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Theoretical Model Studies of Drug Absorption
and Transport in the Gastrointestinal Tract I

AKIRA SUZUKI, W. I. HIGUCHI, and N. F. H. HO

Abstract [J The simultaneous chemical equilibria and mass transfer
of basic and acidic drugs through a two-phase compartment model
were theoretically investigated. The model consisted of a well-
stirred bulk aqueous phase, an aqueous diffusion layer, and a
lipid barrier for perfect and imperfect sink cases. The nonsteady
and quasi-steady-state changes in the concentration—distance dis-
tributions in the lipid phase were studied. The rate of change of
the total drug concentration in the bulk aqueous phase was de-
scribed in the general form of a first-order equation useful for the
evaluation of experiments. A limiting steady-state relationship in-
volving the transport rate with the partition coefficient, pH at the
aqueous-lipid interface, dissociation constant of the drug, aqueous
and lipid diffusion coefficients, and thickness of the diffusion layer
was derived. Increasing the agitation rate in the aqueous phase
markedly affects the pH profiles for the rate of transport. The pH-
partition theory is shown to be a limiting case of the more general
approach presented.

Keyphrases [] Drug absorption, transport—theoretical model []
Model, two-phase compartment—theoretical investigation []
Chemical equilibria, mass transfer—two-phase compartment
model [] Agitation rate effect—rate transport pH profiles

The increasing interest in the mechanistic understand-
ing rather than in only a mathematical representation of
drug transport and absorption phenomena should dic-
tate systematic physical model analyses of various in
vitro situations. Thus, detailed theoretical considerations
of diffusion and equilibria involving multibarrier sys-
tems and the carrying out of appropriate model experi-
ments are necessary for the isolation of the important
in vivo factors.

Recent investigations (1-4) in these laboratories have
been devoted to the physical model approach to a num-
ber of situations in this regard. The present paper is
concerned with the problem of treating the time de-
pendency and the pH-buffer dependency for the trans-
port of basic and acidic solutes into and across lipoidal
barriers. It is, to some extent, an extension of the works
of Howard et al. (3) and Stehle (4) and should be useful
in the understanding of gastrointestinal and buccal
absorption problems. In the accompanying paper (5),
the techniques developed here are applied to some of the
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data on in situ drug absorption published by Koizumi
et al. (6, 7).

THEORY

General Description of the Model—The simultaneous mass
transfer and chemical equilibrium reactions in a system consisting
of two homogeneous phases will follow the one-dimensional
model in Fig. 1. The bulk aqueous phase is well stirred and consists
of a basic drug and buffer. At x < — &,

(TR).x = (R)—p + (RH) (Eq. 1)
(TB)_» = (B)_, + (HB)_, (Eq. 2)

where (TR) is the total drug concentration of R and RH™ species
and (TB) is the total buffer concentration of B~ and HB species.
It is assumed that electrical neutrality holds everywhere in the
aqueous phase. Consequently, at x < 0,

(H*) + (RH*) + (Na*) — (OH7) — (B7) = 0 (Eq. 3)

where (Nat) is the cation concentration derived from the buffer.
Tt is further assumed that the following equilibrium reactions are
instantaneous,

R)Y(H*
((R)§1+)) - Kz (Eq. 4a)
(BHYH?Y) _
@By K. BB (Eq. 4b)
(HH)(OH") = Ko (Eq. 40)

where K, r, K,.58, and K, are the dissociation constants of drug,
buffer, and water, respectively.

Under the assumption of quasi-steady-state conditions existing
within the aqueous diffusion layer, the total flux of the drug to the
water-lipid interface is expressed by the equation
d(RH*) D d(R

dx R dx

(- <x < -0
where G is the total flux of the drug and Dgg and Dy are the dif-
fusion coefficients ; upon integration, the solution is
Gh = Dra (RH*)_; + Dr(R)_x» — Dre (RHY)_, —
Dr(R)o (Eq. 6)

In an analogous procedure for the buffer species,
Dgp(HB)-+ + Ds(B~)-» — Dup(HB).; — De(B7)_o = 0 (Eq. 7)

G=— Dgra (Eq. 5)
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Figure 1—Two-phase diffusion model consisting of a bulk aqueous
phase, aqueous diffusion layer, and a lipid phase. Concentration dis-
tribution of total drug species is governed by steady-state rate into
the diffusion layer, and concentration of the diffusing nonionized
drug in the lipid phase is governed by nonsteady-state rate determined
by numerical finite-difference methods.

in which case the total flux of the buffer is zero.

