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We are developing hollow fiber-based specific antibody filters (SAFs) that selectively
remove antibodies of a given specificity directly from whole blood, without separation
of the plasma and cellular blood components and with minimal removal of plasma
proteins other than the targeted pathogenic antibodies. A principal goal of our research
is to identify the primary mechanisms that control antibody transport within the SAF
and to use this information to guide the choice of design and operational parameters
that maximize the SAF-based antibody removal rate. In this study, we formulated a
simple mathematical model of SAF-based antibody removal and performed in vitro
antibody removal experiments to test key predictions of the model. Our model revealed
three antibody transport regimes, defined by the magnitude of the Damköhler number
Da (characteristic antibody-binding rate/characteristic antibody diffusion rate): reac-
tion-limited (Da e 0.1), intermediate (0.1 < Da < 10), and diffusion-limited (Da g
10). For a given SAF geometry, blood flow rate, and antibody diffusivity, the highest
antibody removal rate was predicted for diffusion-limited antibody transport. Ad-
ditionally, for diffusion-limited antibody transport the predicted antibody removal rate
was independent of the antibody-binding rate and hence was the same for any
antibody-antigen system and for any patient within one antibody-antigen system.
Using SAF prototypes containing immobilized bovine serum albumin (BSA), we
measured anti-BSA removal rates consistent with transport in the intermediate regime
(Da ∼3). We concluded that initial SAF development work should focus on achieving
diffusion-limited antibody transport by maximizing the SAF antibody-binding capacity
(hence maximizing the characteristic antibody-binding rate). If diffusion-limited
antibody transport is achieved, the antibody removal rate may be raised further by
increasing the number and length of the SAF fibers and by increasing the blood flow
rate through the SAF.

Introduction
Therapeutic antibody removal is performed to facilitate

ABO blood group-incompatible kidney transplants (1) and
heart (2) and kidney (3) xenotransplants (pig-to-baboon)
and to treat Goodpasture syndrome (4), myasthenia
gravis (5), hemophilia with inhibitors (6), and idiopathic
thrombocytopenic purpura (7). Antibody removal is usu-
ally achieved nonselectively, via plasma exchange, or
semiselectively, via plasma perfusion through immu-
noadsorption columns containing immobilized protein A
or anti-human immunoglobulin (8-12). Most complica-
tions of plasma exchange are related to the replacement
fluid; replacement with albumin solution may cause
deficiency syndromes since beneficial antibodies and
clotting factors are not replenished, while replacement
with donor plasma may trigger hypersensitivity reactions
or allow infectious disease transmission (8). Patients
treated using protein A or anti-human immunoglobulin
immunoadsorption columns benefit from semiselective

IgG or IgM removal and require little to no replacement
fluid (9-12). However, only a small fraction of the total
antibody population (often only antibodies of one specific-
ity) need be removed to effect the treatments listed above,
and antibody removal platforms with even greater se-
lectivity are desired.

We are developing hollow fiber-based specific antibody
filters (SAFs) that selectively remove antibodies of a
given specificity directly from whole blood, without
separation of the plasma and cellular blood components
and with minimal removal of plasma proteins other than
the targeted pathogenic antibodies (13, 14). The working
unit of the SAF is a hollow fiber dialysis membrane
(dialysis fiber) with antigens, specific for the targeted
antibodies, immobilized on the inner fiber wall. Several
thousand SAF fibers are connected in parallel to produce
a filter similar in construction to a hollow fiber hemo-
dialyzer. During SAF-based antibody removal blood flows
through the fiber lumens, and the targeted antibodies
bind to the immobilized antigens and become trapped
within the SAF. Nonspecific plasma protein adsorption
is minimized by the use of hydrophilic cellulose-based
SAF fibers.

Several studies have shown that SAFs and similar
filters can selectively remove pathogenic antibodies and
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other substances from blood, plasma, and aqueous buffer.
We have reported using SAF prototypes with immobilized
A and B blood group antigens to remove anti-A and
anti-B antibodies from whole human blood (13). Other
groups have used similar dialysis fiber-based antibody
filters with immobilized insulin (15), human IgG (16), and
human albumin (HSA) (16) to remove anti-insulin anti-
bodies from human plasma and anti-IgG and anti-HSA
antibodies from rabbit serum and canine blood. Two
groups have developed heparin filters composed of di-
alysis fibers with immobilized heparin-binding ligands:
Yang et al. used filters with immobilized protamine to
remove heparin from canine blood (17), and Ma et al.
used filters with immobilized poly(L-lysine) to remove
heparin from phosphate-buffered saline and bovine blood
(18). Still other groups have developed antibody filters
comprised of hollow fiber microfiltration membranes
(microfiltration fibers) with antigens or protein A im-
mobilized on the inner and outer fiber walls and on the
surfaces of the pores within the fiber walls: Karoor et
al. used filters with immobilized synthetic R-galactose (R-
gal) antigens to remove anti-R-gal antibodies from human
blood and plasma (19), and Klein et al. (20) and Char-
cosset et al. (21) used filters with immobilized protein A
to remove human IgG from buffer. Microfiltration fiber-
based antibody filters have higher antibody-binding
surface areas (per unit of whole blood-contacting surface
area) than do dialysis fiber-based antibody filters (like
SAFs) but are more complex to operate than SAFs since
partial separation of the plasma and cellular blood
components occurs within microfiltration fiber-based
filters. In each study described above, selectivity was
demonstrated by showing minimal removal of the tar-
geted antibodies or heparin by control filters (without
immobilized antigens or heparin-binding ligands) (13, 15,
17-19) or by showing minimal removal of nontargeted
antibodies or other plasma proteins by the test filters
(with immobilized antigens or protein A) (16, 20, 21).

