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Abstract

Protein A immobilized polyhydroxyethylmethacrylate (PHEMA) microbeads were investigated for the specific
removal of HIgG from aqueous solutions and from human plasma. PHEMA microbeads were prepared by a
suspension polymerization technique and activated by CNBr in an alkaline medium (pH 11.5). Protein A was then
immobilized by covalent binding onto these microbeads. The amount of immobilized protein A was controlled by
changing pH and the initial concentrations of CNBr and protein A. The maximum protein A immobilization was
observed at pH 9.5. Up to 3.5 mg protein A/g PHEMA was immobilized on the CNBr activated PHEMA
microbeads. The maximum HIgG adsorption on the protein A immobilized PHEMA microbeads was observed at
pH 8.0. The non-specific HIgG adsorption onto the plain PHEMA microbeads was low (about 0.167 mg of HIgG/g
PHEMA). Higher adsorption values (up to 6.0 mg of HlgG/g PHEMA) were obtained in which the protein A
immobilized PHEMA microbeads were used. Much higher amounts of HIgG (up to 24.0 mg of HIgG/g PHEMA)
were adsorbed from human plasma.

1. Introduction

Protein A is a cell wall protein of Staphylococ-
cus aureus of molecular mass 42 000 with a
strong, specific affinity for the Fc regions of
immunoglobulins [1]. Due to this specificity.
immobilized protein A matrices have a number
of applications including isolation and purifica-
tion of immunoglobulins, purification of mono-
clonal antibodies, isolation of immune complex-
es, and affinity chromatography of cells [1-3].

Therapeutic application of immobilized pro-
tein A matrices was first demonstrated by Bansal
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et al. [4] in their original publication describing
the modality in perfusion of autologous plasma
over Staphylococcus aureus or its active com-
ponent, i.e. protein A. Thereafter, others have
investigated antitumor responses in animal
models and in human clinical trials [5-9]. Orlin
and Berkman [10] have successfully utilized
immobilized protein A matrices for the removal
of antibodies in the cases of hemophilia and
Goodpasture’s  syndrome, without depleting
serum proteins other than IgG. Nilsson and
coworkers [11,12] have used protein A linked
agarose beads for removal of IgG from patients
with chronic lymphocytic leukemia and autoim-
mune hemolytic anemia. Recently, Christie and
Howe [13] have reported the treatment of refrac-
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toriness to platelet transtusion by protein A
column therapy.

Fuglistaller reported a comparison of immuno-
globulin binding capacities and ligand leakage
values of several matrices [14]. The solid-phase
matrices used for protcin A immobilization are
generally agarose. cellulose or controlled-pore
glass. with cyanogen bromide as the common
reagent for activation [15].

In the present study we have attempted to
prepare a bioaffinity sorbent containing protein
A for the selective adsorption of immuno-
globulins (IgG) from human blood or plasma.
We have prepared polyhydroxyethylmethacrylate
(PHEMA) microbeads as the basic solid-phase
matrix, which is one of the most widely used
hydrophilic polymers in biomedical applications
[16-19]. by considering possible applications of
these sorbents in direct hemopertusion extracor-
poreal therapy. in which blood compatibility 1s
one of the main concerns [20.21]. PHEMA
microbeads were produced by a suspension poly-
merization technique. The hydroxyl groups on
these microbeads were activated by CNBr, and
then protein A molecules were covalently cou-
pled to the microbeads through the active sites.
HIgG adsorption on the protein A immobilized
PHEMA microbcads from aqgucous solutions
containing different amounts of HIgG and at
different pH. and also from human serum arc
reported here.

