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Abstract

Polyhydroxymethacrylate (PHEMA) microbeads were prepared by a suspension polymerization technique and
activated by CNBr in an alkaline medium (pH 11.5). DNA molecules were immobilized onto CNBr-activated
PHEMA beads. The amount of immobilized DNA was controlled by changing the medium pH and the initial
concentrations of CNBr and DNA. The maximum DNA immobilization was observed at pH 5.0. Non-specific
adsorption on the plain PHEMA microbeads was less than 0.1 mg/g. Much higher values, up to 2.75 mg/g, were
achieved with the CNBr-activated PHEMA microbeads. Human immunoglobulin G (HIgG) adsorption onto
PHEMA microbeads containing different amounts of DNA on their surfaces from aqueous solutions containing
different amounts of HIgG at different pH values was investigated. The maximum HlgG adsorption was observed
at pH 7.0. Non-specific HIgG adsorption onto the plain PHEMA microbeads was low (about 0.167 mg/g). Higher
adsorption values, up to 7.5 mg/g. were obtained with the DNA-PHEMA beads. HIgG and anti-DNA antibody
removal from the blood plasma obtained from a healthy donor and a patient with systemic lupus erythematosus
(SLE) were also investigated. The maximum amounts of HIgG adsorbed from aqueous solution and human plasma
onto the DNA-PHEMA microbeads were 7.35 and 23.46 mg/g. respectively. Anti-DNA antibody adsorption value
was 40 mg/g.

1. Introduction

Identification, purification and separation of
complex biomolecules may be achieved by a
number of traditional techniques, such as size-
exclusion chromatography, high-performance
liquid chromatography, chromatofocusing, elec-
trophoresis, centrifugation, etc.. which rely on
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differences in the physical properties (e.g. size,
charge and hydrophobicity) of the molecules to
be separated [1].

Affinity sorption is a relatively new alternative
technique for separation of almost any biomole-
cule based on highly specific biological recogni-
tion [2,3]. Recently, affinity sorption has been
applied with increasing frequency as an effective
therapeutic method in clinical medicine, in which
toxins from patient blood are removed by using
biospecific sorbents in an extracorporeal circuit
(so called ““hemoperfusion’) [4]. Enzymes, vita-
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mins, hormones, heparin, albumin, antigens and
antibodies, DNA, protein A, and many other
biologically active molecules have been incorpo-
rated with a variety of carrier systems and have
been used for specific hemoperfusion therapy
[5-7].

Systemic lupus erythematosus (SLE) is consid-
ered as an autoimmune disease [8]. Autoan-
tibodies against DNA are of primary importance
for the diagnosis and pathogenesis of SLE. The
level of anti-DNA antibodies correlates well with
the disease activity and organ involvements, such
as nephritis and cerabritis. In such cases the
removal of anti-DNA antibodies from plasma
may lead to a clinical improvement. For this
reason application of DNA immobilized sorbents
has been considered as a novel therapeutic
method.

The first ex-vivo application of DNA-attached
sorbents was achieved by Terman et al. [9]. They
removed anti-DNA antibodies from the plasma
of positively immunized rabbits by circulating
their blood through an extracorporeal shunt
containing immobilized DNA. The first clinical
trial of immunoadsorption was also done by
Terman et al. in 1976, in which they used DNA
immobilized sorbents to treat a female patient
suffering from SLE [10]. Nikolaev et al. have
successfully applied DNA-activated carbon
hemoperfusion to the treatment of patients with
psoriasis [11].

The present paper describes our recent efforts
in the preparation of a bioaffinity sorbent con-
taining DNA for selective removal of human IgG
and anti-DNA antibodies from human plasma.
We have selected polyhydroxyethylmethacrylate
(PHEMA) based microbeads as the basic carrier,
by considering possible applications of these
sorbents in direct hemoperfusion extracorporeal
therapy [12-14]. It should be noted that
PHEMA is one of the most widely used hydro-
philic polymers in medicine, and has found a
wide variety of biomedical applications due to its
high biocompatibility [15-17). PHEMA in differ-
ent forms have also been used for enzyme
immobilization [18]. for controlled release of
drugs [19-21], immobilization of cells [22], in
immunochemical studies [23] and as sorbents in
chromatography [24-26].

