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Abstract O The transport of hexylamine and octylamine through a silicone
rubber membrane was studied as a function of buffer (phosphate) concen-
tration and pH. The results were interpreted using a physical model which
assumed a steady-state rate of transport and which accounted for (a) the si-
multaneous diffusion and rapid equilibrium of all the aqueous species, (b) the
possible diffusion of both the amine and its protonated form through the
membrane, and (¢) the effect of a stagnant aqueous diffusion layer on cach
side of the membrane. The following conclusions were reached: (a) The
thickness of the aqueous diffusion layer is ~100 wm, which is about the same
as that previously measured for benzoic acid in this system. Transport of oc-
tylamine at pH 2 10 is ~90% aqueous diffusion layer controlled, whereas
hexylamine is ~50% aqueous diffusion layer controlled at high pH. (6) The
membrane permeability of octylamine is ~15-20 times that of hexylamine.
This gives an incremental 7 constant for the partition coefficient of ~0.61,
as compared with the previously reported value of 0.56. (¢) At low pH (<3),
the transport of the protonated species becomes important. The membrane
permeabilities of these ammonium ions are about four or five orders of mag-
nitude less than the membrane permeabilities of the corresponding amincs.
The membranes were examined at 30,000X with the scanning clectron mi-
croscope, and no evidence of holes was found.

Keyphrases O Diffusion-- transport of alkyl amines across a silicone rubber
membrane O Hexylamine—transport across a silicone rubber membrane,
octylamine, two-chamber diffusion cell O Octylamine—transport across a
silicone rubber membrane, hexylamine, two-chamber diffusion cell

There is a need for an experimental system in which the
transport of weak organic acids and bases across a lipoidal
membrane can be studied. There are many situations in bio-
pharmaceutics and therapeutics, including situations involving
binding of drugs to macromolecules and micelles, in which such
a system would be useful. Stehle and Higuchi (1, 2) have
conducted studies on the transport of weak acids and bases
across lipoidal membranes; however, these were of a limited
nature. They used fiberglass filter disks preloaded with oil-
polymer mixtures as lipoidal membranes. These membranes
were not entirely satisfactory, as experiments could not be
performed in the totally diffusion-controlled region. Also,
membrane permeability changes with time were found in some
of the experiments which were attributed to changes in the lipid
viscosity with time.

Accordingly, this investigation was carried out to develop
a rugged experimental system for studying the transport of
weak acids and bases across lipoidal membranes and, simul-
taneously, to develop theorctical methods for analyzing the
experimental results on a quantitative basis. We selected a
silicone rubber membrane as our model membrane, as several
investigators (3-8) have found it suitable for studying drug
transport, and employed a standard two-chamber diffusion
cell. This membrane may be used in consecutive experiments
without significant changes in its permeability characteristics.
We modified and adopted the theoretical relationships de-
veloped previously by Stehle and Higuchi (1, 2) and Suzuki
et al. (9, 10) and show how this experimental system and the
theoretical relationships can be productively employed in
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evaluation of pH, buffer concentration, and chain-length ef-
fects on the transport of weak bases from aqueous solutions
across lipoidal membranes.

It is hoped that the results of these studies can also be used
for quantitative determination of macromolecular binding or
micellar solubilization of weak acids and bases in aqueous
media. It can be argued that, where possible, the use of a lip-
oidal membrane would be preferred over the cellulose dialysis
membrane for studying micellar solubilization of weak acids
and bases because of the Donnan membrane effects encoun-
tered with cellophane membrane dialysis methods. Also, we
hope to use this technique in the study of species distribution
and the mechanisms of action of the amine-type cholesterol
dissolution rate accelerators (11) in bile.

THEORETICAL SECTION

A physical model approach was utilized to study the transport of hexylamine
and octylamine through a silicone rubber membrane as a function of buffer
(phosphate) concentration and pH. The model used in this study is very similar
to the one developed by Stehle and Higuchi (1, 2), in which a membrane
separates two aqueous compartments, with an aqueous diffusion layer on each
side of the membrane.

The steady-state model for amine, RN, which is protonated to RNH* at
lower pH values, is illustrated in Fig. 1. Steady-state diffusion is assumed
between donor and receiver compartments, and all relevant equilibria (the
various phosphate species, as well as the free and protonated amines) are ac-
counted for. The model allows for diffusion of protonated amine, as well as
free amine, through the membrane.

