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An in Vitro/in Vivo Correlation for the
Disintegration and Onset of Drug
Release from Enteric-Coated Pellets
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An empirical mass-transfer model for enteric-coating dissolution
that uses in vitro dissolution data to characterize the pH-dependent
solubility properties of the polymer film and a mass-transfer coeffi-
cient determined from in vivo dissolution or disintegration studies is
developed. Once the in vivo mass-transfer coefficient has been eval-
uated, it can be used in conjunction with in vitro dissolution data
from other formulations to predict the in vivo time to disintegration
and onset of drug release. Results of in vitro dissolution experiments
using the USP basket dissolution apparatus and in vivo disintegra-
tion experiments using gamma scintigraphy with four enteric-coated
pellet formulations are presented. The good agreement among the in
vivo mass-transfer coefficients that were determined supports the
validity of the model.
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INTRODUCTION

Attempts to compare in vitro dissolution or disintegra-
tion and in vivo onset of absorption or bioavailability of en-
teric-coated preparations have resulted in poor correlations
(1~3) or are limited to qualitative results (4). A physicochem-
ical model for polymer dissolution and drug release from
enteric-coated tablets has been presented that adequately
describes in vitro dissolution data (5). The model should be
applicable to in vivo dissolution given the appropriate mass
transfer parameters. Until now, however, a quantitative
model utilizing parameters derived from in vitro and in vivo
dissolution experiments to predict enteric-coated dosage
form performance has not been reported.

THEORETICAL

Film Dissolution and Drug Release in the
Gastrointestinal Tract

Drug release from enteric-coated dosage forms can be
modeled as the result of two parallel processes. The first
process is dissolution of the film, which, when the film thick-
ness is reduced to zero, results in drug release by convection
and diffusion. The second process is penetration of water
into the film, which, when the degree of hydration renders
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the film sufficiently permeable, results in drug release by
diffusion. Figure 1 is a diagram of the changes in the film as
aresult of these processes. The diagram defines three thick-
nesses; the initial physical film thickness, [,, the instanta-
neous physical film thickness, I, and the drug impermeable
film thickness, /. The rate of change of the impermeable film
thickness is given by the sum of the rates of these two par-
allel processes

dl;
— = ~(ra + rv) (0))

dt
where r, is the rate of film dissolution, and r,, is the rate of
penetration of the aqueous front into the film.

As an approximation we assume that the rate of pene-
tration of the aqueous front, r,, is independent of the solu-
tion properties and the hydrodynamics of the gastrointestinal
tract. Thus, r,, is assumed constant and, in practice, can be
determined from the onset of drug release at low pH values
as measured in vitro.

By mass balance, the molar flux of polymer away from
the interface is equal to the molar loss of polymer film,

b i—ltf = —km (xp — xp) (2)
where C,, is the molar density of the polymer, x, is the mole
fraction of polymer at the interface, k,, is the mass-transfer
coefficient, and x,, is the mole fraction of polymer in the bulk
of the gastrointestinal milieu.

The dependence of &, on the hydrodynamics of the
small intestinal tract can be modeled empirically by

k= n (=) 3
n=n (s ®

where ¢, is the small intestinal transit time, the exponent r is
a constant, and the constant » is a function of dosage form
and dissolution medium properties (6).

Combining Eqgs. (2) and (3) and setting x,, equal to zero
for sink conditions gives

de - (1Y @

dt = "¢ \n)
which is the negative of r,, the dissolution rate of the film.
Substitution of Eq. (4) into Eq. (1), the rate of change of

the impermeable film thickness, and integrating with the
boundary conditions

t =0, L=1
t=1, L=0 )
where [, is the initial film thickness and ¢, is the time to drug

release, and assuming that » and r,, are independent of film
thickness, gives

=2 (LY
O_Cp I

which describes the relationship between the film thickness
and the time to drug release.
The polymer solubility can be modeled empirically by

fo" Xo dt + re b (6)
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f
Fig. 1. Schematic defining the rate of film dissolution, r4, the rate of
penetration of water into the film, r,,, the initial physicat film thick-
ness, ly, the instantaneous film thickness, /;, and the drug imperme-
able film thickness, /;.

e [ — (g/xpl e
X9 = Xg {[1 T ([H+]/Kp)"] + (xO/xO)}

where K, is a constant for the polymer, [H*] is the hydro-
nium ion concentration, » is a constant characterizing the
dependence of polymer solubility on [H*], x§ is the molar
solubility of the completely ionized polymer, and xg is the
molar solubility of the completely nonionized polymer.

Substituting Eq. (7) into Eq. (6), and assuming that xg
Xxg <€ 1, gives

I SRS S B
h=¢ (n) § {“ — ([H*]/Kp)"]} dt+rete (8

which is the relationship between the film thickness and the
time to onset of drug release for an enteric-coated dosage
form in the gastrointestinal tract.

