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Several recent studies have demonstrated the importance of electrostatic interactions
on the transport of charged proteins through porous membranes. The objective of this
study is to compare predictions of available hydrodynamic and partitioning models with
experimental data for the sieving coefficient of ovotransferrin through both positively
and negatively charged membranes over a range of solution conditions. Model calcula-
tions were performed with all parameters evaluated from independent experimental
measurements. The membrane pore-size distribution was determined from dextran siev-
ing data, and the membrane surface charge was evaluated from streaming potential
measurements. The model properly predicts the complex effects of solution pH and
ionic strength on protein transmission in the presence of both attractive and repulsive
electrical interactions. Model simulations were performed to highlight the key contribu-

tions to protein transport.

Introduction

Ultrafiltration has traditionally been viewed as a purely
size-based separation process. However, there is extensive ex-
perimental evidence that protein transport through semiper-
meable membranes is also strongly affected by electrostatic
interactions. For example, Pujar and Zydney (1994) showed
that the transmission of bovine serum albumin (BSA) through
a 100,000 molecular weight cut-off membrane decreased by
nearly two orders of magnitude as the salt concentration was
reduced from 150 to 1.5 mM. This large increase in protein
rejection was attributed to the increased electrostatic exclu-
sion of the charged BSA from the membrane pores at low
ionic strength. Nakao et al. (1988), Balakrishnan and Agarwal
(1996), and Burns and Zydney (1999) all evaluated the effect
of solution pH on protein transmission, with the maximum
transmission typically attained near the protein isoelectric
point (that is, at the pH where the protein has no net electri-
cal charge). Several studies (Miyama et al., 1988; Millesime
et al., 1994; van Reis et al., 1999) have shown that protein
transport is also a function of the membrane surface charge
characteristics, with protein transmission being significantly
reduced under conditions where the membrane and protein
have like charge due to the increased electrostatic repulsion.
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These electrostatic interactions can be exploited to achieve
very high resolution protein separations by membrane filtra-
tion (van Reis et al., 1999).

There have also been a number of theoretical analyses of
the effects of electrostatic interactions on solute transport in
membrane systems. Most of these studies have focused on
evaluating the equilibrium partition coefficient for a charged
solute in a narrow pore. Munch et al. (1979) presented a very
simple model for electrostatic repulsion in which the protein
radius was assumed to increase, and the pore radius de-
crease, by the thickness of the electrical double layer. Mal-
one and Anderson (1978) and Causserand et al. (1996) devel-
oped more sophisticated analyses based on the electrostatic
interactions between a charged hard sphere and two flat
plates. The most complete analysis of electrostatic interac-
tions in membrane systems was presented by Smith and Deen
(1980, 1983) who evaluated the potential energy of interac-
tion for a charged spherical solute in a charged cylindrical
pore by solving the linearized Poisson-Boltzmann equation.
Initial calculations (Smith and Deen, 1980) were presented
for a sphere located at the pore axis (often called the center-
line approximation). This work was subsequently extended to
provide expressions for the energy of interaction as an ex-
plicit function of radial position (Smith and Deen, 1983). Pu-
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jar and Zydney (1997) included the effects of charge regula-
tion on the solute partition coefficient using the same basic
theoretical formalism.

Although these analyses provide reasonable qualitative de-
scriptions of the experimental results, quantitative compar-
isons between theory and data are limited. Malone and An-
derson (1978) used their theoretical model to analyze experi-
mental data for latex diffusion through track-etched mem-
branes, but the results were limited to very small values of
the solute to pore size ratio (ry/r, < 0.15). Mitchell and Deen
(1986) found that BSA rejection through track-etched poly-
carbonate membranes was significantly greater than that pre-
dicted by the analysis of Smith and Deen (1983), which they
attributed to protein adsorption within the membrane pores.
Pujar and Zydney (1994) and Burns and Zydney (1999)
showed that data for protein transmission through polyether-
sulfone membranes was in reasonably good agreement with
predictions using the centerline approximation of Smith and
Deen (1980), although there were significant discrepancies at
very low ionic strengths. Causserand et al. (1996) compared
their model with data for a-lactalbumin sieving, with the
model calculations accounting for the presence of a log-nor-
mal pore-size distribution in the membrane. However, none
of these studies has examined the model predictions under
conditions where the proteins and membrane are oppositely
charged, and in most cases the model calculations were per-
formed without appropriate independent measurements of
the membrane pore-size distribution and/or the membrane
surface charge characteristics.

The objective of this study was to quantitatively compare
predictions of available theoretical models with experimental
data for protein transport under conditions with both attrac-
tive and repulsive electrostatic interactions. Experiments were
performed using ovotransferrin as a model protein, with the
protein charge evaluated as a function of solution pH from
available titration data. Sieving data were obtained with both
positively and negatively charged polyethersulfone mem-
branes. The membrane surface charge was evaluated from
streaming potential measurements, and the membrane pore-
size characteristics were determined from sieving data ob-
tained with polydisperse dextrans. This allowed a direct com-
parison to be made between the experimental data and model
predictions.

Theory

As discussed by Pujar and Zydney (1994), the solute flux
through a charged membrane can be expressed as the sum of
the convective, diffusive, and electrophoretic contributions

_ dc,
N, = KVC, = KD~ = K Ug E,C, 1)

where C, is the radially averaged solute concentration in the
pore, V is the radially averaged solution velocity, D, is the
free solution Brownian motion diffusivity, ug is the elec-
trophoretic mobility, and E, is the streaming potential. K,
K4 and K, are the hindrance factors for convective, diffu-
sive, and electrophoretic transport, respectively. The diffu-
sive and electrophoretic contributions to protein transport
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were both negligible under the conditions examined in this
study. The hindrance factor for convection can be expressed
as an integral over the pore radius (Pujar and Zydney, 1994)

'/‘17 AGV(ﬁ)exp _ ‘»UE(B)
0

kgT pdp

K,=
[fol”exp(— "[’Ek(Bf) )BdBHZfOlV(B)BdB]

where A is the ratio of the solute to pore radii, y=( 8)/kgT is
the dimensionless electrostatic energy of interaction, and B
is the dimensionless radial position in the pore. The expo-
nential terms in the integrals arise from the Boltzmann distri-
bution for the radial concentration profile. The upper limits
in these integrals are fixed at B8 =1— A to account for the
steric exclusion of the solute from the region within one sol-
ute radius of the pore wall. The lag coefficient (G) accounts
for the hydrodynamic interactions between the solute and
pore walls and is a complex function of the solute and pore
size, the solute position in the pore, and the presence of any
long-range interactions (see Appendix).

