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A multicompartment Taylor-Couette flow hemofilter was designed to remove toxins
from a patient’s bloodstream via immunoadsorption. This device (Vortex Flow Plasma-
pheretic Reactor, VFPR) treats blood plasma with a fluidized-bed of small (45—165 X
10~ ° m diameter) particles, while protecting fragile blood cells from lysis. The potential
application for the VFPR is dialysis-related amyloidosis, a disease associated with the
systemic accumulation of beta-2-microglobulin in patients with long-term kidney failure.
The equilibrium behavior of immunoadsorptive gel beads is characterized experimentally
and theoretically using confocal microscopy and the Langmuir adsorption isotherm.
The importance of external mass-transfer resistance within the active compartment is
assessed through dissolution studies conducted with benzoic acid particles. These results
are combined with mass-transfer fundamentals to develop a dynamic immunoadsorp-
tion model. The modeling results, without the use of adjustable parameters, agree with
the experimental data and provide a foundation for further development and eventual

application.

Introduction

Numerous diseases are linked to elevated concentrations
of soluble compounds in blood for which no adequate treat-
ment exists because of the inability to remove them effi-
ciently from the patient (Braun and Bosch, 2000; Schwedler
et al., 2001; Tukey and Strassburg, 2000). One such condition
is dialysis-related amyloidosis (DRA), a frequent complica-
tion of long-term kidney failure (Dreuke, 2000). The charac-
teristic amyloid deposits of DRA are attributed to the sys-
temic accumulation of B,-microglobulin (8,m, 1.18x10*
g/mol), a constitutively expressed soluble protein normally
cleared by healthy kidneys. Presently, there are no widely
available treatments to prevent this chronic and debilitating
disease, short of a kidney transplant. Conventional renal re-
placement technologies such as hemodialysis, hemodiafiltra-
tion, and peritoneal dialysis are believed to remove insuffi-
cient quantities of 8, m, as they are nonspecific and based on
size-exclusion (Ameer, 2001).
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We hypothesize that an immunoadsorptive Vortex Flow
Plasmapheretic Reactor (VFPR) can be developed to remove
undesired molecules from the body and thereby treat dis-
eases such as DRA (Ameer et al., 2000). The VFPR is the
first device designed to use Taylor vortex flow and particle
fluidization to perform a reaction or an adsorption process
on whole blood during extracorporeal therapy (Figure 1). This
bioreactor was originally developed to inactivate heparin in
blood through enzymatic degradation (Ameer et al., 1999b),
and has more recently been used to remove 8, m from whole
human blood through immunoadsorption in vitro (Ameer et
al., 2001b).

From an engineering perspective, it would be useful to have
a dynamic immunoadsorption model for the VFPR to aid in
the design of device prototypes, in vitro experiments, and
clinical trials. To derive such a model, the mass-transfer and
adsorption processes within the VFPR need to be described.
Towards this end, experimental and mathematical methods
for characterizing the macroscopic mixing pattern within an
immunoadsorptive VFPR have recently been reported
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Figure 1. Vortex flow plasmapheretic reactor.

Used with permission from Kidney International, 59, pp.
1544-1550 (2001). The volume of the device containing
whole blood is shown in red, while the volume accessible
only to plasma is shown in yellow. The prototype device had
an inner cylinder radius of 2.70 cm, a membrane radius of
2.87 cm, and a membrane length of 11 cm.

(Grovender et al., 2001). Herein, the equilibrium behavior of
immunoadsorptive gel beads is characterized using the Lang-
muir adsorption isotherm and confocal microscopy. Further-
more, the importance of external mass-transfer resistances
within the active plasma compartment is assessed through
dissolution studies conducted with benzoic acid particles.
These results are used to develop a dynamic immunoadsorp-
tion model that should be able to describe the performance
of the immunoadsorptive VFPR without using any adjustable
parameters.

Description of the VFPR Device

A VFPR is constructed by counter-boring two concentric
chambers within the outer cylinder wall of a Taylor-Couette
vortex flow device (Ameer et al., 1999b; Figure 1). The col-
lection chamber is sealed with a polyester mesh filter (15 pm
opening) to keep the gel beads (45-165 um diameter) within
the active plasma chamber. These gel beads are highly porous
and have the active species (that is, an antibody or enzyme)
immobilized onto them. The active plasma compartment is
sealed with a 1 um pore-size, track-etched polyester mem-
brane to prevent contact between blood cells and the gel
beads. Compartmentalization in this novel Taylor-Couette
flow device eliminates red cell lysis due to particle fluidiza-
tion and prevents white cell and platelet activation due to
contact with the active gel beads (Ameer et al., 1999a).