SAF-based antibody removal must be sufficiently fast
as well as selective if the platform is to be clinically
valuable. A principal goal of our research is to identify
the primary mechanisms that control antibody transport
within the SAF and to use this information to guide the
choice of design and operational parameters that maxi-
mize the SAF-based antibody removal rate. In this study,
we approached this goal by formulating a simple math-
ematical model of SAF-based antibody removal and
performing in vitro antibody removal experiments to test
key predictions of the model. The model describes radial
diffusion and axial convection of antibodies in the fiber
lumens, with reversible antibody-antigen binding at the
fiber walls. In general, the model equations can be solved
numerically to determine the antibody removal rate for
a given SAF geometry, blood flow rate, antibody diffu-
sivity, and antibody-binding rate. However, the model is
substantially simpler if the characteristic antibody-
binding rate is much larger or much smaller than the
characteristic radial antibody diffusion rate. When an-
tibody binding is much faster than antibody diffusion,
antibodies that reach the fiber wall bind to antigens
“instantaneously” and antibody transport to the fiber wall
is limited solely by the radial antibody diffusion rate (i.e.,
antibody transport is diffusion-limited). Conversely, when
antibody-binding is much slower than antibody diffusion,
antibodies that bind to antigens are replaced “instanta-
neously” by diffusion of antibodies farther from the fiber
wall, and antibody transport is limited solely by the
antibody-binding rate (i.e., antibody transport is reaction-
limited). For a given SAF geometry, blood flow rate, and

antibody diffusivity, the antibody removal rate is highest
when antibody transport is diffusion-limited. Addition-
ally, when diffusion-limited antibody transport is achieved,
the antibody removal rate is independent of the antibody-
binding rate and hence is the same for any antibody-
antigen system and for any patient within one antibody-
antigen system.

The Damköhler number (Da) represents the ratio of
the characteristic antibody-binding rate to the charac-
teristic radial antibody diffusion rate (22): Da ) kfcs

ia/D,
where kf (mL/nmol‚s) is the intrinsic association rate
constant for the antibody/antigen system, cs

i (nmol/cm2)
is the initial surface concentration of antibody-binding
sites on the SAF fiber (or the antibody-binding capacity
of the fiber, the maximum surface concentration of bound
antibodies attainable by the fiber), a (cm) is the inner
radius of the SAF fiber, and D (cm2/s) is the antibody
diffusivity. We used the approximate surface concentra-
tion of a monolayer of IgG molecules, 0.004 nmol/cm2 (0.6
µg/cm2) (23), as an estimate for cs

i. For a equal to 0.01
cm (24), D equal to 3.9 × 10-7 cm2/s (25), and kf between
0.01 and 100 mL/nmol‚s (104 to 108 L/mol‚s) (26-28), the
Damköhler number for SAF-based antibody removal is
between 1 and 10,000. Hence diffusion-limited antibody
transport is achievable for medium to high affinity
antibody-antigen systems (kf g 0.1 mL/nmol‚s or 105

L/mol‚s), provided that the SAF fibers have enough
antibody-binding sites to obtain near monolayer coverage
of bound antibodies when the fibers are saturated.

Based on our expectation of diffusion-limited antibody
transport, we chose to use a model antibody/antigen
system for our in vitro antibody removal experiments
instead of a human disease-related system. Use of the
model system eliminated the need for a human source
of antibodies and allowed all of the experiments to be
performed using antibodies from one lot. We chose bovine
albumin (BSA) as our model antigen, since BSA is a large
molecular weight protein (29) like the ligands used in
immunoadsorption columns (such as protein A and anti-
human immunoglobulin) and can be immobilized on the
SAF fibers using conventional protein immobilization
methods. We used polyclonal anti-BSA antibodies as our
model antibodies and compared both the magnitudes and
the parameter dependencies of the measured anti-BSA
removal rates to the predictions of our mathematical
model. Finally, we used the information gained from our
combined mathematical and experimental studies to
suggest design, development, and operational approaches
that can be taken to maximize the antibody removal rates
achieved by SAFs developed for clinical use.

