Pharmaceutical Research, Vol. 5, No. 9, 1988

Research Article

Kinetics of Release from Enteric-Coated Tablets
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Controlled and localized release of drugs in the intestine can be achieved by enteric coating. The
design of enteric-coated tablets has so far remained empirical, in part because of the lack of a quanti-
tative description of the drug release kinetics. In this paper, a mathematical model is presented that
describes the dissolution of the polymer coating and release kinetics of weakly acidic drugs from
enteric-coated tablets in buffered media. This model can also be used to predict the time of onset of
core disintegration. The model assumes that the release rate is limited by diffusion, and furthermore,
all the reactions are considered as reversible and instantaneous. Dissolution and reaction are assumed
to take place in the polymer layer and a hypothetical stagnant liquid film adjacent to the polymer layer
(the classical film theory approach). The dissolution of the enteric coating is found to depend on the
intrinsic solubilities and pK,’s of the drug and polymer and the medium properties. The release rate of
the drug is found to depend on the intrinsic solubilities and pK,’s of drug and polymer, the medium
properties, i.e., pH and buffer capacity, and a mass transfer coefficient. Explicit relationships between
the release rates and all these factors are derived. Successful prediction of experimental data indicates
that the model provides an adequate description of release from enteric coated tablets. Limitations of
the model and its potential application to the design of appropriate in vitro testing conditions and to
the formulation of enteric coated tablets are also discussed.
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INTRODUCTION

Enteric coating of drug tablets is used to prevent the
release of drugs in the stomach, either to reduce the risk of
gastrointestinal side effects or to maintain the stability of
drugs which are subject to degradation in the gastric envi-
ronment (1). An important example is enteric coating of
aspirin to protect the gastric mucosa from corrosion. This
application is particularly important for those on chronic
aspirin medication, e.g., for arthritic patients. Erythro-
mycin, pancreatin, potassium chloride, and diethylstilbes-
trol are other examples of drugs that have been formulated
as enteric-coated products (2).

An enteric-coated dosage form should not allow signifi-
cant release of drug in the stomach yet provide rapid disso-
lution of the polymer layer and complete release of drug at
the desired site in the intestine. Most polymers used for en-
teric coating are polyacids, whose solubilities in aqueous
media are strongly pH dependent.

Cellulose acetate phthalate (CAP), polyvinylacetate
phthalate (PVAP), and methacrylic acid/methylmethacrylate
copolymers are often used for enteric coating. These
polymers are weak acids, containing carboxyl groups in a
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substantial proportion of their monomeric units (Fig. 1).
Rapid dissolution of these polymers thus requires pH values
that are much higher than normally present in the stomach.
However, when hydrated these polymers are permeable to
the confined drug even at pH’s lower than the dissolution
pH. Important factors in the design of enteric-coated dosage
forms include the choice of an appropriate polymer and the
specification of the thickness of the polymer layer.

The standard basis for determining the efficacy of an
enteric-coated tablet is the 1985 USP modified disintegration
test (4). This test requires that the product remain physically
intact for a specified period when exposed to simulated gas-
tric fluid (SGF) and yet disintegrate readily in simulated in-
testinal fluid (SIF). Recently the test for enteric-coated
aspirin tablets was changed to a dissolution test (4). A poor
correlation between the 1985 USP tests and in vivo perfor-
mance has been demonstrated (5). A more quantitative un-
derstanding of the release mechanism should provide a basis
for developing a more predictive in vitro test.

Drug release has been modeled for a variety of dosage
forms and conditions for the purposes of determining the
factors that affect the drug release and predicting the tem-
poral profile of drug release. Nernst (6) modeled the dissolu-
tion of drug from the pure solid using the classical film
theory for mass transfer. The resulting dissolution rate, J, of
a nonionized drug, is expressed as a product of a ‘‘driving
force’ and a ‘‘resistance’’:
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Fig. 1. Chemical structure of some polymers used for enteric
coating (reproduced with permission from Ref. 3).

where C, and C,, are the concentrations of drug at the sur-
face (intrinsic solubility) and in the bulk fluid, respectively,
D is the diffusivity of the dissolving species, and 3 is the
diffusion layer thickness. Furthermore k(= D/3) is defined
as the mass transfer coefficient, and AC = (C, — ) is the
driving force. If the hydrodynamics are known, all values in
Eq. (1) can be obtained a priori, thus permitting prediction
of dissolution rates.

For ionizable drugs the analysis becomes more complex
because of the reactions that occur. Mathematical modeling
of such systems was initiated by Brunner (7) and extended
later by Higuchi ez al. (8,9) and Mooney et al. (10,11). Re-
cently Ozturk et al. (12) developed simple and explicit ex-
pressions for dissolution of both weak acids and weak bases
in buffered and unbuffered aqueous solutions. Dissolution
rates were found to be of the same mathematical form as Eq.
(1), except that the intrinsic solubilities (C,) had to be re-
placed by the total solubilities (Cy), defined as follows:

For weak acids,

Cr, = C, (1 + K. ) Q)
’ H*];
For weak bases,
Crs = Gy (1 + @) 3
, K,
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Fig. 2. Schematic representation of polymer dissolution and drug
release from enteric-coated tablets.

where [H*], is the hydrogen ion concentration at the solid
surface.

Dissolution of polymer from free films has been mod-
eled (e.g., Ref. 13) by a method analogous to that of Higuchi
et al. (8,9). For enteric-coated dosage forms, however, dis-
solution of the polymer layer may be modified by interaction
with the drug and excipients. Although experimental results
for drug release from enteric coated dosage forms have ap-
peared in the literature (e.g., Refs. 14 and 15), a corre-
sponding mathematical analysis has yet to appear.

The objective of this work is to model the release ki-
netics from enteric-coated dosage forms in buffered media.
The important parameters affecting the release rate of drug,
dissolution of the polymer, and onset of tablet disintegration
are identified. The model is used to predict the release rate
of drug under various medium conditions and the results are
compared with experimental data. The analysis is subse-
quently applied to the design of enteric-coated tablets.

THEORETICAL

Figure 2 is a diagram of the concentration profiles
during the dissolution of a weak acid HA confined by an
enteric coating polymer HP. HB is used to designate the
buffer; A—, P~, and B~ represent the ionized form of the
drug, the polymer, and the base conjugate of the buffer, re-
spectively. B~ indicates that the base conjugate of the buffer
carries one more negative charge than HB. The polymer has
an initial thickness of # = R, — R,, surrounding a drug core
of radius R, and 3 is the thickness of the stagnant diffusion
layer adjacent to the polymer coating. The two interfaces,’
at r = R, and r = R, correspond to the drug/polymer and
polymer/stagnant diffusion layer interfaces, respectively.

5 The polymer/diffusion layer interface moves with time from the
initial position at R,, the initial radius of the coated tablet. The
position at time ¢ is represented by R.
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Subscripts s, p, and b are used to designate the concentra-
tions at the drug surface, the polymer/stagnant diffusion
layer interface, and the bulk, respectively. The drug diffuses
first through the polymer, then through the stagnant diffu-
sion layer. During this transfer the drug simultaneously
reacts with the incoming buffer B~ to yield the conjugate
base A~ and HB. The polymer also diffuses away from the
polymer-diffusion layer interface and can simultaneously
react with basic species. The bulk is assumed to be well
mixed and chemical equilibrium attained instantly through-
out. The concentration of nonionized polymer [HP] in the
polymer region R; < r < R is assumed to be constant and
equal to its intrinsic solubility, [HP],. At the drug surface the
concentration of nonionized drug [HA] is equal to its solu-
bility, (HA),, the intrinsic solubility.

