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Abstract [] A method of a priori prediction of whether complex
formation will lead to enhancement or reduction of the transport
rate of a drug across biological membranes is presented. It is shown
that compounding a drug with substances of lower diffusion co-
efficients, with which the drug will form a complex, leads to enhance-
ment of the flux of the drug; compounding with substances with
similar diffusion coefficients results in a reduction of the transport
rate of unassociated drug (flux), provided the rate constants for
association—dissociation reactions are of similar magnitude. De-
tailed methods of computation of fluxes and concentration profiles
are included.
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It is usually assumed that most drugs pass through
biological membranes by passive diffusion processes
(1). Studies of the influence of various cations (2) and
sugars (3) on passive transfer of some drugs across the
everted rat intestine showed the reduced or unaffected
transfer rate. On the other hand, the neutral macro-
cyclic antibiotics appear to enhance significantly the
permeability properties of ions across bilayer mem-
branes (4).

The biopharmaceutical implications of complex
formation and of potential opportunities for the ad-
vantageous modification of GI absorption character-
istics of drugs have resulted in a number of experi-
mental investigations (5, 6). Attempts to enhance the
rate of absorption by formation of more lipoid-soluble
complexes have not, in general, been successful. There-
fore, one can find numerous experimental investiga-
tions of the interference of either nonmedicinal com-
ponents of a dosage form or substances normally found
in a biological system on the transfer rate of a drug
across a specified diffusion barrier. It is of significant
theoretical and applied interest to predict a priori
whether complex formation of a drug with specified
substances will lead to enhancement or reduction of the
transport rate across a membrane. This aspect was
pursued in this investigation. It is shown that, in addi-
tion to the required solubility of the components in
the diffusion barrier phase, the relative magnitude of
diffusion coefficients plays an important role in the
enhancement or reduction of fluxes of a specified com-
ponent as influenced by the complex formation re-
action. |

To make meaningful progress toward this objective,
one must have a clear understanding of the theoretical
aspects of the problem. If it is assumed that one is in
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possession of such knowledge, it is possible in principle
to choose judiciously the complexing agents having
optimum desirable physicochemical properties to effect
desired rates of permeation of a specified drug.

Biological membranes act as an inhomogeneous dif-
fusion barrier for transport of substances from one side
to the other. When substances undergoing transport
across the membrane can also participate in a chemical
reaction, the inhomogeneous character of the medium
is able to sustain a reaction rate profile. Experimentally,
it is often observed that such reactions influence the
magnitude of fluxes of species undergoing transport.
Of the various possible chemical reactions occurring
in the system, it is assumed in this paper that only an
association—dissociation type of reaction takes place
in the barrier phase region. The reactant substance with
which the permeating species can associate could either
be another permeating substance or a substance con-
fined to the membrane region. The analysis presented
previously (7), as well as the contents of the following
two sections, is mainly applicable when the reactants
and products are permeable across the diffusion barrier
phase. However, the conventional model for facilitated
diffusion (8) across a biological membrane assumes that
the diffusion barrier contains an impermeable carrier
molecule which combines specifically with the per-
meating substance and aids its passage across the mem-
brane. This interesting model is analyzed in the Carrier
Transport Model section. Comparison of the reaction rate
profiles obtained as solutions of the nonlinear differential
equation with the linearized equation solution of Blu-
menthal and Katchalsky (9) is also presented in that
section.

By assuming that under stationary-state conditions
the diffusion coefficients of the species participating in
the chemical reaction can be regarded as constants in the
diffusion barrier phase, and that one can neglect cou-
pling between fluxes of different species, the problem of
computation of profiles of concentrations, reaction rate,
and fluxes from knowledge of rate constants, diffusion
coefficients, and concentrations at the boundary is
analyzed. These considerations complement the analy-
sis presented in a previous paper (7). Hlustrative nu-
merical calculations are presented to enable the reader
to perform similar calculations for other systems for
which relevant experimental information is available.

It is appropriate to emphasize the main conclusions
of this paper. Given that one has knowledge of diffusion
coefficients of the three species a, 8, and v participating
in a chemical reaction of Eq. 1, and given that one has
knowledge of concentrations of the reactants at the
boundary (or concentrations in bulk homogeneous
phases weighted by partition coefficients, the fluxes,



concentration profiles, and reaction rate profile can be
computed quantitatively. From such calculations the
effect of the ratio of diffusion coefficients and rate con-
stants on the flux of a specified permeating substance
is discussed as an illustrative example. These considera-
tions are believed valid for artificial lipoid barriers.
Whether these considerations are applicable for a real
biological membrane system is open to question and
subject to verification dependent upon the validity of
the assumptions. If it is assumed that a carrier mecha-
nism prevails in biological membranes for certain per-
meant molecules, the present analysis is probably a
step in the right direction.