If only the nonprotonated drug molecule is capable of diffusing
into the lipid phase, the equilibrium assumed to be established in-
stantaneously at the aqueous-lipid interface is expressed by the
partition coefficient,

P = (R)4o/(R)-o
x =0

(Eq. 8)

where P is the partition coefficient; (R) is the concentration of the
nonionized drug; and the subscripts, —0 and +0, refer to the
aqueous and lipid side of the interface, respectively. The continuity
of flow through the interface is given by

G = —Dg.oil (—O(R))
ax z=0

where Dg,oi1 is the diffusion coefficient of R in lipid. In this model
the flux of the total drug species in the aqueous diffusion layer is
taken to be the same as the flux of the nonionized drug from the
interface to the lipid phase. Within the lipid, Fick’s second law
applies:

(Eq. 9)

%l}) = Dr.oi1 b;g) (Eq. 10)
(x>0

and at x = L two extreme boundary conditions can exist, that is,
(a) for the impermeable boundary,

a(R)) _
( ox )on = 0 (Eq. 11a)
(b) for the perfect sink,

(R)er. = 0 (Eq. 118)

Changes in the Concentration-Distance Distribution in the Aqueous
and Lipid Phases with Time—The simultaneous time change of the
total drug concentration—distance distribution in the aqueous phase
in which steady-state conditions are assumed and that for the dif-
fusing basic drug molecule in the lipid phase in which nonsteady-
state conditions exist cannot be solved analytically. Numerical
methods and the utilization of a high-speed computer are necessary.

In using the finite-difference method (8), the lipid compartment
is divided into a number of cells of equal intervals as shown in Fig.
1. Accordingly, the concentration of drug in the bulk aqueous phase
and each cell in the lipid phase and at the interface can be calculated
by solving the following set of differential equations:

d(TR)—1 A

= 6 (Eq. 12)
dR) _ G _ Droul(R) — (Ro)]
@ " ax @y (Fa- 19

AQ. D.L. up

GEN

Y
~h Al{t) Al(t+At) L

AQ. D L Le

(TR)-h B

(TR).

A AY
aAKt)  Al(tab) L

Figure 2—Model used to estimate F(t) by linear approximation of
the concentration—distance curves in the lipid phase. Key: A, im-
permeable boundary case; and B, perfect-sink case.

-h 0

dR) _ Dol p ) _ am) 4 (R,
ar = (Axr [(Ri-1} — 2(R3) + (Riw1)] (Eq. 14)
(i=234...n-1)
and at x = L, for the impermeable boundary or no-sink case,
dR, Dxz,oi
O = R — R (Ea.150)
and for the perfect-sink case,
dRR, Dg,oi
O = G (Re) — 3R] (g, 155)

where A is the surface area, V is the volume of the bulk aqueous
phase, (R;) is the concentration of neutral drug in the ith cell,
Ax is the length of each cell, # is the total number of cells, and
the other terms are defined as before.

Since the concentration of drug species at the various aqueous
boundaries is dependent upon pH, the hydrogen-ion concentration
must be known. From Egs. 1 through 4 the hydrogen-ion concentra-
tion in the bulk phase is given by

(H% + {Ker + Kome + (TR)- 4 (Nat)} (HP)L, +

{{{TR)-; + Kuor — (TB)—]Ku.mB —
(Kor + Koms)(Nah) K, }J(HY)Z, —

Eq. 16
(Kows(TB) 2 + (Kor + KoK + 0 10)
Ko.rKo,ms(Nat); }(H)-, —
Ka.RKa.HBKw =0
Table I—Numerical Dimensions of Constants and Initial
Drug and Buffer Concentrations Used for Computation
V = 10 cm.? A = 10cm.? h = 10"2cm.
Ko = 1078 D = 1075 ¢cm.2? sec.” 1 for all

diffusion coefficients

Initial concentrations: (TB)-y = 1072 M
(TR)-y, = 10¢* M

No-Sink Case Perfect-Sink Case
L 107t cm. 5 X 102 cm.
(Na*)_, 0 Yo(TB)-y,
P 1, 100 100
pKa.un 4,6, 8,10,12 4,6, 8,10
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Figure 3—Time-dependent concentration distribution curves of total
drug species (TR) in the aqueous phase and the nonprotonated drug
(R) in the oil phase for the no-sink case: (A) initial bulk aqueous
PH = 3.05 and partition coefficient P = 100; (B) pH = 8.82,P =
100; (C) pH = 8.82,P = 1.0.
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Table II—Change in the Bulk and Surface pH with Time for the
No-Sink Case in a Low Buffer Capacity System with P = 100