The following equations describe the model under steady-state conditions.
G, the total flux of the amine species RN and RNH* through each barrier,
[-I11, is given by:

G1 = {Drn[(RN)L = (RN);]} + Danp+[(RNH*)L — (RNH* ) )}/ Iy

(Eq. 1)

GII = {Prn[(RN); = (RN),] + Prnu+[(RNHY), — (RNH*Y),i/ ks
(Eq.2)
GII = {DN[(RN)2 — (RN)R)] + Danp+[(RNH*); — (RNH* )R]/ A3
(Eq. 3)

where the subscripts 1 and 2 indicate the left and right aqueous interfacial
locations, respectively, and subscripts L and R refer to the borders of left and
right bulk aqueous phases, respectively (Fig. 1). Drn and Drnu+ (cm?/s)
are the aqueous diffusion cocfficients of RN and RNH*, respectively; Prn
and Prnn+ are the membrane permeabilities (defined as the product of par-
tition coefficient and diffusion cocfficient) of RN and RNH™, respectively;
hy and h3 (cm) are the effective thicknesses of the unstirred aqueous diffusion
layers; h; is the membrane thickness. G is expressed in mmol/cm?s. At steady
state, GI = GII = GIIL

Since it is assumed that no buffer species can penctrate the lipid phase, the
total net flux of the buffer species through each of the two aqueous diffusion
layers is zero at steady state. Hence, the cquations for Jg, the total net flux
of buffer species in the aqueous barriers, can be written as follows:

Jel = Dy,poJ(H3PO4)L — (H3PO4)1)
+ Di,po,[(H2POs)L — (HPO4)1] + DupoJ(HPO4)L — (HPOL)]
+ Dpo,[(PO4)1. — (POy)] =0 (Eq. 4)
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Figure 1—Three-phase model showing schematic concentration profiles present in steady-state transport of amine, RN. RNH* is protonated amine; H,PO,,
HPO,, and POg are buffer species (only the predominant species are shown in Fig. 1), and H* is hydrogen ion. h), h,, and h3 are diffusion barrier thicknesses

in the three phases.

JBHI = Dypo,[(H3PO4); — (H 3PO4)R]
+ Duypo [(H2PO4)2 — (HaPO4)R] + Dupo,J(HPO4)2 — (HPO4)R]
+ Dpo,[(PO4)2 — (POs)r] = 0 (Eq. 5)

Ju, the net flux of H* minus the flux of OH™, occurs via the transport of
the protonated form of the amine, RNH*, through the membrane and via
the transport of all protonated species and also OH™ through the aqueous
diffusion layers. The expressions for this quantity are given by:

Ju+l = {Drnu+[(RNH*), = (RNH*),] + 3Dy,po,[(H3POL)L
— (H3PO4)1] + 2Du,p0,[(H2PO4) 1. — (H2PO4)1] + Dupo,[(HPOG)L
= (HPO ] + Dul(H)L — (H))] — Doul(OH)L — (OH)Ji/k1  (Eq. 6)

Ju+ll = {Prnp+[(RNH*); = (RNH*),])/ b2 (Eq.7)

Ju+H = {Drnp+[(RNHY); - (RNH)R) + 3DH3po‘[(H3PO4)z
— (H3POy)r] + 2Dn,p0,[(H2PO4); — (H2PO4)R] + Dupo,[(HPO,),
— (HPO)R] + Du[(H), — (H)r] — Doul(OH), — (OH)gr]}i/hs (Eq. 8)

Analogous to the total amine flux, at steady state Jyl = Jyll = JylIl. In the
above cquations, Dyypo, Dupo, Duro, and Dpg, (cm?/s) are the
aqueous diffusion cocfficients of the H3POy4, H2PO4, HPO4, and PO4 buffer
species, respectively, and Dy and Doy (cm?/s) are the aqueous diffusion
coefficients of the hydrogen and hydroxyl ions, respectively.

In addition to satisfying the flux relationships expressed in Egs. 1 -8, a valid
solution of the model must also satisfy all the chemical equilibrium constraints
at each point in the system. These constraints can be written as follows (for
n=1,2L,R):

(HPO4)” = (_i—{_)K"_(P_O_“)_” (Eq. 9)
HPQ4
2
(H3PO4), =@'K_(P_oﬁ (Eq. 10)
H2PO4
3
(H;POy), = 2O (Eq. 11)
H3PO4

where KHPO. = K3, KH;POa = K3-K2. and Kijo‘ = K3'K2-K| (K], Kz, and
K ; are the dissociation constants of phosphoric acid).
Similarly, for the amine (forn = 1, 2, 1,, R):

_ (RN),(H),
(RNH¥),

where K, is the dissociation constant of the protonated amine.