The polymer/stagnant diffusion layer interface moves
toward the drug core as the polymer dissolves. The thick-
ness of the stagnant film (3), on the other hand, is governed
by the mixing in the bulk and is assumed to be constant (24).
Use of the quasi-steady-state approximation simplifies anal-
ysis of the moving boundary problem considerably (12). A
macroscopic mass balance on the tablet yields

dR J @
Pm d4r  HP

where Jyp denotes the dissolution flux and py, is the molal
density of the polymer. This equation can be used to de-
scribe the variation of the polymer thickness with time and
hence to calculate the time for onset of disintegration. We
now proceed to evaluate Jyp based on the film model de-
scribed above.

General Mass Balances

A complete description of mass transfer for a mixture of
reacting species (drug, polymer, and buffer) requires consid-
eration of diffusion, convection, and reaction. If Fick’s law
of diffusion applies, then the general mass balance for a
given species is

i

oC
— TV VG = DVC + 3 vy ®)
k

where C; is the molar concentration, D; is the diffusion coef-
ficient, v is the fluid velocity vector, ¢ is time, VC; is the
concentration gradient, V2C; is the Laplacian operator, &, is
the kth reaction rate and v, is the stoichiometric coefficient
of component i in the kth reaction.

For the description of polymer dissolution and drug re-
lease we can neglect some of the terms in this general bal-
ance equation.®

(i) If the bulk solution is a homogeneous mixture with
no significant concentration gradients and all the
dissolution processes are confined to a stagnant
layer (polymer and diffusion films around the solid
drug core) with no convection, the term v - VC; dis-
appears.

If the diffusional response times are rapid relative
to the dissolution process, we can use a quasi-
steady-state assumption.

(ii)

6 A discussion of the basis for the simplifying assumptions is given
elsewhere (12).
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(iii) The term V2C; is written in different forms de-
pending on the geometry. The shape of the enteric-
coated tablet can be approximated as a sphere with
concentration changes in the radial direction.”

In these circumstances, we obtain

24 ( "—C) + 3 vy = 0 ©®

k

r? dr dr

Next we identify the number of independent chemical
reactions. This can be done systematically by a linear alge-
braic method (e.g., Ref. 25). The reactions are represented
in the following matrix notation:

e
00 0 0-1-11 00 i‘f‘

-11 0 0 1 00 00 B-

-11 0 0 0-11 00 BH

-11-1 1 0 00 00 Ll _
00 1-1 0-11 00 oHH— =AC=00)
00 0 0 0-11-11 1O
00-1 1 0 00-11 HZP
00 0 0 1 00-11 p-

~

Where A is a matrix of stoichiometric coefficients and C
is the concentration vector. Since the matrix A has a rank of
four, we have only four independent reactions. We use

¢ HA = A- + H*, K, = [AT][H*)/[HA]
¢, HB =B~ + H* K, = [BTI[H*J[HB]
¢;: HP = P~ + H*, K, = [PT][H*)/[HP]

by H,0 = OH- + H*, K, = [OH-][H*]

as our independent reactions, where &, represents the rate of
a given reaction and the K;’s are equilibrium constants.
The mass balance equations for the diffusion layer are

Do 4 250) -, ®
el
%%(ﬂ d[?;]) - 4, (10)
% xS
Er1 e REURCSL ST
el ) e o

7 Other idealizations are that the coating is of a uniform thickness
around the tablet core and that the core is assumed to consist of a
solid pure compacted drug.

8 Note that there is no equation for [HP] in the polymer layer as it
assumes a constant value of {[HP],: the intrinsic solubility.



Kinetics of Release from Enteric-Coated Tablets

and the analogous equations for the polymer layer are®

D;IA ;( d[HA]’) o )

D,"Z‘ ( ) — ] (17)

D,E_ d,( B -y (18)
%%(ﬂ d[?] ) = ¢3 (19)

D,P d,( d[l;] ) = ¢} 20)

& %(f %) e R R ROV
mo %(rz g[o%]j - 4 22)

where [X], [X]’ and D,, D] are the concentration and diffusi-
vities in the stagnant diffusion layer and in the polymer ma-
trix, respectively (X represents HA, A~, B-, HB, P~, HP,
OH-, or H*).

Boundary Conditions

Boundary conditions are needed at three locations.

1. At the drug surface, »r = R,, [HA] = [HA], =
[HA],, the intrinsic solubility of the drug, which is a
measurable quantity. Provided that the core remains
composed predominantly of solid during the polymer
dissolution phase, we can then make the assumption
that there is no flux of the species other than HA at
the core surface, i.e., that there is no penetration of
the species into the undissolved solid phase. Hence
we use the ‘‘no-flux’’ boundary conditions at the
core surface:

dX
J,=D,— =0, X # HA 23)
dr
The flux of HA is
d[HA]
—Dya (_‘) = Jua (24)
dr —R)

2. At the polymer/diffusion layer interface, r = R, we
use the continuity requirement that

[x] = [X]' = [X], (25)
and
d dlxy
D, (X1 _ D! X1 26)
dr dr
For the dissolving polymer we have the flux condi-
tion:
d[HP]
—Lgp = Jup 27
dr

3. At the outer edge of the diffusion layer, r = R + 3,
we use the bulk values, i.e.,
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[X] = [X, for all X (28)

In most cases of interest the bulk concentration of
dissolving drug [HA], and [A~], and polymer [HP],
and [P~], are insignificant and assumed to be negli-
gible, so-called sink conditions.

We further assume that in the region of R, < r < R the
polymer is free to dissolve and that the concentration of the
nonionized form is constant and equal to its intrinsic solu-
bility:

[HP]" = [HP], = [HP], = [HP],

Solution of Differential Equations

In the mass balance equations the reaction rates, ¢, are
not known; hence we cannot integrate them directly to solve
for the concentration of individual species. However, the re-
action rates can be eliminated by appropriate combination of
the mass balance equations.

