine.

This g :
Pid redissolution will ensure that the
! fcentration

! of free acid in solution in the bulk

| oo B R L BRSO el

™ N W =

of the gastric fluids will be at or near to saturation
(at the bulk pH conditions prevailing in the
stomach).

Thus the oral administration of a solid dosage
form containing a strong alkali salt of a weak acidic
drug would be expected to give a more rapid rate
of drug dissolution and (in the case of drugs
exhibiting dissolution rate-limited absorption) a
more rapid rate of drug absorption than if the free
acid form of the drug itself had been included in
the dosage form. This is well illustrated by the
work of Nelson et al (1962) who showed that oral
administration of a non-disintegrating disc of the
more rapidly dissolving sodium salt of tolbutamide
produced a very rapid decrease in blood sugar
level (a consequence of the rapid rate of drug
absorption) followed by a rapid recovery. In
contrast, a non-disintegrating disc of the more
slowly dissolving tolbutamide base produced a
much slower rate of decrease of blood sugar level
(a consequence of the slower rate of drug absorp-
tion) but the lower sugar level was maintained for
a longer period of time. It is interesting to note
that the gradual but prolonged decrease in blood
sugar levels, and not the sharp dip and recovery
is the preferred clinical response to oral hypo-
glycaemic drugs (Cadwallader, 1973).

An alternative method of increasing the
dissolution rate of a weak acidic drug in gastric
fluid is the inclusion of non-toxic basic substances
in a solid dosage form containing the free acid
form of the drug. The presence of the basic ingre-
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dients ensures that a relatively alkaline diffusion
layer is formed around each dissolving drug
particle. The inclusion of the basic ingredients
aluminium dihydroxyaminoacetate and magne-
sium carbonate in acetylsalicylic acid tablets was
found to increase the gastric dissolution rate and
the bioavailability of this drug following oral
administration (Cadwallader, 1973).

A similar scheme to that described and shown
in Fig. 9.9 can also be used to explain why
strongly acidic salt forms of weak basic drugs (e.g.
chlorpromazine hydrochloride) dissolve more
rapidly in gastric or intestinal fluids than do the
corresponding free bases (e.g. chlorpromazine).
The presence of strongly acidic cations (e.g. Cl
ions) in the diffusion layer formed around each
dissolving acidic salt particle of drug ensures that
the pH in that layer is lower than the bulk pH in
either gastric or intestinal fluid. This lower pH
will increase the solubility of the drug (C,) in the
diffusion layer. The oral administration of a salt
form of a weak basic drug in a solid dosage form
generally ensures that dissolution of the drug
occurs in the gastric fluid before the drug passes
into the small intestine where the pH conditions
are less favourable to the dissolution of weak
bases. Hence the use of strong acidic salt forms
of weak basic drugs generally ensures that
stomach emptying (and not dissolution rate) is the
rate-determining step for the absorption of such
drugs from the small intestine (Notari, 1980).

For further information concerning the useful-
ness and limitations of salt forms of drugs, the
reader is referred to the review by Berge ez al.
(1977).

Complexation The rate and extent of absorption
of a drug depends on the effective concentration
of that drug, i.e. the concentration of drug in
solution in the gastrointestinal fluids which is in
an absorbable form. Complexation is one of the
principal types of physicochemical interactions
which can influence the effective drug concen-
tration in the gastrointestinal fluids. The other
types of interaction are adsorption and micellar
solubilization. Complexation of a drug may occur
within the dosage form and/or in the gastrointes-
tinal fluids.

An example of complexation between a drug
and a normal component of the gastrointestinal

tract is that between mucin and certain drugs.
Mucin is a viscous mucopolysaccharide which
lines the mucosal surfaces of the stomach and
intestines. Streptomycin, dihydrostreptomycin,
anticholinergic and hypotensive quaternary
ammonium compounds bind strongly to mucin
forming unabsorbable complexes. Thus complex-
ation with mucin reduces the effective concen-
tration and bioavailability of each of these drug}

Another example of complexation occurring!n
the gastrointestinal fluids is that between certan
drugs and dietary components. Tetracyclines form
insoluble complexes with calcium ions and other
polyvalent metal ions present in food (Remmers
et al., 1965). Since the complex formed &
insoluble in the gastrointestinal fluids, that frac-
tion of the antibiotic which has become complexed
is unavailable for absorption. Consequentl:v‘ tetrd-
cyclines tend to show reduced absorption if ta_kfﬂ
with milk or dairy products which contain calcml‘l?
ions. In addition antacids containing Ca’ " Mg
or Al** ions and iron preparations t‘pamculﬂfl."
those containing ferrous sulphate) also reduce the
bioavailabilities exhibited by tetracyclines vid the
formation of insoluble complexes. ;

Tetracyclines also provide an example of drugs
whose bioavailabilities are reduced by the

; . B ith ex
formation of poorly soluble complexes Wit

iDi - S xtent of
cipients present in dosage forms. The exte’
e < £ dicalcium

absorption of tetracycline is reduced I -
phosphate is included as a diluent in 2 [a.bi.ﬂm
hard gelatin capsule containing this antlt:;t)ce&
Other examples of complexes which give € ﬁm‘
drug bioavailability are those between ampf:
mine and sodium carboxymethylcellulose fo
between phenobarbitone and pOi.‘"f[h"lenc‘.gl-inn
4000. Complexation between drugs and exuplm'
such as cellulose derivatives, pOIYOl_Sv gumls Py
surfactants probably occurs quite often 1 "9 S
dosage forms; complexation is sometimes U
increase drug stability or solubility. o5 art

In many cases the drug—excipient com pm,e dly
soluble in the gastrointestinal fluids and ”-zsesﬂ
dissociate to liberate the ‘free’ drug. In Suc}.lt:soﬂ*
little or no effect of complexation on dmg_d s
tion is noted. Hence the rate at which 2 Lo'mi of
dissociates will determine whether 3bsol'P[_z ‘
the drug is as rapid and/or complete 3 !
absence of complex formation.
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It is also interesting to note that in a limited
number of cases, complex formation has been
found to improve drug absorption possibly as a
consequence of increased drug solubility/dissolution
rate and/or formation of well absorbed lipid-
soluble complexes. The gastrointestinal absorption
of ergotamine tartrate is increased by the simul-
taneous intake of caffeine (Schmidt and Fonchamps,
1974).