2. Experimental
2.1. Preparation of PHEMA microbeads

The  basic  monomer, 2-hydroxyethyl-
methacrylate (HEMA), was purchased from
Sigma (St. Louis, MO, USA), and was purified
by vacuum distillation under a nitrogen atmos-
phere. The comonomer ethyleneglycoldimeth-
acrylate (EGDMA, Merck, Darmstadt, Ger-
many) was used as the crosslinking agent. The
polymerization initiator was 2,2'-azobisiso-
butyronitrile (AIBN) (BDH, Dorset, UK). The
dispersion medium was a saturated aqueous
solution of magnesium oxide (MgO) (Sigma).

PHEMA microbeads were prepared by a sus-
pension polymerization technique [12]. Poly-
merizations were carried out in an aqueous
dispersion medium containing magnesium oxide
which was used to decrease the solubility of the
monomer, HEMA, in the medium. The mono-
mer-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) provided with a
blade-type stirrer. In order to produce polymeric
microbeads of about 200 wm 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 (v:v),
1:10 (v:v), 0.33 (mol EGDMA/mol HEMA),
(.0015 (mol AIBN/mol HEMA), 30 g, respec-
tively. Polymerization was carried out at 70°C for
3 h and then at 90°C for 1 h. After cooling, the
polymeric microbeads were separated from the
polymerization medium and residual MgO was
removed by washing with a dilute HCI solution.
The microbeads were also washed with water
and ethanol, and then dried in a vacuum de-
siccator at room temperature. Fig. 1 shows a
scanning electron photograph of PHEMA mi-
crobeads used in the studies described in this

paper.
2.2. CNBr activation

Prior to the activation process, the PHEMA
microbeads were kept in distilled water for about
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Fig. 1. Scanning electron photograph of PHEMA mi-
crobeads.

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
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 M) 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. DNA immobilization

DNA (from herring testes) was purchased
from Sigma. One gram of the freshly CNBr-
activated PHEMA microbeads was magnetically
stirred at a constant temperature of 20°C for
about 4 h (i.e. equilibrium time) with 50 ml of a
DNA solution. In order to observe effects of pH
and the initial CNBr concentration on the co-
valent coupling of DNA, pH and the initial
CNBr concentration were changed between 3.0
and 9.0, and 10 and 50 mg/ml, respectively. The
initial concentration of DNA in the medium was
2 mg/ml. To measure the effects of DNA con-

centration on coupling, the initial concentration
of DNA was changed between 0.02 and 2 mg/ml
with the pH of the solution (containing 0.1 M
NaHCO, + 0.5 M NaCl) being 5.0.

In each experiment, after coupling, the DNA-
immobilized PHEMA microbeads were washed
with 0.1 M CH,COONa (pH 4.5)+0.15 M
NaCl, and finally with 0.1 M NaHCO, (pH
9.5)+ 0.5 M NaCl. The amount of DNA im-
mobilized on the CNBr-activated microbeads
was determined by measuring the decrease of the
DNA concentration and also by considering the
DNA molecules adsorbed non-specifically (not
through the active sites), by spectrophotometry
[12].

2.4. HIgG adsorption from aqueous solutions

Adsorption of human IgG (HIgG, Sigma, Cat.
No: 160101) on the DNA-immobilized PHEMA
microbeads (the DNA-PHEMA microbeads)
was studied in batch experiments. One gram of
DNA-PHEMA microbeads containing 2.75 mg
DNA per gram of PHEMA 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
the pH on adsorption of HIgG, the pH of the
adsorption medium was varied between 6.0 and
9.0. The initial concentration of HIgG in the
adsorption medium was .20 mg/ml.

In order to study the effects of the amount of
immobilized DNA on the adsorption of HIgG,
DNA-PHEMA microbeads containing between
0.45 and 2.75 mg DNA/g PHEMA were incu-
bated with the adsorption medium containing
0.20 mg HIgG/m! at pH 7.0.

Adsorption of HIgG from the media contain-
ing different amounts of HlgG (between 0.05
and 0.40 mg/ml) at pH 7.0 was also studied.
DNA-PHEMA microbeads containing 2.0 mg
DNA/g PHEMA were used.

