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ABSTRACT Many biological and bio-
technological systems involve the diffu-
sion of macromolecules through com-
plicated macroporous (pore size on the
order of 10-100 Am) environments. In
this report, we present and evaluate an
experimental system for measuring the
rate of protein transport in an inert,
macroporous membrane. For this par-
ticular membrane system, the micro-
geometry was characterized in terms
of distribution of pore size, position,
and orientation. Although the rate of
protein desorption was much less than
expected based on continuum diffusion

models, we demonstrate that the mea-
sured transport rates are consistent
with diffusion of protein in a complex,
interconnected network of water-filled
pores. The porous systems exhibit
transitional behavior in quantitative
agreement with the behavior of perco-
lation lattices (mean square error 7%,
n - 29). Predictive mathematical mod-

els of the diffusion process were devel-
oped: these models used percolation
concepts to describe pore topology,
continuum models of diffusion/dissolu-
tion to describe protein movement at
each single pore, and measured pore

size distributions. Effective diffusion
coefficients for protein transport in
aqueous, constricted macropores
were predicted by this technique. Pre-
dicted diffusion coefficients, based on
measured and derived microstructural
parameters, agree with experimentally
measured diffusion coefficients within a
factor of 2. This approach may be
useful in the design of porous polymer
systems for biological applications and
for evaluating other biological systems
where conduction of mass, heat,
momentum, or charge occurs in a het-
erogeneous environment.

INTRODUCTION

The diffusion of molecules through a complex environ-
ment is encountered in many different physical systems.
Much of the progress in developing descriptions of diffu-
sion in heterogeneous materials has been made by physi-
cal scientists interested in geological materials (1), porous
catalysts (2), or combustion (3). Diffusion in complicated
environments also occurs in biological systems. For exam-
ple, both endogenous molecules (e.g., hormones) and
exogenous drugs must move through complicated extra-
and intracellular environments before reaching their sites
of action (4). Diffusion of proteins through porous poly-
mer supports is an important consideration in the design
of affinity chromatography or immobilized enzyme sys-
tems (5). In some biochemical systems, for example,
drugs encapsulated in polymer membranes for subse-
quent implantation and controlled drug release (6), diffu-
sion of molecules through a complicated environment
determines the rate of the process (7, 8). Therefore,
fundamental understanding of the rates of transport of
molecules, particularly macromolecules, through porous
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materials would be useful in understanding in vivo situa-
tions and in developing novel biotechnological systems.

Molecular mechanisms, supported by mathematical
models and experimental evidence, are already available
for describing many distinct modes of diffusive transport
through complex environments. For example, the move-
ment of small molecules through dense polymer mem-
branes (9), the hindered diffusion of small and large
molecules through micropores (10-13), and the reptation
of macromolecules in entangled polymer melts (14, 15)
have been described. These modes of transport are appro-
priate for analyzing diffusion in certain biological sys-
tems, like pure lipid membranes or membranes with
extremely narrow pores. Convincing descriptions do not
yet exist for the diffusion of large molecules in a compli-
cated macroporous environment. Therefore, in this
report, diffusion of molecules through a macroporous
material-inert and impermeable to the diffusing spe-
cies-was considered.
To test mathematical models for the rates of transport

of molecules in porous environments, transport rates were
determined in a model system. Proteins were encapsu-
lated in an ethylene-vinyl acetate copolymer (EVAc)
matrix and subsequently released. Since they are biocom-
patible, these materials have been studied regarding their
use as drug delivery vehicles (16-18). For the present
work, EVAc/protein systems have several advantages:
(a) the raw materials are inexpensive, (b) the composite
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materials are easy to fabricate, (c) proteins are released
from the membranes in large quantities permitting mea-
surement without the use of radioisotopes, (d) the systems
are reproducible with respect to release kinetics (17), (e)
the membranes are durable, (f) rates of transport are
adjustable over a wide range by changing simple fabrica-
tion parameters (17, 18), and (g) detailed microstruc-
tural properties of the material are measurable by direct
visualization and image analysis (19). As we will
describe, this last factor allows us to relate the transport
rates to properties of the solute and measurable micro-
structural characteristics.
The study of diffusion in porous materials has been

enhanced by the introduction of percolation theory (20).
In this report, percolation concepts are used, together
with a statistical description of pore structure, to describe
the diffusion mechanism and develop an analytical
expression for predicting diffusion rates. Predicted effec-
tive diffusion coefficients-based entirely on aqueous
diffusion in the complicated pore geometry-agree with
experimentally determined diffusion coefficients, sup-
porting the proposed mechanism of protein transport. The
work described in this paper establishes the feasibility of
predicting mass transport rates for proteins in complex
systems based on detailed descriptions of the microgeom-
etry.

