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Gastrointestinal Absorption.

Role of the Dosage Form

Most of the drugs used today are potent and

increasingly, specific. However, finding a chemi-

cal that selectively binds to an enzyme in the my-

ocardium or inhibits the synthesis of a key element

in blood clotting does not constitute drug discovery.

Among the requirements for a drug, we must be

able to administer it to the whole animal and it

must find its way to the site of action. In this sense,

the modern dosage fonn is a drug delivery system:

its selection may be as important to the clinical

outcome of a given course of therapy as is the

selection of the drug. With virtually any drug. one

can routinely produce a 2- to 5-fold difference in

the rate or

depending on thcdosage fö	 ilo7TfiUtgiiöiT'

In sonic cases, even greater differcebè .

observed. A difference of more ttian 60-fold-has

been found in the absorption rate ofiiônolactone

from the
tioi 2 The peak concentration of spironolactone

metabolites in the plasma after a single dose of the

drug in different dosage forms ranged from 0.06

to 3.75 pg/L per mg of administered drug.
From first principles, one vild expect the bio-

availability of a drug to decrease in the following

order: solution > suspension > capsule > tablet

> coated tablet. Although this ranking is not uni-

versal, it provides a useful guideline. The results

of bloavaihibility studies with pentobarbital in man

are summarized in Figure 5-1. The absorption rate

of pentobarbital after administration in various oral

dosage forms decreased in the following order:

aqueous solution > aqueous suspension of the free

acid capsule of the sodium salt > tablet of the
free acid .'These findings demonstrate how the dos-
age form can influence drug absorption.

/, aLLJ	 '01

TIME, hr

Fig. 5-1. Pentobarbital concentrations in plasma after a
single 200-mg dose in various oral dosage forms. —aque-
ous solution, 0- - - aqueous suspension, 0— capsule
(sodium salt), 0— -. .tablet (acid). (Data from Sjagren, J.,
SöIvell, L., and Kartsson, l.)

This chapter deals with the biopharinaccutic

characteristics of dosage forms. The first Section

is an overview of the potential effects on absorption

that may be observed with conventional oral dosage

forms, including solutions, suspensions, capsules,

tablets, and coated tablets. Special enteral dosage

forms, like buccal or sublingual tablets and rectal

preparations, are discussed in Chapter 6; pro-

longed-release medication is considered in Chapter
7, The second section deals with the col-relation of
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drug absorption in man with in vitro parameters
such as the disintegration time of the dosage form
or the dissolution rate of the drug from the dosage

form.

DOSAGE FORMS

Solutions

The solution dosage form is widely used for
cough and cold preparations and for many other

dru gs, particularly in pediatric and geriatric pa-
tients. With rare exception, drugs are absorbed
more rapidly when given as a solution than in any
other oral dosage form. The rate-limiting step in
the absorption of a drug from a solution dosage
form is likely to he gastric emptying, particularly
when the drug is given after a meal.

When an acidic drug is given in solution in the
form of a salt, there is the possibility of precipi-
tation in gastric fluid. Experience suggests that
these precipitates are usually finely subdivided and
easily redisolved However, with highly water-
insoluble drugs, like phenytoin or warfarin, this
ma not be the ease; one may find that the ab-
sorption rate or extent of absorption from a well-
forrisLllated suspension of the free acid is greater
than from a solution of the sodium salt.

Many drugs, unless converted to a water-soluble
salt, are poorly soluble. Solutions of these drugs
call prepared by adding cosolvents, such as al-
cohol, propylene glycol, polyethylene glycol 400,
agents that form water-soluble complexes with the
drug, or surfactants in sufficient quantity to exceed
the critical miccle concentration and to effect sol-
ubilization. After administration of such water-
miscible preparations dilution with gastrointesti-
nal fluids may result in precipitation of the drug.
Again experience suggests that in most cases rapid
redissolution takes place. Reversible interactions
that occur between the drug and solubilizing agent
or other component of the formulation are unlikely
to affect drug absorption if the interaction product
is water-soluble.

Serajuddirt et al.' studied the physical properties
and bioavailabihity of a poorly water-soluble drug
dissolved in polyethylene glycol (PEG) 400 or
polysorbate 80. On dilution of the water-miscible
solutions with simulated gastric fluid, the drug im-
mediately formed saturated solutions and the ex-
cess drug separated as finely divided emulsified
oily globules with a high surface area. The average
globule size of the oily form was 1.6 p.m or less,

as compared with a particle site of 5 to to pm for
the solid drug.

Absorption studies in the rat using labeled drug -

resulted in 54% of the radioactivity excreted in the
urine when the PEG solution \x as given and 41%
when the polysorbate 80 solution was used, but

only 19% of the radioactivity was fotinl in the urine
when all suspension of the drug was ad-
ministered. The large surface area of drug sepa-

ratin g from water-miscible solvents on dilution
with water facilitates its dissolution and absorption.

Certain materials such as sorbitol or hydrophilic
VOl) filers are SOhlietilllCS added to a solution dosage
form. to improve pourability and palatability by
increasing the viscosity of the preparation. The
higher the viscosity of the formulation, the slower
are gastric emptying and absorption. Such effects,
however, are unlikely to be clinically important.

There has been some interest in giving drugs
dissolved in oil. Rapid and complete absorption

may be observed in some instances, particularly if
the oil is administered in emulsified form. Early
clinical studies 'sith indoxole, a poorly water-sol-
uble. inrestigatiouat, nonsteroidal anti-inflamma-
tory agent, suggested incomplete absorption of the
drug from a suspension or capsule dosage form.
Administration of indoxole dissolved in the oil
phase of Lipomul-Oral, a commercially available
oil-in-sx ater emulsion, resulted in a threefold im-
pros cment in the extent of absorption compared to
that observed after administration of an aqueous
suspension and a ninefold improvement compared
to a hard gelatin capsule.'

erajuddin et al. 6 found that a solution of a
poorly water-soluble drug in peanut oil gave nearly

75 17c greater bioavailabihity than an aqueous sus-
pension of the drug "hen both dosage forms were
studied in the rat. Bioavailahility from the water-
immiscible peanut oil solution, however, was not
as great as that found when the drug was dissolved
in PEG 400 or polysorbate 80 to form water-mis-
cible solutions.