2. Experimental
2.1. Preparation of PHEMA microbeads

The basic monomer. 2-hydroxyethylmeth-
acrylate (HEMA). was purchascd from Sigma
(St. Louis, MO. USA). and was purified by
vacuum distillation under a nitrogen atmosphere.
The comonomer ecthyleneglycoldimethacrylate
(EGDMA, Merck. Germany) was used as the
crosslinking agent. The polymerization initiator
was 2,2'-azobisisobutyronitrile (AIBN) (BDH.
UK). The dispersion medium was a saturated
aqueous solution of magnesium oxide (MgQO)
(Sigma).
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PHEMA microbeads were prepared by a sus-
pension  polymerization technique [20]. Poly-
merization was carried out in an aqueous disper-
sion medium containing magnesium oxide which
was used to decrease the solubility of the mono-
mer. HEMA in the medium. The monomer
phase containing HEMA, EGDMA and AIBN
was added to the dispersion medium within a
laboratory type reactor (i.e., a two-neck flask
with a volume of 500 ml) equipped with a blade-
tvpe stirrer. In order to produce polymeric
microbeads of about 200 um in diameter and
with a narrow size distribution, the HEMA/
EGDMA ratio. the monomer phase/dispersion
phase ratio, the amounts of EGDMA and
AIBN. and the agitation speed were 1:3 (viv),
1:10 (v/v). 0.33 (mol EGDMA/mol HEMA),
0.0015 (mol AIBN/mol HEMA), 600 rpm, re-
spectively. Polymerization was carried out at
70°C for 3 h and then at 90°C for 1 h. After
cooling, the polymeric microbeads were sepa-
rated from the polymerization medium by filtra-
tion, and the residuals (e.g. monomer, MgO,
ctc.) were removed by a cleaning procedure
given in detail elsewhere [20]. Briefly, a fixed-
bed column was filled with microbeads and
washing solutions (i.e. a dilute HCI solution, and
a water—ethanol mixture) were recirculated
through the system which includes also an acti-
vated carbon column, until the microbeads were
clean. The purity of the microbeads was followed
by observing the change in optical density of the
samples taken from the liquid phase in the
recirculation system, and also from DSC thermo-
grams of the microbeads obtained by using a
differential scanning calorimeter (Mettler, Swit-
zerland).

2.2. CNBr activation

Prior to the activation process, PHEMA mi-
crobeads were kept in distilled water for about
24 h and washed on a glass filter with 0.5 M
NaCl solution and water in order to remove
impurities. Cyanogen bromide (CNBr, Sigma)
aqueous solutions (100 ml) with different initial
concentrations (5-50 mg CNBr/ml distilled
water) were prepared. The pH of this solution
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was quickly adjusted to 11.5 with 2 M NaOH
while it was magnetically stirred. One gram of
PHEMA microbeads was then added to this
solution and the activation procedure was con-
tinued for 60 min at a constant pH of 11.5. After
the activation reaction. in order to remove the
excess activation agent. the PHEMA microbeads
were washed with 0.1 M NaHCO, and any
remaining active groups (e.g. isourea) on the
surfaces were blocked by treatment with ethanol
amine (pH 9.1) and FeCl, solution for 1 h.
Then, the activated PHEMA microbeads were
washed four times with distilled water containing
0.5 M NaCl.

2.3. Protein A immobilization

Protein A (Cat. No: 6650 from Staphylococcus
aureus) was purchased from Sigma. One gram of
the freshly CNBr activated PHEMA microbeads
was magnetically stirred (at 50 rpm) at a constant
temperature of 20°C for about 4 h (i.e. equilib-
rium time) with 50 ml of a protein A solution. In
order to observe the effects of the CNBr initial
concentration and pH on covalent coupling of
protein A to the CNBr activated PHEMA mi-
crobeads, the CNBr initial concentration and the
medium pH were varied between 5 and 50 mg/
ml and 8.5 and 10.5, respectively. The initial
concentration of protein A was (0.2 mg/ml. To
study the effect of the protein A concentration
on coupling, the initial concentration of protein
A was varied between (.05 and 0.40 mg/ml in
which the pH of the solution (containing 0.1 M
NaHCO, + 0.5 M NaCl) was 9.5.

After coupling, the protein A immobilized
PHEMA microbeads were washed with 0.0625
M borate buffer + 0.15 M NaCl (pH &.8), with 2
M urea+0.15 M NaCl. and finally with 0.1 M
NaHCO, + 0.5 M NaCl (pH 9.5). The amount
of protein A immobilized on the CNBr activated
microbeads was determined by measuring the
decrease of protein A concentration and also by
considering the protein A molecules adsorbed
non-specifically (the amount of protein A ad-
sorbed on the plain PHEMA microbeads). by
the modified Lowry method [20,22].