For additional information on complex
formation, the reader is referred to Florence and
Attwood (1981b).

Adsorption The concurrent administration of
drugs and medicinal products containing solid
adsorbents (e.g. antidiarrhoeal mixtures) may
result in the adsorbents interfering with the
absorption of such drugs from the gastrointestinal
tract. The adsorption of a drug onto solid adsorb-
ents such as kaolin, attapulgite or charcoal may
reduce the rate and/or extent of drug absorption
from the gastrointestinal tract. A decrease in the
f:ffective concentration of drug in solution which
s available for absorption will occur if a signifi-
“nt proportion of the administered dose of drug
15 adsorbed to the solid adsorbent at the site(s) of
absorption of that drug. A consequence of the
reduced concentration of ‘free’ (i.e. absorbable)
drug in solution at the site(s) of absorption will be
4 reduction in the rate of drug absorption.
Whether or not there will also be a reduction in
the extent of drug absorption will depend on
Whether or not the drug-adsorbent interaction is
*adily reversible. If the adsorbed drug is not
eadily released from the solid adsorbent in order
' replace that ‘free’ drug which has been
absorbed  from the gastrointestinal tract, then
there will be 5 reduction in the extent of absorp-
ton of that drug.

. -Xamples of drug-adsorbent interactions which
e refiuc"—‘d extents of drug absorption are pro-
g:)ﬁ‘;‘:’t‘:h}i:rcoal anq iincomycin;fkaopecrate. !n
iy the adsorpgon of promazine by the sqhd
i :t, attapulgite, only produces a reduction

.~ Tte but not extent of absorption of pro-
;1:;1:;_1“ bumans.. This is because the adsorbed
'0€ 15 readily released from attapulgite in

ord ; .
:lr 10 replace that ‘free’ promazine which has
(So absorbed from the gastrointestinal tract
rby, 1965).
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Based on the above discussion, insoluble ex-
cipients included in dosage forms should exhibit
little tendency to adsorb drugs present in the
dosage form otherwise these so-called inert excipi-
ents could interfere with the absorption of drugs.
Talc, which may be included in tablets as a glident
is claimed to interfere with the absorption of
cyancobalamin by virtue of its ability to adsorb
this vitamin. For further details of the biophar-
maceutical implications of adsorption, the reader
is referred to Florence and Attwood (1981¢).

Chemical stability of drugs in the
gastrointestinal fluids

Poor bioavailability usually results if a drug under-
goes extensive acid or enzyme hydrolysis in the
gastrointestinal tract. For instance, both penicillin
G and erythromycin are susceptible to acid-
catalysed hydrolysis and the extent of absorption
of these drugs is thus influenced by the time that
they reside in the stomach and on the gastric pH.
When a drug is unstable in gastric fluid, its extent
of degradation would be minimized (and hence its
bioavailability would be improved) if it exhibited
minimal dissolution in gastric fluid and rapid
dissolution in intestinal fluid. The concept of
delaying the dissolution of a drug until it reaches
the small intestine has been employed to improve
the bioavailability exhibited by erythromycin from
the gastrointestinal tract. Enteric coating of tablets
containing the free base, erythromycin, is one
method which has been used to protect this drug
from gastric fluid. The enteric coating resists
gastric fluid but disrupts or dissolves at the less
acid pH range of the small intestine. Hence the
drug is not liberated until the coated tablet reaches
the small intestine (further details concerning
enteric coating may be found later in this chapter
and in Chapters 18 and 40). However, despite the
protection offered to susceptible drugg f.rt?m
gastric fluid by enteric coating, the bioavallablht:\'
exhibited by drugs from enteric-coated tablets is
potentially more variable than from any other type
of dosage form (see later in this chapter).
Pro-drugs  An alternative method of protecting
a susceptible drug from gastric fluid, whict_l has
been employed in the case of erythromycin, is the
administration of chemical derivations of the
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parent drugs. These derivatives (called pro-drugs)
exhibit limited solubility (and hence minimal
dissolution) in gastric fluid but, once in the small
intestine, liberate the parent drug to be absorbed.
For instance, erythromycin stearate after passing
through the stomach undissolved, dissolves and
dissociates in the intestinal fluid yeilding the free
base, erythromycin, which is absorbed. In the case
of erythromycin estolate, which is the lauryl
sulphate salt of the ester erythromycin propionate,
the improved bioavailability exhibited by this pro-
drug is achieved in two ways. First, the poorly
soluble lauryl sulphate salt remains undissolved
and is thus not degraded during its passage
through the stomach. Once in the small intestine,
the lauryl sulphate salt dissolves and dissociates to
give the ester, erythromycin propionate. Second,
erythromycin propionate by virtue of its increased
lipid solubility is better absorbed than the free
base erythromycin. Once present in the blood,
erythromycin propionate hydrolyses to liberate
erythromycin, the active form of the antibiotic.

DOSAGE FORM FACTORS INFLUENCING
DRUG ABSORPTION FROM THE
GASTROINTESTINAL TRACT

The rate and/or extent of absorption of a drug
from the gastrointestinal tract has been shown to
be influenced by many physiological factors
associated with this route of drug administration
and by many physicochemical properties associated
with the drug itself. The bioavailability of a drug
administered in a dosage form can also be influ-
enced by factors associated with the formulation
and production of the dosage form. This aspect
of biopharmaceutics will now be considered.