The expression for K is often simplified by evaluating G
and ¢ using their values at 8 =0, typically referred to as
the centerline approximation (Deen, 1987). Under these con-
ditions, the hindrance factor for convection becomes

)

e[ "V(p)pdp
Ko=— =G[2-(1-»] @
2[V(B)pds

where the final expression is developed assuming Poiseuille
(parabolic) flow within the pore.

The solute flux across the membrane can be calculated in
terms of the external solute concentrations by integrating Eq.
1 over the membrane thickness. The concentrations just in-
side the membrane at z=0 and z=§,, are expressed in
terms of the external concentrations (C,, and C;) using the
equilibrium partition coefficient

b= =2f0“exp[——¢i(f)}ﬁdﬁ O

The results are conveniently expressed in terms of the actual
sieving coefficient

S,=—=— =K, (5)

where C; and C,, are the solute concentrations in the filtrate
and in the solution immediately upstream of the membrane
surface. The second expression in Eq. 5 is valid at high filtra-
tion velocities where the solute flux is dominated by convec-
tion (Pujar and Zydney, 1994).

The electrostatic energy of interaction for a charged spher-
ical solute in a charged cylindrical pore has been evaluated
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by Smith and Deen (1980, 1983). The final result for interac-
tions at constant surface charge is conveniently expressed as

T = (ASO'SZ + Apapz + Aspa's(fp)/Aden (6)
B

where A, A,,, A, and Ay, are all positive coefficients
which depend on the solution ionic strength, the pore radius,
the solute radius, and the solute radial position in the pore.
Detailed expressions for the coefficients are provided in the
Appendix. Similar expressions are available for interactions
at constant surface potential (Smith and Deen, 1983) and for
interactions with linearized charge regulation boundary con-
ditions (Pujar and Zydney, 1997). The dimensionless surface
charge densities of the solute (o;) and pore wall (o) are

Fr q
pHs
05 = (7)
€, RT
Fr.q
pYp
T e eRT ®)
eoer

where e, is the permittivity of free space, e, is the dielectric
constant of the solution, F is the Faraday constant, R is the
ideal gas constant, and T is the absolute temperature. g, and
g, are the dimensional values of the surface charge densities
of the solute and pore wall, respectively.

The first term in Eg. 6 is associated with the energetic
penalty caused by the distortion of the electrical double layer
surrounding the protein resulting from the presence of the
pore wall. This repulsive interaction is present even when the
membrane has no electrical charge. The second term in Eq. 6
is associated with the distortion of the electrical double layer
adjacent to the membrane pore walls caused by the finite size
of the protein. These first two terms are always repulsive in
nature, that is, they cause an increase in the potential energy
and a corresponding reduction in the equilibrium partition
coefficient. The third term in Eq. 6 accounts for direct
charge-charge interactions between the protein and the pore,
and is attractive (that is, negative) whenever the protein and
pore have opposite (fixed) surface charge.

Experimental Procedures

KCI solutions were prepared by dissolving pre-weighed
amounts of KCI (EM Science, Gibbstown, NJ) in deionized
distilled water obtained from a Nanopure water purification
system (Barnstead, Dubuque, 1A) with resistivity greater than
18 MQ-cm. These solutions were prefiltered through 0.2 um
pore size Supor-200 membranes (Gelman Sciences, Inc., Ann
Arbor, M) to remove any particles prior to use. Ovotransfer-
rin (Sigma C 7786) with an isoelectric point (pl) of 5.5 and a
molecular weight of 80 kD was obtained from Sigma Chemi-
cal (St. Louis, MO). Solutions were prepared by dissolving
the powdered protein in the desired KCI solution. The pH
was then adjusted by adding small amounts of either HCI or
KOH as required, with the pH measured to within 0.01 pH
units using an Acumet 915 pH meter (Fisher Scientific, Pitts-
burgh, PA). Protein solutions were stored at 4°C and used
within 3 days of preparation. All protein solutions were fil-
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tered through 0.22 wm syringe filters (Costar Corp., Cam-
bridge, MA) to remove any particles or protein aggregates
immediately prior to use.

Protein concentrations were determined using the micro-
protein-PR total protein assay (Sigma). A 20 L sample was
added to 1 mL of reagent, and the absorbance of the result-
ing complex was measured at 600 nm using a Perkin-Elmer
Lambda 4B spectrophotometer (Perkin-Elmer, Norwalk, CT).
Protein concentrations were determined by comparison of the
absorbance with standard solutions of known concentration.

Filtration experiments were performed using either stan-
dard 100,000 molecular weight cutoff Biomax polyethersul-
fone membranes (Biomax) or prototype 100,000 molecular
weight cutoff Biomax positively charged membranes (Bio-
max*). The latter was produced by chemical modification of
the base polyethersulfone using a quaternary amine function-
ality. These polyethersulfone membranes have an asymmetric
structure with the permselective skin layer being about 0.5
um in thickness. Both membranes were provided by Milli-
pore Corporation (Bedford, MA) in the form of large flat
sheets. Individual membrane disks (25 mm in diameter) were
cut using a specially designed cutting device fabricated in our
laboratory. Each membrane was flushed with at least 100 L
of 0.2 wm-prefiltered deionized distilled water per m? of
membrane area to remove any wetting agents. The mem-
brane was then soaked for approximately 24 h at 4°C ina 3
g/L solution of ovotransferrin at a pH equal to the protein
isoelectric point. Exposure to the protein at its pl provided
maximum levels of protein adsorption. This minimized any
additional adsorption or fouling during the subsequent pro-
tein filtration. The membrane was then gently rinsed with
0.01 M KCI at pH 7 to remove any labile protein prior to use.

Protein filtration

All filtration experiments were conducted in a 25 mm di-
ameter Amicon stirred ultrafiltration cell (Model 8010, Ami-
con Corp.). The filtration velocity was set by connecting a
Rabbit-Plus peristaltic pump (Rainin Instrument Co., Inc.,
Emeryville, CA) to the filtrate line. Filtrate flow rates were
measured by timed collection with the filtrate mass deter-
mined using a Sartorius digital balance with accuracy of 1 mg
(Model 1518 Sartorius, Westbury, NY).