By adding Eqgs. (12) and (13) we get

1 d d
— — | r? — (DyplHP] + Dp_[P])| =0 29)
r2 dr dr
eliminating ¢5. Integrating this expression twice yields
Dyp[HP] + Dp_[P~] = Dyup(lHP] + vup[P~))
= Dyp[HP]y (30
= Cl + Cz/r

We now define the ‘‘dynamic total concentration’ of

polymer as
[HP)y = [HP] + yuelP~] (31)

where ygp = Dp-/Dyp.
Appropriate combinations of the mass balance equa-
tions for drug and buffer are

Dyua[HA] + Ds-[A7] = Dua(lHA] + yualA7])

= Dy [HA]¢ (32)
= C3 + C4/r
Dya[HAY + D} _[A7] = Dia((HA]L + yualA™])
= Dya[HA]r (33)
= C{ + Cyr
Dyg[HB] + Dg_[B~] = Dyp([HB] + vyup[B~D
= Dyg[HB]; (34
= C5 + CG/r
Dyp[HB]' + Dy [B-]" = Dyg([HB]" + yus[B~))
= Dyg[HB]r (35
= Cy + Cyr
Dy.[H*] = Doyg-[OH™] — DA-[A~] — Dg-[B7]
— Dp_[P7] (36)
= C7 + Cs/r
Dy.[H*] — Doy [OH™) — D,-[A7} — Dg-[B7)
— Dp [P) 37
= Cj + Cglr

Here C;, C,, . . . , Cq are the integration constants, and the
dynamic total concentrations are defined as

[HYly = [HY] + vuylY"]

where ygy = Dy_./Dyy, and Y may be A~, B—,

(38)

orP-.
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By applying boundary conditions we can evaluate the
constants of integration. They are

R R
¢ = DHP[HP]T,b(l + g) — DyplHPl1, ‘8‘ (39

R

G = DHP([HP]T,p - [HP]T,b)R<§ + 1) (40)

R R

C; = DyalHAlr, (1 + g) ~ Dya[HAlr, g 41)
R

Cy = Dyu([HAlr, — [HAl)R (‘8‘ + 1) 42)

Ci = qC, 43)

Cs = DHB[HB]T,b (44)

Cs = qCs 45)

Ce=Ce=10 (46)

C; = Dy.[H*]y, — Doy-[OH"), — D4-[A7]y @7)

= Dg-[B~), — Dp_[P)y
C; =qG (48)
Ci=Cg=0 49)

where q is the diffusivity ratio D/D/. The ratio ¢ is assumed
to be the same for all components, since this ratio represents
the magnitude of the diffusional pathway changes due to po-
rosity and the tortuosity in the polymer matrix.

The constants of integration are important later on: C,
and C, are used to evaluate Jyp and Jy,, respectively; C;
and Cy are used to evaluate the pH at the polymer/diffusion
layer interface; and C; and Cj are used to evaluate the pH at
the drug/polymer layer interface.

Determination of Concentrations at the Drug Surface

The pH at the drug surface is crucial, as it determines
the concentration of all the other species via the equilibrium
relations. At the surface we assume that the concentrations
of HA and HP are their intrinsic solubilities. Once the sur-
face pH is known, the other concentrations can be calcu-
lated as follows:

KJ[HAl,  K,[HA],
A7), = = 50
(A7 = e [H*], 0

K[HP), K,[HP],
pP-], = 2 =L 51
Pl = i, . (51)
[OH-], = — (52)

* T [H],

B-], = —elHBhe (53)

 yupKe + [H*],

In Eq. (53) we have used the definition of the dynamic total
solubility to obtain the expressions for [B~];. The terms K,
in Eq. (51) and K, in Eq. (53) refer to the acid dissociation
constants of the polymer and buffer, respectively, and they
are used to distinguish them from the K, of the drug.

Using the equilibrium relationships in Eq. (36) along
with integration constants C; and Cj, we obtain
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, , Ky K,[HA],
DH+[H+]S - DOH— [H+] - Ya- [H+]
K, [HB K [HP
_ D'BA b[ ]T,b _ Dll;_ p[ ]0 (54)

YupKe + [H*], H*],
= Dy.[H*}, — Dou-[OH"], — D, _[A~],
— Dy _[B~], Dp-[P ]y

After rearrangement we get a cubic equation for [H*],
that has the standard solution

H*], = 2V(—Q)cos(6/3) — al3 (55)

with

GBb — ad9

ab — 27c — 2a%)/54

cos~{RIV D)

= yupKy — G

= —(viKy + vK,[HA]y + v3[HBlrp + v.K [HP],
+ YusGKp)

¢ = —(viKy + V2K, [HA]y + voK [HPlo}vusKs

G = [H*], — wi[OH"], — vA7] — vs[B~l — vilP7 ]y

where v, = Doy-/Digs, Y2 = Da-/Dy., v3 = Dg_/Dyy., and
v4 = Dp_/D{;. are ratios of diffusion coefficients. The con-
centrations at the drug surface are then obtained from the
equilibium relationships given above, Egs. (50)-(53).

(56)

o8 o
Il

Determination of Concentrations at the Polymer/Diffusion
Layer Interface

In an analogous fashion we can now obtain the concen-
trations at the polymer/diffusion layer interface. The
polymer concentration, [HP],, is equal to its intrinsic solu-
bility, [HP],. The equilibrium relationships at the polymer
surface are, after the introduction of the dynamic total solu-
bilities,

Ka[HA]Tp
A7) = ————"— (57
i H*], + vuaK,
K, [HB K,[HB
B, = KolHBlR, _ KHBl, o
H*], + vupKp (H*1, + yasKy
For [P~], we use
K [HP K [HP
[P_]P - p[ ]p _ p[ ]0 (59)
[H*], [H*],
with
[HAlr, — a[HA]r,
HA};, = - - 6
[HAlr, — (60)
The parameter « is defined as
R - R, h
a=g——0—"=qz 61)

Note that a will change during the course of dissolution.

Substituting the above equilibrium relations into Eq.
(37) along with the integration constants C, and Cg, we ob-
tain
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K.[HA)},
Dy.[H*], — Dou- -Dy —m—mMM8M——
" o [H+] T HY, + YaaKa
K, [HB K [HP
- b[ ]T,b _ DP_ p[ ]0 (62)
[H+]p + vupKs H*Ip

= Du.[H*]y — Dou-[OH"], — Da-[A"],
— Dy [B7], — Dp_[P]y

After rearrangement we obtain a quartic equation for [H*],;:
H*13 + a[H*] + b[H*)2 + ¢[H*], +d = 0 (63)
with

a = ygaK, + yusKp — G
b= —[vKy + GyuaK, + vueKe) + 11 + 1, + 13
— YuaYueK.Kul

c= —{nK, + Kp) + n(K, + K)) + (K, + Ky)
+ VKoK, + Ky, + K,) + GIK(Kp + Kp) + K K]
- KaKpr}
d = —K.Ky(viKw + r)Yuavus 64)
G =[H*], — ilOH ], ~ v[A"], — vs[B™)o — valP7 ]y

ry = v, K,[HA],
vs[HB]rp
'Y4Kp[HP]o

ry =
ry =

where Y1 = DOH—/DH"" Y2 = DA—/DH+9 Y3 = DB—/DH+’ and
v+ = Dp_/Dy, are diffusion coefficient ratios. The roots of
the quartic equation must be obtained numerically.

