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1. Introduction

ABSTRACT

In the present study, we have focused our attention to prepare molecular imprinted composite cryogel
membranes for purification of hepatitis B surface antibody (anti-HBs) by fast protein liquid chromatogra-
phy. Before the preparation of the molecular imprinted composite cryogel membranes (MI-CMs) by free
radical polymerization at sub-zero temperature, we have synthesized and characterized the anti-HBs
imprinted particles. Then, the cryogel membranes (CMs) were characterized by swelling test, scanning
electron microscopy and Fourier transform infrared spectroscopy. Prior to chromatographic purification
studies, the effective parameters on the anti-HBs adsorption process were evaluated by investigating
the dependency of the adsorption capacity on flow-rate, anti-HBs concentration, contact time and ionic
strength. The maximum anti-HBs adsorption capacity was calculated as 701.4 mIU/g CM. The selectivity of
the MI-CMs was shown by competitive adsorption of anti-HBs, total anti-hepatitis A antibody (anti-HAV)
and total immunoglobulin E (IgE) adsorption studies. The MI-CMs have relative selectivity coefficients
as 5.45 for anti-HBs/total anti-HAV and 9.05 for anti-HBs/total IgE, respectively. The phosphate buffer
solution (pH 7.4) containing 1.0 M NaCl was used for elution, almost completely, of adsorbed anti-HBs
molecules. The MI-CMs could be used many times without any significant decrease in the adsorption
capacity. The chromatographic purification performances of the MI-CMs were also investigated. The
chromatographic parameters such as capacity and separation factors, the theoretical plate number and
resolution of the MI-CMs were calculated as 5.48, 6.02, 1153.9, and 1.72 for anti-HBs molecules, respec-
tively. As a conclusion, we can say that the MI-CMs could be used for specific purification of anti-HBs
from anti-HBs positive human plasma.

© 2012 Elsevier B.V. All rights reserved.

B surface antibodies (anti-HBs), against to antigenic determinants
on HB viruses immediately after birth. In the following 2-5 months,

The prevalence of hepatitis B virus (HBV) infection is getting
wider as the day goes on although an extensive vaccination has
been applied[1]. Due to 75% of the world’s population living in areas
having high infection level and more than 350 million people are
chronic carriers, the governments have to apply and set a huge bud-
get for the preventive vaccination [2,3]. Not only diseases directly
related to acute HBV infection but also associated with diseases
such as liver cirrhosis and hepatocellular carcinoma depending on
chronic HBV development are important global health problem
concerns [4]. Especially in case of infants born to hepatitis B posi-
tive mothers, the fatal chronic disease development is potentially
occurred [5]. For prevention of these infants, they are immunized
passively by giving high titer neutralizing antibodies, anti-hepatitis
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HBs vaccines should be repeated several times [6]. In addition to
the infants, a considerable numbers of people at high risk of HBV
infection are required to be immunized passively against to HBV
infection because they are not protected during the first month
after vaccination. An immediate protection should be introduced
to these people such as patients and personals in dialysis unit,
close contacts of chronic HBV carriers, tourist gone to where high
HBV prevalence etc. after accidental inoculation with infectious
materials, needle stick or other means [7]. The antibodies trans-
ferred passively prepared from the sera of anti-HBs positive donors
according to regulations assured by strict product standard, pre-
vents the infection during the period of development of an active
immune response [8].

Anti-HBs containing sera are prepared not only from anti-
HBs positive donors but also from immunized animal plasma and
transgenic plants [4]. The purification system was mainly based
on protein A affinity chromatography used widely for antibody
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purification protocols [9-13]. Hernandez et al. purified anti-HBs
from ascites fluid of immunized mice by Sepharose CL-4B-protein
A adsorbent [9]. Mouta Junior et al. purified anti-HBs polyclonal
and monoclonal antibodies by Affi-Prep protein A MAPS II [10].
Protein A-Sepharose columns were used for antibody purification
from transgenic tobacco clon HCLC-23 lead extracts [11,12]. Poros
protein A plastic column was also used for anti-HBs purification
from transgenic tobacco cells [13]. Protein A adsorbents show high
selectivity and can therefore be employed as a one-step procedure
for the purification of antibodies in pilot scale. However, in spite
of its high selectivity, protein A adsorbents has some difficulties
which are worth considering: (i) a considerable amount of protein
A may release from the matrix and resulted contamination can-
not unfortunately be tolerated in clinical applications and (ii) the
cost of protein A adsorbents remains high. In addition, it is difficult
to immobilize protein A in suitable orientation [14,15]. Molecular
imprinted polymer (MIP) based adsorbents are promising alterna-
tives to conventional protein A based adsorbents because of their
simplicity, universality, stability and cheapness [16]. MIPs should
also display not only reduced production costs at large scale purifi-
cation, but also increased resistance to chemical and biological
actions [17].