THEORETICAL

It is assumed that in the diffusion barrier there occurs a reaction
of the type (7):

k1
a+ B2y
k2

(Eq. )

where a, 8, and y are three species present in the diffusion barrier
whose fluxes, as influenced by chemical reaction under stationary-
state conditions, is our concern; k; and k; are, respectively, position-
independent rate constants for the association and dissociation
reactions. The reaction rate at location x in the barrier phase is
given by:

Jr(x) = KkiCal(x)Cs(x) — k2Cy(x) (Eq.2)
Cs(x) denotes the concentration of species ¢ at location x. For
convenience, the relevant mathematical considerations are presented
in Appendix 2. The reaction rate profile can be expressed as a Taylor
series:

Jr(x) = Z Sixt (Eq. 3a)
i=0

Si = (1/iD{dIr(x)/dxt}|zz0 (Eq. 35)
When one may regard the diffusion coefficients as constants and
neglect coupling between fluxes, the first few Taylor expansion
coefficients of Egs. 3a and 3b can be expressed as:

So = kiCa(0)Ca(0) — k2C(0) (Eq. 4a)
S, =1+ H (Eq. 4b)
S: = (1%5/2) + ulf? — X?] (Eq. 4c)
S3 = 25,/6) + pSof (Eq. 4d)
S = (282/12) + (u/4)S0?* + (u/3)S:8 (Eq. 4e)

H = — (ky/2Dh){2Dy ACy + Do ACs + DgACs) +
pX[Ca(0)Dg — Ca(0)Da] (Eq. 4f)

X = (da — q8)/2 = (Da ACa — Dg ACp)[h2 (Eq. 49)

= (ki/DaDg); n* = p[Ca(0)Da + Cp(0)Dg] + (k2/D~)
(Eq. 4h)

The derivation of Eqs. 4a-4h is presented in Appendix 2; x is the
position variable defined along the axis of transport normal to the
plane of the membrane, and / is the thickness of the membrane. As
may be seen from Egs. 4a-4h, one can compute the first five co-
efficients of Eq. 3a from knowledge of rate constants and concentra-
tions at the boundary and diffusion coefficients in the barrier phase.
provided that one has knowledge of yet undefined parameter 6.
As shown previously (7), knowledge of the first few Taylor expan-
sion coefficients enables one to compute higher order coefficients.
Thus, in essence, computation of reaction rate profile reduces to
evaluation of 8; 8 is a constant quantity defined by the relation:

(Eq. 5)

where a, and b, are, respectively, concentration gradients of species

260 = Daai + Dgh

a and B atlocation x = 0. ACs equals Co(h) — Co(0). [The expression
for 6 as equal to (ksxq,/D,n?) presented in Eq. 55 of Reference 7
resulted from the negative sign of (gy/Dy) of Eq. 17c. This negative
sign is inconsistant with Eq. 38 of Reference 7.] 6 should be and can
be evaluated using appropriate boundary conditions and Eq. 26.

EVALUATION OF ¢

If the condition that flux of species 8, for example, vanishes at
location x = O is utilized, then:

0 = (= — gp)/2 (Eq. 6)

The boundary condition of Eq. 6 is applicable, for example, in the
absorption and transport of gaseous oxygen facilitated by hemo-
globin in the simple artificial system of Scholander (10), when one
side of the diffusion barrier contains gaseous oxygen and the other
side of the diffusion barrier contains an aqueous solution of hemo-
globin,

If the condition that at location x = O the fluxes of « and § are
equal in magnitude but opposite in direction is used, one obtains:

9=0 (Eq. T)

Another useful condition which can be utilized for evaluation
of 8, when the reactant molecule 8 is confined to the membrane
phase, was suggested by Blumenthal and Katchalsky (9)—uviz.:

h
f Jr(x)dx = 0
0

where the diffusion barrier extends from x = 0to x = h. The con-
dition expressed by Eq. 8 is valid when the reaction takes place only
in the diffusion barrier, as in Scholander’s (10) experiments, and no
discernible chemical reaction occurs in the surrounding solution.
Evaluation of 6 using Eq. 8 is presented later in this paper. Since
quantities such as flux, concentration, and reaction rate at an
arbitrary location in the membrane phase do not vary with time
under conditions of stationary state, the reaction adjusts the energy
supply and production or consumption of species to maintain the
concentration difference and flux difference between two arbitrary
locations in the system invariant with time. This concept leads to the
nontrivial condition:

since Dqay = Dgh,

(Eq. 8)

AJr = ki[Ca(0)ACs + Co(0)ACa + ACa ACs] — k2 ACy, (Eq.9)

which may also be utilized to evaluate 6.

CRITERIA FOR ENHANCEMENT OR REDUCTION OF
PERMEANT FLUXES

Since one has means to obtain § using appropriate boundary
conditions, one may state with confidence that the reaction rate and
concentration profiles in the diffusion barrier can be computed
quantitatively in terms of experimentally available quantities. One
is now in a position to answer the question about the conditions
under which complexation of a specified drug with another sub-
stance will lead to enhancement or reduction of the drug transport
rate across a biological membrane.

Consider the case when the drug « is compounded in dosage
form with a nonmedicinal substance 8. The substance 8 is chosen
so that it can form a complex y by the reaction of Eq. 1. Assume
that both « and 8 are not normally found in biological membranes.

Administration of this dose produces a transport process across
the biological diffusion barrier, where both « and 3, as well as the
complex v, transport passively. Evidently, both « and 8 will have
fluxes in the same direction. Thus, the ratio of fluxes of « and 8 at
the beginning of inhomogeneity of the diffusion barrier is positive
definite and:

(Daa))[(Dgby) > O (Eq. 10)
From Eq. A8b of Appendix 2, one has:
+ X)) - x>0 (Eq. 11)

Since a; and b, are negative, 8 is negative definite. Since in general
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X could be either positive or negative, the validity of Eq. 11 requires
that |8 > |X|. The flux of the unassociated form of drug « at loca-
tion x = 0is —Dgay = —(# + X). The flux of drug « at location
x = his given by:

Jolh) = —(ga + m) — 3, T+

1=0

H

(Eq. 12a)

Ti=S/i+ 1 (Eq. 12b)

i

One will, therefore, observe an enhancement of the rate of trans-
port of (unassociated form of) drug o due to complexation with the
substance § across the diffusion barrier due to the chemical reac-
tion if:

Joll) — Jou(0) = AJa > 0 (Eq. 13)

One will observe no effect due to complexation if AJ, = 0 and will
observe a reduction if AJ, is negative.