Certain nontoxic but unpalatable solvents may
be used for solubilizing drugs if the solution can
be encapsulated. This approach can, in some cases,
dramatically improve the absorption of water-
insoluble drugs. For example, the hioavailability
of indosole alter administration of a soft elastic
capsule containing the drug dissolved in polysor-
bate 80 was comparable to that found after admin-
istration of the drug dissolved in the oil phase of
an oil-in-water emulsion.'
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Suspensions

As a drug delivery system, the well-formulated

aqueous suspension is second in efficiency only to

the solution dosage form. Usually, the absorption
rate of a drug from a suspension is dissolution-rate
limited; however, drug dissolution from a suspen-

sion is often rapid because alarge—surface -area is

presented to the fluids at the absorption site'/Drug

contained in a capsule or tablet may never achieve

the state of dispersion in the gastrointestinal tract

that is attained with a finely subdivided, well-for-

mulated suspension.
Several studies have demonstrated the superior

bioavailability characteristics of suspensions com-
pared to those of solid dosage forms. For example,

the blood levels of trimethoprim and sulfamethox-

azole were compared in 24 healthy subjects fol-

lowing oral administration of 3 forms (tablet, cap-

sule, and suspension) of the antibacterial

combination. The absorption rate of each drug was

significantly greater with the suspension than with

the tablet or capsule. 8 There were no significant

differences between the preparations in the extent

of absorption of either dru g . Similar results have

been found with pentobarbital' and penicillin V."

Among the more important factors to consider

in formulating suspension dosage forms for max-
mum bioavailability are particle size, inclusion o,f

wetting agents, formation of insoluble complexes,

crystal form, and viscosity. Figure 5-2 compares

the serum levels of phenytoiri after a single 600-

rug dose in the form of an aqueous suspension

containing either micronized (Formulation 0) or

conventional (Formulation F) drug. Based on the

total area under the drug concentration in serum

versus time curve (AUC), almost twice as much

phenytoin is absorbed after the micronized suspen-

sion. '°
The higher the viscosity of a suspension, the

slower is the dissolution rate of the drug. The in-

clusion of methylcellulose in an aqueous suspen-

sion of nitrofurantoin has been found to impair its

rate and extent of absorption."
Merely shaking some drug powder in an aqueous

solution of a gum such as acacia neither constitutes

a well-formulated suspension nor guarantees good

absorption. This extemporaneous approach to for-

mulation is sometimes used in screening drugs for

biologic activity and in the safety assessment of
promising compounds in laboratory animals. More

sophisticated methods than these are called for to

mg /t
F 290t 40 mg-h.1'
fl_aon,Cc

10

Time

Fig. 5-2. Phenytoin concentrations (mg; :-) in serum after
a 600-mg oral dose in aqueous suspensions containing
either micronized (0) or conventional (F) drug. The area
under the serum level-time curve is noted for each formu-
lation. (From Neuvonen, PJ., Pentiktinen, P.J., and
Elfving, S.fA.r°)

avoid costly mistakes regarding a drug's safety or

efficacy.
Bioavailability studies with drugs suspended in

6i1-in-waier emulsions have yielded some prom-

ising results. One study compared the absorption

of micronized griseofulvin after its administration

to healthy subjects in a corn oil-in-water emulsion

(in which the drug was suspended), an aqueous

suspension, and two different commercial tablets. 2

Based on cumulative urinary excretion of grisco-

fulvin metabolites. the extent of absorption of the

drug after administration of the emulsion was about
twice that observed after administration of the

aqueous suspension or tablets. A mechanism based

on the ability of fatty acids, liberated during the

digestion of corn oil, to inhibit gastrointestinal mo-

tility (which would increase the residence time of

the drug in the small intestine) and to stimulate
gallbladder evacuation and, thereby, elevate the

concentrations of surface-active bile constituents

in the intestine (which would promote dissolution

of the drug) may explain the results.

Capsules
The capsule dosage form has the potential to be

an efficient drug delivery system. The hard gelatin

shell encapsulating the formulation should disrupt

quickly, and expose the contents to the gastroin-
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tcstinal fluids. However, this will not he the case

if the formulation or the method of manufacture

imparts a hydrophobic nature to the shell.

Drug particles in a capsule are not subjected to

high compression forces that tend to compact the

powder and to reduce the effective surface area.

Oil of the shell, the encapsulated powder

mass should disperse rapidly to expose a large sur-

face area to the gastrointestinal fluids. However,

with some formulations the rate of dispersion has

been found to be unacceptably slow. Thus, al-

though one might expect bettcr bioavailabi lily char-

acteristics of a drug front a capsule than from a

compressed tablet, this is not always so. For ex-

ample, tablets and capsules of a combination prod-

Oct containing triamtcrene and hydrochiorothiazide

were compared in single-dose studies in normal

subjects using cumulative urinary excretion of ap-

parent drug as an index of the extent of absorp-

don) 3 The capsule was a simple formulation con-

taining the drugs. lactose, and a small amount of

magnesium stearate. The tablet was a more com-

plex formulation ihàt'included a large amount of

gtycioe, used as a water-soluble diluent. The ex-

cretion of hydrochlorothiazide after the tablet was

twice as much as that found after the capsule. A

3-fold difference in the cumulative excretion of

tnamterene was observed. The tablets also consist-

ently produced an earlier and a greater peak in-

crease in sodium excretion.

It is usually necessary to have a suitable diluent

in a capsule dosage form, particularl y whets the

drug is hydrophobic. Figure 5-3 shows the change

in dissolution rate that can be effected by the in-

corporation of hydrophilic diluents) 4 The diluent

serves to disperse the drug particles, minimize ag-

gregation, and maximize the effective surface area

and dissolution rate. The incorporation of a wetting

agent in the formulation may also be advantageous.