Given these relationships, the model can be used to calculate concentrations
and fluxes of all the species at each point in the system when only the com-
positions of the bulk solutions on each side are given. This calculation is
complicated by both the complex equilibria involved and the fact that a so-
lution is sought for a system employing a trilaminar membrane. Nonetheless,
the equations can be arranged in such a way that they can be rapidly solved

K. (Eq. 12)

with a digital computer if a program is available for the solution of systems
of nonlinear algebraic equations. This particular problem can be reduced to
a system of two equations in two unknowns by a number of different ap-
proaches. The algebraic approach employed here was to choose pH, and pH,
(the pH values at the membrane surfaces) as the unknowns and, for a given
set of values for pH, and pH,, to calculate all the other quantities in sucha
way that all the problem constraints are satisfied, except for the constraint
that G1 = GII = GI1II at steady state. The nonlinear system solver then de-
termines the values for pH; and pH, such that the equations GI = G1I and
GII = GIII are satisfied.

The algebraic procedure for calculating the species concentrations
throughout the system for a given trial set of pH, and pH, values is as follows.
First, the concentrations of all the species in the bulk solutions on each side
of the membrane are calculated (for n = L, R):

(H), = 107PH- (Eq. 13)
(H), , (H).? (H)..3J
PO4), = Pio .14
(POy) tot / (1 + Kupo, Kuzpo‘+ Keno (Eq. 14)
= (H),
(RN), =R, / (1 + Ka) (Eq. 15)
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Figure 2—Two-chamber diffusion cell used in transport studies. At prede-
termined intervals, donor and receiver solutions were totally replaced for
analysis. Cross-sectional transport area was 2.10 cm?.
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Table I—Typical Permeation Data *

Concentration, pg/mL

A Time, h Receiver Donor Flux, mmol/cmZs®
0 0 546 —
2 9.9 514 5.654 X 10~
2 11.5 522 6.606 X 10~11
2 13.2 519 7.562 X 10—
2 12.9 530 7.425 X 10~

¢ The system consisted of donor, 5 mM hexylamine, 0.1 M NaCl, and 0.1 M PO, (pH
8.5); receiver, 0.1 M NaCl and 0.1 M PO, (pH 4.1). ® From the receiver data.

where Py and Ry, are total concentrations of the phosphate and amine, re-
spectively. The concentrations of the other species can be readily calculated
from (H),, (PO4)n, and (RN), with Egs. 9-12.

Next, the concentrations of the phosphate species at the membrane inter-
faces can be calculated by a suitable rearrangement of Eqs. 4 and 5 with ap-
propriate substitutions from Eqs. 9-11. The concentrations of POy at the in-
terfaces are given by:

(PO = [Dh,po ({HiPOs)L + Dypo,(H2PO4)L + Dupo,(HPO4)L

H),? H),2
+DPO4(PO4)L]/[DH;PO4( ] +DH2PO4( I +
KH3P04 HaPO4
H
Dupro, (H), +Dpo,] (Eq. 16)
KHP04

and:
(PO4)2 = [Du;po (H3POs)R + Dii,p04(H2POs)R + Dupo,(HPO4)R
(H)?

+ DPO4(PO4)R]/ lDH3P0¢ ——=—+ Du,po,
KH;PO4

(H),?
Kl{zP04

H
+ Dupo‘-(——)—z' + Dpo,

oy (Eq. 17)

and the concentrations of HPO4, H;PO4, and H;3PO4 follow from Egs.
9-11.

Thus far, for given values of pH; and pH; we have determined concentra-
tions of the various phosphate species at 1 and 2 so that the net total phosphate
flux is zero. The remaining task is to determine the concentrations of RN and
RNH* at these interfaces that satisfy the equations for total proton flux (Egs.
6-8). This task is greatly facilitated by defining new variables Rl and RII1
such that:

RI=Jyl+ @(RN}M, (Eq. 18)
1
and
RUI = Jylll —D—"h’”‘—*(RNHﬂ2 (Eq. 19)
3

Table II—Model Parameters *

Parameter Known Computer Fitted
Do 5X 1073 cm?/s
Dy 9 X 1075 cm?/s
DgN, DrRNR+ 1.087 X 103 CmZ/S
(hexylamine)
DgrN, DrNH* 9.880 X 10~¢ sz/s

(octylamine)
Dy1504. DH3p0s Dupoy. 1073 cm?/s
PO

hyand h3 0.009 cm 0.01 cm
ha 0.0127 ¢cm

K (H1PO,) 7.50 X 1073

K> (H3POy) 6.20 X 10~8

K3 (H3POy) 2.10x 10713

K, (hexylamine) 2.7542 X 10~1

K, (octylamine) 2.2387 X 10~ 1

2.27 X 103 cm?/s
4.130 X 10~%cm?/s
3.88 X 1074 cm?/s
3.770 X 1079 cm?/s

PgrN (hexylamine)
Pgrnp+ (hexylamine)
Pgrn (octylamine)
PrNu+ (octylamine)