Including terms of the order of /#* and neglecting terms of higher
order, one obtains from Egs. 4a-4/# and 13 that:

—AJy = P9% + Q6 + R
P = (uh¥3){1 + (n*h?*/4)}

Q = (PhY2){1 + (2h*/12)] + (uh*/60) X
[4Hh + 155,] (Eg. 14c)

R = (S {1 + A3 + (*h4/5Y) + (uSoh*/20)] +
(HDN + (p*h*/12)] — (uh*/12) X
(g — gp)*{1 + (n*A%/20)}

(Eq. 14a)
(Eq. 146)

(Eq. 14d)

Since one can compute P, @, and R of these equations from
knowledge of diffusion coefficients, rate constants, concentrations at
the boundary, and realistic reasonable values of thickness of the diffu-
sion barrier, one can compute AJ, using Eq. 14a,

An appreciation of the numerical values of terms involved in
Egs. 14a-144 is in order at this time. Biological membranes have, in
general, a thickness of about 100 A. For the purpose of illustrative
numerical calculations, let us assume that the concentrations at
location x = 0 of the drug Co(0) = 2.1 X 10~* mole cm.”3, com-
plexing agent Cg(0) = 1 X 10* mole cm.73. If the diffusion co-
efficients in membranes are about 109 of the corresponding values
observed in aqueous solutions, it is reasonable to assume that Dy
=6 X 1078 Dg =1 X 107% and D, = 0.9 X 107¢(in cm.? sec.” 1)
and compute »? as equal to 3.8311 X 10® cm.”2, when ky = 12 X
10% moles~! cm.? sec.”t and k; = 1 sec.”1. The equilibrium constant
for the reaction has been assumed to equal K = ki/ks = 12 1.
mole~1, a value that is of the same order as that observed in many
reactions. Thus, the dimensionless parameter »# equals 1.957 X
1073, a quantity much smaller than unity. The parameter P of Eqgs.
14a-1456 can be thus computed as 6.6666 X 10~ cm.? sec. mole™1.

If one assumes C,(0) = 1 X 1074, S, the reaction rate at loca-
tion x = 0, can be calculated to be 1.52 X 10~ mole cm.~? sec.” 1.
If one approximates Jo = —ACaDafh, one obtains a value of 12 X
104 mole cm.~% sec.”!, when /4 equals 1 X 107% ¢cm, and Cu(h) =
1 X 1075, It is, therefore, reasonable to assume a value of —1.0 X
1073 for (ga — qp), assuminggs = —2 X 107%and go = —12 X
10~* Assuming gg = ¢, one computes H as equal to 1.5799 X
103, The quantity [Soh + (HA?/2)] = 9.4199 X 107 and R =
about 7.7534 X 10~°, One can compute (ph*/60)4Hh + 15S;) as
2.8666 X 10713, a quantity much smaller in magnitude than (24%/2);
thus, Q of Eq. 14¢ = 1.9155 X 1075, By inserting these values of
P, 0, and R in Eq. 144, the roots of the equation when AJ, = 0
" can be evaluated as §* = —0.23857 or 8* = —4.872 X 10~2, Both
the values of 8* are negative as anticipated. With the assumed value
of X = —5 X 1074, one evaluates @, = —3.9845 X 10*and b, =
—2.3807 X 10° when 6* = —0.23857; & = —8.2033 X 10% and
by = —4.822 X 10 for the other value of 6*.

For the system under consideration, AJ, does not vanish., Let
8 for the system be distinct from 6* by a quantity A6 = 8 — 6.
Whenever Af is positive, AJy will be positive, if P A8 + Q is less
than 2P8*, and there will be an enhancement in the flux of « across
the membrane phase due to complex formation reaction. Whenever
Af is negative for the system, AJ, will be negative, provided Q
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<{2P8* + P A8}, and there will be a reduction in the flux of &
(unassociated form) due to complexing with S.

If the diffusion barrier includes, in addition to the membrane,
the inhomogeneous boundary layers such that the thickness of the
diffusion barrier may be regarded as equal to 1 X 107% cm., one
computes for the above assumed values of initial concentrations
the values of 6*, a;, and b, as:

6*: —2.3857 X 10~¢ or —4.872 X 108
a: —16.48 or —48.095
bi: +1.28 or —188.57

For the cases just considered, one obtains negative values for 6*.
However, the ratio (a/b) is negative in one case and positive in the
other three cases. Since diffusion coefficients are assumed positive
definite in this analysis (11), positive values for (a,/b1) imply that the
fluxes of o and 8 in the diffusion barrier at location x = 0 have the
same direction. Since the drug o and the complexing agent 8 are not
normally found in the membrane, one suspects that fluxes of o and
B should have the same direction and a; should be negative since
Ca(0) > Calh). The case where (a1/b,) is negative is of interest in the
analysis of the carrier transport model, especially when 8 is a sub-
stance normally found in the membrane. In the above-mentioned
calculations, ns was a very small fraction of unity. For 54 to be of
the order of unity for membranes of thickness 1 X 10~¢ cm., the
diffusion coefficients in the diffusion barrier need to be of the order
of 10712 cm.2 sec.”! or less.