Influence of excipients

Drugs are almost never administered alone to
patients but in the form of dosage forms. A dosage
form generally consists of a drug (or drugs)
together with a varying number of other
substances (called excipients) that have been
added to the formulation in order to facilitate the
preparation, patient acceptability and functioning

At t achnent 3a: Copy of Document 3 fromthe Rutgers University Library

of the dosage form as a drug delivery system
Excipients include disintegrating agents, diluents,
lubricants, suspending agents, emulsifying agents,
flavouring agents, colouring agents, chemicl
stabilizers etc. Excipients are also referred to &
adjuvants, additives or inert ingredients. Although
excipients were considered to be inert in that they,
themselves, should not exert any therapeu;ic o
biological action or modify the biological action o
the drug present in the dosage form, it is ow
recognized that excipients can potentially infi
ence the rate and/or extent of absorption of th
drug. For instance, the potential influence o .
excipients on drug bioavailability has already been

implicated by virtue of the formation of D‘Wi'{
soluble, non-absorbable drug—excipients comples
between tetracyclines and dicalcium phOSPhﬂ‘F'
amphetamine and sodium carboxymethylceliuiw
and phenobarbitone and polyethylene glycol 400

Diluents

A dramatic example of the influence that exc:p:

ents employed as diluents can have on dlm
bioavailability is provided by the Aust?
outbreak of phenytoin intoxication which O&?rrlhc
in epileptic patients as a consequence Om -
diluent being changed in sodium Phe‘}f’ i |
capsules (Tyler et al., 1970). Maﬂ?i_ew:sﬂh .
patients who had been previously ff[a_blhzijl‘mm !
sodium phenytoin capsules containing '!L f
sulphate dihydrate as the diluent, d::\eo.ﬁ
clinical features of phenytoin overdosage a“:nin‘f
given sodium phenytoin capsules cont e
lactose as the diluent even though [he.quanli‘l. i
drug in each capsule formulation was 1dent‘1;i‘i'um ‘
was later shown that the excipient -lefo:“
sulphate dihydrate had been FE‘SF_’OHS'I_JLHK.
decreasing the gastrointestinal absorption ’ ;;ster&
toin, possibly because part of the admmrbablc
dose of drug formed a poorly absogh ¢
calcium-phenytoin complex. Hence, sithod of th
size of dose and frequency of admim.S‘.raUmi Gius
sodium phenytoin capsules contiflﬂmio‘; jeveh
sulphate dihydrate gave therapeutic bl fficiens’
of phenytoin in epileptic patients, the ¢ -
of absorption of phenytoin has bee".lowce pard
the incorporation of this excipient I ulphs® |
gelatin capsules. Hence when the calcium ‘
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m. dihydrate was replaced by lactose, without any trations of surfactant would be expected to occur
i3, | alteration in the quantity of drug in each capsule in the case of drugs which are normally soluble in
s, or in the frequency of administration of such the gastrointestinal fluids, i.e. in the absence of
cal capsules, the accompanying improved bioavail- surfactant. However, in the case of poorly soluble
S ability resulted in higher plasma levels of pheny- drugs whose absorption is dissolution rate limited.
gh toin. In many patients, the higher plasma levels the increase in saturation solubility of the drug by
ey, exceeded the maximum safe concentration for solubilization in surfactant micelles could result in
o | phenytoin and produced toxic side effects. This more rapid rates of drug dissolution and hence
of case is also discussed in Chapter 19. absorption. Very high concentrations of surfactant
oW in excess of that required to solubilize the drug
fu- : could decrease drug absorption by decreasing the
Surfactants v AT
the chemical potential of the drug.
of Surfactants are often employed as emulsifying Release of poorly soluble drugs from tablets and
el agents, solubilizing agents, suspension stabilizers hard gelatin capsules may be increased by the
rly or as wetting agents in dosage forms. However, inclusion of surfactants in their formulations. The
8 surfactants in general cannot be assumed to be ability of a surfactant to reduce the solid/liquid
e, | ‘inert’ excipients since they have been shown to interfacial tension will permit the gastrointestinal
0s¢ be capable of either increasing, decreasing or fluids to wet more effectively and to come into
(0. exerting no effect on the transfer of drugs across more intimate contact with the solid dosage forms.
! biological membranes. In addition, surfactants This wetting effect may thus aid the penetration
, might also be able to produce significant changes of gastrointestinal fluids into the mass of capsule
in the biological activity of drugs by perhaps contents which often remains when the hard
p- | exerting an influence on drug metabolizing gelatin shell has dissolved and/or reduce the tend-
g | enzymes or on the binding of drugs to receptor ency of poorly soluble drug particles to aggregate
jan proteins (Florence, 1981). in the gastrointestinal fluids. In each case, the
red Many studies aimed at elucidating the mech- resulting increase in the total effective surface area
e }  anisms by which surfactants can influence drug of drug in contact with the gastrointestinal fluids
o | absorption have involved simple animal models of would tend to increase the dissolution and absorp-
i | drug absorption such as the gill membrane of the tion rates of the drugs.
ith | goldfish, the isolated rabbit gastric mucosa and the It is interesting to note that “the enhanced
i _hgated gastric fundic pouch of the dog. Although gastrointestinal absorption of phenacetin in
ped It is not clear to what extent such animal studies humans resulting from the addition of polysorbate
28 “n be extrapolated to humans, some potential 80 to an aqueous suspension of ‘this drug was
iné %ays in which surfactants might influence drug attributed to the surfactant preventing aggregation
j o absorption from the gastrointestinal tract in and thus increasing the effective surface area and
LI ! Umans are as follows. Surfactant monomers can dissolution rate of the drug Pﬂr"d"’: in the
ur ; Potentially disrupt the integrity and function of a gastrointestinal ﬂpids (Prescott et al., I9/())._
ff §  Membrane. Hence, such a membrane-disrupting It is also possible that surfactants could influ-
of | tffect would tend to enhance drug penetration and ence drug absorption by exerting a physm]ng:cal
el : ®Nce absorption across the gastrointestinal action of their own on the gas"’_”'“"-"fll“al tract,
bic trier. Inhibition of drug absorption may occur for instance by altering the gastric residence time
ﬁ ' :;:Onsequ?nce of a drug being incorpo_rated into of a drug. i b kbt
: “lant micelles. If such surfactant micelles are The possible mechanisms by which surfactants
Ui ‘:"’l absorbed, which appears to be usually the can influence drug absorption are varied and it is
vé ¢, then solubilization of a drug may result in likely that only _rarely will a single mechanism
?ﬁ 3 :()i'z‘ézcugn of the conc_emra_tion of ffree‘ drug l:ﬂ ot[}exiate :r:j r:jwl;;:g:’:m[iznn::?lt ;:;;:i}l:rh:n:::‘:‘?i{:
;ﬂa* “‘ailabrll it ganr()_mtesunal_ f.h'!lds e f giffercm actions of the surfactant
it ! abso . f‘?l' absorption. Inhibition of drug number o Rt cav ot AR
! PUON in the presence of micellar concen- (some of which will produce opposing s
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drug absorption) and the observed effect on drug
absorption will depend on which of the different
actions is the over-riding one. The ability of a
surfactant to influence drug absorption will also
depend on the physicochemical characteristics and
concentration of the surfactant, the nature of the
drug and on the type of biological membrane
involved. Reviews on the effects of surfactants on
drug absorption are provided by Gibaldi (1970),
Gibaldi and Feldman (1970) and Florence (1981).