Antibody Transport Model

Model Geometry. The SAF is modeled as a bundle
of N identical cylindrical fibers of length L (cm) and inner
radius a (cm) (Figure 1). Antibody solution (blood,
plasma, or buffer) enters the SAF at free antibody
concentration ci (nmol/mL) and flow rate Q (mL/min), and
is distributed evenly among the fibers so that the flow
rate through each fiber is Q/N. The shell compartment
of the SAF (the space outside the fibers) is filled with
isotonic buffer and closed. Within each fiber lumen
antibodies undergo axial convection and radial diffusion,
and at the fiber wall the antibodies bind reversibly to
the immobilized antigens. Antibody solution exits each
fiber at “mixing cup” free antibody concentration co (nmol/
mL), and the antibody removal rate by the SAF R (nmol/
min) is equal to the antibody solution flow rate Q
multiplied by the difference between ci and co.
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Transport Formulation. The time-dependent mass
conservation equation is used to describe the transport
of free antibodies in each fiber lumen (30):

where c(r, z, t) (nmol/mL) is the concentration of free
antibodies in the fiber lumen and vz(r) (cm/s) is the axial
component of the antibody solution velocity (Figure 1).
An initial condition and boundary conditions at the fiber
wall, centerline, and inlet are required to solve eq 1 for
c(r, z, t). Additionally, an expression for the antibody
solution velocity profile (vz(r)) is needed.

Flow of blood, plasma, or buffer through a SAF fiber
at a clinically relevant flow rate is laminar and fully
developed, since the Reynolds number is small (<10 for
buffer, plasma, or blood flow rates up to 500 mL/min
through a dialyzer-sized SAF) and since the entrance
length is less than 0.1% of the SAF fiber length (31).
Hence the antibody solution velocity profile is parabolic
(30):

where vav (cm/s) is the average fluid velocity in the fiber
(30). Though blood is a non-Newtonian fluid, the velocity
profile for blood is parabolic at the shear rates likely to
be encountered during flow through a dialyzer-sized SAF
(32).

Initially, the SAF is primed with antibody-free isotonic
buffer:

At the inner fiber wall, the radial antibody flux is equal
to the antibody-binding rate per unit of fiber surface area:

where kr (s-1) is the intrinsic dissociation rate constant
for the antibody/antigen system. The antibody concentra-
tion profile in each fiber is symmetric with respect to
radial position, and the antibody solution enters each
fiber with a flat concentration profile:

Finally, cb(z,t) is determined by integrating the radial
antibody flux at the fiber wall over time:

Dimensional Analysis. We used the dimensionless
variables and parameters listed in Table 1 to simplify
the solution and interpretation of the transport model.
The dimensionless form of the mass conservation equa-
tion involves the Graetz number (Gz):

The Graetz number (Gz ) πa2vav/LD) represents the
ratio of the characteristic radial diffusion time to the
residence time (30). As Gz approaches infinity, ∂c//∂z/

approaches zero since the time required for the antibodies
to diffuse to the immobilized antigens is much longer
than the time the antibodies spend in the SAF. For a
SAF with the same geometry as the prototypes used in
our in vitro studies, the Graetz number for IgG removal
(D ) 3.9 × 10-7 cm2/s (25)) is between 12.5 and 50.2 for
antibody solution flow rates between 50 and 200 mL/min.

The dimensionless form of the wall boundary condition
involves the Damköhler number (Da), described earlier:

where Kd (nmol/mL) is the equilibrium dissociation
constant for the antibody/antigen system. As discussed
earlier, the magnitude of the Damköhler number deter-
mines whether antibody transport is primarily controlled
by the rate of antibody diffusion or by the rate of
antibody-binding, or whether both rates are important.
The dimensionless forms of the initial condition and the
centerline and inlet boundary conditions are straightfor-
ward:

The equation for the dimensionless bound antibody
concentration involves the Graetz number and the ratio
of the number of moles of free antibodies in one fiber
volume (Vfci) to the number of moles of antibody-binding
sites on the wall of one fiber (Afcs

i ):

where Vf (mL) and Af (cm2) are the volume and surface
area of a single SAF fiber, respectively. Thus cb

/ rises
slowly with time if the number of moles of antibody-
binding sites on the fiber is large compared to the number
of moles of antibodies in the antibody solution that fills
the fiber. Also, cb

/ rises slowly with time if Gz is large,

Figure 1. Perfusion system used during in vitro antibody
removal experiments, with detail depicting antibody removal
within the lumen of an individual SAF fiber. Ab: antibody.

∂c
∂t

+ vz
∂c
∂z

) D
r

∂

∂r(r∂c
∂r) (1)

vz ) 2vav(1 - r2

a2) (2)

c ) 0 at t ) 0 (3)

-D∂c
∂r

) kfc(cs
i - cb) - krcb at r ) a (4)

∂c
∂r

) 0 at r ) 0 (5)

c ) ci at z ) 0, t > 0 (6)

cb ) ∫0

t
-D∂c

∂r
(r ) a) dt (7)

∂c/
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since ∂c//∂z/ is small for large Gz and most of the
antibodies that enter the SAF leave without binding to
antigen.