Initial ——After 500 sec——
Ko mp pH-; pH- pH- pH-o
10~ 3.05 3.05 3.05 3.05
103 6.01 5.71 5.98 5.95
10— 7.79 6.84 7.67 7.33
1012 8.82 7.70 8.7 8.22

The equation for the hydrogen-ion concentration at the interface
is derived from Egs. 3, 4, and 6-9; thus,

(Ho + [ + vn + a + y(Nah)-J(HDE, +
[a + 8y — vKw — ¥8 + (vn + BYNat)_J(H)Z, —
[(8 + ymK, — 85 + Bn(Nat)_oj(H*)-o —
Bk, = 0

(Eq. 17)

where

o= 1 g [Dr(R)-; + Dre(RHY)_;] + 2hDg,0u1 (R1) $

Ka.R AX
B 2HPDg.oi1
B =Dgr + —ax
Y = Dru/Kaur

5 = KSHB [D&(B)-1 -+ Drs(HB)]
B

- Ka. HBDB
K Dus

Here, it is assumed that (Nat)—, = (Na*)-o. Finally, the concentra-
tion of the diffusing specie at the aqueous side of the interface, i.e.
(R)-o, is expressed by

_ ak,n
B B + v(H")-

Rate of Change of the Total Concentration of Drug in the Bulk
Aqueous Phase—To relate the theory of the diffusion model to the
usual treatment of experimental data, i.e., the rate of change of the
total drug concentration in the bulk aqueous phase, it is useful to
rewrite Eq. 12 in the following manner,

(R)-o (Eq. 18)

dTR)-x, _ _ ADz
i = — g TR, (Eq. 19)
where F(z) is defined as
F() = G/Ginax. (Eq. 20)
and
Grnax. = PE(TTR}—" (Eq. 21)

Equation 20 is the ratio of the actual flux to the maximum flux
which takes place when all of the drug species in the bulk aqueous
phase is nonprotonated and the concentration of R at the interface
is zero. By performing the integration, Eq. 19 becomes

(TR)-s

(TR _ _ ADg [*
" TR)ois j:, Fidr

1

(Eq. 22)

O<Fn<1

and by utilizing the mean-value theorem to evaluate the integral,

(TR)-» _ _ ADg
In _—-——(TR)—}L,!-U = Vi F(®): (Eq. 23)
w<e<y

If F(®) is relatively invariant with &, an apparent first-order de-
crease in the drug concentration with time will be observed. In
general, the slope of In (TR)_;, versus t plots is

ADg

K= =~ F® (Eq. 29
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Figure 4—First-order plot of the change in the total drug concentra-
tion in the bulk aqueous phase with time. No-sink case for different
initial bulk aqueous pH.

Approximation of the Function F(t)—Since the function F(r)
influences the apparent first-order rate constant, the elucidation of
the nature of the function in terms of the partition coefficient, pH
at the interface, diffusion coefficients, and thickness of the diffusion
layer would lead to meaningful physical interpretation, For this
purpose, an approximation of F(¢) is derived for two cases, per-
fect-sink and no-sink situations.

No-Sink Case—The analysis is based on the model for the con-
centration-distance distribution changes with time in Fig. 2A. It
assumes a linear approximation of the nonsteady-state concentra-
tion profile of R at time ¢ in the lipid phase. From Egs. 8 and 9,

_ Dr.oit P(R)-0

¢ Al

(Eq. 25)
where Al is the distance from the interface to the point where
(R)4+¢ is zero and changes with time such that 0 < A1 > L. Further-
more, assuming that the flux G has not changed appreciably during
the period needed to build up the concentration distribution in the
lipid phase, the total amount of drug transported through the
interface is approximated by

f‘ Gdt = fl (R)oirdx (Eq. 26a)
0 0
Thus,

Gt = (R)_,PAl (Eq. 265)
and it follows from Eqgs. 25 and 26b that

Al = (2Dg.cut)/ (Eq. 27)