Other attempts to modify the wetting character-

istics of poorly water-soluble drugs have included

treating the drug with a solution of a hydrophilic

polymer such as me(hylcellulose. Phenytoin was

found to dissolve and be absorbed considerably

faster from capsules containing drug treated with

methylcellulose compared to capsules containing

untreated drug.°

Many pharmacologic and toxicologic studies

with investigational drugs in dogs and monkeys

use hand-packed, hard gelatin capsules of the drug

alone as the delivery system. This practice may

10	 20	 30	 40	 50	 60

lre o

Fig. 5-3. Dit5oluton from hard gelatin capsules contain-
ing drug alone •) or drug plus diluents (C). the diluents
serve to dispese the drug and enhance wetting and dis-
soluion. (Data from Rukoff, fyi,, and Drumm, G.'l

lead to erratic and incomplete drug absorption, and

should he strongly discouraged.	 -

The diluents of a capsule dosage form should

base little tendency to adsorb or otherwise interact

vith the dru. The use of dicalcium phosphate as

a diluent in tetracycline capsules has been found

to significantly impair absorption, presumably be-

cause a poorly soluble calcium-tetracycline com--

plex is formed in the powder mass or during dis-

solution.16

Factors that influence drug absorption from cap-

sule dosage forms includ- particle size and crystal

form of the drug, and selection of diluents and

fillers.

Attempts to improve the oral absorption of di-

goxin has led to renewed interest in the use of soft

elastic capsules as a solid oral dosage form. The

soft elastic capsule has a gelatin shell somewhat

thicker than that of hard gelatin capsules, but the

shell is plasticized by the addition of glycerin, sor-

bitol, or a similar material. Unlike the hard gelatin

capsule, the soft elastic capsule may contain non.

aqueous solutions of a drug, or drugs that are liq-

uids (e.g.. the antitussive drug, benzonatate) or

semisolids (e.g., certain vitamins).

A formulation consisting of digoxin dissolved in

a mixture of polyethylene glycol, ethanol, and pro-

pylene glycol. prepared as a liquid concentrate its
soft elastic capsules. has been developed and found

to have good bioavailability characteristics. The

encapsulated liquid concentrate of di goxin is con-
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sistently better absorbed than the standard com-
mercial tablet of the drug)

A soft elastic capsule containing 0.4 mg of di-
goxin is about equivalent to a tablet containing 0.5
mg of the drug. In one study, mean absorption was

75% of the dose from the tablet and 97 17c from the

capsule-" Surprisingly, some studies 1 ' lnt not

aII 22 suggest that the bioavailability of digoxin from
the soft elastic capsule is greater than from an aque-
ous solution of the drug. The superior hioavail-
ability of the encapsulated liquid concentrate over
an aqueous solution may result from less chemical
breakdown in the stomach when the capsule is
given. Whatever the mechanism, we can conclude
that the absorption of digoxin from soft elastic cap-
sules is clearly better than from conventional tab-
lets and at least comparable to an aqueous solution
of the drug.

ab

Compressed tablets are the most widely used
dosage form. They are usually produced by either
wet granulation or direct compression. Wet gran-
ulation consists of mixing the drug with other poe. -
dered materials and wetting th mixture with an
aqueous solution of a suitable binder such as gelatin
or starch. The damp mass is forced through a 6-
or 8-mesh screen and dried to produce ,cohesive
granules. These granules usually flow easily
through the tablet press and are easily compressed.

Increasing attention is being given to manufac-
turing tablete by direct compression. As its name
implies, direct compression consists of compress-
ing tablets directly from powdered material without

modifying the physical characteristics of the nsa-
tetiat itself. For tablets in which the drug consti-
tutes a major portion of the total tablet weight, the
drug itself must have the physical attributes (crys-
tallinity and cohesiveness) needed for the formu-
lation to be compressed directly. Direct compres-
sion can almost always be used for tablets
containing 25% or less of the total weight as drug,
by formulating with suitable diluents which act as
a carrier or vehicle for the drug. These diluents
include processed forms of common tablet mate-
rials such as dicalcium phosphate dihydrate, ti-i-
calcium phosphate, calcium sulfate, anhydrous lac-
tose, and mannitol, as well as spray-dried lactose,
pregelatinized starch, compressible sugar, and mi-
crocrystalline cellulose.

Most biouvailability problems with compressed
tablets are related to the large reduction in effective
surface area that results from the tablet manufac-
turing process, as well as to the difficulty in re-
generating well-dispersed primary drug particles in
the astrointcstinal tract. After ingestion, the tablet
first breaks down to granules and then to primary
drug particles. Granules resulting from directly
compressed tablets may be softer and more easily
wetted than those produced by tablets prepared
with the wet-granulation process, but it is difficult
to generalize. The disintegration and dissolution
processes that take place in the gastrointestinal flu-'
ids after oral administration of a tablet are presented
in schematic form in Figure 5-4.

The effective surface area of drug in an intact
tablet is so limited that k, the dissolution rate con-
stant, is usually negligible, except for drugs that

Intact Tablet -	 _fL______. Granules

Drug in Solution in
Gastrointestinal Fluids

Drug Absorbed
in Body

'Primary Drug Particles

Fig. 5-4. Schematic representation of disintegration (A, It) and dissolution (k, k2 , )r) processes that precede drug
absorption otter administration of a tablet dosage form. The term k, is a first-order rate constant characterizing drug
absorption from solution in the fluids of the gastrointestinal tract.
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Fig, 5-5. Dipyridarnole concentrations in serum of indi-
vidual subjects after a 25mg oral dose as intact tablets (A)
Or crushed tablets (B). When the tablets are chewed before
swaltc.ving, the peak concentration tends to be higher and
the peak time tends to be earlier. (Data from Mellinger, I J.,
and Bohorfoc'sh, J.G.21)

are extremely water-soluble. Tablet disintegration

(step A) greatly increases the effective surface area
of the dru g . A further increase in surface area is

attained upon granule disinte g ration; accordingly,

>> k >> k. The dissolution rate from the

granules may be likened to that observed with a

coarse, aggregated drug suspension, whereas the

dissolution rate from the primary particles is prob-

ably comparable to that observed with a fine, well-

dispersed drug suspension. Poorly water-soluble

drugs are likely to dissolve mainly after granule
disintegration.

Tablet disintegration and granule disintegration

are important steps in the absorption process. A

tablet that fails to disintegrate or disintegrates

slosely may result in incomplete absorptioti or an

undue delay in the onset of clinical response. The

importance of disintegration in drug absorption is
evident from the results of clinical studies with
dipyridamole. 21 Curves of serum concentrations of
dipyridamole versus time after administration are

shown in Figure 5-5. When'the tablets were taken
intact, the appearance of drug in blood was delayed

and variable. When the tablets were chewed before

swallowing, the drug appeared in the blood within

5 or 6 mm. In every patient; the peak drug con-

centration was higher after the crushed tablet than

after swallowing the intact tablet. Similar results

have been observed with thioridazine tablets .2

Studies in the United Kingdom have shown that

when commercial di go slit tablets. front which the

drug is incompletely absorbed, are crushed and

given in  capsule, much higher digoxin levels are

obtained.-1

Tablet disintegration, although important, is un-

likely to be the rate-limiting step in the absorption

of drugs administered as conventional tablets. In

most instaitces, granule disintegration and drug dis-

solution occur at a slower rate than tablet disinte-

gration.