Simplification for cb
/ Near Zero. When cb

/ is near
zero (i.e., far from saturation of the SAF), the unsteady
term is removed from the mass conservation equation
and the wall boundary condition is simplified:

At the beginning of a SAF-based antibody removal
session cb

/ is equal to zero. In general, cb
/ increases with

time during the course of a session, but cb
/ may remain

near zero throughout the session if the number of moles
of antibody-binding sites within the SAF greatly exceeds
the number of moles of antibodies initially present in the
patient’s blood.

Numerical Solution for cb
/ Near Zero. We used

FlexPDE (PDE Solutions, Inc., Antioch, CA), a finite
element-based partial differential equation solver, to
obtain numerical solutions for c/(r/, z/) for any combina-
tion of Da and Gz and for cb

/ equal to zero. We then
calculated the “mixing cup” antibody concentration at the
SAF outlet, co (nmol/mL) (30):

Finally we determined the antibody removal rate R
(nmol/min) (R ) Q(ci - co)) and the antibody clearance K
(mL/min) (K ) R/ci ) Q(1 - co/ci)). The clearance
represents the volume of antibody solution completely
depleted of antibodies per unit time, and is a more useful
indicator of SAF performance than the antibody removal
rate because the clearance depends only on the percent
reduction in antibody concentration and is independent
of the actual antibody concentration level in the blood
(33). For cb

/ equal to zero, the governing equations are
linear with respect to the free antibody concentration,
and hence co is linearly proportional to ci and the
clearance is independent of ci.

Analytical Solution for Large Da and cb
/ Near

Zero. We obtained analytical solutions for c/(r/, z/), co/ci,
and K for large Damköhler number and for cb

/ equal to
zero. As Da approaches infinity, the left side of eq 4b
approaches zero and the wall boundary condition can be
simplified:

Thus for large Da, antibodies that reach the fiber wall
bind “instantaneously” and the free antibody concentra-
tion at the fiber wall is equal to zero. With this simplified

boundary condition, we calculated c/(r/, z/) and co/ci using
the infinite series Graetz solution for radial diffusion in
a circular tube with constant wall concentration (34). The
solution in this limiting case (Da f ∞) was designated
the diffusion-limited solution, since the antibody removal
rate was determined by the diffusion rate and was
independent of the binding rate. The expressions for c/-
(r/, z/) and co/ci and the needed eigenvalues, eigenfunc-
tions, coefficients, and derivatives are presented in
Skelland (34).

Materials and Methods
SAF Fabrication. Gambro (Lakewood, CO) 500 HG

hemodialyzers were used as SAF modules. The modules
contained approximately 6656 Hemophan hollow fiber
membranes (regenerated cellulose with less than 1% of
the surface hydroxyls replaced by diethylaminoethanol
groups (35)) of 0.02 cm nominal inner diameter and 25.6
cm length (36). Bovine albumin (BSA) (Sigma Chemical
Co., St. Louis, MO) or human albumin (HSA) (Alpine
Biologics Inc., Orangeburg, NY) was immobilized on the
lumenal surfaces of the fibers using a modified version
of the cyanogen bromide activation method developed by
Axen et al. (37). Unless otherwise noted, chemicals were
obtained from Sigma Chemical Company (St. Louis, MO).
During the following fiber activation steps, the blood and
shell compartments of the SAF module were connected
in series using Tygon tubing. Both compartments of the
module were first rinsed copiously with deionized water.
To swell the fibers, 3.5 L of 0.2 N NaOH was circulated
through the module for 4 h, on ice, at 136 mL/min. The
module was flushed with 3.5 L of 0.1 M sodium bicarbon-
ate buffer/0.5 M NaCl, pH 8.3 (henceforth called bicar-
bonate buffer), at 225 mL/min and at 4 °C. An activating
solution of 25 g of CNBr in 250 mL of 0.2 N NaOH was
circulated through both compartments at 136 mL/min,
on ice, for 1.5 h. The activating solution pH was kept
above 11.0 by the addition of cold 10 N NaOH. The
module was flushed with 3.5 L of deionized water and
3.5 L of bicarbonate buffer, at 225 mL/min and at 4 °C.
Excess fluid was removed from the module using filtered
compressed air.