The question to which one would like to find an answer is by
what criteria one can hope to increase the drug transport across a
biological diffusion barrier by compounding the drug with another
nonmedicinal substance, 3, with which « can participate in an as-
sociation-dissociation reaction. In terms of dosage design, one has
little control over the thickness of the diffusion barrier and the
nature of the drug and its diffusion coefficients. However, one can
influence the rate of transport of drug « by judiciously choosing the
compound with which « can associate, when choice is available. To
illustrate this point, assume that o can associate with any of the
four species: w, 8, ¢, or 8. The diffusion coefficients of these species in
the membrane are assumed to have values D, = 1 X 1078, D; =
2 X 1078, D. = 1 X 107%, and Dg = 1 X 1077, while the diffusion
coefficient of « is assumed to be 6 X 107% cm.? sec.” 1, It is assumed
that the concentrations of drug « at location x = 0 in the diffusion
barrier is 2.1 X 10+ mole cm.~% and that of the complexing sub-
stances is 1 X 107¢ mole cm. % For the purpose of illustrative
calculation, it is assumed that the equilibrium constants for all four
complexing reactions are the same and equal 12 I./mole. The com-
puted values of %%, H, P, Q, and R, assuming that the diffusion
barrier is of thickness 1 X 107® cm., are listed in Table I. If one
assumes that the reaction is at equilibrium at location x = 0, one can
compute the value of § using the relation:

0 = (k2/2) [{Dalga + g4)/Z1} + {Dplgs + gv)/2Z:)] (Eq. 15a)
Z, = kCs(0)Dy + koD (Eq. 15b)
Zy = kiCol0)D,, + k2Dg (Eq. 15¢)

The derivation of Eqs. 15a-15¢ is presented in Eq. 20. The com-
puted values of § and AJ, from Eq. 14a are listed in Table I for the
four cases. Compounding « with w leads to reduction in the flux of
the drug across the diffusion barrier by the amount 7.585 X 10°¢
mole cm.™? sec.”!, while complexing « with 3, ¢, and § leads to
enhancement of the transport rate compared to the flux of o across
the same diffusion barrier for the same concentration gradient in the
absence of the association—dissociation reaction.

Thus, to enhance the transport rate of a drug across the biological
diffusion barrier, one has to choose the complexing substance 8,
especially when the choice is available, such that (Dg/Ds) is much
less than unity, The experimental studies of some investigators (5,
6) were motivated by the observations that drug complexes having a
lower lipoid-aqueous phase partition coefficient than the drug itself
are more slowly absorbed across biologic membranes than the free
drug. They suspected that formation of drug complexes which are
more lipoid soluble than the free drug may lead to an enhancement
of transport rate. This conclusion, however, was not substantiated
by experimental results, It is evident from the foregoing analysis
that the solubility of the drug and the complexing agent is a neces-
sary but not sufficient condition for enhancement of flux of the drug



Table I—Computed Values of AJ, and Other Parameters for Transport of « across the Diffusional Barrier, Assuming So = 0
Parameter 8 € 1 w

AJq X 107 +37.456 +2.1492 +2.12288 —75.8548
Diffusion coefficient 1 X 1077 1 X 107¢ 2 X 107t 1 X 1078
nh? X 108 354 38.3111 21.581 5.631
—8 X 104 0.59584 0.6544 0.7106 0.676705
u X 10718 20.0 2.0 1.0 0.2
H 1358.75 153.55 87.896 29.86
~X X 108 5.95 5.0 4.0 11.0
—8* X 104 2.3751 2.4003 2.7408 3.9638
—6;* X 104 0.2801 0.47286 0.4226 0.2598
P 6.6666 0.6666 0.3333 6.66 X 102
Q X 104 17.7 1.9155 1.07905 0.028155
R X 10° 44.3355 6.0109 0.38615 0.6865

across the barrier. Complex formation with reactants of similar
diffusion coefficients should, in general, lead to a reduction in the
rate of transport of the drug, in agreement with our analysis and
experimental observations.

The critical values of 6*, which are the roots of the quadratic
equation when one will observe no change in flux of « across the
diffusion barrier due to an association-dissociation reaction occur-
ring in the membrane, are also listed in Table 1. For the assumed
values of difference in concentrations and diffusion coefficients and
membrane thickness, the flux of « in the absence of chemical re-
actions would be about 12 X 10~¢ mole cm.~? sec.”!. Thus, one
may conclude, from the values listed in Table I, that the change in
flux due to complex reaction is not significant. This low effect is
due to the relatively high assumed values of the diffusion coefficients.
If the diffusion barrier is of thickness 1 X 1073 cm., Dg = 6 X
10 cm.? sec.”?, and the difference in concentration of a under
steady state equals —2.0 X 1074 mole cm.”3, then the observed
flux of «, Ja, equals —qa 12 X 10~® mole cm."? sec.”!. Com-
pounding a with a substance $*, whose diffusion coefficient is
1 X 1079, with Cg.(0) = 1 X 10~* with rate constants &y = 12 X
10% cm.3 mole~! sec.”! and k. = 1sec.™ %, will result in enhancement
of flux of about 2.5% (Table 11). Compounding «, on the other
hand, with a substance 8**, with a diffusion coefficient 1 X 108
cm.? sec.”!, for the same rate constants and initial concentrations
will reduce the flux of a by about 7.8627%.