¢ Diffusivitics for hexylamine and octylamine were determined experimentally; those
for hydrogen and hydroxg/l ions were calculated from mobility data. For the phosphate
species, we assumed 107> cm?2/s 10 be a reasonable estimate based on previous experi-
ence.
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Figure 3—pH-rate profile for hexylamine diffusing through the silicone
rubber membrane into aqueous phase buffered at pH 4.1. The dashed line

is a computer-generated line for hy = hy = 100 um, hy = 127 um, Ppy = 2.27
X 1075 cm?/s, and Prypy+ = 4.13 X 1072 cm?/s.

-12.0
3

Numerical values for Rl and RIII are readily obtained by substituting Eqs.
18 and 19 into Egs. 6 and 8 and rearranging to get:

hy - Rl = Drnu+(RNH*)L + Dy{(H)L ~ (H),] + DHPO.[(HPO4)L

H),;(P H)A(PO
_ (H)( )1] + 2Dy 0, (HzPO4)L—( N 4)1]
Kupo, Kn,pe,
H),3(PO
+ 3Dyp0,|(H;POL)L — (—M)—‘] ~ Doul(OH)L — (OH),]
KH3P04
(Eq. 20)
h3 - RIII = Drnp+(RNH*)R + Dy[(H)r — (H)7] + DHPO‘[(HPO4)R
H),(PO. H),2(PO
_ (H)( 4)2] " 2Duzpo,[(HzP04)n _ (H)X( 4)2]
KHP04 KH2P04
H),3(PO
+ 3Duypo, [(H3P04)R - ‘%ﬂ] — Donl(OH)x — (OH);]
H3PO4
(Eq. 21)
Consideration of Egs. 6, 18, and 19 leads to:
ha«hy- Rl = Ppnp+ - i [(RNH*) — (RNH?Y),)
+ hy - Drnu+[RNH*], (Eq. 22)
and
hy - hy - RIII = Ppny+ - h3([RNH*]; = [RNH*],)
= hy - Drnp+[RNH*, (Eq.23)
or:

hyPrn+ - h2DrRnp+

- h,PRN“+)([RNH+]1) - ( hah R1 )
h3;PRNH*

[RNH*]y] ~ \hoh3RIIIL
(Eq. 24)

= h3Prnu+— h2DrNR+

Table II—Influence of the Aqueous Diffusion Layer

Donor pH Receiver pH Flux, mmol/cm2s
Hexylamine
11.20 11.00 1.987 X 109
11.20 4.10 2975 X 10~°
Octylamine
11.10 11.00 2.518 X 10—°
11.10 4.10 4.951 X 10~°
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Figure 4—pH-rate profile for octylamine diffusing through the silicone
rubber membrane into aqueous phase buffered at pH 4.1. The dashed line
is a computer-generated line for hy = hy = 100 um, hy = 127 um, Pgy = 3.88
X 10~% cm?/s, and Pryp+ = 3.77 X 10~% cm?/s.

where cvery quantity except (RNH*), and (RNH?), has been calculated.
This equation is solved for (RNH*); and (RNH?),, after which (RN), and
(RN); are calculated from Eq. 12. Finally, GI, G11, and GI11 are calculated
from Eqs. 1-3 and the functions:

NH=GlI-GllI (Eq. 25)

and:

f2= Gl - GlI (Eq. 26)

are evaluated. The procedure is repeated, with the nonlinear system solver
adjusting the values of pH, and pH; until f; and £, are arbitrarily close to
Zero.
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Figure 5—pH-rate profile for octylamine diffusing through the silicone
rubber membrane into aqueous phase buffered at pH 4.1. The solid line is
a computer-generated line for hy = hy = 0 um, hy = 127 um, Pry = 9.586
X 10~5 cm?/s, and Pryy+ = 4.017 X 10~° cm?¥/s.
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Figure 6—pH-rate profile for hexylamine diffusing through the silicone
rubber membrane into aqueous phase buffered at pH 4.1. The dashed line
is a computer-generated line for hy = 0 um, hy = 127 um, hy = 100 um, Pry
=227 X 1073 cm?/s, and Pryy+ = 4.13 X 10~7 cm?/s.

EXPERIMENTAL SECTION

Experimental Design—The overall permeation procedure was designed
such that depletion of the donor concentration was negligible during the course
of the runs, and the receiver concentration was never an appreciable fraction
of the donor concentration. Under these circumstances, the steady-state
condition is readily attained.