In order to remove the non-specifically ad-
sorbed HlgG molecules, after the HIgG adsorp-
tion, in each adsorption experiment mentioned
above, the PHEMA microbeads were washed
with 0.0625 M borate buffer (pH 8.8) +0.15 M
NaCl, with 2 M urea + 0.15 M NaCl, and finally
with 0.1 M NaHCO, (pH 9.5) + 0.5 M NacCl.
The amount of HIgG adsorbed through DNA on
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the PHEMA microbeads was determined by the
Lowry method by measuring the decrease in the
HIgG concentration and also by considering the
HIgG molecules non-specifically adsorbed (not
through the active sites).

2.5. HIgG and anti-DNA antibody adsorption
from human plasma

Blood samples taken from a healthy donor and
a patient with systemic lupus erythematosus were
used in these studies. Blood samples were cen-
trifuged at 500 g for 30 min at room temperature
to separate the plasma. A 0.2-g amount of DNA-
PHEMA  microbeads containing different
amounts of DNA (between 0.7 and 2.75 mg
DNA/g PHEMA) was incubated at 20°C for 20
min with 2 ml of the plasma obtained either from
the healthy donor or the patient.

The original plasma of the healthy donor
contained 10.5 mg HIgG/ml. as determined by a
solid-phase enzyme-linked immunosorbent assay
method (ELISA). The amount of HlgG ad-
sorbed after the incubation period was obtained
by measuring the decrease in the HIlgG con-
centration in the plasma by the same assay.

The amount of anti-DNA antibody adsorbed
on the DNA-PHEMA microbeads was deter-
mined by RIA by measuring the decrease in the
anti-DNA antibody concentration in the plasma
of the patient.

3. Results and discussion
3.1. DNA immobilization

In the first part of this study, effects of the
medium pH, initial concentrations of CNBr and
DNA on the immobilization of DNA onto the
PHEMA microbeads were investigated in batch
experiments. Effects of each parameter are pre-
sented separately in the following sections.

Effect of pH

This group of experiments were performed at
pH values between 3.0 and 9.0 with the PHEMA
microbeads activated by using solutions contain-
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Fig. 2. Effect of incubation medium pH on DNA immobili-
zation onto PHEMA microbeads.

ing 10 mg CNBr/ml. The initial concentration of
DNA in the incubation medium was 2 mg/ml.
As shown in Fig. 2 the effect of pH on DNA
immobilization is important. The saturation
plateau of DNA (2.75 mg DNA/g PHEMA) was
observed at a pH of 5.0. Note that both the three
dimensional structure and the ionization degree
of several groups on the DNA molecules can
change with pH. At pH 5.0 DNA molecules
probably have the most suitable structural prop-
erties for binding through CNBr active sites on
the surface of PHEMA microbeads. Significantly
lower immobilization capacities were obtained
below and above pH 5.0.

Effect of initial CNBr concentration

The initial CNBr concentration in the activa-
tion medium was changed between 5 and 50
mg/ml in order to change the number of active
sites on the PHEMA microbeads, and to immo-
bilize different amounts of DNA on their sur-
faces. The initial concentration of DNA in the
incubation medium was 2 mg/ml and the
medium pH was 5.0.

Fig. 3 shows the effects of the initial CNBr
concentration on DNA immobilization. The
amount of DNA immobilized on the carrier first
increased, then reached a saturation value of
2.75 mg DNA/g PHEMA at an initial concen-
tration of 10 mg CNBr/ml. Note that a higher
initial CNBr concentration corresponds to a
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Fig. 3. Effect of CNBr concentration on DNA immobiliza-
tion.

higher number of activated sites on the carrier.
Therefore, it was expected that the amount of
DNA would increase with an increase in the
initial CNBr concentration. However, due to the
size of the giant DNA molecules (molecular mass
is approximately 1-107). it was not possible to
immobilize more than 275 mg DNA/g
PHEMA. It should be noted that the non-
specific adsorption (i.e. adsorption on the non-
activated PHEMA microbeads) was very low.
only 0.1 mg DNA/g PHEMA, which may be
considered as one of the advantages of using
PHEMA microbeads as the carrier

Effect of initial DNA concentration

In this group of experiments, DNA adsorption
onto the PHEMA microbeads was performed
from aqueous solutions containing different
amounts of DNA (0.2-2.0 mg/ml) at a pH of
5.0. Note that the PHEMA microbeads were
activated in a medium containing 10 mg CNBr/
ml.