diluted to 1 liter, pH 7.4); the arsenic-containing buffer was used to
inhibit bacterial growth in the aqueous solutions. To further discourage
microcontamination, gentamicin sulfate was added at 0.2 g per liter
after 500 cumulative hours of release. All experiments were performed
at room temperature, -250C. At discrete time points, the supernatant
buffer solution was completely replaced and the concentration of protein
in the supernatant was determined by UV absorbance at 220 or 280 nm.
Cumulative protein release versus time was tabulated by summing the
mass of protein in the buffer at each time point. The solubility of each
protein in the cacodylate buffer was determined by measuring the UV
absorbance (at 220 nm) of the solution phase of a saturated solution.

Determination of membrane
microstructure
The pore structure of each of these materials was quantified by
computer-assisted video light microscopy; details have been previously
reported (19). Average properties (porosity, surface to volume ratio,
mean pore size, and extent of pore orientation) and distributions (pore
size and pore position) were determined.

MODEL DEVELOPMENT

For a homogeneous cylindrical slab (thickness L << radius
R), desorption of encapsulated molecules can be
described by the one-dimensional form of Fick's second
law:

ac a2cM= D
METHODS A9t aX2

Encapsulation of proteins in
polymeric membranes
Macromolecule-enriched membranes were fabricated from EVAc co-

polymer with 40% vinyl acetate (Elvax 40P; DuPont Co., Wilmington,
DE) and solid protein powder (BSA fraction V powder and bovine
y-globulin; Sigma Chemical Co., St. Louis, MO) by a previously
reported solvent evaporation method (17). Briefly, the polymer was

dissolved in methylene chloride to produce a 10% (wt/vol) solution.
Protein powder was added to this solution in sufficient quantity to make
the desired loading (mass % protein) in the final device. For each
membrane system, the encapsulated protein powder, either albumin or

'y-globulin, was sieved to large (150-250 Mm) or small (45-75 ,m)
particle size before addition to the polymer solution.
The polymer/protein solution was cast on a level glass mold at dry ice

temperature (-800C). The solvent was evaporated for 2 d at - 200C
(760 mmHg) and an additional 2 d at room temperature under house
vacuum (0.6 mmHg). After evaporation, thin disks were punched with a
number 6 cork bore from the resulting slab. Each individual membrane
had a thickness of -0.1 cm and a diameter of 1.2 cm.

Release of proteins from
polymeric membranes
For each molecular species and protein particle size, release was

monitored for a series of loadings from 5 (protein weight %) to 50%.
Each device was activated by immersion in 10 ml of sodium cacodylate
buffer solution (21.4 g Na(CH3)2AsO2 *3H20 and 27.0 ml 0.2 N HCI

where C is the concentration of diffusing solute and D is
the diffusion coefficient for the solute in the slab. Assum-
ing a uniform initial distribution of solute in the slab
(C = CO at t = 0, -L < x < L) and perfect sink condi-
tions at the slab boundaries (C = 0 at x = +L, t > 0), the
solution to Eq. 1 is (21)
Co c 4 (-I)~ [-D(2n + I1)21r2t

- ~~expl2
C0 (2n + 1) [ 4L2

cos[(2+1)7rx)] (2)

Upon integration of Eq. 2, the fraction of initially incor-
porated solute released at any time, F, is found:

F- 1 1
M.Al n-0 (2n +

D(2n ±o 1)2-2t1
exp 4L2 S, (3)

where Mt is the cumulative mass of solute desorbed at
time t and MO is the mass of solute initially contained
within the slab. For a homogeneous slab, where the
diffusion coefficient is constant throughout the material,
all of the solute initially contained within the slab is
eventually released (F, 1 as t -).
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In many porous materials, solute diffuses only through
a water-filled pore space and is excluded from the mate-
rial backbone. Therefore, the diffusion coefficient is a
function of microscopic location in the slab:

D(x) =D.o when x is in the pore space

tO when x is in the material,

where Do is the diffusion coefficient of the solute in water
and the vector x defines a site in the three-dimensional
material. An exact solution then requires integration of
Fick's second law over the completely characterized
three-dimensional pore structure of the material. Alter-
natively, this complexity can be reduced by considering
semi-empirical modifications of Eq. 1, as discussed
below.