COMMENTS ABOUT g,

Knowledge of the parameters g.'s is needed to compute the
Taylor expansion coefficients of the reaction rate profile. When one
assumes that coupling between fluxes can be neglected and that
local fluxes are proportional to local concentration gradients given
by Fick's law, use of Egs. 4 and 6 of Reference 7 and Eqs. 4a-4h of
this paper enables one to express concentration profiles as:

DoColx) = (Ko & mo) + (go £ m)x £ Y, Ux'*? (Eg. 16a)
i=0
Ui=Tii +2) o=aB0ry (Eq. 16b)
In Eq. 16a, the plus sign is applicable when « refers to o or 8. The
minus sign is valid when o refers to v.
Equations similar to 16a and 165 are derivable also when coupling
between fluxes of different species is included and local fluxes are
expressed by a generalized form of Fick’s law:

Jo(x) = =3 DendCilx)/dx (Eq. 17)
ki

provided that the elements of the diffusion matrix, D,,, are con-
stants independent of the position variable x.
From Eqgs. 16a and 166, one obtains:

ge — g8 = (Do ACa — DgACR)/A (Eg. 18q)
ga + gy = (Da ACq + Dy AC)h (Eq. 185)
AC,; = Ci(h)y — Co(0) (Eq. 18¢)

When experiments are carried out with equal concentrations of, for
example, species 8 on either side of the barrier, the reaction of Eq. 1

will be at equilibrium in the membrane region. Under these condi-
tions, one obtains the expressions for the fluxes as:

Jg=0 (Eq. 19a)
Jo = —(qa + ‘{‘y)k2Da/[leBD-y + k3Dq) (Eq ]9[))
Jy = —(qa + 9)1CaD/(k\CgD~ + kDo) (Eq. 19¢)

[total flux of a(associated + free))/(flux of unassociated a)
=1 +(KD,Cs/Da) (Eq.19d)

Since all terms on the right-hand side of Eq. 194 are positive def-
inite, Eq. 194 implies that the total flux of a will enhance with an
increase in Cg in the membrane phase due to complex formation, if
the reaction is at equilibrium and fluxes are given by Fick's law,
Equations 164 and 164 are obtained from Eq. A13 of Appendix 2,
Eqgs. 19a-194, and similar equations for Jg when C,’ = 0, using the
arguments that when S, = 0, one has:

6 = 6(ay = 0) + A8i(b = 0)
= bi(b

A@l = —A02

0) + Abs(a, = 0) (Eq. 20q)
—-X (Eq. 205)

CARRIER TRANSPORT MODEL

Unlike the case of drug transport, in the carrier-facilitated trans-
port model it is assumed that the permeant molecule « reacts with
species 3 present in the membrane and that no discernible chemical
reaction occurs in the surrounding solutions. Both the carrier 3
and the complex v are thus assumed to be confined to the membrane
region (9). A good example of this system is the physical system of
Scholander (10). Since 8 is found in the biological membranes, one
cannot a priori state that 8 is negative definite. If the concentration
of permeant Cq at location x = 0 is greater than its concentration at
location x = A, it is reasonable to assume that the flux of o has a
direction from left to right. Stein (12) summarized the information
on the properties of carriers revealed by kinetic analysis—viz., that
carrier molecules 8 present in limited amounts in cell membranes
combine with permeant molecules «, that the carrier-permeant
complex can cross the membranes from one side to the other, and
that the rate of transit of free carrier and carrier-permeant complex
~ can differ. A priori, one may state that assumed circulation sug-
gests that the flux of carrier 8 and permeant a will be opposite in

Table 1I—Computed Values of AJ, and Other Parameters for
Transport of « across the Diffusional Barrier, Assuming
So=0,K=121Lmole !, and D, = 6 X 107?

Parameter s* B**
AJx X 10° +2.9906 —9.4333
Diffusion coefficient 1 X 10°° 1 X 10
P X 107 7.3052 0.666
Q 0.19836 2.8155 X 1072
R X 10° 6.233 11.13
-6 X 108 5.95707 7.28185
H 157.99 222.74
—X X 10® 5.0 1.0
nth? 0.38311 5.6311 X 102
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Figure 1—Reaction rate profiles in barrier phase for the illustrative
example. Curves A and B are obtained from Eqs. 3 and 4 and the
values listed in the second and third rows, respectively, of Table III.
Curve C is the result of solution of a linearized differential equation
(Eq. 7 of Reference 7) of Blumenthal and Katchalsky (9) with n = X~L

direction in the membrane region. The sign and magnitude of 8 are
determined by the magnitudes of fluxes of the permeant and carrier
at a location close to x = 0. However, one may state that the ratio
(a1/by) will be negative.

In addition to a detailed analysis of the carrier transport model,
the method of calculation of the reaction rate profile as well as con-
centration and flux profiles is presented in this section. The inputs
for the calculations are assumed values of rate constants, diffusion
coefficients, (ga — gg), and concentrations of the three species at
location x = 0. The condition expressed by Eq. 8 is utilized to
evaluate 8, a1, and b,. The use of the boundary condition equation,
Eq. 8, in conjunction with the expressions of Eqs. 4a-44, neglecting
terms of the order of x® in the expression for the reaction rate pro-
file, yields a quadratic expression for § with constant coefficients:

6%°P, + 6Q, + R, = 0 (Eq. 21)

The subscript # of P, Q, and R of Eq. 21 denotes that terms of the
order x*+! have been neglected in the expression for the reaction
rate profile in computing the integral of Eq. 8. P,, Q., and R, can
be expressed in terms of experimentally available quantities as

n=234

Py = (uh?[3){1 + (n2h?/4)} (Eq. 22q)
Q4 = (*hY2D{1 + (*h?/1D)} + (uh*/60)N4HA + 155,] (Eq. 22b)
Ri = Soh{l + (%423 Y) + (nhY5 D] + (uSe?h%/20) +
(HR D1 + (9*h*12)} ~ (uh?/12) X
(ga — gp)*{1 + (n*h*/20)} (Eq. 22c)

Since one has knowledge of (nh), So, H, and (ga — gg) from ex-
perimental information, one can compute easily Py, Q. and R,
and solve Eq. 21 for 4. Unless (»n4) is a significant fraction of unity,
the values of P,, On, R, and 8, with n = 2,3 will not be significantly
different from P,, Q., R,, and 8,. For example, 6. may be computed
as:

6 = ~(3n4uh) £ 3n*/4uh)1 — (4uT/9m )/
T = 25(6 + n*h?) + 6Hh — ph*(ge — gp)?