Viscosity-enhancing agents

Viscosity-enhancing agents are often employed in
the formulation of liquid dosage forms for oral use
in order to control such properties as palatability,
ease of pouring and, in the case of suspensions,
the rate of sedimentation of the dispersed
particles. The viscosity-enhancing agent is often
a hydrophilic polymer but many sugars serve the
dual function of sweetening and viscosity-enhancing
agents.

There are a number of mechanisms by which
a viscosity-enhancing agent may produce a change
in the gastrointestinal absorption of a drug.
Complex formation between a drug and a hydro-
philic polymer could reduce the concentration of
drug in solution which is available for drug
absorption (see earlier in this chapter). The
administration of viscous solutions or suspensions

may produce an increase in viscosity of the
gastrointestinal contents.

viscosity could lead to
effects:

Such an increase in
the following general

1 a decrease in gastric emptying rate
increase in gastric residence time,

2 a decrease in intestinal motility,

3 a decrease in dissolution rate of the drug, and

4 a decrease in the rate of movement of drug
molecules to the absorbing membrane.

» lLe. an

Normally, effect 3 would not be applicable to
solution dosage forms unless dilution of the
administerted solution in the gastrointestinal
fluids caused precipitation of the drug. Levy and
Jusko (1965) suggested that effects 1, 2 and -
would lead to a decrease in the rates of absorption
of drugs from viscous solutions. Studies in which
increased viscosity was found to produce reduc-

tons in the rates of absorption of drugs from
solutions include the effects of sucrose solutions |
on the induction time of phenobarbitone sodium
(Malone er al., 1960), methylcellulose on the
absorption of solutions of sodium salicylae
(Davison et al., 1961) and salicylic acid {LEV}f and
Jusko, 1965), different gums on thfi urinary
excretion rate of sodium salicylate solution (Bach-
vnsky et al., 1976) and sodium alginaft on the
bioavailability of phenolsulphonphathalein (Asks
and Levy, 1973). _
In the case of suspensions containing drugs with
bioavailabilities that are dissolution rate dependent,
an increase in viscosity could also lead 10 .3
decrease in the rate of dissolution of the d}'UEI;F
the gastrointestinal tract. Thus the observauanmz
Seager (1968) that methylcellulose 'reduced :
rate and extent of absorption of mtrofurﬂﬂ;:"‘;
from aqueous suspensions of this drug could ha
been due to effects 1, 2, 3 and 4. 11_1 addllloﬂ-
nitrofurantoin may form complexes with mﬂht.‘h‘
cellulose which could also tend to redu&:g?é‘f
absorption of this drug (Shah and Shelh, 1 ¢ uI
The potential absorptjon-enhancmg_effec .
increased viscosity have been considered deﬁ
Barzegar-Jalali and Richards (1979). An fx‘;‘;ﬂm
gastric residence time, or a slower gtesl{nﬂl .
time produced by an increase in viscosity, o
allow a longer period in which drug dlSSOd s
could occur in the gastrointestinal tract mbsorl*
could lead to an increase in the extent Of A .
tion of a drug from a suspension. In 3dd‘§°§; o
increase in gastric residence time cause i
Increase in viscosity could also enhaﬂcvajuﬁ
amount of absorption of drugs with pK_; i
that permit absorption of those drugS_ ZOUHBS‘I
stomach. Similarly an increase in intestnl o
time would favour an increase in the anll:; intes
absorption of the majority of drugs since t s
tine is the optimal site of absorption (fm] s
drugs. The net effect of increased viscosity i1
absorption of a particular drug from the gjr pot
intestinal tract will thus depend on th[he.r n the
the absorption-enchancing effects OU“V":.IEC()S-I“:
absorption-reducing effects of increased VISCO>™
It is interesting to note that the absorlia”
enhancing effects of increased viscosity ?E:cls i |
o outweigh the absorption-reducing € i ':
studies on the effects of various macromo f
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Type of dosage form

suspending agents on the bioavailabilities of
aspirin and salicylic acid in the rabbit (Barzegar-
Jalali and Richards, 1979).

The above examples serve to illustrate that so-
called ‘inert’ excipients can often markedly influ-
ence the bioavailabilities of drugs administered
in dosage forms via the gastrointestinal route.