The presence of the aqueous diffusion layer was studied by conducting
studies in which the receiver compartment pH was maintained at pH 11.0 or
4.1. At high pH, the resistance of the aqueous diffusion layer causes a con-
centration gradient across the aqueous diffusion layer, and permeation of the
weak base is reduced. At low pH, the aqueous diffusion layer is “short-cir-
cuited,” i.e., the aqueous diffusion layer offers no significant resistance to the
transport of the weak base. When the aqueous diffusion layers are the main
barriers for the weak base transport, elimination of half of the total aqueous
diffusion layer resistance should result in ~100% increase in the permeation
rate.

To study the influence of pH and buffer concentration on permeation,
permeation was measured as a function of donor pH and donor buffer con-
centration. The pH of the donor compartment was closely monitored. The
receiver compartment solution was buffered at pH 4.1 to ensure zero con-
centration of un-ionized drug; thus, perfect sink conditions were obtained.

Materials—n-Octylamine!, n-hexylamine?, sodium chloride3, picric acid4,
dichloromethane’, and sodium phosphate® (monobasic and dibasic) were
reagent grade and used as received.

Preparation of Membrane—Membranes were cut from sheets of nonrein-
forced dimethylpolysiloxane®, reportedly 0.127-cm thick, with a die made
especially for the diffusion cell. Initially, they were washed in hot water,
thoroughly rinsed with distilled water, and allowed to cquilibrate overnight
in receiver solution. Fresh membrane was used for each experiment.

Diffusion Cell—The diffusion cell consisted of two cylindrical half-cells,
with inside diameters of ~1.5 ¢cm and depths of ~5 cm. This gave a half-cell
volume of ~9 mL. The cell halves were assembled, with the membrane be-
tween half-cells (Fig. 2), using polytef connection supports. The entire cell
was immersed in a constant-temperature bath. The cell contents were stirred
with small stirrers on shafts driven at 150 rpm by a constant-speed motor.

Permeation Procedure—Donor solution (9 mL) was placed in one half-cell,
and 9 mL of receiver solution was placed in the other half-cell. The receiver
solution consisted of 0.1 M NaCl and 0.1 M phosphate buffer. The donor

! Aldrich Chemical Co., Milwaukee, Wis.

2 Eastman Kodak Co., Rochester, N.Y.

3 Fisher Scientific Co., Fair Lawn, N.J.

4 MCB, Norwood, Ohio.

5 Mallinckrodt, St. Louis, Mo.

6 Silastic; Dow Corning Corp., Midland, Mich.
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Figure 7—pH-rate profile for octylamine diffusing through the silicone
rubber membrane into aqueous phase buffered at pH 4.1. The dashed line
is a computer-generated line for hy = 0 um, hy = 127 um, h3 = 100 um, Pry
= 3.88 X 10~% em?/s, and Pryy+ = 3.77 X 10~° cm?/s.

solution consisted of the amine and 0.1 M NaClin 0.1 M phosphatc buffer.
The contents of each half-cell were stirred at 150 rpm. At predetermined in-
tervals, donor and receiver solutions were totally replaced for analysis. The
total time involved in the exchange of the solutions was 1-2 min. The experi-
ment was continued until the difference between two consccutive receiver
compartment concentrations was <5%. The average of these concentrations
was then used to calculate the flux under essentially steady-state condi-
tions.

The amine analysis involved complexation of the amine with picric acid.
The concentration of this picrate complex was determined spectrophoto-
metrically. Receiver solution (5 mL) was shaken in a separatory funne! with
two successive portions of 10 and 15 mL of a 0.2% solution of picric acid in
dichloromethane. The two portions were drawn off, and the absorbance of
these solutions was determined spectrophotometrically at a wavelength of 420
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Figure 8 —pH-rate profile for hexylamine diffusing through the silicone
rubber membrane into aqueous phase buffered at pH 4.1. The dashed line
is a computer-generated line for hy = h3 = 100 um, ha = 127 um, Ppy = 2.27
X 10~5 em?/s, and Ppyyy+ = 0 cm/2.

1032 / Journal of Pharmaceutical Sciences
Vol. 73, No. 8, August 1984

—7.—
.0
®
_9»— ./
-
u. @
$ %
E ,
‘\J //
6 ’
€ 111 s
£ 1" J/
© 4
e o ®
) //
Ve
/
,
/
_13—. //
7
.
4
7
'/
—15 L I I 4 1
3 5 7 9 11 13
DONOR pH

Figure 9—pH-rate profile for octylamine diffusing through the silicone
rubber membrane into aqueous phase buffered at pH 4.1. The dashed line
is a computer-generated line for hy = h3 = 100 um, hy = 127 um, Pgy = 3.88
X 104 cm?/s, and Pryy+ = 0 cm?/s.

nm’. Picric acid was used as the reagent here for assaying the amines because
it has a strong absorption spectrum and a single strong anionic functional
group that has been shown to react quickly and quantitatively with the base
(12,13).