Polymer Dissolution and Drug Release Rate

We can derive a simple expression for the dissolution
rate of the polymer. First we calculate the derivatives
d[P~1'/dr and d[P~)/dr at the polymer/diffusion layer inter-
face. The concentration of [P~]’ is calculated from the equi-
librium relationship:

K [HP)

(P-] = PHT (65)
Since [HP]' is constant, we obtain
dap-]" (HP]" ([ dH*)
ar ° ([H+]')2< dr ) 66)

The slope, d[H*)/dr, is always negative ((H*] is diffusing
away from the core, which contains weakly acid drug, to the
buffered bulk at a higher pH). Also, d[P~1/dr cannot be posi-
tive (for diffusion from the polymer surface) and, further-
more, should be related to d[P~]'/dr by the appropriate
boundary condition (continuity requirement). Hence the
only possible condition at the polymer/diffusion layer inter-
face is that

d[P~Y B d[P~]
dr  dr

This result can now be used to calculate the dissolution
rate of the polymer.

d[HP] _ dHPly — vuelP~]
-b "( dr ) x D‘"’( dr )

[d(c1 + Cz/r)]

atr = R, =0 ©67)

Jue =
r=R
= = Cz/RZ

=R

(68)

)
= —8“1 ((HPly, — [HPlyy) (1 + E)
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In most cases 8 < R and the term (1 + 3/R) becomes ap-
proximately unity and we obtain

Jup = [HP]T,b) (69)

—8‘5 ((HP)y,, —

The value for [HP]r, is calculated using the pH at the
polymer/diffusion layer interface.
The drug release rate Jy, can be calculated in a similar

fashion:
, [d[HA)
r=Ry

Jna

dr
, <d[HA]'T - yHA[A-]')
= _DHA d
r r=Ry
(70)
= CYR? = qC/R}
DHA

d
= —— (HAlr, — [HAlry) (1 + ;)

1

In most cases & < R, and the term (1 + 3/R,) becomes ap-
proximately unity and we obtain

DHA

Jua = —— ((HA]r, — [HAlg) (n

Time for Onset of Disintegration

We now substitute the expression for dissolution rate of
polymer, Eq. (69), into the moving boundary equation, Eq.
(4). The resulting expression can be integrated to give the
thickness of the polymer as a function of time.

Under sink conditions, [HP]y;, = 0, the result is

dR
Pm —

o —k[HPlr,

(72)

where k, = Dyp/d is the mass transfer coefficient for the
polymer. Integration between = 0 (R = Ry and ¢t = (R =
R) gives

R dR t
on - &, j dt (73)
&, [HPlrp o
or
®: gR
LT (74)
ke Jr [HPlr,

This integration is performed numerically since [HP};, de-
pends on R, Egs. (60) and (61). Scanning electron micros-
copy indicates (see Results) that the coating is still intact
after 90% of the coating has dissolved. We thus choose to
approximate the time for onset of disintegration to corre-
spond to the time at which a 95% reduction in the polymer
thickness has occurred, that is, when the upper limit on the
integral is

R =R, + 0.05(R, — Ry (75)
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Table I. Formulations of PVAP-Coated Tablets (Quantities Are Given as Weight Percentage)
Formuiation
Placebo Buffer Aspirin

Starch 1500 49.75 Avicel 101 18.8 Aspirin 90
Avicel 101 49.75 Stearic acid NF 1.0 Avicel 101
Fumed silica NF 0.25 Talc 140 1.0 Ac Di Sol 1
Magnesium stearate 0.25 Croscarmellose

Sodium NF 4.0

Sodium citrate

dihydrate 25.07

Disodium citrate 50.13

MATERIALS AND METHODS

Tablets

Three batches of PVAP-coated tablets were prepared to
investigate the effect of the core pH on the coating dissolu-
tion time. The first of these batches contained a placebo for-
mulation, the second contained aspirin to generate an acidic
core, and the third contained citrate salts to maintain a core
pH of pH 6.5. Individual formulations are given in Table I.
All three batches were coated with PVAP from an aqueous-
based pseudolatex dispersion (Colorcon Inc., West Point,
Pa.) in a side-vented pan apparatus (24-in. Accelacota,
Thomas Eng., Hoffman Est., Ill.) using identical operating
conditions. Polyethylene glycol was used as the plasticizer,
and no pigments were added to the coating dispersion. The
batch size was 10 kg in each case.

Disintegration Test

The USP test procedure was modified to omit the place-
ment of disks in the tubes and by using 0.05 M phosphate
buffers in lieu of simulated intestinal fluid USP so that disin-
tegration could be studied as a function of pH over the range
pH 5.5 to 6.8. For the purpose of this study, we defined the
onset of disintegration as the time when the coating is first
ruptured. This was done to circumvent any artifactual dif-
ferences arising from variation in the disintegration time
among the three tablet core formulations.

Scanning Electron Microscopy (SEM)

PVAP-coated tablets that had been subjected to dissolu-
tion testing in either simulated gastric fluid USP (without
pepsin) or simulated intestinal fluid USP (without bile salts)
for 1 h at 50 rpm and 37°C in a USP basket dissolution appa-
ratus were allowed to dry and then submitted for scanning
electron microscopy along with control tablets from the
same batch. Note that under the test conditions applied the
coatings remained intact for the duration of the dissolution
experiment. SEM samples were prepared by cutting the
tablets in a vertical cross section or by directly observing the
coating surface. In either case, the sample was attached to
the mounting with double-sided tape and colloidal graphite,
then coated with approximately 15 nm gold/palladium in an
E50-100 sputter coater (Polaron, Hatfield, Pa.). The sample

was then studied in an ISI-DS 130 SEM (International Scien-
tific Instruments Inc., Milpitas, Calif.) at a pressure of ap-
proximately 10~ Torr and at magnifications ranging from
60 x to 3500 % .

PVAP Dissolution Tests

The dissolution rate of PVAP as a function of pH was
measured in a rotating disk apparatus at 200 rpm. The pH
was controlled by a pH stat method for unbuffered media or
by the use of 0.05 M phosphate buffer. Complete details of
the experimental apparatus have been described by McNa-
mara and Amidon (16). The absorbance of the dissolution
medium at 230 nm was monitored continuously using a flow-
through cell in a Lambda 3 UV-vis spectrophotometer
(Perkin—Elmer, Oak Brook, Ill.). The dissolution rate was
then calculated using the absorptivity at pH 6.8 (a = 20.04).

Statistical Analysis

All results presented for disintegration tests represent
the means and standard deviations calculated from a sample
of N = 6 except where specifically noted. Analysis of vari-
ance was used to evaluate the effect of changing the core
composition. For the dissolution of PVAP, linear regression
analysis was used to determine the slope of the absorbance
versus time plot.

RESULTS AND DISCUSSION

Based on the model presented, numerical solutions
were used to predict concentration profiles of the polymer
and drug and the pH profile in the coating and aqueous
boundary layers. The rate of polymer dissolution and re-
lease of drug prior to the onset of disintegration was also
simulated, and predictions were obtained for the time of
onset of core disintegration. The predicted behavior was
then compared with experimental data to evaluate to what
extent the model could predict the observed behavior and to
identify any problems with assumptions made in setting up
the model. Experimental data included SEM and deter-
mining changes in release rate with buffer strength and stir-
ring rate in the dissolution medium. In addition, the effect of
changing the pH of the core material relative to the medium
pH on the disintegration time was investigated. After estab-
lishing that the model predicts a satisfactory description of
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Fig. 3. Fractional concentration profiles with the fractional dimen-
sionless distance for enteric-coated aspirin in a phosphate buffer
solution with pH, = 6.8. Parameters used are as follows: polymer
acidity, pX,, = 4.5; solubility, [HP], = 5- 1075 M; a = 58.6;v, = v,
= v, = 0.2; and diffusivity ratio, g = 10. 1, HA; 2, A—;3,[B"1]; 4,
[HB].

experimental dissolution and disintegration data, its applica-
tion to the design of enteric-coated tablets is discussed.