Whole blood is pumped into the inlet port (typically
200-400 mL/min) and channeled through the innermost an-
nular or “blood” compartment. A peristaltic pump controls
the plasma flow rate through the microporous membrane, the
active plasma compartment, and the plasma collection cham-
ber (typically 50-60 mL/min). The rotation of the solid inner
cylinder (usually at about 1.3x10% rad/s) is achieved via
magnetic coupling and serves to create the Taylor vortices
(Donnelly, 1991) in the blood compartment. These flow insta-
bilities induce undulations throughout the unsupported mi-
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croporous membrane, fluidizing the gel beads in the active
plasma compartment. The cleansed plasma exits the active
plasma chamber via the collection chamber, which retains the
gel beads. The cleansed plasma is returned to the top of the
device where it mixes with bypassed cells and plasma prior to
exiting the VFPR via the blood outlet port.

Immunoadsorptive Gel

To date, the immunoadsorptive media used with VFPR de-
vices has consisted of anti-B8, m monoclonal antibodies immo-
bilized onto 4% agarose gel beads (Sepharose CL-4B, Amer-
sham-Pharmacia, Uppsala, Sweden; Ameer et al., 2001). In
this section, the partitioning, diffusion, and adsorption of 8, m
within the immunoadsorptive gel beads is described. These
characteristics of the immunoadsorbent are used later in the
derivation and solution of the dynamic immunoadsorption
model equations for the VFPR.

Solute partitioning

The partition coefficient of B,m in the gel (®) is defined
on a total bead volume basis by Eq 1. The value of this pa-
rameter is estimated using Eq. 2, a relation derived by Ogston
(1958) for dilute solutions of uncharged, spherical macro-
molecules in an array of randomly arranged cylindrical fibers.

Coal
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Cbulk ()
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Here, C, is the concentration of desorbed B, m in the bulk
fluid, C, is the concentration of desorbed B, m inside the
beads on a total gel volume basis, and ¢ is the volume frac-
tion of polymer fibers within the gel beads (¢ = 0.04). The
average radius of the agarose fibers r, was measured by
small-angle X-ray scattering (Djabourov et al., 1989; r, = 1.9
x10~° m). The hydrated radius of B%m, r,, was estimated
assuming that B,m has the specific volume and degree of
hydration of a typical globular protein (Cantor and Schim-
mel, 1980; r,=1.7X 1077 m).

Adsorption isotherm

The antigen-antibody equilibrium dissociation constant K,
is defined by Eq. 3, while an adsorption site mass-balance is
given by Eq. 4. The combination of Egs. 1, 3, and 4 results in
the Langmuir adsorption isotherm, Eq. 5
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On a total gel volume basis, p, and pg ,, are the densities of
adsorption sites and adsorbed B,m, respectively. The super-
scripts © and 9 refer to the initial and equilibrium values,
respectively.

A B,m mass-balance (Eq. 6) can be used with Egs. 1 and 5
to obtain Eq. 7, a form of the Langmuir adsorption isotherm
in terms of measurable variables.

(1= €)Vpea ngm = [Vtotal -(1- G)Vbed][cgulk - Cgﬂlk]

+[(1_ G)Vbed][cgel_cgeeql] (6)
Viotat = Voea(1— €)(1— @)
T (Chun = Chin)
bed
(1- E)pxocsqlk
= D—“ (7)
o + Ciii

Here V, is the total volume of the system, V.4 is the set-
tled-bed volume of immunoadsorbent, and € is the settled-
bed void fraction. For cases when ® ~ 1 or V4 < V,.a1> the
lefthand side of Eq. 7 can be approximated as in Eq. 8

I/tmall - I/bed(1 - 6)(1 - (I))
Vbed

](csulk— 0,)

Vtotal
= [ % ](Cgulk - Cﬁﬁlk) (8®)
bed

For the values of the parameters considered herein, this ap-
proximation represents an error of less than 2%. The adsorp-
tion site density ( p°) of the immunoadsorptive gel has previ-
ously been determined by equilibrating samples with saturat-
ing amounts of B,m (Ameer et al., 2001). The same protocol
and batch of immunoadsorbent was used with three subsatu-
rating quantities of 8,m to produce additional data, from
which the value of K, was regressed by minimizing sum
squared error (SSE).