The shell compartment was then filled with bicarbon-
ate buffer and closed. One hundred milliliters of 20 mg/
mL antigen solution (BSA, HSA, or a mixture of BSA and
HSA, dissolved in bicarbonate buffer) was circulated
through the blood compartment at 77 mL/min, at room
temperature, overnight (at least 12 h). The concentration
of BSA, HSA, or BSA/HSA in the antigen solution was
determined by measuring the absorbance of the solution
at 280 nm. Both compartments were drained, and the
mechanical integrity of the fibers and the seal separating
the blood and shell compartments was verified by check-
ing for antigen in the buffer drained from the shell
compartment. The blood and shell compartments were
again connected in series, and the SAF was washed four
times, by circulating 500 mL of bicarbonate buffer
through the SAF at 136 mL/min for 1 h (each wash).
Unreacted active sites on the fibers were capped by
circulating 250 mL of 1 M ethanolamine, pH 8.3, through
the SAF at 77 mL/min for 2 h. The SAF was flushed with
3.5 L of bicarbonate buffer (at 225 mL/min), 2 L of 0.1 M
glycine pH 2.5 (at 77 mL/min), and 7 L of phosphate-
buffered saline (PBS) (137 mM NaCl, 2.7 mM KCl, 10
mM Na2HPO4, 1.76 mM KH2PO4) pH 7.4 (at 225 mL/
min). Finally, 3.5 L of PBS was circulated through the
SAF at 136 mL/min overnight (at least 12 h). Excess fluid
was removed from the SAF using filtered compressed air,
and the SAF was stored at 4 °C until use.

Table 1. Dimensionless Variables and Groups

variable description

c/ ) c/ci free Ab concentration
cb
/ ) cb/cs

i bound Ab concentration
r/ ) r/a radial position
z/ ) z/L axial position
t/ ) t/(L/vav) time
Gz ) (πa2vav)/LD Graetz number
Da ) (kfcs

ia)/D Damköhler number

2(1 - r/2)∂c/

∂z/
) π

Gz
1
r/

∂

∂r/(r/∂c/

∂r/) (1b)

- 1
Da

∂c/

∂r/
) c/ at r/ ) 1, c/b ) 0 (4b)

co ) ci∫0

1
c/(1 - r/2)r/ dr//∫0

1
(1 - r/2)r/ dr/ (8)

c/ ) 0 at r/ ) 1, cb
/ ) 0, Da f ∞ (9)
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Antibody Solution Preparation. Affinity purified,
polyclonal sheep anti-BSA antibodies of IgG isotype were
obtained from Bethyl Laboratories, Inc. (Montgomery,
TX). The antibodies were supplied as a 1 mg/mL stock
solution in PBS/0.1% NaN3 and stored at 4 °C until use.
For each antibody removal experiment, an appropriate
volume of stock solution was added to PBS, pH 7.4, to
obtain the desired concentration and volume of anti-BSA
solution. All antibodies used were from the same lot.

Antibody Concentration Measurement. An in-
house enzyme-linked immunosorbent assay (ELISA) (38)
was used to measure the anti-BSA concentrations of
samples collected during each experiment. Anti-BSA
standards with concentrations between 2 and 40 ng/mL
were prepared for construction of a reference curve. Each
of the following solutions was added to the plate at 100
µL/well. BSA (10 µg/mL) in 0.1 M sodium carbonate
buffer, pH 9.6, was added to each well of a high-binding
Costar 96-well EIA plate (Fisher Scientific, Pittsburgh,
PA), and the plate was incubated at 37 °C for 1 h. The
plate was washed 5 times with 10 mM tris/100 mM NaCl/
0.05% Tween 20, pH 7.4. The anti-BSA samples to be
assayed (diluted appropriately in PBS/0.05% Tween 20,
pH 7.4) and the anti-BSA standards were added to the
plate in duplicate, and the plate was incubated for 1 h
at 37 °C and washed five times. Horseradish peroxidase-
conjugated anti-sheep IgG antibodies (Bethyl Laborato-
ries, Inc., Montgomery, TX), diluted to 1 µg/mL in PBS/
0.05% Tween 20, pH 7.4, were added to the plate, and
the plate was incubated for 1 h at room temperature and
washed six times. TMB peroxidase substrate (KPL,
Gaithersburg, MD) was added to the plate, and the plate
was incubated for 15 min at 37 °C. Finally, 1 M
phosphoric acid was added to the plate, and the optical
density of each well was measured at 450 nm using a
microplate reader (Molecular Devices, Sunnyvale, CA).
The concentration of each test sample was calculated by
comparison to the reference curve.

In Vitro Perfusion System. In vitro antibody re-
moval experiments were performed using the simple
perfusion system depicted in Figure 1. The system
consisted of a glass antibody solution reservoir, a Mas-
terflex peristaltic pump (Cole-Parmer Instrument Com-
pany, Vernon Hills, IL), a glass bead flow meter (Cole-
Parmer Instrument Company), a SAF, and a sampling
port at the SAF outlet. The components were connected
using Tygon tubing. The shell compartment of the SAF
was filled with PBS and closed, and the antibody solution
was pumped solely through the blood compartment. The
entire perfusion system, except the reservoir, was de-
aired and primed with PBS prior to the antibody removal
experiment. At the start of the experiment the reservoir
was filled with anti-BSA solution, and the solution was
pumped through the blood compartment of the SAF at
the prescribed flow rate.

In Vitro Antibody Removal Experiments. During
each antibody removal experiment, approximately one L
of antibody solution was pumped through a freshly
fabricated SAF in single pass mode at constant flow rate.
(A control SAF with immobilized HSA was the only SAF
used in multiple removal experiments.) Eight 1 mL outlet
samples and two inlet samples were collected and as-
sayed for anti-BSA concentration. The clearance was
calculated using the mean concentrations of both inlet
samples and the second through eighth outlet samples.
Negligible rise of the outlet anti-BSA concentration with
time verified that cb

/ remained near zero during each
experiment.