Man y factors related to the formulation or pro-

duction of tablets may affect drug dissolutioti arid

absorption. Most formulations require the iucor-

poration of hdrophohk lubricants, such as mag-

nesiurn stearnite, to produce an acceptable tablet.

In general, the larger the quantity of lubricant in a

formulation. the slos ci is the dissolution rate.6

Even seemingly modest changes in formulation

may lead to -rgntficant effects oil and

availability. A classic example has been reported

with tolbutarntde.' Two formulations of the drug

were comp;ircd in healthy subjects with respect to

bioavatlabilitv (serum tolbut-amide levels) and tlter-

apeuttc efficacy (hypoglycemic response). One tab-

let was the commercial product and the other was

identical in all respects except for a halving of the

amount of a disintegrant. Both tablets met United

States Phamaacopeia (USP) specifications. Both

tablets disintegrated in sitro within 10 mm.

Despite the similar specifications, the experi-

mental formulation was inferior to the commercial

product ThC area under the average serum tolbu-

tantide curve over an 8-hr observation period was

more than 3 times greater with the commercial

product than with the experimental formulation.

The average cumulative reduction of serum glucose

over the 8-hr period after administration of the

commercial tablet was twice that after administra-

tion of the experimental tablet (Fig. 5-6).

Compression force may also be an important

factor in drug hioavailahility from compressed tab-

lets. The in vitro disintegratibo time of tablets has
been shown toto be directly proportional to com-

pression force and tablet hardness. High com-

pression forces may also increase the strength of

the internal structure of the gratiules and retard

dissolution of drug.from/the granules and disinte-

gration of the granules.
The effect of particle size reduction on disso-

lution arid absorption may he reduced by corn-

ptession. Studies in titan showed that a 3.8-fold

I



80

a.
E
z
0

tR
Cr

7C
Li
0
z
00
LO
(I)
00
-

TIME, hr

Garoiflicetiflal Absorption—R01e of the Dosage Form
	 67

I -

Fig. 5-6. Serum glucose levels after 0.5-g tolbutamide
in a comm'rcial tablet (•) or an experimental tablet
containing less disintegratin g agent (3). (Data from

Varley, A. 8.17)

increase in the specific surface area of griseofulvin

led to a 2.3-fold increase in blood concentration
after administration of a suspension. but only a 1.5-
fold increase after administraLiOn of a tablet.

A novel approach to enhance the availability of

poorly water-soluble drugs from tablets has been
used in a marketed griseofulvitr product. A mo-
lecular dispersion of the drug in polyethylene gly-
col 6000, a water-soluble, v.ax polymer that con-

geals at about 60 C C, is prepared and suitably

modified for ncorpOratiOfl into a tablet dosage
form. The absorption of griseofulvin from this
product appears to be complete and about twice

that observed from co inniercia l tablets containing

micronized drug.

c^i4bIets

Tablet coatings are used to mask unpleasant

tastes and odors. to protect an i n g redient from de-

composition during storage. or simply to improve
the appearance of a tablet. The most common
coated medications are sugar-coated and film-
coated tablets. Not only do these dosage forms
present all the potential problems discussed earlier
with respect to compressed tablets, but they also
impose an additional barrier betscen the gastro-
intestinal fluid and the drug. The coating must dis-

•sotve or disrupt before tablet disintegration and

drug dissolution can occur. Inc disintegration o

certain coated tablets appears to be the rate-lirnitinl

process in drug absorption, since correlations have
been found between bioavailability and in vitro

disintegration time.
The venerable sugar-coated tablet is still used

today. The sugar coating formulation is complex;
the coating process is time consuming and requires
skill. The first step of the process is the application
of a nonaqueous, sealing solution to protect thd
tablet and its ingredients from the aqueous solu-
tions used in subsequent steps. A special grade
shellac dissolved in alcohol is commonly used to
seal tablets. Other materials that have been used
include fatty glycerides, beeswax, and silicone res-
ins. The other steps of the coating process add bulk
and modify the shape of the tablets. Other ingre-
dients of the coating formulation may include talc,
acacia, flour, starch, and calcium carbonate, in ad-

dition to sucrose.
The apdication of the scaling coat and the de-

velopment of a relatively dense crystalline barrier
around the tablet retard the release of drug in the -
gastrointestinal tract. In general, we must assume
that a sugar coating may affect the bloavailability
of a drug. This dosage form should not be used
when a prompt clinical response is desired.

The basic disadvantages of sugar coating have
stimulated a search for alternatives. These alter-
natives include the film-coated tablet and the press-
coated tablet. Film-coated tablets are eompresed
tablets that are coated with a thin layer or film of
a material that is usually water soluble or dispers-
ible. A number of polymeric substances with film-
forming properties may be used including
hydroxypropyl methylcellulose and carboxynseth-
ylcellulose. Aqueous vehicles are preferred but a
nonaqueous vehicle may be used when moisture is

detrimental to the product being coated. A mixture
of cellulose acetate phthalate arid polyethylene gly-
col can be applied from aqueous or nonaqueous
solvents. Care should be taken ss hen selecting coat-
ing materials, Methyfcellulse. for example, has
been reported to retard drug dissolution.3'

The film coat masks objectionable tastes and pro-

tec ts , to some degree, tablet ingredients from mois-
ture during storage. The film coat should disrupt
quickly in the fluids of the gastrointestinal tract,
independent of pH. A ssrllformulatCd product
should show little difference in bioavailability corn-
pared with that of an uncoated tablet.

Press-coated or dry-coated tablets are prepared
by feeding previously compressed tablets into a

special tableting machine and compressing another
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granu Ia lion I nyc r around [tic pie formed tablet.
Prcss-coated tablets appear to retain all the attrib-
utes of compressed tablets but provide the advan-
ages of sugar-coated tablets. Ideally, there should

be little difference in disintegration time between
press-coaled and uncoated tablets.