Simulated Concentration Profiles

Figure 3 represents the concentration profiles in the
dissolving coating region and aqueous boundary layer (see
Appendix B) for a polymer of pK, = 4.5 (pK, is used
throughout for the polymer dissociation constant to distin-
guish it from that of the drug, pK,). Values chosen are illus-
trative for a low-pK, polymer having a solubility similar to
that of PVAP. The polymer surface in this example is located
at x = (r — R)/(h + 3) = 0.85, i.e., 85% of the region of
interest is the polymer coating, with the remaining 15% oc-
cupied by the stagnant diffusion layer. At the interface of the
polymer and the stagnant diffusion layer the concentration
profile of each species changes curvature due to the dif-
ferent diffusivities in the two regions. All species are consid-
ered to diffuse through aqueous pores in the coating layer,
but the diffusivity is altered by the porosity and tortuosity of
the polymer, resulting in a reduced apparent diffusivity, D/,
for each species. The short lag time observed between the
immersion of the dosage form and the appearance of aspirin
in the dissolution medium is consistent with aqueous pore
diffusion rather than a solution/diffusion mechanism. Since
all buffer and drug species are small, the ratios of their diffu-
sivities in the polymer versus stagnant diffusion layer, g, are
assumed to be the same. Because of the tortuosity of the
aqueous pores in the hydrated polymer layer, g values of
greater than unity are expected.

Figure 4 illustrates pH profiles in the coating and stag-
nant diffusion layer for the case of an enteric-coated aspirin
dosage form with polymer pK,, = 4.5. For diffusivity ratio,
q, values of 5 or greater, the pH profile becomes relatively
insensitive to the g value. In subsequent simulations a g
value of 10 is used.

The dynamics of the polymer erosion and drug release
are presented in Fig. 5. The time is scaled to the time at
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which the coating dissolution is 95% complete, which is as-
sumed to coincide with the rupture of the coating and the
onset of tablet disintegration. Initially, the polymer dissolves
quickly. As the polymer layer thins, the resistance to drug
transport decreases and so the drug is released faster. Mean-
while, the increase in concentration of acidic drug in the
coating layer results in a reduction in pH, and this in turn
leads to a reduction in the polymer dissolution rate. Overall,
the dissolution rate of the polymer decreases with time,
while the release rate of the drug increases with time. Im-
plicit to the model and these results is the assumption that
the polymer dissolution occurs at the polymer/bulk inter-
face. This assumption was tested by subjecting tablets to
simulated gastric and intestinal dissolution media, then
studying them by SEM.

Scanning Electron Microscopy

To investigate changes in the polymer layer under dif-
ferent dissolution conditions, scanning electron microscopy
(SEM) was run on three types of samples: control tablets,
tablets subjected to dissolution testing under simulated gas-
tric conditions, and tablets subjected to testing under simu-
lated intestinal conditions. Representative micrographs are
shown in Fig. 6. Controls had smooth coating surfaces and
the cross-section SEM indicated that the coating thickness
was approximately 150 pm. After treatment in simulated
gastric conditions, the smooth appearance of the coating
surface (Fig. 6A) was retained. Cross section (Fig. 6B) indi-
cated that a minimal amount of polymer had dissolved, at
most 10%. There was some water penetration into the core,
as evidenced by an alteration in the appearance of the
aspirin crystals (note: Fig. 6C is of a section that showed the
most change in morphology from the control). Any release
during the acid phase (up to 3% release in 1 h at 50 rpm) can
be accounted for by dissolution of aspirin in the water pene-
trating to the core surface and subsequent diffusion out
through the hydrated polymer phase. After treatment in sim-
ulated intestinal intestinal conditions, the coating developed

20 4 — = 4
00 0.2 04 0.6 0.8 1.0
x=(r-Ry)/{seh)

Fig. 4. The effect of the diffusivity ratio, ¢, on the pH profile in
enteric-coated aspirin in a phosphate buffer. Apart from the diffu-
sivity ratio the same parameters given in the legend to Fig. 2 are
used. (A)g = 10;(B)g = 5;(C) g = 2
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Fig. 5. Dissolution rate of polymer (line 1) and release rate of drug (line 2) during the
course of disintegration.

a roughened appearance on the surface (Fig. 6D). On
viewing the cross section (Fig. 6E), it was apparent that the
majority of the polymer, approximately 90% by comparison
with the original coating thickness, had dissolved. The
greater release of aspirin under simulated intestinal condi-
tions as compared to the simulated gastric phase can be ac-
counted for by the reduction in the thickness of polymer
through which the aspirin must diffuse (note that at 50 rpm,
the coating remained intact over the 1-hr duration of both
the simulated gastric and the intestinal dissolution experi-
ments). From the cross-section micrograph one can also ob-
serve that there was more substantial drug dissolution in the
core during exposure to simulated intestinal conditions-—
the morphology of the core material was substantially dif-
ferent from that of the control or gastric-phase tablets
(again, Fig. 6F is of a section which showed maximal change
in morphology from the control).

SEM studies therefore validated the assumption that
polymer dissolution occurs primarily at the polymer/bulk in-
terface rather than by bulk erosion throughout the coating
layer. Also, SEM measurements indicated that over 90% of
the coating dissolves prior to the onset of the core disinte-
gration. This result formed the basis for our assumption that
the time for onset of disintegration occurs at approximately
95% coating dissolution.

However, the alteration in the morphology of the core
material during the polymer dissolution phase suggests that
the assumption of zero flux of species other than HA at the
core/polymer interface is useful only as an approximation,
rather than providing a precise physical description of the
conditions at the interface. The model assumes that the core
consists of solid, compacted drug but in the real situation the
excipients in the core formulation modify the behavior at the
core/polymer interface. The effect of water flux into the
tablet would be to create a larger surface area for drug dis-
solution and hence a faster dissolution rate. However, the
concentration of drug at the core/polymer interface would
still be limited by the drug’s solubility. Provided that the
volume of water imbibed and drug solubility are low, the

driving force for drug release, i.e., the concentration at the
drug/polymer interface, will still be the drug solubility and
hence invariant. Further, provided that the influx of water is
small, there will be little influx of buffer species and so the
pH calculated for the surface of the core will still be reason-
ably accurate. The net effect of water influx to the core will
be to increase the rate of polymer dissolution and drug re-
lease, so the model predictions for the rate of release and
time for onset of core disintegration may underestimate the
observed release rate.

Bulk and Core pH

Figure 7 shows the predicted pH profile in the coating
layer when an acidic drug is added to the core formulation.
The presence of an acidic drug, in this case aspirin, in the
tablet core is predicted to result in a lowering of the pH in
the coating layer relative to that of the bulk. For aspirin, the
pH at the surface is predicted to be pH 3. The pH at the
polymer/boundary layer interface depends on the diffusivity
ratio, g, as well as the bulk and surface pH. For a bulk pH of
6.8 and core surface pH of 3, the pH at the polymer/
boundary layer interface falls in the range of pH 6.2 to 6.6 at
reasonable values of g.