Adsorption site distribution

Confocal microscopy was used to assess the spatial distri-
bution of B,m-adsorption sites within the immunoadsorbent
gel beads. Recombinant human B, m was prepared using the
previously described protocol (Ameer et al., 2001) and la-
beled with fluorescein-5-EX succinimidyl ester, according to
the instructions provided by the manufacturer (Molecular
Probes, Eugene, OR). Fluorescein-B,m (6 mg) was equili-
brated with a sample of the immunoadsorptive gel (0.20 mL)
in phosphate buffered saline (pH 7.4; PBS). The sample was
combined with an equal volume of anti-bleaching buffer (10
ng p-phenylene diamine, 1.5 mL deionized water, and 1 mL
10x PBS brought to a total volume of 10 mL with glycerol)
and studied with a Zeiss LSM 510 confocal microscope (Ob-
erkochen, Germany). Two additional samples were analyzed
as controls: (1) gel beads without immobilized antibody, but
equilibrated with fluorescein-B,m; (2) gel beads with immobi-
lized antibody, but not equilibrated with fluorescein-8, m.
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Effective diffusivity
The effective diffusivity (D,) of B, m inside the gel beads
was calculated using Eq. 9, where D,, is the diffusion coeffi-
cient of B,m in a dilute aqueous solution and 6 is the diffu-
sion hindrance exerted by the gel polymer fibers
D,= 6D, )
The value of D, was estimated at 37°C (1.8 X 1071 m?/s)
using a correlation for large molecules including proteins
(Polson, 1950) and 6 was assumed to be the measured value
(0.63) reported by Johnson et al. (1996) for lactalbumin (a
1.4x10* g/mol globular protein) in 4% agarose gel.

Device Model
Blood compartment

Figure 2 illustrates the dynamic adsorption model for the
VFPR. It has previously been shown through residence time
distribution studies and mathematical modeling that the
macroscopic mixing behavior within the blood compartment
can be well represented by a series of N ideally well-mixed
tanks. The residence time (75 ;) of blood plasma in each tank
is constant, but each tank has its own unique volume (Vy,)
(Grovender et al., 2001). Equations 10-14 represent a mass
balance of B,m within the blood compartment, taking into
account hemofiltration into the active plasma compartment
(APO)

dCBC’,- 1
—dt = _(CBC,I'— 1= CBC,i) (10)
TBC,i
(1 - HBc,i)VBc,i
TBC,i = (11)

Qi+ Qpc(1— Hpe ;)
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Figure 2. Dynamic VFPR adsorption model.

The macroscopic mixing behavior of the blood compartment
is described by a finite series of ideally well-mixed control
volumes or “tanks.” The bulk fluid of the active plasma
chamber and the lumped volume of the plasma line tubing
and plasma collection chamber are each represented by a
single tank.
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Here, Cpc g, Hpcp and Qpc o are the inlet plasma 8, m con-
centration, hematocrit (volume fraction of blood cells), and
whole blood volumetric flow rate, respectively. The plasma
pump controls the total volumetric flow rate of plasma across
the microporous membrane into the active compartment Q,,,.
For the ith tank-in-series, Cpc; is the plasma concentration
of B,m, Hy.; is the hematocrit, Qg ; is the outlet volumet-
ric flow rate of whole blood, and Q,, ; is the volumetric flow
rate of plasma across the membrane. The total volume of the
blood compartment is V.. The B, m concentration of plasma
crossing the membrane C,, is given by Eq. 15

_ NBC

Cn=5— Z (VBC,iCBC,i)

BC =1

(15)

Active plasma compartment

The active plasma compartment houses the immunoad-
sorptive media, which consists of an antibody immobilized
onto porous agarose gel beads. The model for the active
plasma compartment incorporates the following assumptions:
(1) the intrinsic antibody-antigen association rate is instanta-
neous; (2) the adsorption sites are uniformly distributed in-
side the gel beads; (3) the adsorption equilibrium follows the
Langmuir isotherm; (4) the bulk fluid within the active com-
partment behaves as a single well-mixed control volume as
previously described (Grovender et al., 2001); (5) the size of
the gel beads can be well represented by the volume-average
radius R.