For inhomogeneous systems, one-dimensional desorp-
tion of solute from the porous slab can be described by the
expression (22)

a(eC) al /Df ac\(5
at -=d Detryx) (5)

In the absence of restricted diffusion, the effective diffu-
sion coefficient is defined (10, 22)

Dff=Do (6)

where r is the tortuosity. Tortuosity is frequently inter-
preted as the fractional increase in diffusional path length
due to the presence of impenetrable, immobile barriers in
the material. When defined as in Eq. 6, r also includes the
effect of pore shape, pore connectivity, and, in an average
sense, physical properties of the solute. For materials with
a uniform distribution of porosity (e is a constant in the
slab: -L < x < L), Eq. 5 reduces to

ac = Dff C12C (7)

and the solution to this equation for a porous slab is
identical to Eq. 2 with the substitution of DCff for D. The
integrated expression for F, is identical to Eq. 3 with the
substitution of DCff for D. In this case, however, F, is equal
to M/M=, where M, is the mass of solute that is eventu-
ally released. As discussed in the paragraphs below, for
materials with low porosity (C < 0.3), M,,o can be signifi-
cantly less than M.. In the remainder of this section, we
describe methods for estimating the fraction of solute
desorbed, M.1/MO, and the effective diffusion coefficient,
DCff, based on microstructural characteristics of the po-
rous material.

Percolation theory can be used to describe the diffusion
of mass in porous systems (20, 23). Consider a porous
material consisting of discrete regions of a conducting

phase dispersed in an insulating phase. For simplicity, we
will refer to the discrete conducting regions as pores. For
such a material, provided that the material is infinite in
extent, a sharp change in conductivity is observed at some
critical porosity (volume fraction of conducting phase)
(24). This critical porosity value, which is dependent on
the lattice topology, marks the formation of an infinite (or
material spanning) cluster of connected pores. Only pores
that are members of this infinite cluster are accessible
from the exterior of the material.
Many real materials cannot be assumed infinite in

extent. When the material is finite, pores initially contain-
ing solute can transport mass to the surface if they extend
to a single exterior face: the cluster of pores need not be
material spanning to conduct. The case of finite materi-
als, not uncommon for biological materials, is not well
treated in the current literature.

For a porous material of finite extent the fraction of
accessible porosity has two contributions: (a) from pores
in the infinite cluster and (b) from pores in clusters of
finite size that are coincident with the material boundary.
The fraction of pores in the infinite cluster is equal to the
fraction of accessible porosity in a material of infinite
extent, Ca. This quantity is a function of the total porosity,
C, and the pore lattice topology, usually characterized by a
lattice coordination number t. Fig. 1 shows the variation
of Ca with C for an arbitrary lattice. Below some threshold
value the volume of the infinite cluster is zero; above the
threshold, the fraction of accessible porosity grows with
total porosity.

Finite clusters of pores are classified according to the
number of connected pores in the cluster, n. Cluster size
distributions in a percolation lattice are described by a
cluster distribution function, sn: the volume fraction of
clusters containing n member pores. For a given cluster
size, sn is a function of e and t. In a finite material, large
clusters have a greater probability of contacting the
material surface than small clusters: the probability that
a cluster of size n contacts the surface, p,(nv*), is a
function of total cluster volume nv*, where v* is the mean
pore volume. Therefore, the total fraction of accessible
porosity-with contributions from finite and infinite pore
clusters-is given by

Moo
4 =- = Ca(C, ;) + E s.(n, e, ) p.(nv*),MfO 1n-I

where 4' = a is the total fraction of accessible pore volume
in the material. Due to the contribution from finite-size
pore clusters (right-hand term in Eq. 8), accessible poros-
ity is non-zero below the threshold value, as shown in Fig.
1. For desorption of a solute from a porous material, the
fraction of accessible porosity is equal to the fraction of
initial solute that desorbs after a long time, M.I/MO.

oaiizan ana L T of P s in P

(8)
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FIGURE 1 Fraction of accessible porosity for materials of infinite and
finite extent. For infinite materials, the fraction of accessible porosity is
zero below the percolation threshold e*. For finite materials, the fraction
of accessible porosity can be nonzero at all porosities, due to pore
clusters of finite size located near the material surface.