Eye-iPCoaed Tablets

An enteric Coat is usually a special film coat
designed to resist gastric fluids and to disrupt or
dissolve in the small intestine. The enteric coat is
used to protect a drug from degrading in the stom-
ach (e.g., erythromycin), or to minimize gastric
distress caused by some dnigs (e.g., aspirin). En-
teric-coated tablets must empty front the stomach
before drug absorption can begin. The rate of ap-
pearance of drug in the blood after giving an en-
[eric-coated tablet is, therefore, a function of gas-
tric emptying. Differences in gastric emptying from
one patient to another or in the same patient from
one administration to another contribute to the large
variability in drug absorption commonly found
with ihis dosage form.

The time course of an enteric coated aspirin tab-
let from the stomach to the small intestine was
monitored in dogs usin g radiotclemetry. n A 500-
mg enteric coated tablet was attached to a Ileidel-
berg capsule calibrated to pH 1 and p1-1 7. Gastric
pH was about 1.5. As the tablet was emptied into
the small intestine, the monitored pH rose to about
7. This time interval was termed the gastric emp-
tying time. The pit in the small intestine remained
rulativcly constant until the '-1tcric coating dis-
solved and aspirin was released. At this time, the
monitored pH dropped to about 3.8, close to the
pK of aspirin. This time Interval was defined as
the coating dissolution time.

As a result of carrying out four replicates in each
of 4 dogs both inter- and intrasubject variability
could be evaluated. In I dog the gastric emptying
time ranged from 7 to 40 min and in another from
S to 115 nun. Meats gastric emptying times varied
from 24 to 63 win. Coating dissolution time
seemed to be less variable, lit I dog the dissolution
times ranged from 23 to 49 win and in another
from 26 to 77 win. Mean coating dissolution times
varied front 34 to 57 min. The variable onset of
aspirin appearance in the plasma is the result of
variance in both gastric emptying time and coating
dissolution time, with the variance in gastric emp-
tying time being significantly larger.

The modern approach to etiteric-coating makes

/us
e ofpnlymcrslil.e cclluloe acetate plithmlate that

are ''insoluble' at pli I to 3 but 'soltiJe" it phI
S to 7. These materials are p01) mci ic acids "jib
ioni cable carboxyl groups. the apparent p1< a of
these polymers is important. If the pKa is too low,
appreciable ionization takes place at low ph, and
the coating will dissolve in the stomach, A high
pKa may prevent release of drug in the small in-
testine. Iii practice, polymers with pKa values
ranging from 4 to 7 have been found useful. / /

In one investigation, a series of half-ester f
lie copolymer poly (vinyl methyl ether . maleic an-

hydride) was prepared. The in vitro dissolution p11
(i.e., the pH of complete solubility) of films of
these polymers varied from 4.25, for the ethyl de-
rivative, to 6.25, for the cyclopentyl half-ester. The
bioavailabitity of aspirin was studied in normal
subjects followin g administration of tablets coated
with these copol)mers. An inverse correlation was
observed between absorption rate and the in vitro
dissolution pH. fss d ye hr after administration of
tablets coated with the ethyl half-ester, 87% of the
dose was recovered in the urine, compared to it
urinary recovery of 53% after administration of'
tablets coated with the cyclopent) I half-ester.°

The thickness of the coarirmo may also affect bio-
availability. Studies with quinine tablets coated
with cellulose acetate phthalate show a decrease in
both rate and extent absorption with increasing
thickness of the Coating. 3 ' A particular problem
with shellac as an enteric coating is that the water
solubility of the film decreases with age; an enteric-
coated tablet with acceptable bioavailabiiity char-
acteristics at the time of manufacture may perform
poorly some time later.

A considerable delay may be observed between
the administration of an enteric-coated tablet and
the appearance of drug in the bloodstream. This is
evident from bioavatlability studies with prednis-
olone and aspirin. Enteric-coated prednisolone has
been available for many years because some be-
lieve that chronic steroid therapy predisposes to
gastric ulceration. Studies comparing blood levels
after a single dose of prednisoloric in the form of
ordinary or enteric-coated tablets show that al-
though the extent of absorption (AUC) and nuaxi-
moist blood levels are comparable, there is, on the
average, a 3-hr difference in the time required to
attain the peak concentration of the drug (Table
5-1)."

Aspirin has maintained an important place in the
treatment of rheumatic diseases despite the intro-
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Table 5-1. Peak Concentration of Predriisolone in Plasma, Time to Peak, and Total Area Under the 
Plasma

I v,.t.Tinte Curie (AUC) After an Oral Dose°
Peak concentratiOn	 &UC	 rune (mm)

1383	 347	 84

1767	 311	 260

NS	 NS	 p<O.00l

Formulation

Tablet
Entcr)c-coated tablet
Significance

.Data from Lee, DAlI.. ci at."
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1ln in Figure 5-7. Salicylate was detected in 	
The delay in drug absorption typically found

the plasma of all 18 subjects within I hr after giving 	
after administration of enteric-coated tablets could

olonged gastric emptying or, a!-
the uncoated tablet but not until 3 hr, on the aver-	 be the result of pr

age, after the enteric 	 tablet. Two subjects	 ternatively, slow dissolution of the coating after

showed no sahcylate in the plasma for 8 hr _f ter	
the tablet reaches the small intestine. In most cases.

the coated tablets. -	
slow gastric emptying appears to be the principal

Fenoprofen is another NSAID available as an	 reason for the delay because
that accelerates gastric

because coadministration of

	

coterie coated tablet. Thceffects of plain and en 	 metoclopramide, a 

teric coated fenoprofen calcium on gastrointestinal 	
emptying, can dramatically derase the lag

microbleeding were studied in healthy male sub- 	 titne.36

jects. 3
' A one-week baseline (placebo) period pre- Since gastric emptying of the en

teric-coated dos-

age unit plays an important role in the onset of drug
absorption. it is to be expected that administration
of this dosage form after a inca] will further delay
absorption. Paull and associates report that giving
an enteric-coated aspirin tablet immediately after
a heavy breakfast markedly delays the appearance

40 of salicylate in saliva, compared to that observed

after g
0	

iving the tablet 2 hr after a light breakfast.3t

cator of gastrointestinal p11, has also been used in

U
c The Heidelberg capsule, a radiotetemnetric mdi-
U

human subjects to evaluate the relationship be-
20

>'