2.4. HIgG adsorption from HIgG solution

Adsorption of human IgG (HIgG, Sigma, Cat.
No: 160101) on the protein A immobilized
PHEMA microbeads was studied batch-wise.
One gram of PHEMA microbeads containing
protein A was incubated with 50 ml of HIgG
solution at 20°C for 4 h (i.e. equilibrium time).
In order to study the effects of CNBr concen-
tration and pH on the covalent coupling of HIgG
to protein A immobilized PHEMA microbeads,
the CNBr concentration and the pH of the
solution were varied between 5 and 50 mg/ml
and 6.5 and 9.0, respectively. The initial con-
centration of HIgG was 0.20 mg/ml solution.

To study the effects of the amount of protein
A on adsorption of HIgG, the amount of protein
A on the PHEMA microbeads was varied be-
tween 2.00 and 2.89 mg protein A/g PHEMA, in
which the pH of the adsorption medium and the
initial concentration of HIgG were 7.4 and 0.20
mg/ml solution, respectively. To study the ef-
fects of the initial concentration of HIgG on
adsorption, the initial concentration of HIgG
was varied between 0.05 and 0.40 mg/ml. Here,
the amount of protein A on the PHEMA mi-
crobeads was constant (2.71 mg protein A/g
PHEMA), and the pH of the medium was 7.4.

After the HIgG adsorption the PHEMA mi-
crobeads were washed with 0.0625 M borate
buffer + 0.15 M NaCl (pH 8.8), with 2 M urea +
0.15 M NaCl, and finally with 0.1 M NaHCO,
(pH 9.5) + 0.5 M NaCl in order to remove the
non-specifically adsorbed HIgG molecules. The
amount of HlgG adsorbed through protein A on
the PHEMA microbeads was determined with
the modified Lowry method by measuring the
decrease in the HIgG concentration and also by
considering the non-specifically adsorbed HIgG
molecules (the amount of HIgG adsorbed on the
plain PHEMA microbeads) [20,22].

2.5. HIgG adsorption from serum

Adsorption of HIgG from human plasma on
the protein A immobilized PHEMA microbeads
was studied batch-wise. Fresh human blood was
used in all experiments. Blood samples were
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centrifuged at 500 g for 30 min at room tempera-
ture to separate plasma. A 0.2-g amount of
PHEMA microbeads containing protein A was
incubated at 20°C for 20 min with 2 ml of human
plasma. In order to study the effects of the
amount of immobilized protein A on the ad-
sorption of HIgG, PHEMA microbeads contain-
ing different amounts of protein A (between 2.0
and 2.89 mg protein A/g PHEMA) were used.
The amount of HIgG adsorbed through protein
A on the PHEMA microbeads was determined
by a solid-phase enzyme-linked immunosorbent
assay method (ELISA) by measuring the de-
crease in the HIgG concentration in the plasma
[23]. The initial plasma concentration of HIgG
was 10.5 mg/ml solution.

3. Results and discussion
3.1. Protein A immobilization

In the first part of this study. the effects of
medium pH. initial concentrations of CNBr and
protein A on the immobilization of protein A
onto the PHEMA microbeads were investigated
in batch adsorption—cquilibrium studies.

In order to establish the optimal pH for
protein A immobilization. coupling studies were
performed at pH values between 8.5 and 10.5
[20]. The maximum protein A immobilization
was achieved around pH 9.3, which was assumed
to be the optimal pH and which was used in the
later part of this study. Similar pH values were
also proposed and applied for protein A coupling
by others [14.15.24-27].

Yields of protein A immobilization on conven-
tional matrices reported in the literature vary
over a wide range from about 0.45 mg protein A
per gram of controlled-pore glass [25] up to 8.0
mg protein A/g matrix (i.e. surface modified
cellulose fibers) {26]. Recently very high im-
mobilization yiclds up to 32.8 mg/g wet pellets
of S-layer microparticles (an unconventional ma-
trix) from the Gram-positive Clostridum ther-
mohydrosulfuricum L11-69 were also reported
[27]. In our studies. the maximum ligand in-
corporation achieved was 3.5 mg protein A/g
PHEMA over the range of CNBr concentration
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used; this is similar to the immobilization yields
found for conventional matrices.