To use Eq. 8 for predicting the fraction of accessible
porosity, a specific percolation lattice structure must be
chosen. Lattice structures can be probabilistic (e.g., Vor-
onoi tesellations [25]), ordered (e.g., cubic or triangular
lattices [24]), or idealized (e.g., Bethe lattice [26-28]). A
commonly used structure is the Bethe lattice, a homoge-
neous tree-like structure. Each Bethe lattice has a central
site and r initial branches; the site on the end of each new
branch has t- 1 of its own branches, and so on. This
resulting structure has a coordination number t. Al-
though the Bethe lattice is idealized, cluster size distribu-
tions (27) and effective conductivities (28) can be pre-
dicted analytically upon assumption of t. For example,
the cluster size distribution for a Bethe lattice is given by

sn(n, E, t)

- (I _ )(t-2)n+r. (9

Conductivities and cluster size distributions in other,
more physically realistic, lattices, usually obtained by
Monte Carlo simulation, can be analytically approxi-
mated by an equivalent Bethe lattice (20, 23, 25, 26).

Consider a porous material-surrounded by an aque-
ous phase-where the pores initially contain concen-

trated, or solid, solute. During desorption of the water
soluble solute, there are two potential sources for local
retardation of the diffusive flux: (a) retardation due to
dissolution and concentration dependent diffusion of sol-
ute molecules, and (b) retardation due to the porous
environment. Assuming that these effects are indepen-
dent, the effective diffusion coefficient is given by

D,ff = Dof(Co, Cs)h[e, ¢, L(X)], (10)

where D,ff is the effective diffusion coefficient of a solute
in the polymer pore space, Do is the diffusion coefficient of

the solute in water, f(Co, CQ) is the effect of solute
physical properties, and h [e, ~, L(X)] is the effect of pore

geometry. The effect of solute physical properties depends
on the solubility C, and the initial solute concentration in
the pore space C0. The effect of pore geometry depends on

porosity f, lattice topology ¢, and the rate of solute
movement between adjacent pores (i.e., the pore-to-pore
transport rate) L(X), where X is some characteristic
parameter of an individual pore (e.g., pore diameter).
Since pores in the material have a distribution of size and
shape, L(X) has a distribution of values. By assuming
that the effects of solute properties and pore geometry are

independent,f(C0, CQ) can be determined by considering
continuum diffusion models for solute transport in each
water-filled pore and h [e, ¢, L(X)] can be determined by
analyzing diffusion from pore-to-pore on a percolation
lattice.
Two physical properties of the solute are potentially

important in limiting the rate of mass transport through
the porous material: concentration dependence of the
diffusion coefficient and a finite rate of solute dissolution
in the pore space. These properties were considered most
significant because (a) diffusion coefficients of proteins
are known to be a function of concentration (29) and (b)
proteins are highly soluble in water. Other potential
sources for retardation of the diffusion flux (e.g., hin-
dered diffusion, electrostatic interactions, and adsorp-
tion/desorption to polymer surfaces) were not considered
important for this analysis (see Discussion). For these two
effects,f(C0, CJ) can be determined by solutions to Fick's
second law with (a) moving boundary of dissolution (30,
31) and (b) concentration-dependent diffusion coeffi-
cients (29, 32). Solution of Fick's law in these cases

usually requires a numerical method; an effective diffu-
sion coefficient for the numerical solution, D'ff is esti-
mated by comparison of the numerical solution with Eq.
3. The effect of solute physical properties, f(Co, CQ), is
then equal to DIff/Do.

For a Bethe lattice with coordination number ¢, the
effective conductivity due to pore geometry can be deter-
mined analytically (23, 28):

h[e, , L(X)] =

I
C'()

2 Do
(1 1)

where C'(0) is defined by the integral equation

Goe- C(x)dx = G[L(X)] L[I +2()
fexp- L(X)t x]C(x)t-'dxdL(X), (12)

where t is a transform variable, G [L(X)] is a normalized
probability distribution of transport rates through indi-
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vidual pores, and C(0) = 1. Methods for solving this
integral equation are available (28).