Solving for (R)_o with the aid of Egs. 6 and 25 and Dgrg = Dg,
(TR)-

R)-0 = I T H T Kom) + (DronP)A1 Dy 9 28)
and with Eq. 27,
(R)-o (TR)—+ (Eq. 29)

" 1+ (HY)-d/(Kaw) + (ADz.0uP)(Dry/ 2Dz ont)

It is convenient to define a new function f(z) as the approximation
of F(z). By means of Egs. 1, 4, 6, 20, and 21, the function can be
simply expressed by

SO ~ Ft) = G/Guax, =

{1 + [(HY) o/(Ka,2)}(R)0

- (TR)

(Eq. 30)
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Figure 5—Change in the diffusion efficiency coefficient with time
Jor the no-sink case. The numerically calculated coefficient F(t) by
Eq. 20 is compared with the approximation f(t) by Eq. 31.

and the substitution of Eq. 29 leads to
1

0= mTrm a1 B3
where
_Drf 2t \'e
T= hP (DR,oil) (Eq. 32)

Therefore, in this case of an impermeable boundary in the lipid
phase, the time-dependent nature of the function f(r) makes it
evident that first-order diffusion kinetics are not applicable.

Perfect-Sink Case—In this situation the diffusion of the drug
can be divided into two stages (Fig. 2B). The first stage is the period
of nonsteady-state rate in the lipid phase leading to the second
stage of quasi-steady-state conditions. In other words, F(r) will
eventually be constant (time independent) after an initial lag
period.

In the nonsteady-state period the approximate function f(f)
given by Eqgs. 31 and 32 can be applied. From Eq. 27, with A1 =
L always, the time lag is

L Eq. 33)
= 2Dgr.ou1 (Eq.
where 7 is the lag time, and L is the thickness of the lipid
phase.

In the steady-state period, Eq. 25 can be rewritten as

— Dr.oitP(R)-g

G L

(Eq. 34)

After the substitution of Eqgs. 21, 28, and 34 into 20, the function?
f(T) takes the same form as Eq. 31; that is,?

1
= Eq. 35
D= Tr gk T+1 (Ee3
where, in this case,
_ DgL
T = phDri (Eq. 36)

Therefore, in the perfect-sink case, a log (TR)-; versus t plot should
be linear after a lag period.

L Note that f(#) is replaced by f(T) since the function is time-inde-
pendent in the steady-state period for the perfect-sink case.

2 While this theoretical treatment is based on an amine drug, the
following equation can also be derived in an analogous manner for an
acidic drug, like a barbiturate,

= ¢ 1

1+ (Ka,m)/IHY)-o} T+ 1

where K. g _is the dissociation constant of the acidic drug and T is
either Eq. 32 or 36, depending upon the perfect- or no-sink case.

(Eq. 33a)
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Figure 6—Time-dependent concentration distribution profiles in
aqueous and lipid phases for the perfect-sink case. Partition coefficient
P = 100. (A) Dissociation constant of buffer, Ka,np = 10~%. (B)

(B) 3 Ka,zp = 1078 (C)K,,up = 1079, Sodium-ion concentration was one-
(R) half of the total buffer concentration always.
§ e
(TR) x10™%
e CALCULATIONS
xlo™4 Computations were carried out for a range of parameters with

the aid of the IBM 360/67 digital computer. Table I gives the di-
mensions of the constants and initial drug and buffer concentra-
1.0 —2. tions. The dissociation constant of the buffer and partition co-
efficient were varied. The detailed method of computation is given
in the Appendix.

RESULTS AND DISCUSSION
52& In this section the interphase diffusional transport of an amine
1000 drug is analyzed for a wide range of pH and partition coefficients,
sec. other parameters being constant. It is discussed in relation to two
extreme situations, the no-sink (impermeable lipid boundary at
x = L) and the perfect-sink cases. In contrast to the later, the
former case simulates the situation of retarded drug absorption in a
simple way when the rate-determining step is due to one kind of
interfacial barrier, like an impermeable membrane. There are also
intermediate situations, i.e.,

500sec.

05

50
sec.
1000 sec.