During last decades, the numbers of publication related with
molecular imprinting technology are growing rapidly and the
molecular imprinting based adsorbents are studied intensively
[18]. In this technology, the molecule interested in to separate,
purify or detect are imprinted into highly cross-linked polymeric
network [19]. Because of extensive efforts on preparation of new
imprinted polymers, discussions on the advantages and drawbacks
of the applied approaches, especially for imprinting of biolog-
ical macromolecules such as proteins, are the main issues for
researchers [20,21]. Hereby, some problems such as denatura-
tion and conformational change tendency of proteins, probable
non-specific interactions occurred because of large number of
binding sites on the protein surface should be overcome during
protein imprinting process [22,23]. Protein imprinting while cryo-
gelation is one of the alternative polymerization techniques [24].
The cryogelation is promising polymerization approach to prepare
hydrogels classified as continuous separation media having large
inter-connected flow-channels at subzero temperature [25]. Dur-
ing the cryogelation, the protein conformation dynamics and the
denaturation problems were limited because the polymerization
was taken out at lowered temperature [24]. The obtained hydro-
gels called as cryogels allow the users to study at high flow-rates
without significant pressure drop and diffusion resistance because
of their supermacroporous structure. The short process time and
possibility of whole blood application without any pre-treatment
are other advantages of these adsorption media [26]. Despite of
the fact that cryogels have several advantages; the main problem
to deal is low specific surface area that causes lower adsorption
capacities. Embedding of small particles into cryogel structure or
direct cryogelation of particles are encouraging alternatives to deal
the problem [26-29].

In the present study, we have focused our efforts on prepara-
tion of molecular imprinting based cryogel membranes and using
them for fast protein liquid chromatographic (FPLC) purification
of anti-HBs from human plasma. In the first part of the study, the
preparation and characterization of anti-HBs imprinted polymers
were reported in our previous study [4]. In second part, anti-HBs
imprinted particles were embedded into cryogel membranes to
prepare continuous separation media for FPLC application. Swelling
test, scanning electron microscopy and Fourier transform infrared
spectroscopy were applied to characterize the anti-HBs imprinted
composite cryogel membranes (MI-CM). In order to evaluate the
purification performance of MI-CMs, the effective factors such
as flow-rate, anti-HBs concentration, ionic strength, etc. were

Table 1
Some physical and chemical properties of the embedded particles.

Anti-HBs imprinted Non-imprinted

particles particles
Surface area (m?/g) 20.2 9.3
Average pore diameter (A) 22.8 21.8
MAT content (umol/g) 6.1 5.8
Particle size (p.m) 20-63 20-63

investigated. In the last step, we have performed liquid chromato-
graphic purification of anti-HBs molecules from human plasma by
attaching the MI-CMs to FPLC system.

2. Experimental
2.1. Materials

Anti-hepatitis B surface antibody (anti-HBs) was supplied
from Chemicon (Hampshire, England), L-tyrosine methyl
ester, methacryloyl chloride, potassium persulfate (KPS), 3-(N-
morpholino)propane sulphonic acid (MOPS) were obtained from
Sigma Chemical Co. (St. Louis, USA). Hydroxyethyl methacrylate
(HEMA) and ethylene glycol dimethacrylate (EGDMA), N,N,N’,N’-
tetramethylene diamine (TEMED) and ammonium persulfate (APS)
were purchased from Fluka A.G. (Buchs, Switzerland). HEMA and
EGDMA were distilled under reduced pressure in the presence of
hydroquinone inhibitor and stored at 4 °C until use.