The stirred cell was initially filled with 0.01 M KCI taking
care to remove all trapped air bubbles from the cell and tub-
ing. The stirrer speed was adjusted to 600 rpm using a Strob-
otac Type 1531-AB strobe light (General Radio Co., Con-
cord, MA). The membrane hydraulic permeability:

Lp:AP (9)

was evaluated from the slope of data for the filtrate flux (J,)
as a function of applied pressure (AP) using at least three
data points between 3.5 and 9.7 kPa. The solution viscosity
(n) was evaluated at the system temperature using the empir-
ical correlation presented in the Handbook of Chemistry and
Physics (58th Edition). The stirred cell was then emptied and
refilled with a protein solution at the desired ionic strength
and pH. The stirrer was reset and the filtrate flow rate ad-
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justed to 3.6 um/s. A minimum of 500 uL of filtrate was
flushed through the membrane to ensure equilibrium opera-
tion and to wash out the dead volume downstream of the
membrane. At this point, a 100 wL sample of filtrate was
collected. The filtrate port was then clamped and a small (ap-
proximately 100 wlL) sample of the bulk solution was ob-
tained directly from the stirred cell. The stirred cell was then
carefully emptied, rinsed with 0.01 M KClI, and refilled with a
fresh protein solution at a new ionic strength or pH. After
completion of the protein filtration, the membrane hydraulic
permeability was reevaluated. All experiments were per-
formed at room temperature (22 +3°C).

Membrane Characterization

Membrane Pore Size. Although the actual pore-size distri-
bution of ultrafiltration membranes is not available, a num-
ber of previous studies have used the log-normal density
function to characterize the pore-size distribution and evalu-
ate its effect on membrane transport (Zydney et al., 1994).
The log-normal probability density function is particularly
useful because it is defined only for positive values of the
pore radius. It is most convenient to express the results ex-
plicitly in terms of the mean (r,,) and standard deviation
(o) of the distribution

1
(1) = rovV2mh P
p

where f(r,) is the derivative of the cumulative distribution
function and is thus equal to the number of pores between
r,—Arand r,+ Ar divided by 2Ar in the limit as Ar goes to
zero (Zydney et al., 1994). The parameter b is given as

b=In [1.o+( rm‘;n )2} (11)

The membrane sieving coefficient can thus be evaluated as

~ fon(rp)sa\%rrgdrp

S=—3 (12)
fn(rp)\77-rr,§drp
0

where S, is given by Eq. 5 and V is given by Poiseuille’s
equation.

The pore-size distribution in the Biomax membranes was
evaluated from dextran sieving measurements. Data were ob-
tained with a mixture of polydisperse dextrans prepared by
combining equal amounts of 19,500, 39,200, 70,000, and
147,000 weight-average molecular weight dextrans, all of
which were obtained from Sigma Chemical. The dextrans
were dissolved in phosphate buffer (0.15 M ionic strength,
pH 7.4) prepared from 0.536 g of Na,HPO,-7H,0, 0.272 g
of KH,PO,-H,0, and 0.045 g of NaOH in 1 L of deionized
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water. Dextran concentrations were determined by size-ex-
clusion chromatography using a TSK-gel G3000 SW silica
resin. Column calibration was done using narrow molecular
mass dextran standards (11000, 20000, 79000, 97000, and
165000) obtained from American Polymer Standards (Men-
tor, OH). The column was first equilibrated with fresh buffer
at a flow rate of approximately 0.8 mL/min using at least two
column volumes. This also served to flush both the sample
and reference cells in the refractive index (RI) detector. Col-
umn equilibration was confirmed by tracking the base line
refractive index. All samples were fed to the SEC system us-
ing an AS-400 auto-sampler (Hitachi, Columbia, MD). Dex-
tran detection was done using an LC-30 RI detector (Perkin-
Elmer). Data collection was performed using a PE Nelson
900 Series Interface (Perkin-Elmer) connected to a Gateway
2000,/386 computer.

Values of r.,, and o were determined by minimizing the
sum of the squared residuals between the dextran sieving data
and model calculations. At the high salt concentration used
in these experiments, the actual dextran sieving coefficient
could be evaluated assuming purely steric interactions, that is

Saseric = (1= V)’ [2- (1= 1)°]G(10)  (13)

with G(A,0) given in the Appendix. S was then evaluated from
Eq. 12 with S, given by Eq. 13. All integrals were evaluated
numerically on a SUN computer using available IMSL rou-
tines.

Membrane Charge. The membrane charge was evaluated
from streaming potential measurements following the proce-
dure described by Burns and Zydney (2000). The membrane
was sealed between two Plexiglas chambers which were then
filled with a 10 mM KCI solution. The solution conductivity
was measured using an ES-12 conductivity meter (Horiba,
Kyoto, Japan). After carefully removing any entrapped air
bubbles, the system was pressurized by adjusting the height
of the solution (feed) reservoir. The system was allowed to
stabilize for approximately 20 min at which point the trans-
membrane voltage (E,) was measured using a high impedance
8060A True RMS Multimeter (Fluke Corporation, Everett,
WA) connected to the two electrodes. Data were obtained at
several pressures in order to evaluate the streaming poten-
tial. The device was then rinsed and refilled with fresh KCI
solution at a different pH and /or ionic strength. Experiments
were performed with both the clean and protein-adsorbed
membranes to evaluate any changes in surface charge charac-
teristics associated with exposure to the protein.

The membrane surface charge density was evaluated from
the slope of the voltage as a function of pressure as (Saksena
and Zydney, 1995)

dE, ap
Y I 14
dAP (KT]) (14)

where g, is the dimensional membrane surface charge den-
sity, n is the solution viscosity, and «~! is the Debye length

F2 v
1o 22C, 15
S I
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with z; and C; the valence and concentration of each ion.
The parameter B accounts for the pore-size distribution and
is given as (Saksena and Zydney, 1995)

o L(kr
j‘MfR(rp)wrSdrp
0

B |1(Krp)
(R ) e
(16)

where A, is the solution conductivity and |y, I,, and 1, are
modified Bessel functions of the first kind of orders zero,
one, and two, respectively. The membrane surface charge
density was calculated iteratively from Eqgs. 14-16 using the
experimentally measured values of dE,/dAP and the pore-
size distribution fg(r,) determined from the dextran sieving
data.