Influence of the type of dosage form

In addition to the amount and physicochemical
nature of each so-called ‘inert’ excipient included
in a formulation, the type of dosage form and its
method of preparation or manufacture can influ-
ence bioavailability. Thus, whether a particular
drug is incorporated and administered in the form
of a suspension, a hard gelatin capsule or a tablet
can influence the rate and/or extent of absorption
of that drug from the gastrointestinal tract. The
type of oral dosage form will influence the number
of possible intervening steps between adminis-
l;ation of the dosage form and the appearance of
dissolved drug in the gastrointestinal fluids, i.e.
[h'e type of dosage form will influence the release
of drug into solution in the gastrointestinal fluids.
A simplified scheme depicting this is shown in
Fig. 9.10.

Aqueous
solution

intestinal fluids

Precipitation

FACTORS INFLUENCING BIOAVAILABILITY 165

In general, drugs must be in solution in the
gastrointestinal fluids before absorption can occur.
Thus the greater the number of intervening steps,
the greater will be the number of potential
obstacles to drug absorption and the greater will
be the likelihood of that type of dosage form
reducing the bioavailability exhibited by the drug.
Hence the bioavailability of a given drug tends to
decrease in the following order of types of dosage
form: aqueous solutions > aqueous suspensions
> hard gelatin capsules > uncoated tablets >
coated tablets. Whilst the number of intervening
steps between administration and the appearance
of a drug in solution in the gastrointestinal fluids
may be equal in the case of the hard gelatin
capsule and tablet dosage forms (see Fig. 9.10),
the fine particles of drug in a hard gelatin capsule
are not normally subjected to high compression
forces and the subsequent reduction in effective
drug surface area as a consequence of the tablet
manufacturing process and to the difficulty in
regenerating well dispersed drug particles after
administration. Hence, particularly in the case of
a poorly soluble drug, the rate of appearance of
a given drug in solution in the gastrointestinal
fluids is likely to be slower from a tablet than from
a hard gelatin capsule. Although the above

Possible intervening steps between
administration and appearance
of drug in solution in gastro-

Suspension of Solution of Absorption
: Agqueoys fine particles drug in
: . g |
! Suspension | ———— g of drug in — Dissolution —» gastrointestinal s 51000
{ gastrointestinal fluids
fluids
|
4 Hard
. Gelatin Deaggregation
[ Capsule Disintegration
-
Aggregates : ;
Disintegration e or Dissolution
- i granules
: i Dissolution
|
i
r |
f

Fig.g . b i in the gastrointestinal
Ay .10 Schematic outline of the influence of the dosage form on the appearance of a drug in solution in the gastroi i
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ranking of the types of oral dosage form is not
universal, it does provide a useful guideline. In
general solution and suspension dosage forms are
most suitable for administering drugs intended to
be rapidly absorbed. However, it should be noted
that other factors (e.g. stability, patient acceptability
etc.) can also influence the type of dosage form in
which a drug is administered via the gastrointes-
tinal route.

Agqueous solutions

For drugs which are water soluble and chemically
stable in aqueous solution, formulation as a
solution normally eliminates the in vivo dissolution
step and presents the drug in the most readily
available form for absorption (Rees, 1974).
However, dilution of an aqueous solution of a
poorly soluble drug (whose aqueous solubility has
been increased by means of formulation tech-
niques such as cosolvency, complex formation or
solubilization) in the gastric fluids can result in
precipitation of the drug. Similarly exposure of an
aqueous solution of a salt of a weak acidic
compound to gastric pH can also result in precipi-
tation of the free acid form of the drug. However,
In most cases, the extremely fine nature of the
precipitate permits a more rapid rate of dissolution
than if the drug had been administered in other
types of oral dosage forms such as an aqueous
suspension, a hard gelatin capsule or a tablet.

Factors associated with the formulation of
aqueous solution dosage forms which can influ-
ence drug bioavailability include

1 the chemical stability exhibited b

aqueous solution and the
2 complexation, i.e.

y the drug in
gastrointestinal fluids,
formation of a complex
between the drug and an excipient included to
increase the aqueous solubility, the chemical
stability of the drug or the viscosity of the
dosage form,
3 solubilization, i.e. the incorporation of the drug

into micelles in order to increase the aqueous
solubility of the drug and

4 the viscosity of solution

larly if a viscosity-enh:
included.

dosage form, particu-
ancing agent has been

Information concerning the potential influence of

each of the abeve factors on drug bioavailablity
from the gastrointestinal tract is given in ea:!i:.r
sections of this chapter. Further details concerning
the formulation of oral solution dosage forms ar
given in Chapter 14.

Aqueous suspensions

An aqueous suspension is a useful dosage form for
administering an insoluble or poorly aqueols
soluble drug. Usually the absorption of a drug
from this type of dosage form is dissolution r
limited. Oral administration of a dose 013.1!
aqueous suspension results in a large .tota[ Sl.mf
area of dispersed drug being 1mme_djate_\
presented to the gastrointestinal ﬂu1ds. This luge
surface area facilitates dissolution and he“f"
absorption of the drug. In contrast to hard gﬁl;:'ﬁ
capsule and tablet dosage forms, _d1ssoluuon_10ﬂ0n
drug particles commences immediately on dilut |
of the dose of suspension in the gastromtes;lf:m
fluids. A drug contained in a tablet or hard‘g:1 6
capsule may ultimately achieve the s_ame stﬂo i
dispersion in the gastrointestinal fluids bu{ﬁncl;'
after a time lag. Thus a well for_mula[ed;ie‘j L
subdivided aqueous suspension is regar 571
being an efficient oral drug delivery S o8
second in efficiency only to the solution
dosage form (Gibaldi, 1984). :