(9@ -C (Eq. 37)

ax =L -

where C is some nonzero value.

R S — o | 2 3 4 5° y10-2 .N(')-Sirlnk Case—T_ypical changes of drpg concentration—c}istance
distribution curves in the aqueous and lipid phases with time are

X{em.} shown in Fig. 3. Steady-state and nonsteady-state conditions prevail
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Table III—The Initial Slope K. and F(f) Values for the No-Sink Case with P = 100

pH-,
Ko.np atr =0 K, F(®) 120)) fH
10-¢ 3.05 ~0 ~0 6.121 X 107 0.157 X 1073
10-¢ 6.01 0.123 X 1072 0.123 0.0973 0.1096
10-w 7.79 0.736 X 1073 0.736 0.7163 0.6969
10712 8.82 0.915 X 1073 0.915 0.9053 0.8946

Table IV—Comparison of the Function f(T) during the Steady-State Period and the Lag Time 7¢ with Theory for the

Perfect-Sink Case in a Strong Buffer System

Initial —Steady-State: ——Lag Time, sec.——
Ko up pH_, pH-o F(T) AT) T Tobs.?
1074 4.03 4.03 2.16 X 1073 2.2 X 1078 125 100
10~¢ 6.02 6.01 0.167 0.17 125 100
1078 8.01 8.00 0.902 0.91 125 100-200
10~ 9.98 9.98 0.948 0.95 125 100-200

e 7 calculated by Eq. 33. b 74ps. estimated from Fig. 9.

in the respective diffusion layer and lipid phase. Because of the
impermeable barrier, at sufficiently long times there will be a
concentration buildup in the lipid that approaches some equilibrium
concentration as determined by the partition coefficient.

Upon comparing Figs. 3A and B, the pH effect on the distribu-
tion profiles is evident. When pK,us = 4 [and the bulk pH ~ 3
with (Na*) = 0], the ratio of the initial bulk aqueous concentration
of nonprotonated drug to the total concentration is only 1.11 X
1075, This results in a relatively small concentration gradient in
the diffusion layer and, consequently, in a small amount of non-
protonated drug being transported into the lipid phase, even though
the partition coefficient is favorable. On the other hand, when
K. s = 10712 (and the bulk pH ~ 8.8), the initial (R)_1/(TR)_s
is 0.887. Here the flux in the diffusion layer and the amount trans-
ported into the lipid are large. In Figs. 3A and C the results indicate
that the rate of diffusion is influenced more by the amount of the
free amine drug available for transport at the interface rather than
the partition coefficient. In this regard, the pH profile of the dif-
fusion model should be considered. Based on Egs. 16 and 17, Table 1T
shows the pH of the bulk aqueous phase and the interface for various
K., mp values and at different times with 7 = 100. Since (Nat) = 0,
the buffer capacity is very low. It is found that pH-, < pH—;
initially and can be explained by the fact that RH* and R species,
as well as buffer, have some flux according to the concentration
gradient within the diffusion layer and some RH™ arriving at the
interface dissociates into H+ and R. The pH_; will decrease in time
and eventually will be equal to pH_, when the diffusion rate is
Zero.

The semilogarithmic plots of (TR)_y, versus ¢ (Fig. 4) do not show
a true linear relationship, as expected from Eq. 22, since the slope
K, is time dependent. When pH-, of the system is approximately
equal to or greater than the pKa of the drug, the initial rate is very
rapid; however, due to the backup drug concentration in the lipid
later on, the rate approaches zero. In Table I1I the initial apparent
first-order rate constant is given and the function F, determined in
various ways for the first 250-sec. period, shows good agreement.
F(®) was calculated by using Eq. 23 and the initial slope from Fig.
4, F(7) by the computer-simulated transport program from the gen-
eral Eqgs. 20 and 21, and f(9) by Egs. 31 and 32. However, in Fig. 5
the functions F and, therefore, the rate constants are always chang-
ing with time. That the rate constant in early period (~ 500 sec.)
from the log (TR)-, versus ¢t plot is apparently constant with time
can be explained by the fact that it is less sensitive to time than the
differentially calculated X,. Also, after 500 sec., the F(f) and
f(r) tend to diverge. Since the derivation of f(¢) is based on a linear
approximation of the flux in the lipid (see Fig. 2A), the function
f(r) becomes a poorer approximation of F(¢) when backup occurs
in the lipid compartment at the impermeable boundary.