Results

Experimental data for the observed sieving coefficient of
ovotransferrin through the Biomax and Biomax* membranes
are shown in Figure 1 as a function of solution pH at both
high (500 mM KCI) and low (10 mM KCI) ionic strength. The
data were all obtained with 1 g/L solutions of the protein
using the same membrane for both the low and high ionic
strength experiments. In each case, the data were obtained
by monotonically increasing the solution pH with the flux
maintained at J, = 3.6 X107 m /s using the roller pump. The
hydraulic permeability of the membranes decreased by less
than 10% over the course of the experiment, indicating that
protein fouling was minimal. The observed sieving coefficient
(S,) was calculated as the ratio of the protein concentration
in the filtrate to that in the bulk solution. The observed siev-
ing coefficients for the Biomax membrane were uniformly
smaller than those for the Biomax™ membrane except for a
single data point at pH 4.5. The observed sieving coefficient
in the 10 mM KCI solution shows a distinct maximum at pH
5.5 for the Biomax membrane and at pH 6.3 for the Biomax™
membrane. The maximum in the sieving coefficient with the
Biomax membrane occurs exactly at the isoelectric pH of
ovotransferrin, with the maximum value being similar to that
obtained using the 500 mM KCI solution. This maximum thus
reflects the sieving behavior in the absence of any significant
electrostatic interactions. In contrast, the maximum value of
the sieving coefficient for the Biomax* membrane in 10 mM
KCI (S,=0.7) was significantly larger than the values ob-
tained at high ionic strength (S, = 0.46), and the location of
this maximum was shifted to a pH > pl, that is, to conditions
where the protein has a net negative charge.

To compare the sieving results with the model calculations,
it was first necessary to evaluate the pore size and surface
charge characteristics of the Biomax membranes. The pore-
size distribution was evaluated from dextran sieving measure-
ments. The observed sieving coefficients at J,=3.6x10"°
m/s for several distinct dextran fractions are shown as the
filled symbols in Figure 2. The results are plotted as a func-
tion of the Stokes-Einstein radius of each dextran
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Figure 1. Observed sieving coefficient as a function of
solution pH for the Biomax (upper panel) and
Biomax * (lower panel) membranes.

Open symbols represent sieving in 10 mM KCI. Filled sym-
bols represent sieving in 500 mM KCI.

kgT
Rse =
67nD,,

an

with the dextran diffusion coefficient D, evaluated from the
dextran molecular weight using the correlation developed by
Granath and Kvist (1967) based on diffusion data obtained
by Granath (1958)

log D, = —4.1154—0.47752 log (MW) (18)

The observed sieving coefficient data were used to evaluate
the actual dextran sieving coefficients S,=C;/C, by ac-
counting for the effects of concentration polarization on dex-
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Figure 2. Observed (filled symbols) and actual (open
symbols) sieving coefficients for different
dextran fractions through the Biomax (upper
panel) and Biomax* (lower panel) mem-
branes at a flux of 3.6 x10 =% m/s.

The solid curves show the model fits to the actual sieving
coefficient data with the best fit values of the model param-
eters shown in Table 1. The dashed curves are the model
fits assuming a single pore size for each membrane.

tran transport in the bulk solution
So

J
(1—So)exp(f)+s0

Sy= (19)

Equation 19 is developed using a simple stagnant film model
(Blatt et al., 1970), with the average mass-transfer coefficient
in the stirred cell (k) calculated as (Smith et al., 1968)

kr
HC _ X(Re)0'567(SC)O‘33 (20)

9]
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Table 1. Membrane Pore-Size Characteristics

Mean Pore Size  Std. Dev.  Uniform Pore Size
Membrane Imean (M) /N mean r, (m
Biomax 3.0x107° 0.42 6.5x107°
Biomax* 2.4%107° 0.60 9.0x107°

where Re = wr2/v is the Reynolds number, Sc = »/D, is the
Schmidt number, r, is the radius of the stirred cell, w is the
stirring speed, D, is the solute diffusivity (evaluated using
Eq. 18 for each dextran), and » is the kinematic viscosity.
The coefficient y is a function of device geometry and was
evaluated as y =0.23 by Opong and Zydney (1991) for the
Model 8010 stirred cell.

The best fit values of the mean pore radius and the stan-
dard deviation in the log-normal distribution were deter-
mined by minimizing the sum of squared residuals between
the logarithms of the actual sieving coefficient data and the
model calculations. The model calculations are shown as the
solid curves, with the best fit values of the parameters sum-
marized in Table 1. The overall fits to the data are quite
good, suggesting that the log-normal density function pro-
vides a reasonable description of the pore-size distribution of
these membranes. Interestingly, the best fit value of the mean
pore size for the Biomax* membrane is somewhat smaller
than that for the Biomax membrane even though the dextran
sieving coefficients are larger. This can be explained by the
greater value of the standard deviation in the pore size of the
Biomax* membrane (o =1.44x107° m) compared to that
for the Biomax membrane (o =1.26 X 10~° m) with the siev-
ing behavior strongly influenced by the flow through the larger
pores in the distribution. The differences in pore-size distri-
bution are due to the inherent variability between mem-
branes in combination with the effects of the surface modifi-
cation used to produce the Biomax™ membrane. Also shown
for comparison are model fits assuming a single pore size
(dashed curve) using the best fit values of r, = 65%107° m
for the Biomax and r, = 9.0%x10~° m for the Biomax*. The
calculations using a single pore size provide a poor overall fit
to the data, significantly overpredicting S, for the smaller
dextrans and underpredicting S, for the larger dextrans.

Figure 3 shows the membrane surface charge density for
the Biomax (top panel) and Biomax™ (bottom panel) mem-
branes as a function of pH as determined from streaming
potential data (dE,/dAP) obtained with 10 mM KCI using
Eqgs. 14-16. Data are shown for the membranes both before
and after exposure to ovotransferrin. The solid curves are
spline fits to the data. The results for the clean membrane
have been discussed in more detail elsewhere (Burns and
Zydney, 2000). The clean Biomax membrane is negatively
charged at pH above ~ 2.5, reaching a value of g, = —7.0X
1072 C/m? at pH 6.5. Exposure to ovotransferrin causes the
isoelectric point of the Biomax membrane to shift to pH 5.5,
which almost exactly coincides with the isoelectric point
of the protein. Similar behavior has been reported by
Causserand et al. (1994) for adsorption of bovine serum albu-
min on sulfonated polysulfone ultrafiltration membranes. The
Biomax™ membrane is positively charged over the entire pH
range with the charge slowly decreasing from ¢, =1.0X 1072
C/m? at pH 3.5 to ¢,=0.55x10"% C/m* at pH 10. Expo-

AIChE Journal



Charge Density, ¢, x 103 (C/m?)