Except at low pH (pH < 6.0), the typical uncertainty in the flux determi-
nation was on the order of 5%. At low pH, because of the extremely low fluxes,
the errors werc relatively large (~25--50%).

RESULTS AND DISCUSSION

Table I shows typical transport data, from which it can be seen that a 5%
error in the donor compartment would result in ~ 326 ug/mL scatter; this
scatter is greater than the amount transported across the membrane. Hence,
it was decided to calculate the flux from the receiver compartment data only.
Typically, steady-state conditions were attained within 2-4 h.

The initial steady-state flux into the recciver compartment is given by:

vV
Flux=§--£= k- Commol/cm?2.s (Eq.27)

dt
where V' is the donor compartment volume, A4 is the diffusional area of the
membrane, dC/dt is the rate at which drug permeates the membrane under
steady-state conditions, Cg is the concentration differential across the mem-
brane (assumed to be initial donor concentration), and k is the permeability
constant. Thus, k can be calculated from the experimental data by:
dC
dr
A-Cop

Variation in flux from run to run was 5-10% when the fluxes were >10711;
for fluxes <10~'" cm?/s, variation was 25-50%. Table 1I shows the values
of various model parameters. Of the model parameters, the only unknown is
the membrane permeability (defined as the partition coefficient multiplied
by diffusivity) which is obtained by computer fitting (14).

Using nonlinear lcast-squares regression, best values were found for the
membrane permeabilities and the aqueous diffusion layer thickness by the
following technique. Trial values for the unknown parameters were assumed.
Then, Egs. 1-26 were solved, as described above, to calculate flux as a function
of solution composition. The calculated values were compared with the ex-
perimentally observed fluxes, and the sum of the squares of the relative dif-
ferences between calculated and observed fluxes was computed. Then, new
values were chosen for the unknown parameters, and the procedure was re-

k =

(Eq. 28)

7 Model 139, Hitachi Perkin-Elmer UV-V15 Spectrophotometer; Hitachi Ltd.,
Japan.



Table IV—Influence of Buffer Concentration on Hexylamine

Flux, mmol/cm?2-s

Donor pH 0.1 M PO, 0.01 M POy
12.05 3.334 x 107° 3.269 X 107°
9.50 5.210 X 10~10 1.696 x 10~10
7.50 7.154 X 10712 7.200 X 10-12

peated. This entire cycle was repeated using a nonlincar least-squares fitting
program until the sum of squares was minimized.

For both compounds, the diffusion layer thickness was found to be ~100
um. The membrane permeabilities were as follows (cm?2/s): free hexylamine,
2.27 X 1073; protonated hexylamine, 4.13 X 10~9; free octylamine, 3.88 X
10~4; protonated octylamine, 3.77 X 10~°. Figures 3 and 4 show the experi-
mental fluxes and theoretical fluxes based on parameter values shown in Table
1. Over a range of more than 7 pH units and three orders of magnitude of flux,
the model gives an essentially perfect fit to data.

Table 111 shows the influence of high and low pH in the recciver compart-
ment on permeation. At low pH, the aqueous diffusion layer in the receiver
compartment is essentially “short-circuited,” i.e., the effective transport re-
sistance is very low. For octylamine under these conditions, this is an ~100%
increase in flux, which indicates that the transport is essentially 100% aqueous
diffusion layer controlied for this solute. However, for hexylamine, it can be
seen that there is only an ~50% increasc; this means that the membrane
transport resistance is an appreciable part of the overall resistance in the case
of hexylamine.

The thickness of the aqueous diffusion layer was independently evaluated
by mounting a benzoic acid pellet onto the half-cell. The thickness was cal-
culated from:

D(Cs = Cv)
h

where J is the dissolution rate (flux), A4 is the surface area of dissolving solid
exposed to the solution, Cy is the concentration of the solute in the solution
at saturation, Cy is the concentration of the solute in the bulk, D is the diffusion
coefficient of the solute in the solvent (1.4 X 1075 cm?/s at 37°C), and A is
the Nernst effective diffusion layer thickness. Under sink conditions, Cy, =
0; J/A and C; were experimentally determined, and the value of D has been
well documented previously (15). The thickness of the aqueous diffusion layer
was found to be 90 um. Hence, the computer-fit value of 100 um is reason-
able.