Perfect-Sink Case—In Fig. 6 the concentration distribution curves
are shown for various values of K,,ms with P = 100. Nonsteady-
state diffusion in the lipid occurs in the initial period. Later, when

the concentration—distance profile is linear, the system is at steady
state and the diffusional rate is first order with respect to the total
drug concentration in the bulk aqueous phase (Fig. 7). From Fig. 8,
which shows the time change in (TR)_; and Q, the amount of non-
protonated drug in the sink, the lag time can be obtained by ex-
trapolation and also predicted by Eq. 33. The results of this perfect-
sink case are summarized in Table IV. Because of the strong buffer
capacity, (Nat)_, = (Na*)_y = 1/5(TB), the pH of the bulk aqueous
phase and at the interface is nearly the same. There is good agree-
ment between the lag time values obtained from the theory and the
computer-simulated experiments and between the steady-state rate
constants obtained in part from rigorous calculation by Eq. 19 and
the approximation by Eqs. 35 and 36. Referring to Fig. 9, one can
readily follow the course of the interphase transport by an analysis
of f(T). The curve is characterized by a rapid change with time,
followed by an asymptotic relationship during the steady-state
period. As the pH is more alkaline, the function f(T) approaches
1 and the apparent first-order rate constant increases in magni-
tude.

Significance of the Function f(T) for the Perfect-Sink Case—Thus
far, the rate-determining factors have been discussed from the
general viewpoint of the partition coefficient and the pH at the
interface influencing the amount of nonionized drug available

10
PHxpK, HB= 6
0.8 |-
T
s I
-
X
[O) .
Z 05
z
<
=
w
o
=
A
e
Co03 -
0.2 L L 1 1
0 250 500 750 1000

TIME, sec.

Figure 7—First-order change in the total drug concentration in the
bulk aqueous phase with time. Perfect-sink case for different initial
bulk aqueous pH.
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Figure 8—Time change in the total amount of drug in the bulk
aqueous phase and in the sink.

for diffusion across the lipid phase. It is useful to examine the
nature of the time-independent function f(T) by Egs. 35 and 36
and the steady-state rate constant K, (Eq. 24) relative to pH_,.

As shown in Fig. 10, when the (pH_, — pK,) for a basic drug
becomes increasingly positive and T is sufficiently small, say 10~¢
to 1078, f(T) is unity in the limit. Consequently, a few selected and
interesting cases can be pointed out. If

. _ _ ADg
limf(T) =1, thenk, = Vi
P—>

HY- S K

h = constant
On the other hand, if
limf(T) =1, then K, ~0
h—> o
P> o
(H*)o S Ka

In both of these cases the rate-determining factor is the flux across
the aqueous diffusion layer. These examples emphasize the im-
portance of the aqueous diffusion layer, which is affected by the

1.0 & pH=pK, = 10
8

F)

0 - . 1
0 500 1000
TIME, sec

Figure 9—Change in the diffusion efficiency coefficient with time for
the perfect-sink case. After lag time, F(t) calculated is the same as
the approximation f(t).
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Figure 10—Relationship of the pH at the aqueous-lipid interface and
the pK of the drug with the diffusion efficiency coefficient for various
T, which includes all transport parameters such as diffusion and
partition coefficients, thickness of diffusion layer, and lipid phases.

degree of stirring or agitation. More significantly, it shows that the
pH-partition theory (9) is only a special case of the theory presented
here. A very small value of Dg,.u can also slow down the rate. In
accordance with the pH-partition theory, the f(T) and, consequently,
K, ~ 0 when the (pH_, — pKa) becomes more negative.

Another interesting point in Fig. 10 is the shifting of the AT)
versus (pH_; — pKa) profiles with various T values. For T = 10,
the profile approaches the dissociation curve characteristic of the
basic drug; for other T values the profile deviates to the left of the
dissociation curve.