®

-8 L 1 1

10 .. T T T
- Biomax*
&
o
>
-
S 6F -

-9

o @
&
g  4r .
o
(=]
)
20
_g 21 |® Clean Membrane T
Q O Protein Contacted

Solution pH

Figure 3. Surface charge density of the Biomax (top
panel) and Biomax™* (bottom panel) mem-
branes in 10 mM KCI both before (filled sym-
bols) and after (open symbols) exposure to
ovotransferrin.

Solid curves are simple spline fits to the data.

sure to ovotransferrin causes a reduction in the surface charge
density of the Biomax™ membrane, particularly at pH values
above the protein isoelectric point where the protein and
membrane are oppositely charged. This reduction in charge
is caused by the reversible binding of the negatively charged
ovotransferrin to the positively charged membrane.

The ovotransferrin sieving data from Figure 1 are com-
pared with the model calculations in Figure 4. The data have
been plotted as the actual sieving coefficients, which were
evaluated directly from the observed sieving data using Egs.
19 and 20 with D, =5.7x 107 cm?/s as determined from the
correlation developed by Young et al. (1980). All calculations
were done using the pore-size distribution parameters evalu-
ated from the dextran sieving data (values in Table 1). The
protein radius was evaluated as r,=3.75Xx10"° m using the
Stokes-Einstein equation. This radius was assumed to be con-
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Figure 4. Actual sieving coefficient for ovotransferrin
through the Biomax (top panel) and Biomax *
(bottom panel) membranes in 10 mM KCI.

Solid curves are model calculations using the complete solu-
tion for y=( B). Dashed curves are model calculations using
the centerline approximation.

stant over the range of pH and ionic strength examined in
this study, consistent with results from intrinsic viscosity mea-
surements (Tanford and Buzzell, 1956). The surface charge
density of ovotransferrin was evaluated at each pH from the
pK, values of the different ionizable groups (Table A3) as
will be discussed in the Appendix. The surface charge density
of the membrane was evaluated from the spline fits shown in
Figure 3.

The solid and dashed curves in Figure 4 represent the
model calculations, with the sieving coefficient evaluated from
Eq. 12 by integrating over the log-normal pore-size distribu-
tion. The equilibrium partition coefficient was evaluated from
Eq. 4 with the energy of interaction calculated using Eg. 6.
Two different expressions were used for ¢=( 8): (1) the com-
plete solution developed by Smith and Deen (1983), with re-
sults shown as solid curves; (2) the centerline approximation
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in which =( 8) was assumed to be equal to (8 = 0), with
the results shown as dashed curves. The coefficients A, Ap,
Agp and Ay, for the two analyses are given in the appendix
in Table Al. In both cases the upper limit on the integral in
Eq. 4 was modified to account for the presence of the Born
layer using a thickness of 1.57x107'° m, as reported by
Bhattacharjee and Sharma (1995). The model calculations
thus involve no adjustable parameters. All the physical con-
stants associated with the membrane (g, Irean, o) and pro-
tein (g, r,) were determined from independent experimental
measurements.

The experimental data for the actual sieving coefficient for
both the Biomax and the Biomax* membranes are in good
agreement with the model calculations using the complete
solution for the energy of interaction. The model accurately
predicts the location of the maximum value of S, for the
Biomax membrane at pH 5.5 (equal to the isoelectric point
for ovotransferrin), and also qualitatively predicts the shift in
the maximum value to a pH greater than the pl for the Bio-
max™ membrane. The model also correctly predicts that S,
for the Biomax™ membrane at 5.5 < pH < 7.5 is greater than
that at high ionic strength (that is, in the absence of electro-
static interactions). The model is in very good agreement with
the data at the lower pH, but tends to overpredict the data
for the Biomax™ membrane at the higher pH. The possible
cause for this discrepancy at higher pH is discussed in more
detail subsequently.

The model calculations using the centerline approximation
for ¢ are in much poorer agreement with the data. The
calculations for the Biomax membrane show the correct qual-
itative dependence on pH, but the model significantly over-
predicts the sieving coefficients at both high and low pH. This
behavior is a direct result of the centerline approximation.
The energy of interaction between the protein and pore wall
is smallest when the solute is located at the pore axis, thus
the assumption that ¢ remains constant at its centerline
value will significantly underestimate the magnitude of the
electrostatic interactions. The model calculations for the Bio-
max* membrane significantly overpredict the sieving coeffi-
cient at the lowest pH where the protein and membrane have
like charge, but the results are in fairly good agreement with
the data at high pH where the protein and membrane are
oppositely charged. This behavior is discussed in more detail
subsequently.

In order to understand the origin of the pH dependence
seen in Figure 4, it is useful to examine the different contri-
butions to the energy of interaction (Eq. 6). This is difficult
to do quantitatively because of the required integrations over
the pore radius (to evaluate the partition coefficient) and then
over the pore-size distribution (to evaluate the actual sieving
coefficient). The relative importance of the different contri-
butions were thus estimated by evaluating S, using the com-
plete solution for ¢ but only accounting for one of the three
terms in the expression for the energy of interaction (Eq. 6).
The results are shown in Figure 5 along with the experimen-
tal data for the actual sieving coefficients for the Biomax and
Biomax™ membranes. Corresponding calculations for the av-
erage solute partition coefficient, determined by integrating
the expression for ¢ over the pore-size distribution, show
identical trends to the S, results since the hindrance factor
for convection is only a very weak function of the protein or
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Figure 5. Calculated values of the actual sieving coeffi-
cient accounting for different contributions to
the total electrostatic energy of interaction for
ovotransferrin sieving through the Biomax
(top panel) and Biomax ™ (bottom panel)
membranes.