In this report, we examined EVAc/protein materials
with a wide range of initial mass fraction protein: 5 to
50%. By quantifying the total fraction of protein desorbed
from these membranes as a function of total porosity, we
gain insight into the nature of pore clustering in the
composite material. That insight is used as a basis for
predicting protein transport rates in the porous polymer.
We confine our examination of effective diffusion coeffi-
cients to materials above the percolation threshold, where
Eq. 10 is valid.

RESULTS

To test this description of diffusion in a macroporous
material, solid particles of protein-BSA and y-globu-

a)
= 0.8
a)
(X 0.6

0.4

a 0.2
LL

20 40 60 80 100 120
Square Root Time (hour1/2)

FIGURE 2 Fraction of protein released is plotted versus the square root
of time. In a, the initial mass fraction of protein in the membrane was
50% (O), 40%, (0), 30% (A), 20% (U), and 5% (0) BSA. In b, large
150-250 jAm (0) and small 45-75 gm (0) particles of BSA were
encapsulated at a protein mass fraction of 40%. In c, the macromolecu-
lar species of the 150-250-Am particle encapsulated powder was BSA
(0) or 'y-globulin (0) at 40% mass fraction. Points indicate the mean
and the error bars indicate the standard deviation of five devices; where
not shown error bars are smaller than symbol.

lin-were encapsulated in EVAc copolymer membranes.
Upon activation by immersion in aqueous buffer solution,
protein was slowly released from the 1-mm thick mem-
branes for a period of over 1 yr (Fig. 2). For membranes
with low initial concentration of protein, protein was
trapped in the material. This is shown clearly in Fig. 2
where the total fraction of protein released is determined
from the asymptotic value of the fraction released versus
time. Both the rate of release of protein and the total
fraction of releasable protein depended on several param-
eters: the initial mass fraction of protein in the membrane
(Fig. 2 a), the size of the encapsulated particles (Fig.
2 b), and the macromolecular species (Fig. 2 c). The rate
of protein release also depended on the thickness of the
membrane (data not shown).
To relate microscopic models of local transport to a

bulk system, the pore structure of the protein/polymer
membranes was quantified using cryomicrotomy and
image analysis. The results have appeared previously
(19), so we summarize them here. Microscopic observa-
tions revealed a continuous polymer phase; uniformly
dispersed in this continuous phase were discrete pores
filled with solid protein. Porosity and surface to volume
ratio were determined from microscopic sections at vari-
ous positions (-L < x < L) within the membrane.
Regression analysis revealed no significant variation in
porosity or surface to volume ratio through the polymer
matrix. Individual pores exhibited no preferred axis of
orientation in the membranes. The initial concentration of
protein in the pores of each membrane was calculated
from the experimentally determined porosity, known
mass fraction of protein in the membrane, and the known
density of pure polymer; numerical values are given in
Table 1. The pore size distribution was approximately
bimodal: large diameter pores (>10-30 ,um) occupied
-90% of the particle volume fraction while the majority
of pores, by number, had small diameters (<10-30 ,lm);
pore size distributions have been reported previously (19,

TABLE 1 Properties of polymer/protein membranes

BSA y-Globulin

1 5-250-Asm 45-75-,um 1 50-250-iAm
Particles Particles Particles

C0 (g/cm3) 1.1 1.1 1.2
Cs (g/cm3) 0.59 0.59 0.30
f(CO, Cs) 0.27 0.27 0.14
v* (cm3) 9.2 x 10-6 1.2 x 10-6 6.8 x 10-6

Values for initial protein concentration in the pore space (C0, calculated
as previously described [19]), protein solubility (Cs, measured in
supernatant of a saturated solution), mean pore volume (v*, measured
by image analysis), and the effect of solute physical properties on the
diffusion coefficientf(C0, Cs) (calculated as described in the text) are
shown for the three different protein/polymer systems.
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33). Mean pore volumes for each set of membranes are
given in Table 1. Microscopic sections cut perpendicular
to the large surface area face of the membrane (i.e.,
perpendicular to the x = ±L planes) were examined to
determine the distribution of pore position. The observed
distributions of pore center position were uniform across
the membrane (34).