	

•	 tween gastric residence time (GRT) and variability
in aspirin absorption from enteric coated tablets-"
In a crossover study, subjects received enteric
coated aspirin together with the Heidelberg capsule
while lasting or with food (breakfast, followed 4

2	 4	 6	 8
hr later by lunch).

time, hours	 The mean time to peak salicylate concentration

Fig. 5-7. Siicylstc concentrations in plasma (g'mI)	
was 8.3 hr when the subjects were fasted and 13.8

alter a 650-rn6 dose of aspirin in conventional tahiels () 	
hr when fed. This shift was related to gastric cmp-

or enteric-coated tablets (0) (Data from Da y . RD., et ai.)	
tying. Mean GRT was markedly delayed by loud,

kl-
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going from about I hr to about 6 hr. Time to ap-

pearance of salicylate in plasma (lag, time) was also

delayed when enteric coated aspirin was given with

food, front about 3 to 9 hr. There was art

correlation (r = 0.94) between the Tag time for

appearance of salicylate in plasma and ORT.

The effect of food on the absorption of quinidine

from an coterie-coated tablet has also been stud-

ied. 0 In fasting subjects, the dela y in the start of
absorption alter a single dose ranged from 2 to 8

hr (mean = 4.8 hr); in nonfasting subjects the delay

ranged from 3 to 10 hr (mean = 6.1 hr). Whether

or not the dosage form was given with food, in-

trsuhjct variability in the length of the delay be-

fore the onset of absorption was substantial: in

some subjects the delay was longer than the usual

dosing interval for the drug. Other studies with this

coterie-coated quinidine product suggested that ab-
sorption began later and was slower at night, con-

sistent ss oh the fact that gastric emptying is slower

when the patient is in the prone position.°

The coterie-coated tablet dosage form has been

the object of well-desct'ed criticism in recent

years. Many reports of clinical failure because of

erratic and incomplete absorption can be found in
the literature. Far fewer problems are found with

newer products, but variability remains a substan-

tial concern. One approach that appears to mini-

mize variability is the use of individually enteric-

coated granules." These granules may he com-

pressed into rapidly disintegrating tablets or ad-

ministered in capsules. After disintegration of the

dosage form in the stomach, gradual but continua]

emptying of the granules into the intestine is an-
ticipated.

A theoretical analysis of blood level profiles re-
sulting from enteric-coated granules has' been pub-
lished,11	

pub-
lished, It concludes that:

an enteric-coated tablet may take front
0.5 to more than 8 hr. to pass from the stomach to the
duodenum. On the other hand, enteric-coated pellets are
subjected to dispersion in the stomach and they pass
through the pyloric sphincter after a mean residence lilac
in the stomach that would not be different from that
exhibited by a suspension dosage form.

Investigators in Sweden have compared the ab-

sorption of aspirin from two different enteric-

coated dosage forms, tablets and granules, in
healthy subjects under fasting and nonfasting cots-
ditions. 3 Under fasting conditions, the absorption

of aspirin froni both preparations Was complete.

When the dosage forms were taken after it

the enteric-coated tablets gave nuns lower con-

cc ntral,ons of sal ucylauc in plasma than under fast-

tog conditions, and absorption was incomplete in

sonic subjects. Neither the rate nor extent of aspirin

absorption front the coterie-coated granules was

affected by food.

Drug absorption from entcric-coated granules

appears to be more consistent than from enteric-

coated tablets. Do the granules protect the 01 tutu-

cosa as well as the tablets? A placebo-controlled

study has been reported comparing the effects of

aspirin formulated as enteric-coated granules or as

buffered tablets on gastric mucosa, as determined

by crudoscopic examination 2 hours after a single

975-mg dose in fasted subjects. 44 A grading scale

of 0 (no damage) to 4 (severe damage) was used.

The granules produced a touch lower severity

and incidence of gastric lesions than the bttffered

aspirin formulation. The mean seventy score was

0.4 for the granules and 3.0 for the buffered tablet.

All subjects receiving the buffered tablet shovcd

one or more sites of submucosal hemorrhage or

erosion, compared with 36% of those given the

enteric-coated granules. None of the lesions pro-

duced by the granules or the placebo was consid-

ered clinically significant, whereas nearly two-

thirds of the subjects given buffered aspirin had

clinically important stomach damage.

Although incomplete and variable absorption has

been the most common problem found with enteric-

coated tablets, a far more serious problem brought

national attention to this dosage form. This prob-

lem was the life-thrçtetuing toxicity associated

with enteric-coated potassium chloride tablets. En-

teric-coated KCI was developed to minimize gastric

irritation and to enhance palatability and compli-

ance. However, from 1964 to 1974 numerous cases

of small bowel ulceration associated with the ad-

ministration of enteric-coated potassium chloride,

alone or in combination ss nh thiazide diuretics,

were reported. 5 This serious adverse effect was

not found with liquid or effervescent tablet fornss

of potassium chloride.

The cause of the problem can be found its the

crystalline nature and compression characteristics

of KCI itself. Tablets of this salt are easily made

but do not disintegrate easily. When the enteric-

coated tablet empties from the stomach and the film

coating dissolves, what remains is a poorly disin-

tegrating tablet of almost pure potassium chloride

resting on the niucosa of the small intestine. The

limited surface area of the intact tablet resutits in
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IS maintained at 37 ± 2° as the immersion fluid. After
I hour of operation in simulated gastric Iluid TS lift the
aaket from the fluid, and observe the tablets: the tablets
how no evidence of disintegration, cracking, or soft-
:ning. Then add a disk to each tube, and operate tli
ipparatus, using simulated intestinal fluid IS maintained
it 37 ±2° as the immersion fluid, for a period of time
-qua] to 2 hours plus the time limit specified in the
ndividual monograph, or, where only an enteric-coated
.abk't is recognized, for only the time limit specified in
:he monograph. Lift the basket from the fluid, and ob-
ervc the tablets: all of the tablets disintegrate corn-
letcly. Ill or 2 tablets fail to disintegrate completely,

repeat the test on 12 additional tablets: not less than 16
f the total of 18 tablets tested disintegrate completely.