From Eq. 36 it can be seen that increasing the partition coefficient,
increasing A, increasing Dr,oi1, decreasing Dy, or decreasing L, all
have the effect of shifting the profile leftward away from the dissoci-
ation curve. The effect of agitation mentioned previously is particu-
larly noteworthy in this regard. Thus it is important for investigators
to recognize that the degree of agitation may not only influence the
drug-absorption rate but that it can significantly influence the rate
versus pH profiles. Another interpretation of the curves in Fig. 10
can be given; that is, at a constant diffusion layer thickness and a
given rate of diffusion, the effect of a low concentration of non-
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Scheme [—Flow diagram for the computation of concentration dis-
tributions



ionized species at the interface is balanced by a high partition co-
efficient and vice versa. All of these conclusions also apply to
the case of acidic drugs in an analogous way.

In the study of rat intestinal and gastric absorption of sulfon-
amides, Koizumi er al. (6, 7) derived a first-order rate constant,

abP
1+ aP

where M is the molecular weight of the sulfonamide, K, is the
absorption rate of the nonionized moiety, a and b are constants,
and P is the partition coefficient.

Equation 38 was found to be in good agreement with a large
number of in situ experiments, It is noteworthy that the substitution
of Eq. 35 or 35a into 24 gives

K.M= (Eq. 38)

(Eq. 39)

Both equations have the same form, although the methods of
derivation are different. In the next paper, the results of Koizumi
et al. and others will be discussed and compared with a similar
model as presented in this study but modified to simulate the gastric
and intestinal membrane.

APPENDIX

Numerical Calculating Procedure—To calculate the change of
(TR)-s, the concentration profile of R in the lipid phase with time
and other parameters, the procedure shown in Scheme I is
used . The input data are given in Table I. After ¢ = 0, a series
of calculation procedures undergo integration for each time incre-
ment, f 4 Az. The (TR)-, and (R;) at time ¢ are determined by the
stepwise integration of Egs. 12-15a or 15b, depending upon the
choice of the perfect-sink or no-sink case, by the Runge-Kutta
technique for the initial period, ¢ < 3A¢, and thereafter by the pre-
dictor-corrector method of Hamming (10). The calculation of the
derivatives in Eqs. 12-15 is performed in the subroutine DRVT
after evaluating G in the subroutine CALCG.

The procedure of subroutine CALCG is as follows. The first
step involves the calculation of (H*)_; from the fourth-power poly-
nominal Eq. 16 by the Newton-Raphson method. Then (R)-;,
(RH™Y)_4, (B™)_z, and (HB)_; are obtained from Egs. 1, 2, and 4, re-
spectively. The next step is the evaluation of (H*)-, from Eq. 17.
In turn, (B™)-y, (HB)—o, (RH*)_¢ and (R)-, are found, using Egs. 4,
7, and 18 and finally G by Eq. 6.
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Theoretical Model Studies of Drug Absorption
and Transport in the Gastrointestinal Tract II

AKIRA SUZUKI*, W. I, HIGUCHI, and N. F. H. HO

Abstract [] Multicompartment diffusional models for the absorption
of neutral, acidic, basic, and amphoteric drugs were investigated.
The general model! consisted of a bulk aqueous phase, an aqueous
diffusion layer, n-compartments of homogeneous and heterogeneous
phases, and a perfect sink. With the mathematical techniques
reported previously, equations were derived in general terms
for the nonsteady- and steady-state periods. Utilizing the steady-
state diffusion efficiency function of the barrier systems, the first-
order rate constants for various examples of two- and three-com-
partment models were obtained from the general model and some
computations were given. Various sets of in situ experimental rat
data have been analyzed by means of the different models. These

include the intestinal, gastric, and rectal absorption of sulfon-
amides and barbituric acid derivatives. Self-consistent dimensional
constants and diffusion coefficients were arrived at and the correla-
tions obtained with the models have been found to be generally
satisfactory.

Keyphrases [] Theoretical models—drug absorption, transport,
gastrointestinal tract (] Drug absorption, transport, gastrointestinal
tract—theoretical models, equations derived ] Kinetics—drug
absorption, transport [J Sulfonamides—absorption, diffusion
data, rats [} Barbituric acid derivatives—absorption, diffusion
data, rats

In a previous paper the diffusion of basic and acidic
drugs across an aqueous diffusion layer and a lipid
compartment in a homogeneous two-phase model was
presented (1). It provided a mathematical technique
whereby more complicated models can be handled. A

function was also derived which was found useful in
analyzing the diffusion rate with respect to the parti-
tion coefficient, surface and bulk pH, dissociation con-
stant, diffusion coefficients, and diffusion layer thick-
ness.
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