Since the polymer is inert and impermeable to the
encapsulated solute (35), pore diffusion should be the
only transport mechanism. Indeed, the release curves
shown in Fig. 2 were initially linear with respect to the
square root of time suggesting that these materials follow
this paradigm. In fact, the release curves presented in Fig.
2 can be represented by two parameters, the effective
diffusion coefficient D0ff and the fraction of protein
released MJIMO. Experimental values for D0ff were deter-
mined by comparing the release curves (as shown in Fig.
2) to continuum expressions for desorption from a finite
slab; numerical values are presented in Table 2. Experi-
mental values of M.I/MO were determined from the
asymptote of the release curves. As previously reported
(18, 36) and confirmed here, the experimentally deter-
mined effective diffusion coefficient was orders of magni-
tude smaller than the diffusion coefficient of the protein
in water. We now demonstrate that diffusion of macro-
molecules in a constricted macroporous environment, as
described by Eqs. 8 and 10, is consistent with these
measured rates.
The similarity of the results to percolation processes is

apparent from the sharp increase in release rate and total

TABLE 2 Measured effective diffusion coefficients
(cm2/s) for protein desorption

BSA -y-Globulin

150-250-,um 45-75-j,m 150-250-,jm
Particles Particles Particles

5% 3.3 x 10-" - 1.0 x 10-"
(21,000) (-) (44,000)

20% 9.5 x 10-" 1.3 x 10-" 1.0 x 10-,
(7,400) (55,000) (44,000)

30% 1.1 x 1010 1.0 x 10-" 4.6 x 10-"
(6,600) (68,000) (9,500)

40% 8.1 x 1O-'° 4.5 x 10-'° 9.5 x 10-"
(870) (1,600) (4,600)

50% 4.6 x 10-9 1.4 x 10-9 9.1 X IO-I0
(150) (500) (481)

Each diffusion coefficient was determined by comparing the initial slope
of the release curve-like the ones shown in Fig. 2-to Eq. 3. Tortuosity
values are shown in parentheses; these were calculated by dividing the
aqueous diffusion coefficient for the protein (7.0 x 10-7 cm2/s for BSA
and 4.4 x 10-7 cm2/s for y-globulin) by the experimentally determined
effective diffusion coefficient.

fraction of protein released that occurs at =30% initial
mass fraction protein. Experimental values of the total
fraction of BSA or y-globulin released from EVAc mem-

branes versus total porosity in the material are shown in
Fig. 3; solid lines indicate the fraction of accessible
porosity predicted by Eq. 8. Mean pore volume and total
porosity were determined by image analysis; p,(nv *) was

the probability that a cluster of average radius 1/2 -Yn
contacted the membrane edge when uniformly distrib-
uted; Ea(6, ;) and s0(n, e, t) were estimated by assuming an

effective coordination number (Eq. 9). For these predic-
tions, a single effective coordination number was chosen
based on the transition behavior of the experimental
curves; the experimentally observed critical porosity p,

fixed the effective coordination number for a Bethe lattice
as 1/(D- 1) = pc (27). Since the inflection points in the
experimental curves were close to 0.33, an effective
coordination number of 4 was selected to define the pore

network topology. As seen in Fig. 3, the experimental
values agree with this simple model of percolation behav-

Total Porosity

FIGURE 3 The total fraction released is plotted versus the total mem-
brane porosity (volume fraction of material occupied by protein par-
ticles) for three different membrane systems: (a) large particle BSA,
(b) large particle GAM, and (c) small particle BSA. Total porosity for
each membrane was determined by image analysis (19). Points repre-
sent mean and standard deviation for five membranes. Solid lines
indicate the model prediction from Eq. 5 assuming a Bethe lattice
topology (r= 4).
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ior. For this prediction, only r was chosen; all the other
parameters in Eq. 8 were measured.