2.2. Preparation of anti-HBs imprinted polymer

Anti-HBs imprinted polymers were prepared and characterized
as reported in our previous study [4]. The applied procedure can be
summarized as: anti-HBs (i.e. template) and functional monomer
(MAT), the polymerizable derivative of the L-tyrosine methyl ester,
were mixed with 1.0 mL of MOPS buffer (pH 6.0) and the mixture
was stirred at room temperature for 2 h. Then, anti-HBs imprinted
polymer was prepared in the presence of cross linker (EGDMA,
1 mL), functional monomer (HEMA, 3 mL), porogen (toluene, 2 mL)
and template. The mixture was placed in a test tube and KPS
(0.05 g) was added into this solution. The mixture was then bub-
bled with nitrogen gas for 5 min. The plastic syringe was sealed and
vortexed for 2 min. The bulk polymerization procedure was contin-
ued at 40°C for 1h. The molecularly imprinted polymer obtained
was dried, grounded into particle form and sieved (particle size
20-63 pm). Non-imprinted polymer was prepared according to the
same recipe without anti-HBs in the polymerization medium. Some
physical and chemical properties of the embedded particles were
summarized in Table 1 [4].

2.3. Preparation of particle embedded cryogel membranes

Anti-HBs imprinted composite cryogel membranes were pre-
pared as follows: the main monomer (10 mL HEMA) were dissolved
in deionized water and the mixture was degassed under vacuum
(100 mmHg) for about 5min to eliminate soluble oxygen. Total
concentration of monomers was 12% (w/v). The composite cryogel
membranes (CM) were produced by free radical polymerization ini-
tiated by redox-couple TEMED and APS. After adding APS [100 mg,
1% (w/v) of the total monomers], the solution was cooled in an
ice bath for 2-3 min. TEMED [120 pL, 1% (w/v)] was added and
the reaction mixture was stirred for 1 min. In this step, anti-HBs
imprinted particles were introduced in the polymerization mix-
ture (50 mg). Then, the reaction mixture was poured between two
glass plates (25cm x 25 cm). The polymerization solution in the
glass plates was frozen at —16 °C for 24 h and then thawed at room
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Fig. 1. (a) Schematic representation of applied polymerization steps; (b) optical pictures of CMs; and (c) the continuous operation setup.

temperature. The CMs obtained were cut into circular pieces
(25mm in diameter) with a perforator. The non-imprinted com-
posite cryogel membranes (CMs) were prepared in the same way
differently by using non-imprinted particles instead of imprinted
ones. The CMs prepared were extensively washed with ethanol
and water to remove any unreacted monomer or initiator and then
stored in sodium azide 0.02% at 4°C.

2.4. Characterization of particle embedded cryogel membranes

The swelling degree of the CMs (SD) was determined as follows:
The CMs were dried until reaching constant weight at room temper-
ature. Then, they were transferred to pre-weighed vial and weighed
(Wp). After interacting them with water in a beaker (50 mL), we
allowed them to reach to swollen state (W7). The swelling degree
was calculated as:

(Wy — Wp)

SD = Wo

(1)
The cross section and the surface morphology of the CMs were
investigated with scanning electron microscope (SEM). The cryo-
gels were initially dried in air at 25 °C for seven days before being
analyzed. A fragment of the dried CMs was mounted on a SEM sam-
ple holder and was sputtered for gold film coating for 2 min. The
sample was then mounted in a SEM (FEI Quanta 200 FEG, Oregon,
USA). The surface of the CMs was scanned at the desired magnifi-
cation to study the morphology of the CMs. FTIR spectroscopy was
also used to characterize the chemical structure of MI-CMs in the
solid state (Perkin Elmer, Spectrum one, USA). CM samples were
driedin air at 25 °C for seven days before analysis, and then, pressed
into pellet form by mixing with infrared grade potassium bromide
(KBr, 100 mg) and the spectrum were recorded in a wavenumber
range of 4000-450 cm~!.