Factors associated with the formulatio® e
aqueous suspension dosage forms which can e
ence the bioavailabilities of drugs from
gastrointestinal tract include:

of

il

1 the particle size and effective surface area of
dispersed drug,

2 the crystal form of the drug, :

3 complexation, i.e. the formation ©
absorbable complex between the drd
excipient such as the suspending agent oc-

4 the inclusion of a surfactant as a wetting
culating or deflocculating agent and

5 the viscosity of the suspension.

f a pov
g and ¥

i nee
Information concerning the potential ,gﬁ\;{i ]
of the above factors on drug bioavail2 Fur— e
given in earlier sections of this chapter: nd U
information concerning the formulation 2

i i given 10 p
of suspensions as dosage forms is gi
15.

el
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Soft gelann capsules

Soft gelatin capsules combine the convenience of
a unit dosage form with the potentially rapid drug
absorption associated with aqueous solution and
suspension types of dosage forms (Rees, 1974).
Drugs encapsulated in soft gelatin capsules for
peroral administration are dissolved or dispersed
in a non-toxic, non-aqueous vehicle. Such vehicles
may be water immiscible (i.e. lipophilic) or water
miscible (i.e. hydrophilic). Vegetable oils are
popular water-immiscible vehicles whilst poly-
ethylene glycols and certain non-ionic surfactants
(e.g. polysorbate 80) are employed as water-
miscible vehicles.

Release of the contents of a soft gelatin capsule
is effected by dissolution and splitting of the flex-
ible shell. Following release, a water-miscible
vehicle disperses and/or dissolves readily in the
gastrointestinal fluids liberating the drug, depending
on its aqueous solubility, as a solution or a fine
Suspension in the gastrointestinal fluids. The drug
15 thus liberated in a form which is conducive to
@apid absorption. Many poorly water-soluble
drugs have been found to exhibit greater
bioavailabilities from soft gelatin capsules containing
Water-miscible vehicles than from aqueous suspen-
Slons, hard gelatin capsules or tablets (Armstrong
and James, 1980). In the case of soft gelatin

FACTORS INFLUENCING BIOAVAILABILITY 167

testinal fluids will facilitate partition of the drug
across the oil/aqueous interface. For a drug which
is suspended in an oily vehicle, drug release may
involve dissolution in the vehicle, diffusion to the
oil/aqueous interface, and partition across the
interface. It is also possible that release could
involve the passage of solid drug particles across
the oil/aqueous interface followed by dissolution
in the gastrointestinal fluids. This latter mechan-
ism has been proposed by de Blaey and Pold-
erman (1980) as a model for drug release from
lipophilic suppository vehicles containing suspended
drug.

Factors associated with the formulation of soft
gelatin capsules which can influence the bioavail-
abilities of drugs from this type of dosage form
include:

1 solubility of the drug in the wvehicle (and
gastrointestinal fluids),

2 particle size of the drug (if suspended in the
vehicle),

3 nature of the vehicle, i.e. hydrophilic or lipo-
philic (and whether a lipophilic vehicle is a
digestible or non-digestible oil),

4 inclusion of a surfactant as a wetting agent/
emulsifying agent in a lipophilic vehicle or as
the vehicle itself,

5 inclusion of a suspending agent (viscosity-
enhancing agent) in the vehicle, and

f :‘:iopsu_les COﬂIal:ning. d_rugs - .solution Or SUSPEn- ¢  omplexation, i.e. formation of a non-
¢ e Peist-immiscible vehicles, release of the absorbable complex between the drug and any
g ‘?mﬁﬂtS_ will almost certainly be followed by excipent.
dispersion in the gastrointestinal fluids. : : : : ;
Dispersion  will be facilitated by emulsifiers Additional information concerning soft gelatin
; ;{icluded in the vehicle and also by bile. If the capsules is given in Chapter 19.
ilpﬁ!’hﬂlc vehicle is a digestible oil and the drug
; Smlghl}’ SOlUbl.e m the oil, it is possil_)le that the ., gelatin capsules
ﬂ 8 will remain in solution in the dispersed oil e
Phase and be absorbed (along with the oil) by fat Generally the bxoavallgbllny of a drug from a wgll
absorption processes (Armstrong and James, formulated hard gelaun capsule dosage fom w;ll
i_930)- For a drug which is less lipophilic or is be better than or at Eegst equal to the bioavail-
dissoivcd in a non-digestible oil, absorption prob- ability of the same drug from a compressed tablet.
ably occyrs following partitioning of the drug The small particles of drug in a capsule are not
¢ | 1M the oily vehicle into the aqueous gastroin- subjected to the same degree of compression and
s | Stinal fly;ge In this case, the rate of drug possible fusion which would reduce the effective
R i 3 : ride > e
f | rpll()]:l appears to depend on the rate at which surfa.ce area of‘ the drug. _E;;o,\. l.d:.dht‘hat _th:‘hard
s | U8 partitions from the dispersed oil phase. The gelatin shell dissolves rapidly . - gast.rmntcs-‘
£ §  TCtease jp interfacial area of contact resulting tinal fluids and the encapsum_ted mass d:sperf;e:,
| m dispersion of the oily vehicle in the gastroin- rapidly and efficiently, a relatively large effective

Croy s
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surface area of drug will be exposed to the
gastrointestinal fluids thereby facilitating drug
dissolution. However, it is incorrect to assume
that because a drug formulated as a hard gelatain
capsule is in a finely divided form surrounded by
a water-soluble shell, no bioavailability problems
can occur (Rees, 1974). The overall rate of
dissolution of drugs from capsules appears to be
a complex function of the rates of different

1 the dissolution rate of the gelatin shell,
2 the rate of penetration of the gastrointestinal
fluids into the encapsulated mass,

Hard gelatin capsule
containing only hydrophobic
drug particles

3 the rate at which the mass deaggregates (i¢
disperses) in the gastrointestinal fluids, and

4 the rate of dissolution of the dispersed drug
particles (Finholt, 1974).