The relationship between the film thickness and the time
to onset of disintegration is given by the first term on the
right-hand side of Eq. (8), which describes dissolution of the
film. The result can be written

LAY R AN S L
b=, (zl) % {[1 v ([H+1/Kp)"]} “a O

where ¢, is the time to the onset of disintegration. Disinte-
gration occurs when the film thickness, [, is reduced to zero.

M

Film Dissolution and Drug Release in the
Dissolution Apparatus

Modeling of the film dissolution and drug release in the
USP Apparatus I is similar to that in the gastrointestinal
tract. The resulting expression, analogous to Eq. (8), for the
rate of change of the impermeable film thickness, //t,, at a
constant pH and basket rotation rate, is
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I_O__%mc{ 1 (10)

TG [1+([H+]/Kp)"1}+’w

where o is the basket rotation rate, the exponent m is a
constant, and the constant & is a function of dosage form
and dissolution medium properties.

In Vitro/in Vive Correlation

Equations (8) and (9) can be used to determine the in
vivo time to onset of drug release, f,, and the time to onset of
disintegration, t,, respectively, given the polymer dissolu-
tion parameters and mass-transfer coefficient. The dissolu-
tion parameters K, n, and r,,, functions of polymer and
formulation properties, can be evaluated from in vitro dis-
solution experiments and Eq. (10). The mass-transfer coef-
ficient in the gastrointestinal tract, k,,,, given by Eq. (3), can
be determined from in vivo measurements of the time to
onset of drug release, or the time to onset of disintegration as
reported here.

Integration of Eqs. (8) and (9) requires a knowledge of
the hydronium ion concentration, [H*], or pH of the intes-
tinal milieu, at different locations in the gastrointestinal
tract. Because these data were unavailable, we approxi-
mated the pH in the intestine with a constant function of
location that is given by

pH=a3+[ (11)

aiP
(P + 1)

where a; = 13.2, a, = 5.6, and a; = 5.5 are constants, and
P = x/¥ is the dimensionless position in the intestinal tract.
The position, x, is equal to zero at the pylorus and to & at the
ileocecal junction. Equation (11) results in a sigmoid pH pro-
file. The shape and pH values for the curve were based on
mean pH values in normal ambulant human subjects re-
ported by Evans et al. (7).

Since location was determined at discrete time points,
the transit data were cubic spline interpolated using the
method of Akima (8) to express location in the gastrointes-
tinal tract as a continuous function of time. The integral in
Equations (8) and (9) was then evaluated numerically using
univariate quadrature (9).

Experimentally determined values of k, for different
formulations were compared without independent measure-
ments of x§ by normalizing Eq. (9) by x§ of a reference for-
mulation. Using formulation A as a reference, and rearrang-
ing, Eq. (9) can be written

km . loi(xoa/xg)

Km o
G fO"’{l/[l + (HYVK,)} de

12

where the subscripts A and i refer to the A formulation and
the i formulation, respectively. We assume that the molar
densities of the polymers, C,, are approximately equal and
that the relative values of the x§ are equivalent in vitro and in
vivo.

As indicated by Eq. (3), the values for k,x5,/C, are a
function of small intestinal transit time. To facilitate the
comparison of the k,x5,/C,, values among all subjects and



In Vitro/in Vivo Correlation for Enteric-Coated Pellet Dissolution

Table 1. Specifications for Formulations Tested

Nominal Coating
Eudragit dissolution thickness
Formulation polymer pH (pm)
A L 6.0 29
B 50/50 (w/w) L and S 6.5 27
C 50/50 (w/w) L and S 6.5 48
D S 7.0 25

formulations, however, we define a transit time corrected
value that is given by

K ¥, = Km X LAY
0A = 0A
G G i
where k% is the transit time corrected mass-transfer coeffi-
cient and ¢} is the reference small intestinal transit time. We

define £ such that the mean kx5 ,/C,, value equals the mean
kmx5a/C, value. The reference transit time is given by

13)

o | Gkl Colin) m
U kd/ Cpx )

where the angle brackets designate the average for all sub-
jects and formulations.

(14)

MATERIALS AND METHODS

Enteric-Coated Pellets

Pellets were labeled for the gamma scintigraphy study
using stable, nonradioactive natural abundance samarium in
the form of samarium oxide. Enteric-coated samarium oxide
containing pellets were prepared by spray application of a
samarium oxide suspension to 10- to 12-mesh (1.70-2.00 mm
in diameter) sugar spheres using the Wurster configuration
of a fluid-bed coater (UniGlatt, Glatt Air Techniques, Ram-
sey, NJ). Hydroxypropyl methylcellulose was used as a sus-
pending agent and binder. The enteric coatings were subse-
quently applied to the samarium oxide cores using the
Waurster column. The plasticizer used was tributyl citrate at
a 16.7% level, and the solvent employed was a 20/80 (w/w)
acetone/isopropyl alcohol mixture. Unlabeled enteric-coated
pellets were prepared by spray application of the enteric
coating to 10- to 12-mesh sugar spheres without the samar-
ium oxide-containing undercoat.