Buccal Tablets—Apply the test for Uncoated Tablets,
but omit the use of the disks. After 4 hours, lift the
basket from the fluid, and observe the tablets: all of the
tablets have disintegrated. If I or 2 tablets fail to dis-
integrate completely, repeat the test on 12 additional
tablets: not less than 16 of the total of 18 tablets tested
disintegrate completely.

Sublingual Tablets—Apply the test for Urn-oozed
Tablets, but omit the use of the disks. Observe the tablets
ss ithin the time limit specified in the indis idual mono-
graph: all of the tablets have disintegrated. If I or 2
tablets fail to disintegrate completely, repeat the test on
12 additional tablets: not less than 16 of the total of 18
tablets tested disintegrate completely.

Hard Gelatin Capsules—Apply the test for Uncoated
Tablets, but omit the use of disks. In place of disks attach
a removable 10-mesh wire cloth,' as described under
Baker-rack Assembly, to the surface of the upper plate
of the basket-rack assembly. Observe the capsules within
the time limit specified in the individual monograph: all
of the capsules have disintegrated except for fragments
from the capsule shell. If I or 2 capsules fail to disin-
tegrate completely, repeat the test on 12 additional cap-
sules: not less than 16 of the total of 18 capsules tested
disintegrate completely.

The testing fluid for uncoated tablets and hard

gelatin capsules is usually water at 37°C, but in

some cases (e.g., alumina and magnesia tabkts,

benzthiazide tablets) the monograph directs that

simulated gastric fluid be used. Tests for coterie-

coated tablets call for initial immersion for a spe-

cific period of time in simulated gastric fluid, fol-

lowed by immersion in simulated intestinal fluid.

Maximum , disintegration times are included in

some of the individual tablet monographs but in

many cases, a dissolution test has replaced the dis-

integration test. For most uncoated tablets and cap-

sules, the specified disintegration time is 30 mm

or less. Exceptions include erythromycin tablets
(60 mm) and griseofulvin tablets (60 mm). For

'A suitable wire cloth cover is assitat'te as Van-KO Industries

Part Ft. 1030.

coated tablets, up to 2 hr may be permitted. These

specifications are bascil l:Lrgely on the disintegra-

tion properties of commonly available products of

the drug, rather than on bioavailrtbiiity cotmidera-

tiollS.
One should expect the disintegration of a tablet

in the gastrointestinal tract to take longer than that

observed in the U.S.P. apparatus. The disintegra-

tion lest subjects the tablet to a great deal of ab-

rasion and turbulence, ss Itich facilitate disintegra-

tion. This is not encountered in the gastrointestinal

tract. Since it is unlikely that disintegration would
he the rate limiting step in 

thethe absorption of drugs

from tablets, it is not surprising that the results of
in vitro disintegration tests have been found to be

of limited value in predicting drug absorption.

Successful correlations between parameters of

drug absorption and disintegration times have been

reviewed by Wagrter.aI The few quantitative cor-

relations that have been reported involve only

sugar-coated or enteric-coated tablets. Results with

uncoated tablets have been disappointing. For ex-

, ample, studies with different commercial aspirin

tablets showed that their disintegration times had

no relation to the rate of absorption of aspirin in

human subjects .'2
There are also reports indicatin g that although

certain enteric-coated products conform to com-

pendia[ standards for disintegration, they may in

fact be poorly absorbed. Bioavailability studies

with a marketed coterie-coated aspirin tablet

showed incomplete absorption, ranging from 0 to

25% of the dose in 3 of 4 subjects. The fourth

subject absorbed the entire dose. Tablet disinte-

gration times, determined by the U.S.P. XVI pro-

cedure for coterie-coated tablets, which represents

the disintegration time in simulated intestinal fluid

after 1-hr exposure to simulated gastric fluid,

ranged from 18 to 25 nun, well within the 125-

min requirement extant at the time. 53 Still another

example is a brand of enteric-coated tablets of ami-

nosalicylic acid that met all U.S.P, specifications,

including disintegration, but failed to yield detect-

able blood levels of the dnig in 8 normal adu1ts.'

The test for tablet disintegration is useful for

quality control purposes in manufacturing; how-

ever, it is generally recognized that the in vitro

disintegration test is a poor index of bioavailabiiity.

Confonatance of a tablet or capsule product to corn-

pendial standards for disintegration does not guar-

antee adequate drug absorption. On the other hand,

failure to conform to a standard for disintegration
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Two types of dissolution apparatus are officially
recognized: Apparatus I (basket method), and Ap-
paratus 2 (paddle method). For Apparatus I , the
basket containing the tablet or capsule is immersed
in the dissolution fluid and rotated. For Apparatus
2, the dosage form is placed directly in the dis-
solution medium and the paddle is rotated. The
dissolution fluid may be water, buffer solution, or
dilute hydrochloric acid, maintained at 37 CC. Sam-
ples of the fluid are removed at designated intervals
and analyzed for drug content.

The U.S.P. monograph for aspirin tablets con-
tains a dissolution test requiring the use of Appa-
ratus I at 50 rpm with 500 nil of 0.05M acetate
buffer (p11 4.5). Not less than 80% of the aspirin
in each tablet must dissolve in 30 mm. The dis-
solution test for digoxin tablets also calls for Ap-
paratus 1, but the basket is rotated at 120 rpm and
the dissolution fluid is dilute hydrochloric acid. Not
less than 65% of the labeled amount of digoxin
most dissolve in 60 mm.

The tests described in the U.S.P. are but a few
of the large number of dissolution methods pro-
posed to reflect bioavailability. The type and in-

tensit y of agitation as well as the dissolution me-
dium usually vary from method to method. There
is general agreement that the dissolution medium
should be aqueous and, where possible, should be
of sufficient volume to easily dissolve the entire
dose. It has been proposed that dissolution he stud-
ied at more than one pH, and at p11 1 and pT-I 7 to
simulate the usual extremes of pH in the gastro-
intestinal tract. Others have suggested that small
quantities of surface-active agents be added to the
dissolution medium to facilitate wetting of the
drug, for it is believed that bile salts and other
constituents of bile act in this way in the small
intestine. There is little agreement regarding the
appropriate intensity of agitation and there is dif-
ficulty in equating intensities between methods.
Many investigators believe that the tablet should
be subjected to a mininiurn degree of abrasion and
turbulence and that the agitation intensity of the
dissolution test should be fixed accordingly.