2.5. Anti-HBs adsorption-desorption experiments

Adsorption studies were performed with anti-HBs and anti-
hepatitis A antibody (anti-HAV) positive human plasma. Anti-HBs
and anti-HAV positive bloods were taken into the tubes containing
EDTA. In order to get rid of blood cells, the samples were cen-
trifuged at 4000 rpm at room temperature for 30 min. As the next
step, the plasma sample was passed from 3 pm filter and stored
in a deep freeze at —20°C. Before use, the plasma sample was
thawed at 37°C for 1 h. The plasma sample was diluted with iso-
tonic solution (0.9% NaCl solution) before used for experiments.
Dilution ratio was changed from 1/5 to 1/100. Initial anti-HBs and
total anti-HAV values were 895 mIU/mL and 490 mIU/mL, respec-
tively. The diluted plasma samples (10.0 mL) were interacted with
MI-CMs through continuous adsorption setup by means of plac-
ing the MI-CMs into a membrane holder (i.d. 25 mm, Sartorius,
Aubagne, France) (Fig. 1). The solution feeding was performed
by using a peristaltic pump (Watson-Marlow, Wilmington, MA,
USA). The flow rate of feeding solution was changed between
0.5mL/min and 2.0 mL/min. The anti-HBs concentration was var-
ied in the range of 9.0-180.0 mIU/mL by diluting plasma samples
in different ratios. The anti-HBs adsorption onto the CMs has been
monitored for 120 min in order to determine optimum contact
time between the CMs and anti-HBs molecules. The salt concentra-
tion of feeding solution was changed between 0.01 M and 0.50 M
to investigate the effect of ionic strength on adsorption process.
The amount of anti-HBs was determined by microparticle enzyme
immunokit technology based AXSYM immunokit system (Abbott
Laboratories, Abbott Park, IL, USA). All the analysis was performed
according to the experimental procedures owned from producer
company. The plasma samples having the minimum or higher
positive values were accepted as reactive and the measurements
were performed three times. The adsorbed amount of anti-HBs
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per unit gram of CM was calculated according to the mass bal-
ance.

2.6. Selectivity experiments

In order to determine the selectivity of the MI-CMs, anti-HBs,
total anti-HAV and total immunoglobulin E (IgE) adsorption from
anti-HBs and anti-HAV positive plasma was investigated under
competitive conditions. Plasma sample was prepared as mentioned
before. The initial anti-HBs, total anti-HAV and total IgE values
were 895,490 and 5000 mIU/mL, respectively. Diluted plasma sam-
ples (5.0mL) have been circulated through MI- and NI-CMs for
2h. The total anti-HAV concentration was determined as anti-
HBs according to producer’s regulations. The total amount of IgE
was determined by enzyme linked immunosorbent assay (ELISA)
method. Detection kit is worked in accordance with fluorescent
sandwich method enzyme immunokit (ELIFA) principle. Detec-
tions were performed using Mini Vidas system (Biomerieux, Marcy
L’Etoile, France). Detection is based on IgE strip and solid phase
cell (Solid Phase Receptacle). Strips contain many lanes for sam-
ple conjugates, for buffer, for reaction and finally for reading cell
at last. Solid Phase Receptacles (SPRs) were coated with mono-
clonal anti-IgE antibody. Different strip and SPR were used for each
sample. Sample (100 L) was pipetted into the sample lane. All the
detection procedures were completed automatically in 30 min by
means of the instrument. Relative fluorescence values (REV) and
the results were automatically calculated. The instrument used
calibration curves and the concentration values were obtained as
mlIU/mL according to the international standards.

Distribution and selectivity coefficients for total anti-HAV and
total IgE with respect to anti-HBs were calculated according to the
following equation:

G-CG)| v
K;= | ——= - 2
d { G x - (2)
In this equation, K; represents the distribution coefficient
(mL/mlIU); G; and Cyrepresents the initial and final concentration of
anti-HBs (mIU/mL), Vis the plasma volume (mL) and m is the mass
of CM (g).

In the presence of interfering molecules, the selectivity coeffi-
cient for a template molecule (k) can be obtained from the binding
data according to Eq. (3):
k= Kdtemplate molecule (3)
I<dinterfering molecule
k values allow to interpret on imprinting selectivity. The relative
selectivity coefficient (k') can be defined by Eq. (4):

K = kimprinted (4)

kcontrol

2.7. Desorption and repeated use

The adsorbed anti-HBs molecules were desorbed using 100 mM
phosphate buffer containing 1.0M NaCl (pH 7.4). In a typical
desorption experiment, 50 mL of the elution agent was pumped
through the MI-CMs at a flow rate of 1.0 mL/min for 1 h. The final
concentration of anti-HBs in the eluant was determined as men-
tioned above.