Equation 16 represents a mass balance for 8, m in the bulk
fluid of the active plasma compartment. The first term on the
righthand side of Eq. 16 accounts for convective flow through
the active plasma compartment; the second term accounts for
transport of B,m to the surface of the active beads

CAPC

d —
[VAPC - Vbed(l_ 5)]7 = Qm(Cm - CAPC)

+ Asurface}m(czulgfgce - CAPC) (16)

Here V) pc _is the total volume of the active plasma compart-
ment and k,, is the mass-transfer coefficient for the trans-
port of B,m from the bulk fluid to the surface of the gel

beads. The B,m concentrations within the bulk fluid and at

the outer surface of the gel beads are C,p- and Cuface
respectively. The total surface area of the gel, A, tace> 1S €X-

pressed by Eq. 17 in terms of previously defined parameters,
where Ny.,q i the total number of gel beads in the active
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plasma compartment

(1-€)Viea
Asurfacc = Nbeads(47TR2) = |: (4’7TR3/3) (47TR2)
3(1— €)Viea
- 7
(1)

Equations 1, 16, and 17 are combined to yield Eq. 18, which,
along with Eqgs. 19 and 20, are used to model the dynamics of
the B,m concentration of the bulk fluid within the active
plasma compartment
dC p¢ 1 _
——=—(C,—C
d Tirc ( m APC)
3V pea(1—€)
TEMT[VAPC ~Vhea(1—=

Vire = Viea(1—€)

Csulrface
ge.

-C 18
E)] ( ) APC) ( )

(19)

Tapc =

Nl” éQ

(20)

TEMT =
m

Here, the characteristic time-scale of external mass transfer
(or the transport of B, m to the surface of the active beads) is
Temr and 7,pc is the residence time of the bulk fluid vol-
ume.

Using the aforementioned assumptions, the species conser-
vation equation for desorbed B, m within an immunoadsorp-
tive gel bead is reduced to the form shown by Eq. 21. The
rate of adsorption R,gerpiion 18 €xpressed in the convenient
form shown by Eq. 22

aC,, 1 0 . dC,
“l_p (r2 eel (21)

ot e rz ar ar ) - Radsorption

apﬁzm ( ﬂcgel )

R... L =
adsorption J Cgel ot

(22)

The Langmuir adsorption isotherm, or Eq. 5, is combined
with Egs. 21 and 22 to yield Eqgs. 23 and 24 which represent a
mass balance for 8, m within a gel bead. Here, the character-
istic time-scale of internal mass transfer within the porous
beads is 7;,,7. Equation 23 has previously been derived and
used to model the adsorption of albumin onto an ion-ex-
change resin (Leaver et al., 1992). Equations 25 and 26 repre-
sent the boundary conditions that were used to solve Eq. 23,
where the superscripts '8 and M refer to their respec-
tive radial positions

-1

&Cgel _ R2 1+ pgKD ( azcgel + E acgel)
at TIMT (Kp+ Cgel)2 ar* r odr
(23)
R2
TiMT = D (24)

e
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Plasma line, collection chamber, and blood outlet port

The plasma line and collection chamber are lumped to-
gether as a single well-mixed control volume and modeled by
Eqgs. 27-28. Here Cp ccs Vprce, and 7pp o are the lumped
B,m concentration, volume, and residence time, respectively.
The plasma B,m concentration of partially cleansed whole
blood exiting the VFPR, C zpg, is calculated by Eq. 29

dc 1
e (CA PC CPLCC) (27)
dt TpLCC
Vprcce
TpLCC = 0 (28)

0, Cprrcc +(Qpeyo — Qm)(l - HBC,NB(;)CBC,NBC
Opco(1— Hgcp)

Cyppr=
(29)