(Eq. 23a)
(Eq. 23b)

Table III—Computed Values of S.’s and a.’s, Using the Values
of 9, Utilizing Egs. 8 and 4a—4h, Assuming S, = 1.52 X

10—+ mole cm. 3 sec.~! and Diffusion Coefficients

to be of the Order of 10~? cm.2 sec, !

6= —28X 1077 6 =13Xx 101
0 —2.8147 X 1077 1.3 X 1071
M -1.0732 X 108 5.49804
Sz 1.53743 x 108 ~4.70885 X 10¢

Ss —7.70843 x 10! 3.54992 X 100
a —5.5245 ~0.81166

az 1.266 X 10¢ 1.266 X 104
as —2.9136 X 10%*® $15.2723 X 107
a, 2.13525 x 101 —6.540 X 101
b —23.147 5.135
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One will obtain two values for 8, which may have the same signs or
opposite signs, depending on the assumed order of magnitude of
(9= — g8). For example, when (g« — ¢p) is assumed to be of the
order of —14 X 1078 and 74 = 0.61896, computed values of 4 are
both negative. When (g« — g5) is assumed to be of the order of
—14 X 1077, the computed values of § are —6.9775 X 1077 or
3.8229 X 1077, The sign of (a1/b:) can be determined from the values
of 8, using the relations:

(a/b) = (Dp/Dl(O + X)/(8 — X)]
X = (g« — qp)/2

(Eq. 24a)
(Eq. 24b)

Substitution of the obtained values of 6 in Eqgs. 4a—4/ enables one to
compute the Taylor expansion coefficients of the reaction rate pro-
file. If one has reasonable grounds to suspect that (ai/b;) is negative,
then one should prefer the negative value of 6. It is now a simple
matter to compute the Taylor expansion coefficients of concentra-

‘tion profiles of permeant species, using the relations:

+ Dok + 2k + Dage = Sk k=012... (Eq. 25

By assuming values of (g« — gg) = —10 X 10~ mole cm.~? sec.™?,
D, =6 X10% Dg =1 X 1073 and D, = 0.9 X 107° cm.? sec.”?
and concentrations Co(0) = 2.1 X 10~ *and Cg(0) = Cy(0) =1 X 10~¢
mole cm.~3, »2h? is computed as equal to 0.38311, when stability
constant K is assumed to equal 12 1./mole. By using these values and
So = 1.52 X 10~* mole cm.~ % sec.”! in Eqgs. 22a-22¢, P., @4, and R,
are computed as 7.2828 X 105, 0.205086, and 1.8756 X 10~%, re-
spectively. Equation 21 is now solved to yield 8 as equal to either
—2.8147 X 1077 or 1.3 X 1071, In Table III are listed the com-
puted values of S.’s of the reaction rate profile and a.'s of the con-
centration profile of permeant species «. In Fig. 1 are plotted the
two resultant reaction rate profiles as a function of the fraction of
membrane thickness (curves A and B). In the same figure is plotted
the profile obtained by using Blumenthal and Katchalsky’s (9)
Eg. 19. Curve C of Fig. 1 represents the reaction rate profile pre-
dicted by solution of linearized differential Eq. 7 of Reference 7
with A~ = 5. Curve C is almost linear, with the reaction being at
equilibrium at midplane of the membrane. Curve B is the result
predicted when one does not neglect the nonlinear terms, with § =
1.3 X 1072, Inclusion of nonlinear terms results in an unsym-
metrical reaction rate profile. The condition expressed by Egs. 16a
and 1656 does not require a symmetrical reaction rate profile. Curve
A represents the reaction rate profile predicted using the value § =
—2.8147 X 1077, which is markedly different from curves B and C,
and exhibits a minimum at about (x/#) = 0.3 with a value Jr(x/h =
0.3)/Ss = —11.08. (In Fig. 1, the y-coordinates for curve A are
different from that of curves B and C; Jr(0)/S, = 1 and Jx(h)/S, =
42.79.) This illustrative calculation of reaction rate profiles for
carrier transport substantiates the conclusion (13) that inclusion of
neglected nonlinear terms in the differential equation will have a
profound effect on the reaction rate profile.

DISCUSSION

One may conclude from the results presented in this paper that
calculation of reaction rate profiles and flux and concentration pro-
files of permeant molecules in the diffusion barrier is a tractable
problem. Provided that the molecules undergoing transport can
participate in a chemical reaction of the type presented in Eq. 1,
provided that local fluxes are described by a Fick’s law with constant
diffusion coefficients, and provided that coupling between fluxes of
different species can be neglected, one can quantitatively compute
the influence of complexing a drug « with another substance 8
(either present or absent in the biological membrane) on the rate of
transport across a biological diffusion barrier, (Certain questions of
a mathematical nature, which are not of general interest, are dis-
cussed in Appendix 1.)