The inclusion of excipients (e.g. diluents, lubs-
cants and surfactants) in a capsule formulation
can have a significant effect on the rae o
dissolution of drugs, particularly those which ae
poorly soluble and hydrophobic. Figure 9.1

"shows that a hydrophilic diluent (e.g. sorbitl

lactose) often serves to increase the rate l_‘i
penetration of the aqueous gastrointestinal ﬂm\.--
into the contents of the capsule and to aid disper-

Hard gelatin capsule containing hydrophobic drug
particles (o) and hydrophilic diluent particles (¢}

In gastrointestinal fluids, hard gelatin capsule shell dissolves, thereby exposing contents to fluids

Contents remain as a capsule-shaped plug. Hydrophobic
nature of contents impedes penetration of
gastrointestinal fluids

Dissolution of drug occurs only from surface of
plug-shaped mass. Relatively low rate of dissolution

Fig. 9.11 D:agxamf_muc representation of how a hydr
hvdrophobic drug from a hard gelatin capsule

Particles of hydrophilic diluent dissolve in

‘ ¢ ; : f drug
gastrointestinal fluids leaving a porous mass 0

o 0 %fo\g,% 0010&/

PP

; ; ¥ mass
Gastrointestinal fluids can penetrate porous

umgnr e

£ issolu
Effective surface area of drug and hence diss
is increased

tion g

g : 2 Ry , =3 v wlubif'
ophilic diluent can increase the rate of dissolution of a poorls
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regates (i.c. sion and subsequent dissolution of the drug in 3 crystal form of the drug,
ids, and these fluids. However, the diluent should exhibit 4 the chemical stability of the drug (in the
persed drug no tendency to adsorb or complex with the drug dosage form and gastrointestinal fluids),

lents, lubn-

since either can impair absorption from the
gastrointestinal tract. For instance, the bioavail-
ability of tetracycline is reduced if dicalcium phos-

5 the natures and quantities of the diluent,
lubricant and wetting agent,
6 drug—excipient interactions (e.g. adsorption,

[{lm;ﬁuﬁ phgtg is. included as the diluent in capsules of this complexation), ‘ _
. I anubmuc. A p_()url_v soluble., {lon-absnrbablc 7 the type .und cnno..hlmr.ls of the filling process,
Figure 9.1 calcmm—te}racycimc conjxplex is formed as the 8 the packmg. L-]Cﬂhll)‘ of the ca_p.sulc contents,
g sl contents of the capsule dissolve in the gastrointes- 9 the composition and properties of the capsule
['hé rate o tinal ﬂUld?- ‘ . §hull l.mcludmg enteric capsules), and
stinal fluids M_agnesn}m stearate 1s commonly mclm_icd as a 10 interactions between the capsule shell and
‘aaid e lubricant for the capsule-filling operation. Its contents.
hydrophobic  nature often retards liquid it B ahaia UG e
Jemewration’ so. that! 4. capsule-shaped: plug:often ‘urF er m'nrmfnun_L(:nL.Lrn;ng the |r gelatin
: - 5 A capsule as a dosage form is given in Chapter 19,
: remains after the shell has dissolved in the
gastrointestinal fluids, especially when the contents
have been machine-filled as a consolidated plug Tablets
bic drug (f::;nllzml;‘ I‘I[L;l\:'f:\:l?;;ulll::];éf;[ :jgi[ljtza“sf b:; Uncoated tablets thn.a drug is formulated as
les (#) wetting ageni PRSI AT R R a comprcsscd .tah.]ct, rhcru IS an enormous reduc-
a hydrophilic (iii.lu'ent A contcn-[s tion in the cﬂccgvc surface area nt_thc drug due
Bulh dhe ¢ Stk ool b L d N the granulanun anq compression  processes
ditions of [hco;m;lu?;izﬁi:n r;)ce’s:il;; :&ectc?l[]lc involved in tablet making (see Chapters 37 ..lrl’]d
ackinie densi yp' ; g P i 5 R T 39). These processes also necessitate the addition
E)j;\)::tg COSII:Z::t}s ?;i;:g:ldl9%"2?!“11[)11:;:@;:1 [a; of cxcipif:nls whic‘h themselves may u!:gr rl}c
Brians 1 kit i R g 2% release of a drug from a tablet. Many bioavail-
fi-u' oo A .deuus" 1 ability problems are associated with this reduction
E;}s:mu:,i (: ;he cnc‘ap.sulil_ted. dmas‘s Wlubﬁ’.r:)'hébls in effective surface area of drug anld with the prob-
\'ass of drug dissolution rmeue'asg_‘u];' Ilqu; hput'jmea ; 1[:: :II;_ lems of gcncraliqg a tlmc. well dl.\-.pcrscd suspen-
phobic or if achrzilr;(l:i%]iydl u[ e's ::5{ lj W);lh A sion uf drug pa_rt}mlcs in Thc‘gaslmmtt:sllpal fluids
hydrophobic Iub ri-campsulcilt asr nfal esiur; s fn.l_luw.'mg administration of a tahlct.b.‘slmcc thc
If the encapsulated mass is tightlfﬁacked and the cttcgtnve surfacc‘ &fm’ l.ﬂﬂu E“““FI,\ \anu dk diu’: ”
drug is hydrophobic in nature then a decrease in " 1m.pnrt'a‘m t.mur 1'n Vumun.g o hy :W:.i‘;(f[n
dissolution rate with a conco;rlitan( reduction-in . st ?bp{ml.h.hlmlzug-d.[-“ ,l ‘JI. : :l:
Particle size would be expected unless a surfactant containing such Qrugs s «:u -N?.MTT Lﬂras - if
bad been included to t'z; ‘izlitatc li ui;i netration et vy A H\\‘lmmuj"-nl: srrwih
= g - ". - q : ng:: i ofa; r'-ipld_ drug release, dlssnlum‘m' and al ﬁnrr‘!tu‘m is
Micronized hyd Lhref:’c :j" 11;)3011 e required. The overall rate of tablet disintegration
liquid [‘Nrmc-abr';)'pvo ;f- hrug ‘- léiieff;l gma“ is 'mﬂ[lzcnccd by several mrcrdcpcnd'cm factors
Mewson. s uity of the encapsulate e w'hich mclugit‘ the cur.lfcn[‘ratfnn an:j th\pe. of dru;,ai
In summar\'. formulation factors which can d:lugm. PRty _:lj;h.lmthg r.m‘t : ;11 r,lt:m:c\.:i?:.
nfluence the Bi’oavailabiiitics of drugs from hard “\,:i“(nﬁa‘;ﬁt?[!:‘: et S e
#eltin capsules include: 2 A :iiagrammanc representation of the disinte-
| | surface area and particle size of drug (particu- gration and dissgluunn steps that normally ”\“.j.r
jissolution ™ | larly the effective surface area exhibited by the with a tablet prior to drug ah\urlptlnn 1{n \.l';n:ltf
; drug in the gastrointestinal fluids), in F'g‘i 18.1. Thc k}]‘l\bl)l:l{fl‘nl of t1 ﬂ?#i \tt u l:
cly solubler | use of the salt form of a drug in preference to drug from an Intact tablet #‘, u.““ \ L,\\tf;ﬁpq
: limited because of the relatively small effective