membrane charge. The contribution from the Apop2 term is
quite small for both membranes, thus the model calculations
for S, are nearly independent of pH under these conditions.
The dominant contribution to the electrostatic energy arises
from the direct charge-charge interaction and is proportional
to o 0,. This term is repulsive at essentially all pH for the
Biomax membrane since the charge on the ovotransferrin and
the membrane are of like sign throughout almost the entire
pH range. In contrast, the charge-charge interaction for the
Biomax™ membrane is attractive at 5.5 < pH <10 since the
protein and membrane are oppositely charged under these
conditions. This leads to the observed increase in the protein
partition coefficient, and in turn S,. The electrostatic inter-
action associated with the distortion of the electrical double
layer around the protein (proportional to ¢?) is repulsive at
all pH. This term adds to the total energy of interaction for
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Figure 6. Actual sieving coefficient as a function of the
product of the protein and membrane surface
charge densities for ovotransferrin filtration
through the Biomax and Biomax*™ mem-
branes in 10 mM KCI over a range of pH.

the Biomax membrane, but it competes against the attractive
charge-charge interaction for the Biomax* membrane at pH
> 5.5. It is the repulsive interaction arising from the distor-
tion of the double layer that causes the actual sieving coeffi-
cient to decrease at high pH for the Biomax™ membrane,
even though the attractive charge-charge interaction in-
creases in magnitude throughout the full pH range.

The importance of the charge-charge interactions on pro-
tein sieving can be seen more explicitly by replotting the ex-
perimental data in terms of the product of the surface charge
densities of the protein and pore (Figure 6). The data for the
Biomax membrane at both low and high pH collapse to nearly
a single line when plotted in this manner. For example, the
data at pH 4.5 and 6.8 have very similar values of q,q, (105
X 107% C%/m* and 8.2x107% C2/m*, respectively) and very
similar sieving coefficients (S,=0.049 and 0.047, respec-
tively), even though the protein and membrane are positively
charged at pH 4.5 and are negatively charged at pH 6.8. The
results for the Biomax™ membrane show considerably greater
scatter in Figure 6, particularly at the negative values of q,q,,.
This is due to the large negative charge on the protein at
high pH and the importance of the g2 term under these con-
ditions.

Figure 7 examines the effects of the membrane pore-size
distribution on the model calculations. Results are shown for
the complete model, with the pore size evaluated using both
the log-normal distribution (solid curve) and with a single pore
size (dashed curve). The pore-size parameters were all deter-
mined from the dextran sieving data with values given in Table
1. The model calculations using a single pore size are in poor
agreement with the experimental data for both the Biomax
and the Biomax* membranes. The model significantly un-
derpredicts the magnitude of the electrical interactions,
yielding a much weaker dependence of S, on solution pH for
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Figure 7. Effects of pore-size distribution on the actual
sieving coefficients for the Biomax (top panel)
and Biomax * (bottom panel) membranes.

both membranes. In addition, the model calculations for the
Biomax membrane are much higher than the data even at the
protein isoelectric point, which is a direct result of the large
value of the pore size used in the simulations. Better agree-
ment with the data could be obtained using a smaller pore
size, but the model then predicts a much sharper pH de-
pendence than seen experimentally or than predicted using
the log-normal pore size distribution. The model calculations
for the Biomax® membrane using only a single pore size
yielded a maximum value of S, at pH = pl, with repulsive
interactions seen at both low and high pH. The absence of
any significant attractive interactions under these conditions
was caused by the large reduction in the g,0, term, with the
energy of interaction now dominated by the distortion of the
electrical double layer around the charged protein.

The effect of solution ionic strength on the ovotransferrin
sieving coefficients is examined in Figure 8. Experiments were
performed using three separate 1 g/L solutions of ovotrans-
ferrin, with the pH adjusted to 4.0, 6.5, or 9.0 using either
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Figure 8. Actual sieving coefficient for ovotransferrin
through a Biomax (top panel) and Biomax *
(bottom panel) membrane as a function of so-
lution ionic strength at three pH values.

Solid curves are model calculations using the complete solu-
tion for ye(B).

HCI or KOH. The data were obtained by monotonically in-
creasing the solution ionic strength, beginning at the lowest
value. Results are shown for the actual sieving coefficients,
which were again calculated directly from the S, data using
Egs. 19 and 20. The actual sieving coefficients approach a
constant value at high ionic strength due to the absence of
any significant electrostatic interactions under these condi-
tions. The S, values for the Biomax membrane decrease
monotonically with decreasing ionic strength, with the magni-
tude of the interactions being greatest at pH 9.0 due to the
large negative charge on both the membrane and the ovo-
transferrin at this pH. The sieving behavior for the Biomax™
membrane is considerably more complex. The data at pH 4.0
(where the protein and membrane both have a net positive
charge) show a monotonic decrease, while the data at pH 6.5
(where the protein and membrane are oppositely-charged)
show a monotonic increase in S,. The sieving data at pH 9.0
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Figure 9. Membrane surface charge density for the
Biomax (top panel) and Biomax™® (bottom
panel) membranes as a function of ionic
strength at three values of the solution pH.

show a local maximum around 50 mM KCI, with S, decreas-
ing sharply at ionic strength below 10 mM.

The solid curves in Figure 8 are the model calculations
using the complete solution for the energy of interaction, with
the membrane surface charge density determined from the
streaming potential data shown in Figure 9. The magnitude
of the surface charge for the Biomax membrane tended to
increase with increasing solution ionic strength, with the
charge being negative at pH 6.5 and 9.0 and positive at pH
4.0. The surface charge on the Biomax™ membrane also in-
creased with increasing ionic strength, with the magnitude of
the ionic strength dependence being most pronounced at pH
9. The model calculations for the Biomax membrane show
the correct qualitative behavior, but significantly overpredict
the magnitude of the electrostatic interactions at low ionic
strength. Note that the model calculations for the Biomax*
membrane in Figure 8 were performed with r,,,, =1.7x10"°
m, compared 10 Iqa, = 2.4X107° m for the membrane used

AIChE Journal



in the experiments from Figures 1 and 4, to provide a better
fit to the actual sieving coefficients for this particular mem-
brane at the highest ionic strength. The value of o/ ., Was
maintained at 0.6 as previously determined from the dextran
sieving data. The model calculations for the Biomax™ mem-
brane properly capture the very complex dependence on ionic
strength seen experimentally. The predicted sieving coeffi-
cients at pH 4.0 decrease monotonically with decreasing ionic
strength due to the increase in the magnitude of the repul-
sive interactions between the positively charged protein and
the positively charged membrane under these conditions. The
attractive interactions between the oppositely charged pro-
tein and membrane at pH 6.5 lead to the increase in S, with
decreasing ionic strength seen at pH 6.5. The actual sieving
coefficient for the Biomax™ membrane at pH 9.0 is predicted
to initially increase with decreasing ionic strength due to the
attractive interaction between the oppositely charged protein
and membrane. However, the membrane surface charge at
pH 9.0 decreases rapidly with decreasing ionic strength (Fig-
ure 9), causing the overall energy of interaction to be domi-
nated by the repulsive o2 term for ionic strengths between
1.2 and 15 mM. The predicted increase in S, at pH 9.0 at the
very lowest ionic strength arises from the very large increase
in the magnitude of the charge-charge interaction term at
low ionic strengths, with this term again dominating the en-
ergy of interaction for ionic strengths less than 1.2 mM.