Reservoir Model

The VFPR is usually connected to a B,m reservoir in a
closed-loop circuit for blood detoxification (Figure 3). This
reservoir can be comprised of a bag of donated blood, an
animal model, or a human patient. To date, B,m-im-
munoadsorption experiments with the VFPR have been lim-
ited to bags of whole human blood (Ameer et al., 2001).
Equations 30 and 31 represent the mass balance of 8,m in a
blood bag (530 mL) and its circuit tubing (65 mL). These two
volumes are lumped together as Vi. Equations 32 and 33
mathematically connect the reservoir to the VFPR device in
a closed-loop circuit

dCBRJ- 1
T = (CBR,i—l - CBR,[) (30)
TBR,i
TBR Var

(€2))

(32)
(33)
Here, Npy is the number of theoretical tanks representing

Vpg- For the ith tank-in-series, Cpp ; is the plasma 8, m con-
centration and 7 ; is the residence time.

T = — e —
BR,i
NBR NBRQBR

CBR,O =Cyrpr

CBC,O = CBR,NBR

Characterization of Mass-Transfer to the Surface
of Suspended Particles

The importance of mass-transfer resistance at the external
surface of the suspended gel beads (74,,, Eq. 20) relative to
the mass-transfer resistance associated with the hemofiltra-
tion rate (74pc, Eq. 19) was assessed through dissolution
studies conducted with small, nonspherical particles of ben-
zoic acid. These particles were created using a method simi-
lar to one previously described by Moore (1994). Briefly, ben-
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Figure 3. Closed-loop blood detoxification with the
VFPR.

The B,m reservoir represents either a human patient or a
substituted model (that is, a bag of blood) and the circuit
tubing. The equations shown are provided as a convenience
to the reader and are described throughout the text.

zoic acid was melted, solidified into a flat sheet on aluminum
foil, and crushed with a ceramic mortar and pestle. Irregu-
larly shaped particles approximately 100 wm in size were ob-
tained by sifting the crushed benzoic acid between 150 pum
and 75 pum nominal opening stainless steel sieves (VWR,
Westchester, PA).

The dissolution studies were conducted as shown in Figure
4. The active plasma compartment was flushed for 5 min
(> 3.5 residence times) to remove most ( > 95%) of the dis-
solved benzoic acid that was injected along with the solid
particles. During the following 5 min experimental period,
samples were taken every 60 s and immediately filtered to
remove any remaining fine particles (0.45 um Millipore cata-
log number SLHV R04 NL, Bedford, MA). The concentra-
tion of benzoic acid was measured by reading the absorbance
at 250X 10~° m (diluting the samples as necessary with 0.01%
Triton X-100).

Computational Methods

Equations 10—-15, 18-20, and 23-33 model the dynamics of
B,m adsorption within the VFPR and the subsequent re-
moval of B,m from a blood reservoir. The forward-time cen-
tered-space (FTCS) method was used to convert Eq. 23 into a
discrete form (200 finite radial sections), and the second-order
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Figure 4. Apparatus used to conduct the dissolution
studies.

Agarose gel beads (40 mL Sepharose CL-4B) were included
in the active compartment in an attempt to duplicate the
conditions of the dynamic B, m-adsorption experiments. The
main pump flow rate (200 mL/min), plasma pump flow rate
(50 mL/min), and cylinder rotation rate (1.3 X 102 rad/s) also
matched those used during the B,m-adsorption experi-
ments. Aggregation of the benzoic acid particles was pre-
vented by adding 0.01% Triton X-100 to the system. It has
previously been reported that the use of a similar nonionic
surfactant during benzoic acid dissolution studies has a min-
imal effect (< 5%) on the mass-transfer rate (Gondoh et al.,
1968).

Runge-Kutta algorithm was applied to integrate the differen-
tial equations (Press et al., 1992). Input parameters (includ-
ing initial conditions, with superscripts ‘%) used for the
model calculations are listed in Table 1. At each time-step,
the total mass-balance error for Egs. 10-15, 18-20, and 23-33
was kept below 0.5%.

Results and Discussion

We designed a multicompartment Taylor-Couette flow
hemofilter to remove toxins from a patient’s bloodstream via
immunoadsorption. The first immunoadsorption application
was to remove the amyloid-associated protein f,-micro-

Table 1. Model Input Parameters

Parameter Value Parameter Value
cire 0 mg/L 0, 50° mL/min
CLl 3.2" mg/L R 46 pm
Chat 3.2% mg/L Ve 465" mL
ctl 0 mg/L Vies 6.6,6.3,6.1,59 mL
f0  Omg/L ’ 5.7,5.5,53, 514
3 11Xx107° m%s  V,pe 79 mL

Hpgg 0.31*" Vied 48" mL

Ky 0.1 mg/L Vir 595 mL

K 1073 m/s VoLcc 15" mL

Ngc ghs € 0.4*

Nggr 38 ) 0.87

Ogr 200" mL/min pf 50%** mg/L

*Ameer et al., 2001.