The first series of experiments was performed to
determine the dependence of antibody clearance on inlet
anti-BSA concentration. Anti-BSA removal experiments
were performed at inlet concentrations of 0.5, 1, and 2
µg/mL (0.0033, 0.0067, and 0.0133 nmol/mL), at a flow
rate of 47 mL/min, using SAFs with immobilized BSA.
The chosen anti-BSA inlet concentrations were within
the range of specific antibody concentrations reported in
the literature (39, 40). To check for nonspecific anti-BSA
removal, an experiment was performed using a SAF with
immobilized HSA (which does not bind the anti-BSA
used, data not shown), at an inlet concentration of 1 µg/
mL and a flow rate of 47 mL/min.

The second series of experiments was performed to
determine the dependence of antibody clearance on
antibody solution flow rate. An anti-BSA removal experi-
ment was performed at a flow rate of 110 mL/min and
an inlet concentration of 2 µg/mL, using a SAF with
immobilized BSA, and the measured clearance was
compared to the previously measured clearance at 47 mL/
min. Again the SAF with immobilized HSA was used to
check for nonspecific anti-BSA removal at 110 mL/min.
The flow rates used were of the same order as those used
during hemodialysis (36).

The third series of experiments was performed to
determine the dependence of antibody clearance on
antibody-binding capacity. To fabricate a SAF with
decreased anti-BSA-binding capacity, we used an antigen
solution containing 10 mg/mL BSA and 10 mg/mL HSA.
Using this SAF, we measured the clearance at an inlet
concentration of 1 µg/mL and a flow rate of 47 mL/min,
and compared the measured clearance to that measured
for the SAFs with immobilized BSA only.

Results

Model Predictions. The numerically predicted di-
mensionless clearance K/Q (K/Q ) 1 - co/ci) increases
nonlinearly with increasing Damköhler number and
approaches the analytically predicted diffusion-limited
dimensionless clearance as the Damköhler number ap-
proaches infinity (Figure 2). The dimensionless clearance
represents the fraction of the flow through the SAF that
is completely depleted of antibodies, and equals one if
the antibody concentration at the SAF outlet equals zero.
Figure 2 reveals the approximate boundaries of three
antibody transport regimes, defined by the magnitude
of the Damköhler number: reaction-limited (Da e 0.1),
intermediate (0.1 < Da < 10), and diffusion-limited (Da
g 10). The predicted dimensionless clearance is very low
(<0.05) in the reaction-limited regime. In the intermedi-

Figure 2. Predicted dependence of the dimensionless clearance
(K/Q) on Damköhler number (Da), for Graetz numbers (Gz)
equal to 12.5, 25.1, and 50.2. Dashed lines indicate the predicted
dimensionless clearance for diffusion-limited antibody transport
at each Graetz number. For each simulation the dimensionless
concentration of bound antibodies is equal to zero.

Biotechnol. Prog., 2003, Vol. 19, No. 5 1557



ate regime, the predicted dimensionless clearance is
higher (up to 0.6 at Gz equal to 12.5 and Da equal to 10)
and increases substantially with increasing Damköhler
number. The predicted dimensionless clearance is highest
in the diffusion-limited regime and increases very little
with increasing Damköhler number. As expected from
our earlier examination of eq 1a, for all Damköhler
numbers the predicted dimensionless clearance is highest
at the lowest Graetz number.

The rate at which the predicted dimensionless clear-
ance decreases with increasing Graetz number is slowest
for diffusion-limited antibody transport (Figure 3A).
Figure 3A shows the predicted dimensionless clearance,
relative to the predicted dimensionless clearance at
Graetz number equal to 10, as a function of the Graetz
number. The predicted dimensionless clearance is shown
in normalized form to allow visual comparison of simula-
tions at different Damköhler numbers. For a Damköhler
number of 1, increasing the Graetz number from 10 to
50 causes a 74% reduction in the predicted dimensionless
clearance; for diffusion-limited antibody transport, the
same increase in the Graetz number causes only a 56%
reduction in the predicted dimensionless clearance. For
this reason, the increase in predicted clearance with
increasing antibody solution flow rate is greatest for
diffusion-limited antibody transport (Figure 3B). For a
SAF with the same geometry as the prototypes used in
our in vitro studies, increasing the flow rate from 50 to
100 mL/min increases the predicted clearance from 15.0
to 17.0 mL/min (12.5%) when the Damköhler number is
equal to 1, and from 33.6 to 47.6 mL/min (34%) when
the antibody transport is diffusion-limited. Therefore
diffusion-limited antibody transport is doubly advanta-
geous, producing the highest clearance at a given anti-
body solution flow rate and the greatest increase in
clearance when the antibody solution flow rate is raised.