The initial concentration of the activating
agent, i.e. CNBr, in the activation medium was
varied between 5 and 50 mg/ml in order to
change the number of activated sites on the
PHEMA surfaces. These PHEMA microbeads
with different degrees of activation were then
incubated with protein A aqueous solutions at
pH 9.5 [20]. Note that the non-specific adsorp-
tion (adsorption on the plain PHEMA mi-
crobeads) was less than 0.12 mg protein A/g
PHEMA. The amount of protein A immobilized
on the microbeads increased by increasing the
initial concentration of CNBr, up to 30 mg/ml;
however, above this value, the effect was less
pronounced.

Note that an increase in the CNBr initial
concentration corresponds to a larger number of
activated sites on the surface of the carrier.
Therefore, as expected, higher amounts of pro-
tein A are coupled on the CNBr activated
PHEMA microbeads with a higher number of
activated sites [24-27]. It should be noted that
there is always a maximum capacity which de-
pends on the number of functional groups on the
matrix and the size of the ligand molecules.
However, the key factor in the performance of
ligands immobilized on a solid surface is the
ligand mobility after coupling rather than the
total number of ligands available for coupling.
Binding the protein A molecules tightly to the
surface would certainly reduce the effective
utilization of the active sites on the protein A
molecules [2,15,24,28].

In our studies the maximum amount of protein
A immobilized was 3.5 mg protein A/g PHEMA
over the CNBr concentration range studied.
However, to eliminate the possible steric hin-
drance to ligand accessibility, and also by consid-
ering the toxicity of CNBr, an initial CNBr
concentration of 30 mg/ml was chosen as an
optimal value; this gives a ligand immobilization
of 2.71 mg protein A/g PHEMA.

3.2. HIgG adsorption

Protein A affinity chromatography is a well
known and popular method of purifying im-
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munoglobulins as mentioned before [2]. In re-
sponse to the increasing demand many com-
panies have offered protein A immobilized af-
finity materials with different capacities ranging
from 0.5 to 20 mg IgG/ml gel (i.e. matrix)
[14,24]. Comparatively higher 1gG binding val-
ues up to 45.6 mg I1gG/g affinity microparticles
were recently reported by Weiner et al. [27]. The
performance of the affinity matrix depends on
the activity of the immobilized ligand (i.e. pro-
tein A), which is not a linear function of ligand
surface concentration. An optimal ligand surface
concentration is expected in which the inter-
action ratio between protein A and immuno-
globulin molecules is maximum. Solid-phase
variables such as spacer arm length, ligand
concentration, coupling method, and matrix po-
rosity control the availability of the active sites
on the protein A molecules after immobilization,
while the liquid-phase variables such as pH and
ionic strength determine the conformation and
degree of ionization of the immunoglobulin
molecules at which favorable interaction with
immobilized protein A molecules will take place
[2,14,15,24-27].

In this study, the effects of medium pH.
surface concentration of the ligand (i.e. protein
A). and initial concentration of HIgG in the
incubation medium on the adsorption of HlgG
molecules onto the plain and the protein A
immobilized PHEMA microbeads were studied
in batch experiments.

In the first group of experiments we changed
the pH of the incubation medium between 6.5
and 9.0, and looked at HIgG adsorption from
aqueous solutions onto the protein A immobil-
ized PHEMA microbeads (containing 2.71 mg
protein A/g PHEMA). Notc that the initial
concentration of HlgG in the incubation solution
was 0.2 mg/ml solution. Fig. 1 shows the effect
of pH on HIgG adsorption. The maximum
amount of HIgG coupled with protein A mole-
cules on the PHEMA microbeads was 6.0 mg
HIgG/g PHEMA at pH 8.0. Significantly lower
adsorption capacities were obtained below and
above pH 8.0. Ey et al. [29] reported an cn-
hanced binding of IgG to protein A at a pH of
8.0-9.0 [29]. while Hou et al. [26] showed that
the pH most favorable for adsorption of im-

mg HlgG/g PHEMA
-y
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Fig. 1. Effect of pH on HIgG adsorption on protein A
immobilized PHEMA microbeads.

munoglobulin molecules by protein A immobil-
ized on their composite matrix was around 7.0.
These differences may be attributed to differ-
cnces in the environmental conditions, such as
ionic strength of the medium.