To determine whether the experimental data could fit a model in which
there were no aqueous diffusion layers, i.e., iy = hj3 = 0, best values were found
for the membrane permeabilities using nonlinear least-squares regression and
values listed in Table 11, except for the membrane permeabilities and the
aqueous diffusion layer thickness. Figurc 5 shows the best fit when the aqueous
diffusion layers are totally neglected. As can be seen under such circumstances,
i.e., when by = h3 = 0, the fit between the experimental values and the values
predicted by the model is rather poor.

To assess the importance of the aqueous diffusion layers and the membrane
permeabilities of the protonated specics on the steady-state flux, computer
simulations were made using the model parameters listed in Table II but ex-
cluding the parameter of interest. Figures 6 and 7 show that if the aqueous
diffusion layer of the donor compartment is left out, the fluxes are significantly
greater at the higher pH values. This shows that the aqueous diffusion layer
is important, and significant errors in the analysis may result when it is ig-
nored.

Figures 8 and 9 show the expected behavior if no protonated amine species
were diffusing through the membrane. The theorctical fluxes were much
smaller than the experimental fluxes at lower pH values. This clearly indicates
that protonated amines are diffusing through the membrane, although they
have much lower apparent membrane permeabilities than the free amines.
These membranes were examined via scanning electron microscopy at
30.000X, and no evidence of holes was found, which supports the hypothesis
of a true diffusion through the membranc of the protonated species.

Table 1V shows the influence of buffer concentration on permeation. At
pH values at which the buffer capacity is good (pH 12.05 and 7.50), the buffer
concentration has no significant influence on permeation. At pH 9.5, at which
the buffer capacity is poor, a lower flux was obscrved when the buffer strength
was 0.01 M. This was the result of a drop in the bulk pH of ~1 pH unit at the
lower buffer concentration, which was theoretically predicted and experi-
mentally observed.

Figure 10 shows the effect of the alkylamine chain length. The membrane
permeability of octylamine is 15-20 times that of hexylamine. If it is assumed
that the membrane diffusivities of these two compounds are about equal, this
leads to an incremental 7 constant for the partition coefficient per methylene

JjA = (Eq. 29)
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Figure 10— /Influence of chain length on flux. Assuming that the membrane
diffusivities of these two compounds are approximately equal, it leads to an
incremental  constant for the partition coefficient of ~0.61 per methylene
group. Key: (@) octylamine; (A) hexylamine.

group of ~0.61, which is in good agreement with the value of 0.56 reported
by Flynn and Yalkowsky (16).

CONCLUSIONS

We have developed a rugged experimental system for studying the transport
of weak acids and bases across a lipoidal membrane and developed theoretical
methods for analyzing the experimental results on a quantitative basis. The
experimental system consisted of the two aqueous phases separated by silicone
rubber membrane. The experimental data were analyzed by utilizing theory,
which takes into account the simultaneous diffusion and equilibria among all
species (the various buffer species as well as the free and protonated amine),
pH, and aqueous diffusion layers on both sides.

These results are conclusive evidence of the existence of aqueous diffusion
barriers, as well as their effect on transport rates of solutes under varying
conditions in a thrce-phase model. A true diffusion through the membrane
of the protonated species was shown. The incremental & constant for the
partition coefficient per methylene group was found to be 0.61, which is in
good agreement with the value reported by Flynn and Yalkowsky (16).

Since charged bile acid micelles are not transported across the membrane,
it should be possible to evaluate the degree of micellar sotubilization of the
amines if the study were carried out at pH 7.5-8.5, where aqueous diffusion
layer effects are not important. As the un-ionized form of the amine is the
major species diffusing through the membrane, the flux is the direct mea-
surement of the thermodynamic activity of the un-ionized species and can be
measured accurately, as the Donnan membrane effects encountered with
ccllophane membrane dialysis methods are absent.
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Abstract O A new method for making polymeric systems for the controlled
release of macromolecular drugs is described. The method consists of mixing
drug and polymer (ethylene-vinyl acetate copolymer) powders below the glass
transition temperature of the polymer and compressing the mixture at a
temperature above the glass transition point. The macromolecule is not ex-
posed to organic solvent during the fabrication process. Kinetic studies indicate
that there is sustained release, and the bioactivity of macromolecules tested
is unchanged throughout the sintering and release processes.