The concentration profile of ionized polymer has a
maximum at the polymer/boundary layer interface. This
occurs because the ratio of [H*] to polymer concentration
differs in the two regions. Near the tablet surface, [H*] is
high, suppressing the ionization of polymer. Close to the
polymer/boundary layer interface, [H*] decreases and ion-
ization of polymer (reaction ¢,) proceeds, leading to an in-
crease in [P~]. In the boundary layer, P~ is diffusing across
a concentration gradient (assuming sink conditions in the
bulk), leading to a decrease in concentration with distance.

The effect of the bulk and core pH on the disintegration
time of PVAP-coated tablets is shown in Fig. 8. In the case
of placebo cores, the disintegration time progressively de-
creases above pH 5. This may be expected, since the
polymer has a pK, of 4.7. When aspirin (pK, 3.5) is incorpo-
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Fig. 6. Scanning electron micrographs of PVAP-coated tablets subjected to simulated gastric or intestinal conditions. (A)
Coating surface after simulated gastric conditions; (B) coating cross section (gastric); (C) core cross section (gastric); (D)
coating surface after simulated intestinal conditions; (E) coating cross section (intestinal); (F) core cross section (intestinal).

rated in the core, dissolution is very slow at pH 5 and there
is a shift in the pH/disintegration profile to disintegration at
higher pH values. There is a steep dependency in the pH
range 5.5 to 7.0 even though the pK, of the polymer is sub-
stantially below this range. These results are predicted well
by the model and reflect the ability of the aspirin to buffer
the coating layer even in the presence of buffer diffusing in
from the bulk. Additionally, when citrate is incorporated in

the core, the dependency of disintegration time on bulk pH
in the pH range 5 to 7 is virtually eliminated, with rapid dis-
integration occurring over the whole range. This effect is
also consistent with the model, which predicts that the core
pH will affect the pH profile in the coating layer and hence
the dissolution rate of the polymer.

The current data are also consistent with data obtained
previously by Dressman and Amidon (17). In those experi-
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Fig. 7. pH (solid line) and [P~] (dashed line) profiles with the frac-
tional dimensionless distance for enteric-coated aspirin in a 0.05 M
phosphate buffer solution with pH, = 6.8.

ments, three batches of tablets were made in which the core
pH was adjusted between pH 3 and pH 5. All three batches
were coated with hydroxypropylmethylcellulose phthalate.
A core pH of 5 resulted in a significant decrease in the in
vivo disintegration time compared to those with a core pH of
pH 3.

The great dependency of coating dissolution on the bulk
pH when acidic or nonionizing compounds form the core
material suggests that it is critical to the prediction of in vivo
performance to choose a pH that is representative of condi-
tions in the proximal small intestine. Previous data (18) sug-
gest that the fasting pH is about 5.5 to 6.0 in healthy young
adults and that factors such as meal intake (19), age (20), and
disease state (21) can affect the local pH.

Buffer Concentration

The effects of buffer concentration, a further deter-
minant of the pH profile in the polymer layer, are shown in

100 |- O]

80

60 K

Disintegration time, min

20 |-

pH,bulk

Fig. 8. Simulated (lines) and experimental data for time of onset of
disintegration of PVAP-coated aspirin (Hl), placebo (@), and citrate
(A) tablets, as a function of bulk pH. Open squares represent indi-
vidual data; filled symbols are the means of six values. Error bars
represent standard deviations; in most cases these were smaller
than the symbol size.
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Fig. 9. Disintegration time is predicted as a function of
buffer concentration for different bulk pH values. At very
low buffer concentrations, the prime determinant of the
[H*] profile in the polymer layer is the H* generated by the
dissolving drug, resulting in long predicted disintegration
times. At a bulk pH of 6.5, a small increase in the buffer
concentration results in a large decrease in the disintegration
time, and at concentrations in excess of 0.05 M the disinte-
gration time is short and practically independent of further
increases in the buffer concentration. At pH 6, more typical
of fasting-state pH in the upper small intestine, the decrease
in disintegration time with increases in buffer concentration
is predicted to be much more gradual, with a fourfold change
in disintegration time over the concentration range 0.02 to
0.1 M, a range typical of buffers used as dissolution media.
At pH 5.5, a lower-limit estimate of fasted pH in the duo-
denum but fairly typical of fed-state upper intestinal pH,
disintegration is predicted to be longer and less sensitive to
changes in the buffer concentration. Note that the concen-
tration and pH range over which the disintegration time is
very sensitive to buffer concentration depends on the
polymer pK,, and that the simulations discussed here refer to
a pK, of 4.5.

In vitro data collected for aspirin release from PVAP-
coated aspirin tablets as a function of buffer concentration
(see Fig. 10) support the predicted behavior. As the buffer
concentration is increased from 0.05 to 0.1 M, the per-
centage of aspirin released in 1 hr of dissolution testing in
phosphate buffer increased by a factor of 10. No direct com-
parison between predicted and observed behavior can be
made, because at higher buffer concentrations, polymer dis-
solution was complete within 1 hr and the tablets disinte-
grated, thereby changing the mechanism of aspirin release
(from diffusion through the coating to direct dissolution
from the core material).

In an attempt to ascertain how well the buffer capacity
of simulated intestinal fluid at pH 6.8 simulates the buffer
capacity in the gut, we fed two dogs with midgut fistulae
regular dog food meals and collected chyme in 25-ml

Disintegration time, min

'y A

00 0.02 0.04 0.06 0.08 0.10

Bufter concentration, M
Fig. 9. Model predictions for the effect of buffer concentration (pK,
= 7.1) on disintegration time for aspirin tablets coated with a
polymer of pK, = 4.5. (A) pH, = 5; (B) pH,, = 5.5; (C) pH,, = 6;
(D) pH,, = 6.5; (E) pH,, = 7.
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Fig. 10. Percentage aspirin released from PVAP-coated tablets as a
function of time at a stirring rate of 100 rpm in 0.025 M (lower
curve), 0.05 M (middle curve), and 0.10 M (upper curve) phosphate
buffer at pH 6.8.

samples early, in the middle, and late in the postprandial
phase. We then measured the pH of the chyme sample and
titrated to a 1-pH unit change with 0.1 N HCI. The buffer
capacity was calculated as milliequivalents per liter per pH
unit. Simulated intestinal fluid without pancreatin was simi-
larly titrated. The results are shown in Table II.

The pH of the simulated fluid is a good representation
of the postprandial midgut pH in dogs, a fair representation
of the fasted intestinal pH in humans (pH 5.5 to 6.5), and
substantially higher than the postprandial intestinal pH in
humans. The buffer capacity is somewhat lower than that of
the mid-to-late chyme collections. Since the concentration
of the buffer in the simulated fluid falls in a region of the
disintegration time versus buffer concentration plot that ap-
pears to be quite sensitive to changes in intestinal pH, it
seems that closer attention needs to be paid to the compar-
ison of dissolution and disintegration media in terms of
buffer capacity, so that in vitro results will more closely pre-
dict those obtained in vivo.