Fig. 4 shows both non-specific adsorption (i.c.
adsorption on the non-activated PHEMA mi-
crobeads) and specific immobilization (i.e. im-
mobilization through active sites) onto the
PHEMA microbeads. The non-specific adsorp-
tion was low, about 0.1 mg DNA/g PHEMA.
while specific immobilization of DNA molecules
first increased and then reached a saturation

Specific immobilization

mg DNA/g PHEMA

Non-specific adsorption

A, n b d b X

0.0 05 10 15 20 25
DNA Concentration (mg/ml)

Fig. 4. Effect of DNA concentration on DNA immobiliza-
tion onto PHEMA microbeads.

value (at 2.75 mg DNA/g PHEMA) at an initial
DNA concentration of 2.0 mg/ml, as expected.

Optimal conditions for DNA immobilization

In the present study, effects of medium pH,
and the initial CNBr and DNA concentrations
on the immobilization of DNA onto the
PHEMA microbeads were investigated. The
optimal conditions for DNA immobilization are
as follows: pH, 5.0; temperature, 20°C; CNBr
concentration, 10 mg/ml; and DNA concentra-
tion, 2 mg/ml. The specific sorbents prepared at
these conditions contain 2.75 mg DNA/g
PHEMA.

3.2. HIgG adsorption from aqueous solutions

In this study, human IgG adsorption onto the
DNA-PHEMA microbeads containing different
amounts of immobilized DNA. from aqueous
solutions containing different amounts of HlgG
and at different pH values was studied. Effects
of three different parameters on adsorption are
discussed separately in the following sections.

Effect of pH

Adsorption experiments were performed at
different pH values (6.0-9.0). The specific sor-
bents prepared under optimal conditions con-
tained 2.75 mg DNA/g PHEMA. The initial
concentration of HIgG in the adsorption medium
was (.2 mg/ml.
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mg HlgG/g PHEMA

Fig. 5. Effect of pH on HIgG adsorption onto DNA-
PHEMA microbeads.

Fig. 5 illustrates the effect of pH. The maxi-
mum adsorption of HIgG was observed at pH
7.0 (i.e. 7.35 mg HIgG/g DNA-PHEMA). Sig-
nificantly lower immobilization capacities were
obtained below and above this pH. Most proba-
bly, at pH 7.0, the structures of both the im-
mobilized ligand (DNA) and the biomolecule to
be removed (HIgG) had the most suitable con-
formations for coupling.

Effect of DNA surface concentration

In this group of experiments, HIgG adsorption
onto the DNA-PHEMA microbeads carrying
different amounts of DNA on their surfaces
(0.45-2.75 mg DNA/g PHEMA) was investi-
gated. Note that the initial concentration of
HIgG in the adsorption medium and the medium
pH were 0.2 mg/ml and 7.0, respectively.

Table 1
Effect of DNA surface concentration on HlgG adsorption

Amount of DNA
immobilized (mg/g)

Amount of HIgG
adsorbed (mg/g)

0.45+0.05 1.28 £ 0.21
0.70 £ 0.07 2.70=0.34
1.05=0.04 3.60+0.27
1.60 = 0.08 4.50*0.19
1.90 £ 0.04 5.20+0.30
2.00 = 0.01 7.00%0.20
2.75+0.01 7.35+0.10

Table 1 shows the effect of DNA surface
concentration on HIgG adsorption onto
PHEMA microbeads. When the surface concen-
tration of DNA increased the amount of HIgG
coupled to the carrier also increased, as ex-
pected. The maximum amount of HIgG ad-
sorbed was 7.35 mg/g DNA-PHEMA. There
were no significant differences in adsorption
capacity above the DNA surface concentration
of 2.0 mg DNA/g PHEMA, due to the possible
steric hindrance at a high ligand surface con-
centration.