HIgG adsorption capacities of the PHEMA
microbeads containing different amounts of pro-
tein A (between 2.00 and 2.89 mg protein A/g
PHEMA) were investigated at pH 8.0. The
initial concentration of HlgG in the incubation
solution was 0.2 mg/ml. Table 1 shows the
effects of protein A surface concentration on
HIgG adsorption onto PHEMA microbeads.
When the surface protein A concentration (i.e.
the number of protein A molecules per unit

Table 1
HlgG adsorption onto protein A immobilized PHEMA

Amount of protein A Amount of HIgG  Weight ratio of
immobilized (mg)" adsorbed (mg)® HIgG/protein A

2.00 £0.01 4.750 = 0.07 2.375
2422003 5.740 = 0.06 2.371
2712005 5.980 = 0.01 2.200
279 x0.02 6.125 = 0.03 2.195
182 +0.04 6.250 = 0.02 2.216
289 £0.02 6.300 = 0.05 2.179

" The average and the standard deviation of three parallel
studies.



18 A Denizli et al.

surface area) increased the amount of HIgG
adsorbed onto PHEMA microbeads, first in-
creased and then reached an almost constant
value. This maximum HIgG adsorption capacity
was 6.0 mg/g PHEMA. This behavior may be
explained by considering a possible steric hin-
drance cffect exerted by the high ligand surface
concentration. Table 1 gives the mass ratio of
HIgG/protein A adsorbed onto PHEMA mi-
crobeads containing different amounts of protein
A. Note that the changes in the mass ratios also
reflect changes in the ratios of the numbers of
the interacting molecules which indicates that the
interaction ratios are lower at higher ligand
concentrations. most likely due to steric hin-
drance: this was also stated by others
(2,14,15,24-27].

HIgG adsorption onto the plain PHEMA and
PHEMA microbeads containing 2.71 mg protein
A/g PHEMA from aqueous solutions containing
different amounts of HIgG (0.05-0.4 mg/ml)
was studied at a constant pH of 8.0. Fig. 2 gives
the adsorption data on the plain PHEMA mi-
crobeads (0.1 mg HIgG/g PHEMA). Specific
adsorption (i.e. adsorption of HlgG molecules
onto the PHEMA microbeads through protein A
molecules) was significant (up to 6.0 mg HlgG/g

Specific lmmobilization

mg HlgG/g PHEMA

Non-specific adsorption

0 "4 A*4 A*4 X X
0.0 01 02 03 04 05
HIgG Initial Concentration (mg/ml)

Fig. 2. Effcet of HIgG initial concentration on HlgG ad-
sorption through protein A immobilized onto PHEMA
microbeads.
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PHEMA). and increased with increasing initial
concentration of HIgG in the incubation
medium. As expected, the amount of HIgG
coupled to PHEMA microbeads via protein A
molecules almost reached a plateau value around
0.2 mg/ml, possibly due to the steric hindrance
cffect mentioned before.

HlgG adsorption from human plasma ob-
tained from a healthy donor was also investi-
gated. The initial concentration of HIgG in this
plasma was 10.5 mg/ml. The PHEMA mi-
crobeads containing different amounts of protein
A (2.00-2.89 mg/g PHEMA) were incubated
with the plasma. Table 2 gives the adsorption
data. As seen here, very low non-specific ad-
sorption (0.22 mg HIgG/g PHEMA) of HIigG
onto the plain PHEMA microbeads was ob-
served. There was a pronounced adsorption of
HIgG (up to 24 mg/g PHEMA), as expected
from the carlier studies presented above. The
adsorption of HIgG onto the PHEMA mi-
crobeads containing 2.71 mg protein Al/g
PHEMA from human plasma was approximately
3-fold higher (18.89 mg HlgG/g PHEMA) than
that obtained in the studies where aqueous
solutions were used. This cannot be due to the
high initial concentration in the plasma because
there is a plateau value (6.0 mg HIgG/g
PHEMA) for HlgG adsorption from aqueous
solutions (at pH 8.0) as shown in Table 1. This is
possibly due to the conformation of the HlgG
molecules in their native medium (i.e. plasma
pH 7.4) which may be more suitable for inter-
action with the protein A molecules adsorbed
onto the PHEMA microbeads.

Table 2
HlgG adsorption from human plasma

Amount of protein A
immobilized {(mg/g)*

Amount of HlgG
adsorbed (mg/g)”

0.00 0.22=0.04
2.00+0.01 1423+ 1.25
271 £ 0.05 18.89 = 1.36

289 = 0,02 24.00x2.19

“ The average and the standard deviation of three parallel
studices.
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