It is shown that the rate of transport of a drug « will decrease by
complexing it with a substance 8 not normally found in biological
systems, when (D,/Dg) in the membrane phase is of the order of
unity. 4 priori calculation of the rate of drug transport is possible
by the methods presented in this paper, provided one has even ap-
proximate knowledge of (D./Dg), rate constants, and dosage com-
position. To enhance the transport rate of drug « by complexation,
one has to choose B, when choice is available, such that (Da/Dg) is



much greater than unity. An additional prerequisite is that both «
and B are lipid soluble.

Olander (14) considered the problem of mass transfer and chemi-
cal reactions of various types, including the reaction of the type of
Eq. 1, when these reactions are at equilibrium. Thus the results of
this paper are more general in nature. From Eqgs. 164 and 1654, one
may derive Egs. 5-7 and 30-38 of Olander’s paper. One may identify
Olander’s notations a1 = (qa + ¢+), @ = Ka + Ky, a3 = (g8 + 44),
as = Kg + Ky, and C; = (KaDy + KyDa)/(DaD,). The conclu-
sions’ of Olander that concentration profiles are necessarily linear
when the reaction is at equilibrium everywhere is in agreement with
our conclusions. However, the terms within the parentheses of
Eqgs. 41, 42, and 49 of Reference 14 cannot be distinct from unity in
agreement with his Eq. 40, since the condition that Jr(x) = 0 for
all x demands J(0) = kiaohy — kico = 0, Jr' = 0, and kiaib = 0
(a1, by, and ¢, are the concentration gradients of the species «, 8,
and v, respectively). Thus, either a; or b, must necessarily vanish
in the barrier, and we have chosen Cg(0) = Cp(h).

The roadmap for calculation of enhancement or reduction of
flux of « may be summarized as follows. For artificial lipoid barriers,
the difference in concentrations of a and 8 on either side of the
membrane is known. For biological membranes, one may assume
that these concentrations on one side are essentially zero. Assume
one has approximate knowledge of diffusion coefficients and rate
constants. Compute 72, u, H, and X, using Eqs. 4/~4A. If the re-
action can be considered to be at equilibrium at x = 0, So = 0,
and 6 can be computed using Eqgs. 15a-15¢. P, Q, and R can be com-
puted using Eqs. 14b-14d; insertion of the above value of 6 in Eq.
14a yields AJ,. Since AJz can be computed using Eq. 9, # can be
computed when the reaction is not at equilibrium at the boundaries
as the solution of the quadratic equations:

84 +6B+C=0 (Eq. 26q)

A = (ph){t + (5/12m%h?} (Eq. 265)

= n*{1 + (n-’h’/6)} + (uh?/3)(3S, + Hh) (Eq. 26¢)
C = Hh {1 + (*h*6)} — (uh*XH){1 + (*h*/12)} +

(So/8)n*h* {1 + (n*h*/6)} -+ ph'Sd] — AJe (Eq. 26d)

Insertion of this value in Eqs. 4a-4h yields the Taylor expansion
coefficients of reaction rate profile, and in Eq. 14a it yields AJ,.
The Taylor expansion coefficients of concentration profiles are
computed using Eq. 25 and computed values of Si. Flux profiles
can be computed using Eqs. 16a and 165 and Fick’s law.

APPENDIX 1

The basic approach of expansion of reaction rate profile in a
Taylor series (Eq. 13a) raises the question whether the series is con-
vergent or not. Since concentrations are positive definite and it is
assumed that Co(0) > Ca(h), the series expansion:

Calx) = 3, apx* (Eq. A1)
k=0

is evidently convergent for positive values of x. From Eq. 6 of
Reference 7, one has:

Je(x) = Y Sixt (Eq. A23)
=0

= Y Dak(k — Dapxt=? (Eq. A2b)
k=2

Since the series of Eq. A2b is convergent, it follows that the series
of Eq. 3ais convergent.

The second point is that one obtains two values for § by retention
of terms up to the order of x* in Eqs. 26a-26d and is thus faced with
the choice between two reaction rate profiles. In addition, if one
retained higher order terms, the resultant nth-order polynomial
would have given n values for 8 and thus » reaction rate profiles.
What criteria should be used to determine the correct reaction rate
profile? Under stationary state, § has a unique value and sign. For

reasonable values of diffusion coefficients, concentrations, and thick-
ness of diffusion barrier, the value of (4#) is a very small fraction of
unity, which assures rapid convergence of the series of Eq. A2a. The
value of 8 is given approximately by the expression:

0, = —(28o + Hh)/(n*h?) (Eq. A3)
obtained by inserting the expression Jr(x) = Sy + Six in Egs. 16a
and 165. One obtains, by successive inclusions of additional terms,
that 6, = —3.237 X 1077, 6, = —2.8629 X 107, 6; = —2.966 X
1077, and 8, = —2,7054 X 1077 for the illustrative example con-
sidered in the paper as one of the roots. The sign and approximate
magnitude of 6 are given uniquely by the sign and relative magni-
tudes of S, and H used in Eq. A3, For the assumed value of (g« —
qg) = —10 X 1077, the value of 6, yields (Dqai/Dgh)) = —1.8291,
whose negative sign assures for the carrier model that the flux of
carrier in the membrane phase has a direction opposite to that of
the permeant flux.