Since 1960, there have been may examples of
satisfactory correlations between absorption pa-
rameters and the results of in vitro dissolution tests.
Rank order correlations of absorption data in man

with in vitro dissolution data have been reported
for different salts of tetracycline and tolbutamide,
various commercial aspirin tablets, marketed tab-
lets of spironolaetone, and various tablet formu-

100

75	

/

EXP1

501 1

25 50	 75
Amount dissolved in vitro
in 5 minutes, %

Fig. 5-8. In vivo-in vitro correlation for several formu-
lations of oxazepam. EXP 1, EXP 2, MARK, and SOBRIL
are tablets; SUSP is an aqueous suspension. When less
than 25% of the dose is dissolved in vitro in 5 min, ab-
sorption is incomplete. (From Pilbrant. A., et aI.)

lations of sulfamcthazine and griseofulvin. Quan-
titative linear correlations between in vivo data and
dissolution data have been found with different
brands of prolonged-release aniphetarrine, aspirin
tablets, different salts of penicillin V, different es-
ters of erythromycin, and different dosage forms
of salicylamide. These studies have beer reviewed
in detail by Wagner."

Investigators in Sweden have studied the dis-
solution and bioavailability of oxazepani from dif-
ferent tablet formulations and an aqueous suspen-
sion. 16 Dissolution rates were determined by means
of a paddle method using simulated gastric fluid.
Absorption studies were carried out in healthy,
fasting subjects. Absorption rate was assessed by
determining the peak concentration of oxazepani
in serum. The extent of absorption was evaluated
from the sour of oxazepam and its conjugates ex-
creted in the urine over 72 hr. An excellent linear
correlation was observed between dissolution rate
and peak concentration. When the amount excreted
is plotted as a function of dissolution rate, a critical
point is found for incomplete absorption corre-
sponding to 25% dissolution in 5 mm (Fig. 5-8).

These kinds of data are useful for establishing
meaningful dissolution standards for quality con-
trol of tablet batches. Clearly, OXai.epam tablets
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Fig. 5-9. In vivo–in vitro correlation of bioavailability and
dissolution rate of different prednisone tablets. Predniso-
lone is the active metabolite of prednisone. Certain tablets
(e.g., S:, S 7 , U, L, MC, B, and N) dissolve so rapidly that
dissolution is not the rate-limiting step in absorption. (From
Mdsap, R.... et at. 59 Copyright 1979. Reprinted by per-
mission 1 John Wiley & Sons Ltd.)

from which less than 25% of the drug dissolves in

5 ruin should he rejected because incomplete ab-

sorption is likely.

Studies in Mexico compared the dissolution and

absorption of five different brands of nitrofurantoin

tablets. 77 A linear correlation (r=0.91) was found

between the cumulative amount excreted up to 10

hr after a single dose to healthy fasting subjects

and the natural logarithm of the amount dissolved

at 60 rnits using the USP dissolutic: test. Three of
the products showed significantly lower bloavail-

ability than the innovator's product.

Some investigators have proposed that in vi-

tro—in vivo correlations should be based on a Com-

parison of the log of the time required to dissolve

50% of the dose with the time required to reach

one-half peak drug concentration in the plasma.'

This type of plot, correlating the dissolution of

prednisone from various commercial tablets with

the plasma levels of prednisolone, its active me-

tabolite, after a single dose of these tablets, is

shown in Figure 5-9. Tablets S, U, L, B, MC,

and N differed with respect to dissolution but gave

similar in vivo (absorption) values. On the other

hand, a linear relationship between plasma con-

centration and dissolution is found with the more

slowly dissolving tablets.

These data indicate that there is some range of

in vitro dissolution rates where in vivo measure-

Table 5-2. Influence of Dissolution Time on the
Cor'rclation Between Bioavaitabitity and in Vitro
Dissolution of Digitoxin from Tablets*

l)IcwJtutiDn time l,nin)	 Correlation coefficIent

30	 0.63

60	 0.74

120	 0.82

*Data from Cabana, tIE., and Prasad, V.K.

ments will not differ significantly. For these rapidly

dissolving tablets, the rate of absorption is inde-

pendent of the in vitro dissolution rate, perhaps

because dissolution is not rate limiting in the ab-

sorption of the drug. However, there is a critical

value of the dissolution parameter; at this point,

further decreases in dissolution will cause a pro-

gressive change in the absorption parameter. Ac-

cording to Figure 5-9, the critical time for 50%

dissolution of prednisone in the particular apparatus

is about 1010 IS ruin. Whether this particular cor-

relation applies to all tablet formulations of pred-

nisore is unknown, but the development of a tablet

from which at least 50% of the dose dissolves

within IS min would seem to be a desirable goal

for a manufacturer wishing to minimize bioavail-

ahilily problems.
[here is some data to support the need for fol-

lowing the . dissolution of more than 50% of the

dose. Bioavailability and dissolution studies with

digitoxin from different tablets have provided the

correlations shown in Table 5-2. 60 The longer the

dissolution time, the jetter is the correlation be-

tween dissolution and bioavailability. The inves-

tigators concluded that, under the staled conditions,

90% dissolution of digitoxin in 2 hr would give at

least 90% of the bioavailability of a solution of the

drug°
The dissolution test has become an integral part

of the control process for the manufacture of tab-

lets, capsules, and other solid dosage forms, but it

has also been imbued, by many, with a biologic

significance or relevance. Whether or not this con-

clusion is justified is controversial. The U.S.P.

tests and other dissolution methods have been crit-

icized often on technical grounds. There are cx-

aniples of drug products that failed to meet corn-

pendial standards for dissolution but provided

adequate hioavailabi1ity! 1 On the other hand, there

are no examples of a drug product that has met

U.S.P. dissolution requirements but showed poor

bioavailability characteristic.
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Bioavai[ability studies are by definition clinical

studies. Even if the in vitro test faithfully reflects

the dissolution process in the gastrointestinal tract

dissolution is but one of several factors determining

the bioavailability of a drug. Moreover, there is

the reality of intra- and intersubject variability62

Nevertheless, dissolution is usually the most im-

portant factor in drug absorption, particularly for

poorly water-soluble drugs, and carefully corre-

lated in vitro dissolution tests can provide useful

guidelines for bioavailabil ity decisions
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