After accounting for dilution by the priming saline.

*Grovender et al. (2001).

*The mixing behavior was re-characterized through similar RTD stud-
ies using a 36% glycerol-in-water solution at 20°C to better account for
the viscosity and density of whole blood (Wolf et al., 1984; Fournier,
1999).

'Data provided by the manufacturer.

#Calculated from the total and void volumes measured in a packed col-
umn (acetone and pore-excluded aggregate protein markers; Bio-Rad
No. 151-1901, Hercules, CA).

#Value previously reported on a settled-bed volume basis.
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Figure 5. Equilibrium adsorption behavior of the im-
munoadsorptive media.

Equations 7 and 8 (—) were regressed to the saturated (A)
(Ameer et al., 2001) and subsaturated (O) data to deter-
mine the value of K (0.1+0.1 mg/L ~10~% mol/L). The
value of p? (50+3 mg/L) was calculated from the saturated
data. Error bars and confidence intervals represent the stan-
dard error of the mean (SEM).

globulin from human blood in vitro. This technology, we be-
lieve, can be used for understanding and treating the pro-
gression of dialysis-related amyloidosis, a devastating compli-
cation of long-term kidney failure, by targeting a specific
macromolecule and monitoring the effect of its removal on
the patient via clinical trials. To lay a solid foundation for the
derivation of a dynamic model, the equilibrium behavior of
the immunoadsorbent and the mass-transfer characteristics
of the VFPR were investigated independently.

Over the B,m concentration range considered, the Lang-
muir isotherm describes equilibrium B,m adsorption data
(Figure 5). The value of the antibody-antigen dissociation
constant (K, = 0.1 + 0.1 mg/L) is significantly smaller than
the lower limit of the B, m concentration range in the circula-
tion of healthy individuals (1.0-3.0 mg/L) (Floege and Ket-
teler, 2001). Therefore, this model immunoadsorbent appears
to have sufficient affinity for therapeutic application.

The cross-sectional confocal micrograph of a typical im-
munoadsorptive gel bead shows that the 8, m adsorption sites
are uniformly distributed throughout the polymer (Figure 6a).
This was a key assumption in the numerical solution of Eq.
23 (that is, p? not a function of radial position). Meanwhile,
the defect in the atypical bead demonstrates the ability of the
imaging technique to detect regions inside the gel that lack
adsorbed B,m (Figure 6b). These results demonstrate the
utility of confocal microscopy for the characterization of
porous matrices.

During the dissolution studies, the observed concentration
of benzoic acid (3.04+0.1 g/L) exiting the VFPR through the
plasma line did not significantly differ from the solubility limit
(2.9 g/L at 20°C) (Budavari et al., 1989). This strongly sug-
gests that external mass-transfer resistances within the active
plasma compartment are not rate limiting under the process
conditions considered. In order to provide flexibility for other
process conditions that may arise in the future, the derivation
of the VFPR model accounts for the possibility of a rate-
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Figure 6. Confocal micrograph of the immunoadsorptive gel: center cross-section of (a) typical bead; (b) atypical

bead.

B,m is shown in green. The controls showed no apparent adsorption of B,m or intrinsic fluorescence of the immunoadsorbent. The
thickness of the cross-section shown is 0.40 um and the resolution is 0.22 pm.

limiting external mass-transfer resistance through the mass-
transfer coefficient k,,. In accordance with the findings of
the dissolution studies k,, was assigned a finite value suffi-
ciently large such that 77 <777 and 7hyr < 74pc (Ta-
ble 1 and Eqgs. 19, 20 and 24). Thus, external mass-transfer
resistance did not have any appreciable effect on the im-
munoadsorption dynamics calculated by the model for the ex-
periment considered (refer to the sensitivity analysis below
and Figure 8a). However, the second term on the righthand
side of Eq. 18 is required in any case to account for the trans-
port of B,m to the surface of the gel beads.