The enteric polymers employed were the Eudragit L
and Eudragit S methacrylic acid copolymers [Rohm Pharma,
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Weiterstadt, Germany, Prospectus (Info L/S-1/e)]. Four for-
mulations having three different pH-solubility profiles were
tested. The specifications of the formulations tested are sum-
marized in Table 1.

Dissolution Test

The dissolution experiments were carried out in a USP
dissolution apparatus I (Vanderkamp 6000, Vankel Indus-
tries, Edison, NJ) using 300-mg samples of the samarium
oxide-containing pellets added directly to the baskets. The
media were 0.05 M potassium phosphate buffer solutions
adjusted to the appropriate pH using NaOH. All of the ex-
periments were conducted at 37°C using solutions that were
deaerated under vacuum.

Since the samarium oxide is water insoluble, the release
of sucrose from the sugar cores was monitored during the
dissolution experiment and detection was by visible spectro-
photometry. The assay was based on a double sequential
enzyme-catalyzed reaction (10) and was initiated with the
invertase-catalyzed hydrolysis of sucrose to p-glucose and
D-fructose. By adding the enzymes and o-tolidine to the dis-
solution medium, the release of sucrose was monitored con-
tinuously in situ. The time to sucrose release, ¢,, for the
enteric film was defined as the x intercept of the tangent to
the weight released-versus-time curve at the inflection point
that occurred during the most rapid sucrose release.

Scintigraphy

The protocol for the gamma scintigraphy study was ap-
proved by the Institutional Review Board of the University
of Kentucky. The study was a single-blind, four-period
crossover in eight normal, healthy male subjects, ages 20 to
50 years.

Subjects were fasted overnight. Prior to dosing, the sa-
marium oxide-containing pellets were activated by neutron
bombardment (11,12). For each dose, five activated pellets
were added to a hard gelatin capsule that had been volume
filled with unlabeled pellets. Immediately after ingesting the
test dose, the subjects were placed beneath a gamma scin-
tillation camera, and gamma radiation count data were col-
lected continuously in the dynamic mode until gastric emp-
tying had occurred. For the remainder of the test period,
scintigraphs were taken at 0.5-hr intervals up to 8 hr, and
2-hr intervals thereafter, up to 12 hr. The number and loca-
tion of the five radiolabeled pellets were recorded at each
time point and disintegration of a pellet was marked by the
dispersal of the radiomarker.

Table II. Parameters Determined from Nonlinear Least-Squares Fit of Dissolution Data to Eq. (15)

K x5 BIC, r

Formulation m n (A/;) [wm/min® =) (1m/min)
Eudragit L, A 0.24 2.2 3.4 x 1077 0.92 0.46
(0.04)7 0.49) 0.5 x 1077 0.14) 0.04)
Eudragit L:S, B and C 0.36 2.9 1.1 x 1077 0.74 0.24
(0.04) 0.3) 0.1 x 1077 (0.10) (0.03)
Eudragit S, D 0.33 2.7 43 x 1073 0.64 0.15
(0.06) (0.8) (1.0 X 107 %) (0.25) (0.04)

“ Asymptotic estimated standard error in parentheses.
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e (um/min)

Io/t r (um/min)

o/t (um/min)

25

05

Eudragit L, 29 um Coating
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Table III. Transit and Disintegration Data from Gamma Scintigra-
phy: Mean (=SD) of Eight Subjects

Ipm @

iompm @

2Zmpm A

Hours
Gastric Transit Small
residence time to intestinal
Formulation time disintegration” transit time

A 0.83 1.97 4.05

0.93)° (0.55) (1.32)
B 0.44 3.12 4.88

(0.83) (0.76) (1.73)
C 1.19 3.58 4.25

(0.93) (0.73) (1.48)
D 0.75 3.76 3.88

(1.01) (0.85) (1.35)

Eudragit L:S, 27 and 48 um Coating

55 [] 6.5 7

Eudragit S, 25 um Coating

10pm @ A
25rpm @
- S0rpm A a

¢ After gastric emptying.
% Standard deviation in parentheses.

RESULTS AND DISCUSSION

Dissolution Test

The times to onset of sucrose release, ¢, were deter-
mined for an array of pH values and basket rotation rates for
each of the formulations. The data for the rate of change of
the impermeable film thickness, [y/¢,, as a function of pH and
rotation rate, were fit to Eq. (10) using Gauss—Newton non-
linear least-squares regression and the values for the param-
eters m, n, K,,, Bxg/C,, and r,, were determined for each of
the formulations. The data for formulations B and C were
pooled since they were the same polymer composition. The
values for the parameters are presented in Table II.