This same lattice topology, Bethe lattice with coordina-
tion number 4, was used to predict the effective diffusion
coefficient in the polymer pore space (Eq. 10). Since the
initial concentration of protein in the pore space and the
protein solubility were known, the effect of finite solubil-
ity in the pore space, f(Co, CQ), was predicted using
continuum moving boundary models and analytical
expressions for the dependence of protein diffusion coeffi-
cient on concentration. First, given an initial protein
concentration and solubility in the pore space, Fick's
second law was solved for the case of a moving boundary
of dissolution (30, 31). An effective diffusion coefficient
due strictly to finite solubility, D ff, was determined by
comparison with Eq. 3 (details are provided elsewhere
[34]). Second, an experimentally determined expression
for the concentration dependent diffusion coefficient of
albumin (22) was used to calculate an effective diffusion
coefficient due strictly to high concentrations, D2ff; the
form of this expression was assumed valid for both
albumin and y-globulin. The method for calculation of
D2, involving solution of Fick's second law with a non-
constant diffusion coefficient, has been previously
described (32). Finally, f(CO, C,) was calculated as
Dlff D2ff/DO; numerical values are given in Table 1.
The effect of pore geometry, h [e, ~, L(X)], was calcu-

lated as follows; details are available (34). The observed
bimodal distribution was separated into two distributions,
f,(r) and gR(R): the first distribution describing small
connecting pore channels and the second distribution
describing macropores formed by the encapsulated solute
particles (6, 37). A distribution of the ratio of adjacent
pore radii, jx(X) whereX = r/R, was derived from these
two distributions by standard methods (38). For diffusion
through constricted spherical pores, individual transport
coefficients were calculated from a previously derived
analytical expression (39):

LX Do2X + cos 0

2X

sin' 0+ aw(0)

cients in Fig. 4. The effective diffusion coefficient, pre-
dicted by Eq. 10, is in good agreement with the experi-
mentally determined effective diffusion coefficient. For a
wide range of material properties, the assumption of a
Bethe lattice topology yields an accurate prediction.

DISCUSSION

Effective diffusion coefficients were predicted by assum-
ing, based on evidence obtained from quantitative image
analysis (19), that two populations of pores were present
in the porous membranes. While most of the solute
resided in large pores comprising 90% of the pore space,
many small pores were also apparent. We have previously
shown that these small pores form constricted channels
between the larger pores (6, 27). When considering
protein diffusion at a local site in the pore space, the ratio
of the large pore radius to adjacent small pore radius
determines the local rate of mass transport.
The effective diffusion coefficient for protein transport

in a complex porous environment can be approximated by
this method. The method contains no adjustable param-
eters; r was chosen based on the observed percolation
threshold of the system. Since the method is an approxi-
mation, several limitations are worth mentioning:

(a) In describing the connectivity of the pore network,
a simple Bethe lattice model was employed. The Bethe
lattice model was selected because (i) it is one of the few
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where 0 = sin-' (X), a, = [A(0) + 1 - cos3 0]/sin2 0,

and A(8) is a series of Legendre polynomials (39). Since
the distribution of pore radii ji(X) was known, the
distribution of transport coefficients followed directly
from Eq. 13. Finally, the effect of pore geometry,
h [e,E , L(X)], was calculated based on a Bethe lattice
topology (r = 4) by substituting the calculated distribu-
tion of transport coefficients into Eqs. 11 and 12 and
solving the integral equation (23, 28).

Predicted effective diffusion coefficients are compared
to experimentally determined effective diffusion coeffi-

lo-
7 lo-6 lo-5 1
Experimental Effective Diffusion

Coefficient (cm2?/hour)

FIGURE 4 The predicted values of effective diffusion coefficient are
compared to estimated values from experimental data for 1 50-250-jim
particle BSA (0), 150-250-jAm particle GAM (0), and 45-75-jim
particle BSA (A). Experimental effective diffusion coefficients were
obtained by comparing release curves (as in Fig. 2, see Table 2 for
numerical values) to continuum expressions for desorption from a finite
slab. Predicted effective diffusion coefficients were calculated as
described in the text. Bethe lattice topology with an effective coordina-
tion number (D = 4) was assumed for all calculations.
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lattice topologies that permits an analytical description of
its important cluster properties, and (ii) the properties of
more physically realistic lattices can be approximated by
assuming a Bethe lattice topology with an effective coor-

dination number. An effective coordination number of 4
for the Bethe lattice was suitable for describing the
transition behavior of these porous systems (Fig. 3). This
does not imply that the average coordination number for
pores in the polymer matrix is 4. Determination of the
actual coordination number and topology of the pore

network in the porous polymer matrices requires a three-
dimensional reconstruction of the entire matrix. We are

currently developing methods for reconstruction and
determination of the lattice topology.