Discussion

The results presented in this study clearly demonstrate that
available hydrodynamic and partitioning models can provide
a very good description of the effects of electrostatic interac-
tions on the transport of a charged protein through a charged
membrane in the presence of both repulsive and attractive
interactions. The theoretical calculations were performed
with all model parameters evaluated from independent ex-
perimental measurements. The membrane pore-size distribu-
tion was determined from dextran sieving data. The mem-
brane surface charge density was evaluated from streaming
potential measurements. The effective protein radius was de-
termined from the diffusivity of ovotransferrin using the
Stokes-Einstein equation. Also, the protein surface charge
density was evaluated from a model accounting for the disso-
ciation of the different ionizable amino acid residues in ovo-
transferrin. The model properly describes the effects of solu-
tion pH and ionic strength on protein transmission through
both the Biomax and Biomax™ membranes. The model also
correctly predicts the local maximum in the protein sieving
coefficient at an intermediate ionic strength seen at pH 9.0.
This maximum is caused by the different ionic strength de-
pendence of the contributions from direct charge-charge in-
teractions and from the distortion of the electrical double
layer around the protein to the overall energy of interaction.
Calculations performed using the centerline approximation,
which has been used extensively in previous studies of mem-
brane transport, were in fairly good agreement with the ex-
perimental data when the interactions were repulsive in na-
ture, although this approximation tended to underpredict the
magnitude of the electrostatic interactions.

The good agreement between the model and data in this
system is in some ways surprising given the numerous approx-
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imations underlying the analysis. In particular, the polyether-
sulfone membranes used in these experiments have a highly
irregular interconnected porous network, which is in sharp
contrast to the parallel array of cylindrical pores used in the
model. In this case, the complexity of the actual pore-size
distribution is accounted for in the analysis by evaluating the
mean and standard deviation in the assumed log-normal dis-
tribution directly from dextran sieving data using the same
hydrodynamic and partitioning models, but in the absence of
any electrostatic interactions. This effectively lumps our igno-
rance of the details of the pore morphology, structure, and
distribution into these two geometric parameters. It is impor-
tant to note that this does not in any way imply that the
Biomax membranes actually have a log-normal distribution of
pore radii. Instead, the results demonstrate that the sieving
characteristics of these asymmetric membranes can be effec-
tively described using this type of probability density function
with the mean and standard deviation fit to the dextran siev-
ing data.

The model calculations were also performed assuming that
any long-range interactions due to dispersion or van der
Waals forces were negligible. The quantitative evaluation of
these interactions is difficult due to the absence of accurate
data on the Hamaker constant for the ovotransferrin-Biomax
membrane system. Zydney and Pujar (1998) have discussed
the effects of dispersion forces on protein transport through
porous membranes.

The model also assumes that the electrical interactions oc-
cur at constant charge density on the protein and pore sur-
faces. However, the electrical potential field around the pro-
tein will be significantly distorted by the presence of the pore
boundary. This will cause a change in the local hydrogen ion
concentration in the vicinity of the protein surface, thus alter-
ing the extent of ionization of the amino acid residues and in
turn the magnitude of the protein charge. A similar effect
will occur with the pore charge due to the distortion of the
electrical potential field near the pore wall associated with
the presence of the protein. This phenomenon is often re-
ferred to as charge regulation. Pujar and Zydney (1997) eval-
uated the electrical energy of interaction for a charged sphere
in a charged cylindrical pore by solving the linearized Pois-
son-Boltzmann equation using a linearized form of the charge
regulation boundary condition that implicitly accounts for the
changes in surface charge density and surface potential caused
by the distortion of the electrical potential field. Detailed cal-
culations using this model could not be performed for the
ovotransferrin-Biomax membrane system due to the lack of
sufficient data on the protein and pore charge needed to
evaluate the charge regulation parameters. However, Pujar
and Zydney (1997) demonstrated that the charge regulation
phenomenon tends to reduce the magnitude of the electrical
energy of interaction. This may well explain the overpredic-
tion of the ovotransferrin sieving data at pH > 6 seen in Fig-
ure 4 and some of the discrepancies between the model and
data at the different ionic strength seen in Figure 8.

Acknowledgments

The authors would like to acknowledge the technical and financial
support provided by Genentech, Inc. and Millipore Corporation and
a grant from the National Science Foundation.

May 2001 Vol. 47, No. 5 1111



Notation

Agen, = coefficient in the energy of interaction equation
A, = coefficient describing the pore double layer term in the en-
ergy of interaction
A, = coefficient describing the solute double layer term in the
energy of interaction
= coefficient describing the solute-pore term in the energy of
interaction
b =parameter in the log-normal density function
B =parameter accounting for the pore size distribution in the
streaming potential
C; =concentration of ith ion (mol/L)
C, =radially averaged solute concentration in pore (g/L)
D, =solute diffusivity in free solution (m%/s)
e =electronic charge (C)
E, =electric field within the membrane (V/m)
fr(r,) =probability density function (m™Y)
F =Faraday’s constant (C/mol)
G = hydrodynamic lag coefficient
J, =filtration flux (m/s)
k =mass transfer coefficient (m/s)
kg =Boltzmann’s constant (J/K)
K. =hindrance factor for convection
K4 = hindrance factor for diffusion
K. =hindrance factor for electrophoretic transport
L, =membrane hydraulic permeability (m)
MW = protein molecular weight (kg/mol)
N, =solute flux through membrane (kg/m?/s)
r. =radius of stirred cell (m)
I'mean =Mean pore radius (m)
r, = pore radius (m)
r, =solute radius (m)
R =ideal gas constant (J/mol/K)
Rse = Stokes-Einstein radius (m)
Re =Reynolds number
q, =pore surface charge density (C/m?)
g, =solute surface charge density (C/m?)