APPENDIX 2

The derivation of Eqgs. 4a—4#h is as follows. Since the fluxes are
related to the reaction rate at every location under conditions of
stationary states by the relations:

Jo' = Jg' = —Jr(x) = =J,’ (Eq. A4)
and fluxes are assumed given by J; = — D,C;’, (¢ = a, 8, %), one
has:

DsCo'(x) = £1(x) + g0 (Eq. ASa)
I' = Jp(x) (Eq. ASbH)

In Eqs. 16a, 16b, and A5, the plus sign is applicable when ¢ = a, 8.
The negative sign is applicable when ¢ = +. Fluxes of species at loca-
tion x are constrained by the relations:
Jalx) — Jg(x) = (g8 — qa)y,  Jelx) + Jy(x) =

—~(qa + gv) (Eq. A6)

In addition, one has:

limit I(x) m = Doty — ga
z—0

= Dgh — g8 = g — Dya (Eq. A7)

Defining the parameter 8 by Eq. 5, one has:
m = —(qa +q)/2 + 6 (Eq. A8a)
Doay = (0 + X); Dgh = (0 — X) (Eq. A8b)

Since the kth Taylor expansion coefficient of the reaction rate pro-
file is given by:

k—1
St =k)CuObr + CoOar + Y ab; s ~ kiew (Eq. A9)

=1
iti=k
onehas:
kab = u(62 — X2?) = S, — (135,/2) (Eq. A10)
So = Jr(0) = kKoK — koK (Eq. Alla)
= kiCa(0)Cs(0) — k2C4(0)  (Eq. A11)

The equivalence of Egs. Alla and A11b follows from Egs. 41a, 42,
and 43 of Reference 7. Equations 4a—4h follow from Egs. 41a-4le
of Reference 7 and Eqs. A9 and A10.

The solution of the nonlinear differential Eq. 18 of Reference 7
reduces for the case when reaction is at equilibrium as:

G(x) = my + mix (Eq. A12)
When b, = 0, m; = can be evaluated in this case as equal to:

my = [gykaDa — gakiCs(0)D4)/[k1Cs(0)Dy + k2Da] (Eq. Al3)
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GLOSSARY OF SYMBOLS

D, = diffusion constant of species ¢ in membrane phase

C, = concentration of species ¢
AC, = difference in concentration across the barrier of species o
AJr = difference in reaction rate at barrier boundaries

n = reciprocal of relaxation length characteristic of system

ki = rate constant for association reaction

k: = rate constant for dissociation reaction

K = equilibrium constant of the reaction

J, = matter flux of species o expressed in moles cm.~ 2 sec.”?

P, Q, R, A, B, and C are constants computed and utilized for
calculation of 4.

a, by, and ¢, are concentration gradients at x = 0, respectively, of
species «, 3, and v.

All other parameters are combinations of these quantities, whose
algebraic relations are defined by equations in the paper.
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Blood Levels of Sulfamethizole in Dogs following
Administration of Timed-Release Tablets Employing

Lipase—Lipid—Drug Systems

KARAMAT A. JAVAID* and CHARLES W. HARTMAN{

Abstract [] Blood levels of sulfamethizole in dogs following the
administration of timed-release tablets are reported. Tablet formu-
lations containing 5% glyceryl monostearate were employed for
in vivo studies because the in ritro release from this formulation ex-
tended more than 12 hr. The formulations employed a pancreatic
lipase-glyceryl trilaurate and glyceryl tristearate system, with en-
zyme-substrate combinations serving as a release-controlling vehicle
to produce a timed-release effect. The main portion of the drug was
released through the lipolytic digestion of the substrate by the lipase
in addition to some release due to leaching and surface dissolution.
A timed-release effect and uniform blood levels were observed over
12 hr. from tablets made from lipase-lipid-drug granules. Blood
levels from tablets containing lipase were significantly higher and
more consistent than blood levels obtained from tablets without
lipase. The variations in blood levels observed in dogs receiving
tablets with lipase were much less than variations observed in dogs
receiving tablets without lipase.

Keyphrases [[] Timed-release lipase-lipid-sulfamethizole tablets—
effect of lipase, blood levels, dogs [] Lipase effect—blood levels of
dogs following administration of timed-release lipase-lipid-sulfa-
methizole tablets [] Drug-release rates—-¢ffect of lipase on timed-
release lipase-lipid-sulfamethizole tablets, blood levels, dogs

Enzymes play an important role in the breakdown and
digestion of nutrient materials in the GI tract. This
concept was utilized to control the drug release from a
substrate system containing sulfamethizole incorporated
in a lipase-lipid matrix. Lipase causes a controlled
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digestion of the substrate through the hydrolysis of the
ester substrate controlling the release of the drug to
produce a timed-release effect.

The concentration of lipase in the intestinal tract
varies considerably with time (1) and from person to
person. The range of lipase activity of 169 persons with
normal pancreatic functions, in terms of the amount of
acid liberated by the action of lipase on olive oil, was
110--1360 peq. acid/min./ml. of duodenal fluid (2). The
incorporation of lipase in the system, in addition to its
release-controlling mechanism, would help minimize
the wide range of variations in the concentration of
lipase in the intestinal tract.

The purpose of this investigation was to study the
blood levels of sulfamethizole following the oral ad-
ministration of timed-release tablets during in vivo
studies in dogs after in vitro dissolution patterns were
established. The results of in vitro dissolution studies
conducted on timed-release tablets employing lipase-
lipid-sulfamethizole systems were reported previously

3).

EXPERIMENTAL

Composition of Spray-Congealed Granules—The manufacture
of spray-congealed granules of lipase -lipid-sulfamethizole systems
and the composition of initial-release granules were described pre-