Effect of initial HIgG concentration

In this experiment, HIgG adsorption onto the
plain PHEMA beads and PHEMA microbeads
containing 2.0 mg DNA/g PHEMA from aque-
ous solutions containing different amounts of
HIgG (0.05-0.4 mg/ml) was studied at a con-
stant pH of 7.0. Fig. 6 shows the non-specific and
specific adsorption on the PHEMA microbeads.
There was no pronounced adsorption (i.e. non-
specific adsorption) on the plain PHEMA mi-
crobeads (0.1 mg HIgG/g PHEMA). However,
significantly higher adsorption (i.e. specific ad-
sorption) on DNA-PHEMA microbeads (up to
7.0 mg HIgG/g PHEMA) was observed. Note
that the amount of HIgG coupled to the DNA-
PHEMA microbeads via DNA molecules
reached almost a plateau value at 0.2 mg/ml,
possibly due to steric hindrance.
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Fig. 6. Effect of HIgG concentration on HlgG adsorption
onto PHEMA microbeads.
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3.3. HIgG and anti-DNA antibody removal
from human blood plasma

Blood samples taken from a healthy donor and
a patient with systemic lupus erythematosus were
used in this group of studies. A 2.0-ml volume of
the plasma separated from the blood samples
was incubated with 0.2 g of DNA-PHEMA
microbeads containing different amounts of
DNA (between 0.7-2.75 mg DNA/g PHEMA),
at 20°C for 20 min.

HIgG removal

Table 2 shows the adsorption data for the
HIgG removal from plasma obtained from the
healthy donor. There was a very low non-specific
adsorption of HIgG (0.22 mg HlgG/g PHEMA)
on the plain PHEMA microbeads, while much
higher adsorption values (up to 23 mg HIgG/g
DNA-PHEMA) were observed when the DNA
immobilized PHEMA microbeads were used.
Note that adsorption of HIgG onto the PHEMA
microbeads containing 2.75 mg DNA/g PHEMA
from human plasma was approximately 3.5-fold
higher (23.46 mg HIgG/g PHEMA) than those
obtained in the studies in which aqueous solu-
tions were used. This may be due to the con-
formation of the HlgG molecules within their
native medium (i.e. plasma, pH 7.4) being much
more suitable for interaction with the DNA
molecules on the PHEMA microbeads. The high
concentration of HIgG in the plasma (10.5 mg/
ml) may contribute to this high absorption value.

Anti-DNA antibody removal

Table 3 shows the amount of anti-DNA anti-
bodies adsorbed onto the PHEMA microbeads.
There was a very low non-specific adsorption of
anti-DNA antibodies (0.19 mg anti-DNA anti-
body/g PHEMA) onto the plain PHEMA mi-
crobeads, while much higher adsorption values
(up to 40 mg anti-DNA antibody/g DNA-
PHEMA) were observed when DNA immobil-
ized PHEMA microbeads were used. Adsorption
increased with increasing surface concentration
of DNA. However. there was no significant
change in the adsorption capacity above a certain
DNA surface concentration (at 2.0 mg/g). Note

Table 2
HIgG removal from the plasma of a healthy donor

Amount of DNA Amount of HigG
immobilized (mg/g) adsorbed (mg/g)
0.00 0.22+0.04
0.70 £ 0.07 4.75+0.17

1.60 = 0.08 9.17 £0.54
2.00+0.01 18.43£0.27
2.75+0.01 2346 x1.17
Table 3

Anti-DNA antibody removal from the plasma of a patient
with SLE

Amount of anti-DNA
antibody adsorbed (mg/g)

Amount of DNA
immobilized (mg/g)

0.00 0.19+0.22
0.70 + 0.07 7.99 £0.37
1.60 £ 0.08 25.83+1.14
2.00 % 0.01 39.71 £0.40
2,75 +0.01 40.08 £ 0.48

that anti-DNA antibody adsorption from the
patient plasma was approximately 7-fold higher
than HIgG adsorption from the healthy donor
plasma. There are two reasons for the difference
in the adsorption values of HIgG and anti-DNA
antibodies: (i) as expected DNA molecules ex-
hibit much higher affinity for anti-DNA anti-
bodies than HIgG, (ii) anti-DNA antibody con-
centration (10.5 mg/ml) was much higher than
HIgG concentration (0.20 mg/ml), which de-
termines the extent of the adsorption.
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