S =mean solute sieving coefficient
S, =actual solute sieving coefficient
S, =observed solute sieving coefficient
Sc =Schmidt number
T =absolute temperature (K)
ug =solute electrophoretic mobility (m/s/V)
V =local fluid velocity in pore (m/s)
V =radially averaged fluid velocity in pore (m/s)
B =dimensionless radial position in pore
AP =transmembrane pressure drop (Pa)
€, = permittivity of free space (C/V/m)
€, =dielectric constant of medium
1 =solution viscosity (P)
«~ ! =Debye length (m)
A =dimensionless solute radius, ry/r,
A, =bulk solution conductivity (S)
v =kinematic viscosity (m2/s)
¢ =solute partition coefficient into pore
o =standard deviation in pore size (m)
o, =dimensionless surface charge density of pore
o, =dimensionless surface charge density of solute
x = coefficient in mass-transfer correlation
Y =energy of interaction (J)
Y =electrical potential at protein surface (J)
o =stirrer speed (s71)

p

Agp
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Appendix

Smith and Deen (1980, 1983) evaluated the electrostatic
energy of interaction for a charged spherical solute in a
charged cylindrical pore by solving the linearized Poisson-
Boltzmann equation by matching solutions in both cylindrical
and spherical coordinates. Calculations were originally per-
formed for a solute located at the pore axis ( 8 =0). These
were subsequently extended to arbitrary radial positions. In
both cases, the dimensionless energy of interaction for con-
stant surface charge density was given as

e
T (A0l + Aol + Ay0,0,) /Agen (AL)
B
with Ag, A, Agp, and Age, given in Table Al. These coeffi-

cients are expressed in terms of three key dimensionless vari-
ables: the scaled solute radius A=ry/r;; the dimensionless
pore radius 7= kr,; and the dimensionless radial position
within the pore g = r/r,. Note that the parameter 8 does not
appear in the expressions using the centerline approximation
(Smith and Deen, 1980) since the energy is evaluated at 8 = 0.

Bungay and Brenner (1973) developed an analytical ex-
pression for the lag coefficient G(A,0) for an uncharged
sphere translating in an uncharged cylindrical pore which is
valid for all values of the ratio of solute to pore radius (A)
using matched asymptotic expansions for both small and close

0.02

Protein Charge, q  (C/m?)
o

-0.02 - ! - ! s
3 5 7 9

Solution pH

Figure Al. Surface charge density of ovotransferrin as
a function of solution pH.

Symbols represent literature values from titration data.
Solid curve represents model calculation from pK, values
of the charged amino acids, as described in the text.

fitting spheres. The final result for 8 =0 is given as

G(A,0)= ZKS (A2)

The hydrodynamic functions K, and K, are expressed as ex-
pansions in A:

Table Al. Coefficients in the Expressions for the Electrostatic Energy of Interaction

Smith and Deen (1980)

Smith and Deen (1983)

4mr)te™s,
A _—
1+7A
A 4722
P |1(’T)
A w2h(7A)
P 7212(7)
Aden ar(l+71A)e ™ — Sy h(7A)

8mrrate™
— A
1+7A)

4 221o(7B)

§1+T)\) 1,(r)
[ mly(vB8) ] |: (e™+ eT)‘)T)\L(T)\):|

71,(7) 1+7A
. 2(e™ —e"™TAL(T)A
mre” ™ —
1+7A

h(rA) =1+ TA)e™ ™

» K, [(72 + 62)7
So=f 1[(7' + )M]de

0 L[(r2+62)7]

—(1—7A)e™

- o
55 lo(T )Z

L(T)\) =coth (7A)— 171

3
3t( e |(TB)[TKM(27)+ K(ZT)]

AIChE Journal

May 2001 Vol. 47, No. 5 1113



Table A2. Expansion Coefficients for Hydrodynamic
Functions K, and K in Eq. A3

Table A3. Type and Number of Titratable Groups (Williams
et al., 1982) on Ovotransferrin

Subscript n a, b, Type (i) No. (n)) pK i
1 —73/60 7/60 a-Carboxyl 1 2.16

2 77,293/50,400 —2,227/50,400 B-Carboxyl 46 3.90

3 —22.5083 4.0180 y-Carboxyl 45 4.07

4 —5.6117 —3.9788 Imidazole 12 6.04

5 —0.3363 —1.9215 Sulfhydryl 30 8.37

6 —1.216 4.392 a-Amino 1 9.87

7 1.647 5.006 e-Amino 58 10.54
Phenolic 21 10.35

Guanidine 29 12.48

with coefficients a,, and b,, given in Table A2. Note that the
Bungay and Brenner analysis implicitly assumes that electri-
cal effects provide no contribution to the hydrodynamic in-
teractions. This is discussed briefly by Zydney and Pujar
(1998).

Protein charge

The net charge on ovotransferrin was calculated from the
dissociation of the acidic and basic amino acid residues. The
dissociation equilibrium of a typical amino acid residue (for
example, an a-carboxylic acid) is described by the intrinsic
dissociation constant of that ionizable group

[R—COO ][H*]
[R—COOH]

K iint = (A4)

The H* concentration in Eq. A4 is evaluated at the protein
surface and is different than the H™ concentration in the
bulk solution due to electrostatic interactions between the
charged protein and the charged hydrogen ion. This effect
can be described by the Boltzmann distribution:

e *

¥
H*=Hf;exp(— kBT)

(AS)

where H{ is the bulk H* concentration, e is the electron
charge (1.609x107%° C), and * is the electrostatic poten-

tial at the protein surface. 4" is linearly related to the pro-
tein charge as

€€ T

P = Grer) (A6)

The net protein charge was thus evaluated by simultaneous
solution of Egs. A4 to A6, with Eq. A4 written for all of the
ionizable amino acid residues. Additional details on these
calculations are provided by Pujar and Zydney (1997). The
number and pK/,= —log (K/,) for the ionizable groups in
ovotransferrin are given in Table A3.

The model calculations for the surface charge density for
ovotransferrin in 10 mM KCI are compared with experimen-
tal titration data from Warner and Weber (1953) in Figure
Al. The model and data are in good agreement suggesting
that the assumption of a uniformly distributed charge over a
spherical surface provides a reasonable model for the surface
charge characteristics of ovotransferrin.
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