To test whether the effect of buffer concentration results
from the effect on the polymer dissolution, we also studied
the dissolution of the pure polymer in buffered and unbuf-
fered media over a wide pH range. Figure 11 shows that
when using a pH stat in the unbuffered mode, the dissolution
of PVAP is very slow even at basic pH, whereas in buffered
media, dissolution increases rapidly at a pH about 1 pH unit
above the pK, {reported as 4.7 (Colorcon, Inc., based on
solubility data (22)] and 4.9 [potentiometric titration (23)]}.
These results can be explained by the ability of PVAP to
suppress its own ionization at the unbuffered dissolving sur-
face.

Table II. Buffer Capacity of Chyme at Midgut in Two
Fistulated Dogs

Dog Buffer capacity

No. Solution Initial pH (mEg/liter/pH unit)
1 Early chyme 6.75 28
Mid 6.82 32
Late 6.88 48
2 Early 6.50 24
Mid 6.59 35
Late 6.79 44
SIF 6.8 26
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Fig. 11. Dissolution of PVAP in rotating disk apparatus using un-
buffered medium (squares) and 0.05 M phosphate buffer (circles) as
a function of pH.

Stirring Rate

The effect of stirring rate in the USP No. 1 apparatus
was investigated. Increasing the stirring rate is predicted to
decrease the thickness of the aqueous boundary layer,
thereby increasing the mass transfer rate. The net effectis a
direct relationship between the mass transfer coefficient and
the release rate of drug, as shown in Fig. 12. The depen-
dency of the mass transfer coefficient on the stirring rate
was predicted by the model to be k, = (stirring rate)>5. We
then measured the dependency experimentally by packing
an ion exchange resin (Amberlite 400) into the basket appa-
ratus and measuring the uptake rate of H* from an acidic
solution (using an Orion pH meter) as a function of stirring
rate. The experimentally determined relationship was k, =
(stirring rate)?%’, in close agreement with the model predic-
tion. The sensitivity of the mass transfer coefficient to the
stirring rate in the basket apparatus suggests that the stirring
rate is very important to the outcome of in vitro dissolution
tests and that, until the effective in vivo mass transfer coeffi-
cient range can be established, using an inappropriate stir-
ring rate may be a major source of poor correlation between
in vitro and in vivo data.
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Fig. 12. Effect of stirring rate on percentage aspirin release in 1 hr
in rotating basket (USP No. 1) apparatus. A 0.05 M phosphate
buffer, pH 6.8, was used as the dissolution medium. Bars are experi-
mental data (N = 6; coefficients of variation, 14% at 50 rpm, 29% at
100 rpm, and 15% at 150 rpm); the line is the model prediction.
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Fig. 13. Model predictions for the effect of initial polymer thickness
on disintegration time for tablets with a neutral core (dashed line)
and with a weak acid core (e.g., aspirin) (solid line).

Application to Design of Enteric-Coated Dosage Forms

Design of an enteric-coated dosage form with optimal
properties in terms of low drug release during gastric resi-
dence combined with rapid disintegration at intestinal pH
requires consideration of the pH generated at the core sur-
face (drug solubility and pK, and buffer capacity of the bulk)
and polymer pK,, solubility, and thickness. Other aspects of
the formulation, e.g., the disintegrant action, may in some
instances provide the rate-limiting step to drug release from
the core. However, this is a separate issue that cannot be
addressed within the scope of the current model. Bulk buffer
effects are dictated by the bicarbonate/chloride buffer envi-
ronment in the small intestine, which sustains a buffer ca-
pacity of about 40 mEq/pH unit, as measured postprandially
in mongrel dogs. The buffer capacity of the intestine in
humans has not been directly measured as far as we know.
Application of this model to design of enteric-coated dosage
forms is also limited by the various assumptions made, the
most important to quantitative predictability being that dis-
integration will occur when polymer dissolution is 95% com-
plete, that there is no net flux of species other than HA at
the core surface, and that the model strictly applies only for
drugs where the core pH generated is lower than that of the
polymer pK, (if the pH generated is much greater than the
polymer pK,, there can be polymer dissolution throughout
the coating layer).

Simulations for the effect of the polymer thickness on
the disintegration time are shown in Fig. 13, for the case of
enteric-coated aspirin and neutral tablets. For neutral cores,
a gradual increase in disintegration time with thickness is
predicted. In contrast, for aspirin tablets a steep dependency
on thickness is predicted between 100- and 200-um coating,
above which there is little dependency. The contrasting pro-
file for aspirin cores occurs because of two opposing trends
with increasing thicknesses. At greater thicknesses, there is
faster dissolution at the polymer/boundary interface, but
there is more total polymer to dissolve.

The effects of changing pK, and solubility of the drug on
the disintegration time in pH 6.8 buffer are simulated in Fig.
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14, for a PVAP coating 150 pm thick. For drugs with a low
solubility, the disintegration time will be short irrespective
of the pK,, because the buffer capacity of the dissolving
drug will be limited by its solubility. The result is similar for
high-pK, acids, as again, the ability to reduce the pH in the
coating layer will be minimal. For soluble drugs ([HA], > 0.5
M) with a pK, of <5, the disintegration is predicted to be
prolonged by the lowering of the pH in the coating layer by
the drug. These criteria apply to several drugs that are po-
tential candidates for enteric coating, e.g., agents used to
treat urinary tract infections and NSAIDs, some of which
are irritating to the gastric mucosa.

Another variable in the formulation is the polymer used
for the coating process. Several polymers are used for en-
teric coating, each having a distinct pX,, and solubility. The
effects of polymer properties on the disintegration time are
simulated in Fig. 15. Lower intrinsic polymer solubility and
higher pK|, are predicted to result in prolonged disintegration
times. The choice of polymer will depend on the tablet sub-
strate. For acidic drugs, it may be desirable to offset the pH
lowering effect of the drug by choosing a polymer with a
lower pK,,, whereas for basic drugs, one may need a higher-
pK,, polymer to avoid dosage form disintegration during gas-
tric residence.

Overall, the model is potentially quite useful as a guide
to the choice of polymer properties (pK,, solubility, and
thickness) that will optimize the performance of the enteric-
coated dosage form.

SUMMARY

In this paper we have presented a model for polymer
dissolution and drug release from enteric-coated tablets. It is
shown that the dissolution rate and the time of onset of dis-
integration are dependent on several parameters. These pa-
rameters include the medium (X, and C,), the drug (pK,,
[HA]y), and the polymer (pK,, [HP],, and g) properties and
the mass transfer characteristics (D and 8) of the system.
The model should be useful in prediction of the drug release
during the polymer disintegration phase and also the time of
onset of disintegration, for any combination of weakly acidic

Disintegration time, min

PKq

Fig. 14. Model predictions for the effect of drug pX, and solubility
on disintegration time. A, [HA], = 0.10 M; B, [HA], = 0.050 M; C,
[HA], = 0.01 M; D, [HA], = 0.001 M.
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Fig. 15. Model predictions for the effect of polymer solubility and
polymer pK,, on disintegration time. A, [HP], = 10~7 M; B, [HP],
= 10" M; C, [HP], = 10-5 M.

drug and polymer coating, and therefore can be applied to
optimizing the formulation of enteric-coated dosage forms.
Additionally, it is shown that a range of disintegration times
can be obtained by manipulating the buffer pH and concen-
tration and stirring rate in the in vitro testing procedure. The
relevance of in vitro results to in vivo performance is contin-
gent upon the appropriate choice of test conditions based on
known gastrointestinal physiology.