The model’s ability to describe VFPR performance was
tested with a set of input parameters corresponding to a pre-
viously conducted B,m-adsorption experiment (Table 1).
Without adjusting any of the parameters, the dynamic im-
munoadsorption model is able to describe the performance
of the VFPR (Figure 7; Egs. 10-15, 18-20 and 23-33). It is
important to note that the equilibrium concentration of 8,m
is on the order of the antibody-antigen dissociation constant
(Kp). This is the case because the system was charged, ap-
proximately, with a 1:1 stoichiometric ratio of B,m and ad-
sorption sites. Under clinical operating conditions, an im-
munoadsorptive VFPR would likely contain an excess num-
ber of adsorption sites. In separate 8,m immunoadsorption
experiments that were conducted with excess adsorption sites,
the equilibrium B,m concentrations were below detectable
limits (Ameer et al., 2001).

A sensitivity analysis was conducted on the external mass-
transfer coefficient (k,,) to confirm that increasing the value
of k,, above the arbitrarily assigned value does not have a
significant effect on the model predictions (Figure 8a). Fur-
thermore, the model’s flexibility to account for external
mass-transfer resistances is demonstrated by the shape of the
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plasma line model curve for the low value of k,, (7gpr ~
7ir)- The assumption that the population of gel beads can
be well represented by the volume-average radius was tested
by a sensitivity analysis on R (Figure 8b). Varying the value
of this parameter by one standard of deviation has an effect
on the shape of the plasma line concentration curve; how-
ever, this effect is reasonably symmetric. Therefore, the as-
sumption appears to be justified. Because their values were
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Predicted and observed dynamics of S,m
clearance from whole blood by an immunoad-
sorptive VFPR, in vitro.

The model equations listed in Figure 3 and the input pa-
rameters listed in Table 1 were used to calculate the blood
reservoir outlet (Cpgg n,,> - - - -) and plasma line (Cprcc,
—) B,m concentrations. The blood reservoir outlet (0) and
plasma line () data has been previously reported (Ameer
et al., 2001). Error bars represent SEM.

Figure 7.
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Figure 8. Figure 8. Sensitivity analysis for the model
parameters (a) k,,, (b) R, (c) D, and (d) ®.

The plasma line data (a) has previously been reported
(Ameer et al., 2001) and the error bars represent the stan-
dard error of the mean (SEM). The center (—) values for
the model parameters are listed in Table 1. The high (-X-
x-) and low (- - - -) values are as follows: k,, =102 and
107° m/s, R=58 & 34 um(+ o), D,=1.8x1071" and 0.7
X107 m?%/ (+£20%), ® = 1.00 & 0.75 (the measured value
reported by Johnson et al. (1995) for lactalbumin in 6%
agarose gel).
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estimated from the literature, sensitivity analyses on the hin-
dered effective diffusivity (D,) and the solute partition coeffi-
cient (®) were performed (Figures 8c—8d). The variations
considered (refer to Figure 8 caption) in D, and @ resulted
in changes of less than 15% in the calculated values of Cp; ¢
at all time points.

The dynamic immunoadsorption model for the VFPR was
developed to facilitate the development of the device and the
optimization of its potential therapeutic application. With the
desire for a model capable of describing the VFPR’s perfor-
mance over a range of conditions, the model was based on a
fundamental transport theory and guided by the independent
characterization of the fluid dynamics and adsorption equi-
librium. The model calculations predict that the mass-trans-
fer processes within the active compartment of the VFPR do
not control the rate of B, m-adsorption (Figure 7). Hence, we
conclude that the process controlling the 8, m-adsorption rate
within the VFPR is the hemofiltration rate (Q,, = 50
mL/min), which is on the order of the reported flow rate of
extravascular B,m into the bloodstream (~ 70 mL/min)
(Floege et al., 1991). These two processes are expected to be
rate-controlling for B8, m removal from a patient with the im-
munoadsorbent VFPR. A major goal for the future develop-
ment of the VFPR will be to increase the hemofiltration rate,
while maintaining the fast mass-transfer rates within the ac-
tive plasma compartment. The methods for characterizing the
VFPR and the dynamic immunoadsorption model presented
herein should prove useful in this endeavor.
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