Experimental Antibody Removal. During each
anti-BSA removal experiment, the anti-BSA concentra-
tion at the SAF outlet increased sharply with the first
200 mL of throughput (volume of antibody solution
perfused through the SAF) as the priming solution was
flushed from the perfusion system (Figure 4). The outlet
concentration remained relatively constant for the re-
mainder of the experiment (up to 800 mL throughput),
indicating that the increase in bound anti-BSA concen-
tration during the experiment was negligible compared
to the anti-BSA-binding capacity of the SAF (i.e., cb

/ was
near zero throughout the experiment).

As expected for cb
/ approximately equal to zero, the

anti-BSA clearance was independent of anti-BSA inlet
concentration for inlet concentrations between 0.5 and 2

µg/mL (Figure 5). At an anti-BSA solution flow rate of
47 mL/min, the average of the clearances measured at
inlet concentrations of 0.5, 1, and 2 µg/mL was 26.3 mL/
min and the nonspecific clearance by the control SAF (at
an inlet concentration of one µg/mL) was 2.8 mL/min. The
measured clearance using the SAFs with immobilized
BSA, minus the nonspecific clearance, was approximately
73% of the predicted diffusion-limited clearance and was
within 2% of the clearance predicted for Damköhler
number equal to 3.

Anti-BSA clearance increased to 36.2 mL/min when the
anti-BSA solution flow rate was raised to 110 mL/min
(Figure 6). The nonspecific clearance by the control SAF
was 6.8 mL/min at an anti-BSA solution flow rate of 110
mL/min. The measured clearance using the SAF with
immobilized BSA, minus the nonspecific clearance, was
approximately 60% of the predicted diffusion-limited
clearance and was within 5% of the clearance predicted
for Damköhler number equal to 3.

At an anti-BSA solution flow rate of 47 mL/min, the
anti-BSA clearance decreased to 16.2 mL/min when the
anti-BSA-binding capacity decreased by approximately
50% (by immobilizing HSA and BSA within the SAF
instead of BSA only) (Figure 7). The measured anti-BSA
clearance using the SAF with immobilized HSA and BSA,
minus the nonspecific clearance by the control SAF, was
within 10% of the clearance predicted for Damköhler
number equal to 1.

Discussion
Transport of anti-BSA antibodies in SAF prototypes

with immobilized BSA occurred in the intermediate

Figure 3. (A) Predicted dependence of the dimensionless clearance, relative to the dimensionless clearance at Graetz number (Gz)
equal to 10.0 ((K/Q)/(K/Q)Gz)10), on Graetz number, for Damköhler numbers (Da) of 1 and 10 and for diffusion-limited antibody
transport. (B) Predicted dependence of clearance (K) on antibody solution flow rate (Q), for Damköhler numbers of 1 and 10 and for
diffusion-limited antibody transport. The SAF geometry is identical to the geometry of the SAF prototypes used for in vitro experiments.
For each simulation the dimensionless concentration of bound antibodies is equal to zero.

Figure 4. Anti-BSA outlet concentration relative to inlet
concentration (co/ci) during a typical anti-BSA removal experi-
ment. Throughput is the volume of anti-BSA solution perfused
through the SAF. Open symbols indicate data for a control SAF
with immobilized HSA; closed symbols indicate data for a test
SAF with immobilized BSA. Each experiment was performed
at an anti-BSA solution flow rate of 47 mL/min and an anti-
BSA inlet concentration of 1 µg/mL.
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regime, at a Damköhler number approximately equal to
3, and hence both the anti-BSA-binding rate and the
radial anti-BSA diffusion rate were important determi-
nants of the anti-BSA removal rate and clearance. At
anti-BSA solution flow rates of 47 and 110 mL/min, we
found close agreement between the measured anti-
BSA clearances and the model-predicted clearances for
Damköhler number equal to 3. Additionally, the anti-
BSA clearance was highly dependent on the anti-BSA-
binding capacity of the SAF, as expected for transport
in the intermediate regime. Based on our initial estimates
of the expected Damköhler number for SAF-based IgG
removal, we expected the anti-BSA transport in the SAF

prototypes to be diffusion-limited. Several factors may
have contributed to the low Damköhler number achieved
in our model system. In our SAF prototypes, BSA was
immobilized on the fibers via accessible primary amines
on the BSA. Since BSA contains 59 primary amine-
containing lysine residues (29), of which about 30-35 are
on the surface and available as immobilization points
(41), the population of immobilized BSA was heteroge-
neous and a fraction of the immobilized BSA may have
been unable to bind anti-BSA. Additionally, immobiliza-
tion of the BSA may have reduced the intrinsic anti-BSA/
BSA association rate constant and produced a low affinity
antibody-antigen system. Finally, the anti-BSA popula-
tion used may have had a low intrinsic affinity for BSA.
Several antigens used for immunoadsorption are avail-
able in synthetic form and can be immobilized via spacer
molecules to ensure that most of the epitopes are acces-
sible to the antibodies (42, 43). SAFs containing these
antigens may have antibody-binding capacities high
enough to produce diffusion-limited transport of medium
and high affinity antibodies (kf g 0.1 mL/nmol‚s or 105

L/mol‚s). During the development of SAFs for clinical use,
equilibrium antibody-binding experiments must be per-
formed to measure the antibody-binding capacity of the
SAF and to ensure that the immobilization method is
optimized to produced the highest possible antibody-
binding capacity.