APPENDIX A. CHARGE BALANCE CONSIDERATIONS

One important requirement that must be fulfilled by the
solution to the system equations is the zero-current or
““electroneutrality’” requirement (24). That corresponds to
zero potential and therefore zero flux due to electrostatic
forces in the diffusion layer, so that Fick’s law for diffusion
can be applied. In terms of fluxes the requirement can be
stated as (25)

220, =0 (76)

where z; is the charge of the component i and J; is the molar
flux. The equations derived here for the polymer phase and
stagnant film satisfy this constraints. The proof is given only
for the latter case, however, the same applies for the
polymer phase.

In stagnant film Eq. (76) becomes

dH"] d(C] dlA~] d[OH] "]
. + D - Dy — - L —
H dr € dr AT dr OoH dr
dlP~] + D d[B-] an
Ty TR T
d[HB]
+ zupDus =0

dr

Here [C] represents the cation concentration. For this last
equation an additional boundary condition is, at bulk, r = R
+ d:

[C] = [C) (78)

Integration of Eq. (77) betweenr = randr = R + 8
(bulk) gives
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Dy.[H*] + D[C] ~ Ds-[A~] — Doy [OH™] — Dp-[P7]
+ zp Dy [B™] + zgpDyslHB] = Dy.[H*], 79)
+ D¢[Cly — Ds-[A™], — Dou-[OH™],
— Dp_[P~], + z5-Dp_[B~}, + zupDuplHBI,

Since the cation (C) is not involved in any of the reac-
tions,
[C] = [C), (80)
and from Eq. (34),
Dy [B~] + Dyg[HB] = Dp_[B~), + Dyp[HB], @81
= DHB[HB]T,b
Furthermore, noting that zg- = zgy — 1, we get

Dy.[H*] — Ds-[A7] = Dou-[OH™] — Dg_[B7]
— Dp_[P7] = Dy.[H*]y — Da-[A7),  (82)
— Dou-[OH"}, — Dp-[B7J, — Dp-[P7],

which is Eq. (36) with determined integration constants.

APPENDIX B. CONCENTRATION PROFILES

We can evaluate the concentration profiles, since at
each point, the equilibrium relationships must hold.

In the R, < r < R region (polymer layer) the concentra-
tion of the polymer is constant and we have

K,[HA]
A7) = ———— 83)
H*]" + vyuaK,
K,[HB]
B-) = —>—"— (84)
[H*] + vyusKs
For [P~]' we use
K [HP K [HP
[P_], - p[ - ,]s - p[ K ,]0 (85)
[H*] [H*]
Using these expressions in Eq. (37) we can get
Dy.[H*) — Dy K p, K [HAl
" T HT TV H'T + yuaKe
K, [HB] K,[HP]
= D — s (86

THT + viKy ¢ HYT
= Dy.[H*]}y — Dou-[OH"], — D4-[A7}
— Dg-[B~], — D[P}y
After rearrangement a quartic equation for [H*]' is ob-
tained

((H*]) + a((H*]'P + (H*]) + c[H*] +d =0

87)

with
o = yuaK, + vusKp — G
b= —[viKy + GvuaKa + yupKo) + ri + 2 + 13

= YaaYupKaKyl
¢ = —[rvueKs + ryuaKa + (K + r)(vuaK,

+ YusKp) + GyuavusKaKol
d = —YuaYusKKp(viKy + 73) (88)
G =[H"], — 1{[OH"], — v2[A"], — vs[B ]y — [P~ ],

rn = 2K [HAl = v.K,(C3 + Cir)
r = YJ[HB]T,be
r3 = 'YaKp[HP]o
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Solution of the quartic equation can be done numeri-
cally by the Newton~Raphson method (26).
Inthe R <r < R + 3 region (diffusion layer) we have

K. [HA];
A] = 77— (89)
[H*] + vuaK,
K, [HB]
[B-] = ————— ©0)
[H*] + yusKs
For [P~] we use
K [HP
(p-] = el 1)
H*] + vk,
Using these expressions in Eq. (36) we can get
K, K, [HA
Dy.[H*] = Doy. —> — D,_ ___[_11___
[H*] [H*] + vygaK, 92)

KolHBlry K,[HP],
T H*] + vapkKe i H*] + vpK,
= Dy.[H*})y, — Doy-[OH"], — D5_[A7],
— Dy [B~]), — Dp_[P7],
After arrangement a fifth-order equation for [H*] is ob-
tained:

[H*F + a[H*)* + b{H*] + c[H*P + d[H*] + e = 0

B

93)
with
a = yuaK, + yusKp + vmpK, — G
b = —[vKy + GygaKs + YupKo + YupKp) + 1 + 12
+ r3 — YaaKa(YueKs + YupKp) — YapyarKoKp]
¢ = —{r(vusKo + vueK,) + rA(vuaKa + vupKy)

+ rs(vuaKa + YupKo) + viKo(YuaK, + YupKp
+ YupKp) + GlygaK.(yueKs + YurKp)
+ YupYurKoKpl — YaaYusYupK. KoK}
d = —{VKJlvuaK.(vueKo + YurKs) + YupYurKpKol
+ GYuaYupYur KKK, + rivupvarKoK, 94)
+ o YuaYurKoK, + r3YuaYaeKaKe}
e = —Y1YuaYusYurK K, Kp K,
G =[H*l — ilOH ], — v,[A7], — v:[B~]p — valP 1y
r = 3K [HAlr = v;K,(C; + Cyf/r)/Dy,
r, = Y4[HB]T,be
= Vst[HP]T = Yst(Cl + Ci/r)/Dyp

Solution of the fifth-order equation can be done numeri-
cally by the Newton—Raphson method (26).
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NOMENCLATURE

a b, c,d e = polynomial constants

A = stoichiometric coefficient matrix

C = concentration

C = concentration matrix

Cy, C,, . . ., Cg = integration constants

D = diffusion coefficient in stagnant film

D’ = diffusion coefficient in the polymer ma-
trix

h = initial polymer thickness, R, — R,

Ozturk, Palsson, Donohoe, and Dressman

J = dissolution flux
K, = equilibrium constant for drug
K, = equilibrium constant for buffer
K, = equilibrium constant for polymer
K, = equilibrium constant for water
k, = mass transfer coefficient
r = radial coordinate
R,,R = radius for drug core and polymer, re-
spectively
q = diffusivity ratio
t = time
v = velocity vector
x = dimensionless coordinte, (r — R,)/(h
+ 8)
X = chemical species, general
Y = acid conjugate, general; see Eq. (38)
Greek
a = parameter defined by Eq. (61)
b = film thickness
Y1 = diffusivity ratio, Doy-/Dy.
Y2 = diffusivity ratio, D,./Dy., for acids
YHa> Yup, Yup = diffusivity ratio
p = density
M = molal density
) = reaction rate in the stagnant film
0y = reaction rate in the polymer matrix
v = gradient operator
V2 = Laplace operator
v = kinematic viscosity
v = stoichiometric coefficient
© = angular velocity
Subscripts
b = bulk
0 = initial, intrinsic
s = surface
T = total
p = polymer
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