(b) The effects of finite solubility, concentration
dependence of the aqueous diffusion coefficient, pore

geometry, and lattice topology were assumed indepen-
dent. An exact description of protein diffusion in the
porous network would consider all of these effects simul-
taneously. For example, the diffusion equation could be
written in the polymer pore space with a concentration-
dependent diffusion coefficient, a moving boundary of
dissolution at the solid/liquid interface, and a complete
description of the pore geometry as boundary conditions
for protein diffusion. This requires a three-dimensional
description of the entire pore network and a sophisticated
numerical method for including the complex boundary
conditions. The good agreement of predicted and mea-

sured diffusion coefficients provided by this approximate
approach (Fig. 4) justifies its use until more complete
models of the three-dimensional pore microgeometry are

available.
(c) Hindered diffusion of protein was not considered

because of the relatively large size of the smallest element
in the pore network (-10 ,um). In other systems, where
the pore size approaches the diameter of the diffusing
molecule, this effect can be included by modification of
Eq. 10:

Doff = Dof(Co, Cs) h[e, ¢, L(X)] K,(X), (14)

where X is the ratio of solute radius to pore radius. The
function K,(X), the effect of hindered or restricted diffu-
sion on the free solution diffusion coefficient, has been
experimentally measured for a number of different
macromolecules (10-13). In this approximation, the
pore-to-pore transport rates are modified by hindered
diffusion in pores of sufficiently small radius. Electro-
static effects could be approximated in a similar manner.

(d) Adsorption/desorption of proteins to the polymer
surface were not considered. Experimentally measured
surface-to-volume ratios in the polymer suggested that
the maximum amount of protein which could be absorbed
to the polymer surface was less than 0.1% of the total

encapsulated protein (19). In other systems, where the
concentration of protein in the pore space is lower,
adsorption/desorption phenomena may play an important
role in determining the transport rates. For these cases,

the mechanism of the surface phenomena must be known
and, in general, an approach which explicitly considers
the relative rates of adsorption and diffusion adopted. As
a first approximation the rate of adsorption and desorp-
tion can be compared to the rate of diffusive transport
predicted by this method and, when the rates are compa-
rable, the resistances may be added in series.

(e) The polymer matrix pore structure was assumed
static throughout the period of protein desorption. In fact,
as water enters the constricted polymer pore space, the
pore structure may change due to the viscoelastic nature
of the EVAc polymer and the high osmotic pressure of
concentrated protein solutions (40). In our case, the
experimentally measured desorption curves were well
described by a constant effective diffusion coefficient. If
the pore structure were changing dramatically, the effec-
tive diffusion coefficient of protein in the polymer pore
space would be a function of time. Therefore, we believe
that dynamic changes in the pore structure will have a
small effect on protein transport rates. We are currently
developing methods for observing the polymer pore struc-
ture at times after immersion in buffer. These methods
will be useful for applying our analysis to other materials,
like erodible or swellable polymers, where significant
changes in the pore structure are known to occur.

CONCLUSION

These results support a purely diffusion mechanism for
protein transport through macroporous polymers. They
also establish the feasibility of predicting transport rates
of macromolecules in complex porous membranes by
detailed microstructural modelling with percolation theo-
ry. The assumption of a Bethe lattice topology permits an

analytical method for predicting transport rates in the
porous polymer. Since Bethe lattice topologies predict the
same transition and effective conductivity behavior as

several more realistic topologies, we suspect that inclusion
of a more realistic topology will have little impact on the
predictions. Although employed here to describe trans-
port in an inert polymeric membrane, we expect that this
approach can be adapted to describe conduction processes
in many macroporous materials. While the formulation
strictly applies only to two phase materials where the
dispersed phase is a perfect insulator, it can be used in
concert with descriptions of other diffusive transport
mechanisms (9-15) to explore more complicated materi-
als, such as the release of encapsulated solutes from
degrading or hydrophilic polymers and the transport of
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proteins across biological barriers, where more than one
transport mechanism is important.
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