Our antibody transport model can be used to predict
the SAF-based antibody removal rate if the SAF geom-
etry, blood flow rate, antibody diffusivity, and antibody-
binding rate are known. The model can also be used to
help assess how close a given system is to achieving
diffusion-limited antibody transport. For example, if the
anti-BSA/BSA system were a system of clinical relevance,
we would continue the SAF prototype development with
the goal of tripling the anti-BSA-binding capacity of the
SAF fibers and increasing the Damköhler number to 9.
Further development to increase the Damköhler number
past 9 or 10 would be unwarranted, since the model
predicts little enhancement in clearance obtained by
raising the Damköhler number above 10.

Our transport model does not consider the inherent
heterogeneity of polyclonal antibodies. As antibody popu-
lations do not display a Gaussian distribution of affinities
in vivo (44), appropriate mathematical representation of
antibody heterogeneity is difficult and requires extensive
knowledge of the antibody/antigen system being studied.
Use of an “average” value for kf may overpredict the
clearance since the clearance depends nonlinearly on kf
(i.e., the slow clearance of low affinity antibodies is not
balanced by the fast clearance of high affinity antibodies).

Radial antibody convection due to ultrafiltration of
buffer or plasma water across the fiber walls may
increase the SAF-based antibody removal rate, especially
if the antibody transport is diffusion-limited in the
absence of radial convection. The radial Peclet number
(Per) represents the ratio of the characteristic radial
antibody convective velocity to the characteristic radial
antibody diffusive velocity (22): Per ) vufa/D, where vuf
(cm/s) is the radial convective velocity of the buffer or
plasma water at the inner fiber walls. For the Hemophan
fibers used in this study, a transmembrane pressure of
up to 500 mmHg can be safely induced, producing a
radial convective velocity at the inner fiber walls of up
to 1 × 10-4 cm/s (24). At this radial convective velocity
the radial Peclet number for IgG removal is equal to 2.5,
and hence the radial antibody convective velocity is
comparable to the radial antibody diffusive velocity and
ultrafiltration may raise the antibody removal rate.

Figure 5. Dependence of anti-BSA clearance (K) on anti-BSA
inlet concentration (ci). Each experiment was performed at an
anti-BSA solution flow rate of 47 mL/min. Dashed lines indicate
the predicted clearances for Damköhler numbers (Da) of 1, 3,
and 5, and for diffusion-limited antibody transport. For each
simulation the dimensionless concentration of bound antibodies
is equal to zero.

Figure 6. Dependence of anti-BSA clearance (K) on anti-BSA
solution flow rate (Q). Simulated dependences of clearance on
flow rate, for Damköhler numbers (Da) of 1, 3, and 5 and for
diffusion-limited antibody transport, are also shown. For each
simulation the dimensionless concentration of bound antibodies
is equal to zero.

Figure 7. Dependence of anti-BSA clearance (K) on antigen
composition. Each experiment was performed at an anti-BSA
solution flow rate of 47 mL/min. Dashed lines indicate the
predicted clearances for Damköhler numbers (Da) of 1, 3, and
5 and for diffusion-limited antibody transport. For each simula-
tion the dimensionless concentration of bound antibodies is
equal to zero.
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During each in vitro antibody removal experiment per-
formed for this study, the shell compartment of the SAF
was filled with isotonic buffer and closed and hence the
net ultrafiltration rate was zero. The magnitude of the
Starling recirculation (recirculation between the blood
and shell compartments due to the drop in hydrostatic
pressure along the length of each fiber) was small
compared to the antibody solution flow rate since the
ratio of the lumenal flow resistance to the transmem-
brane flow resistance was much less than 1 (45). The
maximum radial Peclet number (at the SAF inlet and
outlet) due to Starling recirculation was 0.04, and hence
Starling recirculation did not affect the measured anti-
BSA removal rates.

The SAF-based antibody removal rate from whole blood
will differ from the removal rate from buffer, since the
antibody-binding rate and the antibody radial diffusion
rate will have different magnitudes in blood and in buffer.
Nonspecific binding of plasma proteins present at high
concentrations in whole blood may reduce the antibody-
binding rate in blood compared to the binding rate in
buffer. In stagnant blood, the antibody diffusivity will be
less than the diffusivity in buffer; however, due to shear-
enhanced diffusion the antibody diffusivity in flowing
whole blood may be higher than the diffusivity in buffer
(46). Additional mathematical and experimental studies
are required to determine the relationship between the
antibody removal rate from buffer and the antibody
removal rate from whole blood.
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