Figure 2 shows plots of [/t versus pH for the Eudragit
L, 29-pm coating, Eudragit L:S, 27-um coating, Eudragit
L:S, 48-pm coating, and Eudragit S, 25-pm coating. The
solid lines in the plots were calculated using the least
squares-determined parameters and Eq. (10). We obtained
good correlations for each of the formulations, with r? values
of 0.995 for Eudragit L, 0.993 for Eudragit L:S, and 0.988 for
Eudragit S.

Scintigraphy

Table III lists mean gastric residence times, transit
times to disintegration after gastric emptying, and small in-
testinal transit times for each of the formulations. Gastric
emptying was considered to have occurred at the time point
when a pellet was last observed in the stomach. Small intes-
tinal transit time was determined as the time from gastric

Fig. 2. Rate of change of the impermeable film thickness, {y?,, as a
function of pH at basket rotation rates of 3, 10, 25, and 50 rpm. The
solid curves were calculated using the least squares-determined pa-
rameters in Table II and Eq. (10). The plots are for (top) Eudragit L,
27-pm coating; (middle) Eudragit L:S, 29- and 48-pm coating; and
(bottom) Eudragit S, 25-pm coating.
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emptying to the time when the radiolabeled milieu or pellets
first reached the ileocecal junction. The gastrointestinal tran-
sit data are consistent with published results (13).

In Vitro/in Vivo Correlation

The values for &,,x5,/C, were calculated for each sub-
Ject and formulation. The values for the ratio x§,/x5;, given
by Eq. (12), and derived from the in vitro dissolution data,
were xga/xge = 1.24, x§A/x5c = 1.24, and x§, /x5 = 1.43.

We found a weak correlation between the mass-transfer
coefficient, k,x5,/C,, and the intestinal transit time, t,. For
the least-squares fit to the linearized form of Eq. (3), an r?
value of 0.235 was obtained and the values for » and r were
3.63 and 0.515, respectively.

The values for k,,.x5,/C,, for each subject were corrected
for small intestinal transit time using Eq. (13). The means for
ki x5a/C,, which are in good agreement, were 19.0 (=8.8),
15.7 (£2.9), 21.5 (%4.2), and 22.6 (£6.3) nm/hr for formu-
lations A, B, C, and D, respectively. The mean value of
ki x5A/C,, for all subjects and formulations was 19.8 (+6.6)
wm/hr.

CONCLUSION

The agreement among the in vivo mass-transfer coeffi-
cients supports the validity of using this model to predict the
time to onset of drug release in vivo using in vitro dissolution
measurements. Since the variation in intestinal transit rate is
accounted for in Eq. (9), the deviations in the &% x5 ,/C, val-
ues are likely the result of deviations from the assumed in-
testinal pH profile given by Eq. (11). This hypothesis could
be tested by simultaneous measurement of the intestinal mi-
lieu pH and gastrointestinal transit.

When determining the mass-transfer coefficient, the in
vivo measurement is not necessarily restricted to the mea-
surement of disintegration using gamma scintigraphy. In sit-
uations where drug release from the dosage form is the rate-
limiting step to the onset of absorption, the time to drug
release, ¢, in Eq. (8) can be approximated as the time of
appearance of drug or metabolite in blood. In this case the
values of k}x5,/C, can be derived from pharmacokinetic
data.

The focus of this work has been the dissolution of an
enteric film; however, the above approach can also be ap-
plied to the dissolution of drug particles or drug-containing
matrices where drug dissolution is the rate-limiting step to
oral absorption. The use of in vivo mass-transfer coefficients
derived from pharmacokinetic data could be a useful way to
predict dissolution rate-limited drug absorption using in vitro
solubility data.
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NOMENCLATURE

B, n Constants in in vitro and in vivo mass-transfer

equation

C Molar concentration

kg, Mass-transfer coefficient

K, Constant for polymer solubility relationship

I Polymer film thickness

< Small intestinal length

m Constant exponent of rotation rate

n Constant exponent of hydronium ion concentra-
tion

N Molar flux

P Dimensionless position in intestinal tract

r Constant exponent of intestinal transit time

ry Rate of film dissolution

ry Rate of penetration of water into film

ty Time to onset of disintegration

4 Small intestinal transit time

t Time to onset of drug release

X Mole fraction

a Constants in pH profile expression

® Basket rotation rate

Superscripts

c Ionized

u Nonionized

* Transit time corrected, reference transit time

Subscripts

f Film

i Impermeable

p Polymer

0 Initial, interfacial
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