Keyphrases O Copolymers—ethylene-vinyl acetate, controlled release of
macromolecules O Sustained release—macromolecules, ethylene-vinyl ac-
etate copolymer O Sintering technique—preparation of ethylene-vinyl acetate
copolymer, controlled releasc of macromolecules

Previous studies (1, 2) have shown that controlled-release
systems for macromolecules can be formulated by dissolution
of ethylene-vinyl acetate copolymer in an organic solvent
(dichloromethane), adding powdered macromolecule, casting
the mixture in a mold at low temperature, and vacuum drying.
However, the addition of solvent during the casting procedure
may cause denaturation of certain macromolecules. In addi-
tion, the removal of the casting solvent in the drying step is time
consuming and leads to shrinkage with possible shape distor-
tion of the matrix. This report describes a 37°C sintering
technique which takes advantage of the low glass transition
temperature (—36.5°C) of ethylene-vinyl acetate copolymer
and eliminates the need for solvent casting.

EXPERIMENTAL SECTION

Polymer Glass Transition Temperature—The glass transition temperature
(Tg) of ethylene-vinyl acetate copolymer was determined with a differential
scanning calorimeter! (3).

Matrix Preparation—Ethylene-vinyl acetate copolymer? was converted
into a powder by one of two methods. The first method involved the dissolution
of 3 g of ethylene-vinyl acetate copolymer in 20 mL of dichloromethane?. The
solution was extruded dropwise, with a 50-mL syringe* fitted with a hypo-

! Model DSC-II; Perkin-Elmer Corp., Norwalk, Conn.
2 EVAc pellets, Elvax 40, prewashed to remove clay; DuPont Chemical Co., Wil-
mington, Del.
Analytical reagent, Mallinckrodt, Inc.
4 Becton, Dickenson and Co., Rutherford, N.J.
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dermic needle’, into a 250-mL beaker containing 100 mL of liquid nitrogen.
From this point on, all instruments that came into contact with the frozen
polymer solution were cooled with liquid nitrogen and, whenever possible,
precooled in a freezer to minimize the quantity of liquid nitrogen needed for
cooling. '

The frozen droplets were ground for 5 min with a mortar and pestle. The
powder was then spread evenly over three 20.3 X 20.3-cm glass sheets that
were cooled to —10°C. The glass sheets were returned to a ~10°C freezer for
2 h. At the end of that time, most of the solvent had evaporated, leaving a
stringy powder. This powder was removed with a razor blade, bathed in a
100-mL beaker® with 30 mL of liquid nitrogen, and then ground to a fine
powder with a mortar and pestle as described above. This powder was placed
under vacuum for 2 h. The bulk powder was sieved to specific size ranges with
a stack of graduated sieves’. Polymer powder prepared by this method is re-
ferred to here as powder 1.

Powder I was produced under two aging conditions. In one set of experi-
ments, the powder was dried under vacuum for 2 h at room temperature. This
is referred to here as “fresh” powder [. In the other set of experiments, the
powder was dried under vacuum for 2 h and then left in a covered petri dish
for 1 week at room temperature. This is referred to here as “aged” powder
L

In the second method of powder preparation, 20 g of ethylene-vinyl acetate
copolymer beads? were cooled in 40 mL of liquid nitrogen and placed in an
electric mill3. The mill was set for 90-s grinding intervals. Between grindings,
the polymer beads were cooled with 20-mL portions of liquid nitrogen. During
the grinding process, cold nitrogen vapor was circulated around the sample
chamber through the cooling ducts of the chamber. The powder collected
around the outer edges of the sample chamber and could be extracted with
a spatula after the second grinding and after every successive grinding. After
the eighth grinding, ~4 g of frozen pellets was added to restore the sample
to its original volume. This process was repeated until sufficient powder was
collected to prepare the samples. The ground polymer powder was then sieved
to specific size ranges with a stack of graduated sieves in an automatic sieve
shaker® at ~40°C. Polymer powder prepared by this second method is referred
to here as powder I1.

Studies were performed on both powders with either a specific particle size
range (90-180 um) or a mixture of sizes as described in Table I. To formulate
the controlled-release system, macromolecular drug powder was sieved to a
particle size range of 90-180 um. Macromolecule and polymer powders, a
total of -1.0 g, were placed in a plastic weighing boat!%, which was then

5 21-Gauge, 5.08 cm; Becton, Dickenson and Co.

6 Pyrex; Corning Glass Works, Corning, N.Y.

7 450 90 um; Newark Wire Cloth Co., Newark, N.J.

8 Micromill model 550; Technilab Instruments, Pequannock, N.J.

9 Portable sieve shaker; C. E. Tyler, Inc., Fisher Scientific Co., Philadelphia, Pa.
10 Polyethylene, 75-mL capacity; VWR Scientific.
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