the A
he parent weak acid or base,
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170 BIOPHARMACEUTICS

surface area of drug exposed to the gastrointestinal
fluids. Disintegration of the tablet into granules
causes a relatively large increase in effective
surface area of drug and the drug dissolution rate
may be likened to that of a coarse., aggregated
suspension. Further disintegration into small.
primary drug particles produces a further large
increase in effective surface area and dissolution
rate of the drug. The dissolution rate is probably
comparable to that of a fine, well dispersed
suspension of drug (Gibaldi 1984). Disinte-
gration of a tablet into primary drug particles is
thus important since it ensures that a large effec-
tive surface area of poorly soluble dru

g is gener-
ated in

order to facilitate dissolution and
subsequent absorption of the drug (Wells and
Rubinstein, 1976).

However, simply because a tablet disintegrates
rapidly does not necessarily guarantee that the
liberated primary drug particles will dissolve
rapidly in the gastrointestinal fluids and that the
rate and extent of drug absorption will be
adequate. In the case of poorly soluble drugs, the
rate-controlling step for drug absorption is usually
the overall rate of dissolution of the liberated drug
particles in the gastrointestinal fluids. The overall
dissolution rate and bioavailability of a poorly
soluble drug from an uncoated conventional tablet
is influenced by many factors associated with the
formulation and manufacture of this type of
dosage form

(Finholt, 1974). These factors
include:
1 the physicochemical properties of the liberated
drug particles in the

gastrointestinal fluids. e.g.

wettability, effective surface area, crystal form.

chemical stability,
the narure

[ g9

and quantity of the diluent,

binder, disintegrant, lubricant an,
agent,

3 drug-excipient interac
the size of- the
manufacture,

d any wetting

tions (e.g. complexation)
granules and their method of

the compaction pressure and s
pression used in tableting, and

the conditions of Storage and age of the tablet.

peed of com-

L

Since drug absorption and h
are dependent
dissolved state, s

ence bioavailabilit_v
upon the drug being in th

e
uitable dissolution characterist

ics

can be an important property of a satisfacton
tablet, particularly if it contains a poorly solqblc
drug. On this basis, specific in vitro dlsselutm;
test conditions and dissolution limits are included
in the British Pharmacopoeia for tablets (and hard
gelatin capsules) containing certain drugs, eg
digoxin. That a particular drug produFl meets lh;
requirements of a compendial dissolution staqdaru
provides a greater assurance that the drug will b
released satisfactorily from the formulated dosag
form in vivo and be absorbed adequately.
Further information on formulation and release
of drugs from tablets is given in Chapter 18:
Coated tablets The most common of 1!1;
various types of coated tablets are sugar-cnaFt:l
and film-coated tablets. The presence 91 a C03'U".-.
around a tablet presents a physical barqer bel\’-ﬂ
the tablet core and the gastrointestinal fiuid
Hence coated tablets not only possess all mﬁ
potential bioavailability problems assocxa[eq \‘H[:
uncoated conventional tablets but are SU_b'ed.i
the additional potential problem of "h.em;
surfounded by a physical barrier. In [he case ;C
a coated tablet which is intended to Q1sm§egffhc
and release drug rapidly imo. solution di‘[-lsoh‘i
gastrointestinal fluids, the coating musf‘ Lo Tie
or disrupt before these processes can 0~“ur1-' e
physicochemical nature and th;gknebs fi)rug .
coating can thus influence how quickly 2
released from a rtablet. : b
In the process of sugar coating, the [aﬁi 5
is usually sealed with a thin contmuous‘h El?ac =
poorly water-soluble polymer such as 54[;" This
cellulose acetate phthalate (see Chapter ‘ re =
sealing coat serves to protect the [.ablel ‘ig_ -
its contents from the aqueous coating flu! ‘meg
in the subsequent steps of the SUg'flr'Lwa[er'.
process. Hence the presence of [_hlig' i
impermeable sealing coat can POIC““"’“‘_M o
drug release from sugar-coated tablets. In such &
this potential problem, annealing 33““{‘5 . which
polyethylene glycols or calcium carbonaté imper
do not substah[ially reduce the water opatith
meability of the sealing coat during sugar € -
but dissolve readily in gastric fluid, may
to the sealer coat in order to reduce the
effect of this coat to rapid drug releasg-
The coating of a tablet core by a thin
of a water-soluble polymer such as

let cor

.ban—icf

hydros*
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