In order to show the reusability of MI-CMs, anti-HBs
adsorption—-elution procedure was repeated 10 times by using the
same CM. In order to regenerate the MI-CM, it was sterilized with
50 mM NaOH solution after each adsorption-desorption cycle.

2.8. Chromatographic purification of anti-HBs

In this part of the study, we have connected the MI-CM to
fast protein liquid chromatography system (FPLC). FPLC separa-
tion was performed using an AKTA-FPLC (Amersham Bioscience,
Uppsala, Sweden) system equipped with a UV detection system.
The system includes M-925 mixer, P-920 pump, UPC-900 monitor,
INV-907 injection valve and Frac920 fraction collector. The MI-CM
was equilibrated with 100 mM phosphate buffer (pH 7.4). A linear
gradient of the buffer containing sodium chloride in range of 0-1M
was maintained at a flow rate of 1.0 mL/min. All buffers solutions
were filtered before use. Anti-HBs positive plasma samples (2.0 mL)
diluted in different ratio was applied to the system. Absorbance was
monitored at 280 nm. The separation was performed at room tem-
perature. KBr was used as the void marker. The peaks for both areas,
bound and unbound regions, were collected by using Frac920 col-
lector of the FPLC system and then the anti-HBs concentrations of
the peaks were determined as mentioned before.

In order to evaluate the chromatographic performance of the
MI-CMs, capacity (CF) and separation factors () were calculated
as;

_ (tr —to)
= 7&)

CF (5)
k.
2
=2 (6)
4
where, tg is the retention time of the separated molecules, t, is the
retention time of the void marker (KBr), the CF, is capacity factor
for anti-HBs and the CF; is capacity factor for competitors. The res-
olution (Rs) and theoretical plate number (N) were calculated using
the following equations:

2
N =5.54(7%-) (7
[ 2(tg2 —tr1)
o (Tt ®

where wgs is the peak height at the corresponding peak height
fraction, tg and tg are the retention times of two adjacent peaks,
wi and w,, are the widths of the two adjacent peaks at the baseline.

3. Results and discussion
3.1. Characterization studies

Anti-HBs imprinted cryogel membranes were produced by cryo-
gelation between two glass plates. As mentioned before, we have
embedded the anti-HBs imprinted particles into the cryogel struc-
ture. By this way, we aimed to improve the chromatographic
performance and to increase the specific surface area of the CMs.
In addition, the particle embedded into the cryogel structure not
only causes the increase the specific surface area but also retains
the favourable properties of the cryogel structure such as large
inter-connected flow channels, low back pressure, low diffusion
resistance even at high flow-rates. The obtained CMs are opaque,
sponge-like and have enough stability for column applications
(Fig. 1). The equilibrium swelling degree of the MI-CMs was deter-
mined as 5.44 g H,0/g CM while that of NI-CMs was 5.23 g H,O/g
CM, respectively. The higher swelling degree observed for MI-CMs
can be explained by different ways. First, the imprinted particles
have larger specific surface area than non-imprinted particles have
[4]. Therefore, the surface area increase in embedded particles
causes the surface area increase for the CMs. Second, the presence
of molecular cavities in the imprinted particles can cause larger
hydrodynamic volume to MI-CMs. Hereby, water molecules can
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Fig. 2. Scanning electron photographs of (a and b) MI-CMs and (c and d) NI-CMs.

easily penetrate into polymeric chain of the cryogel membrane in
the case of MI-CMs.

The scanning electron photographs of the internal structures of
the MI-CMs and NI-CMs are shown in Fig. 2. The CMs prepared
at —16°C had numerous inter-connected large pores in the range
of 20-200 wm. These pores could act as a channel for the mobile
phase to flow easily through. Pore size of the CMs is much larger
than the effective molecular radius (~5.5 nm) of whole antibody
molecules [30]; so then, it can pass easily through the pores. As a
result of the convective flow achieved of the mobile phase through
inter-connected pores, it is possible to study at higher flow-rate
due to negligible mass transfer resistance. Fig. 2 also shows that
the particles both imprinted and non-imprinted were success-
fully embedded into cryogel structure meanwhile interconnected
supermacropores had been retained as expected. In addition, the
embedded particles were polymerized very close to cryogel sur-
face this case provides a rapid adsorption dynamics with higher
adsorption capacities [26].

FTIR spectroscopy has been applied to characterize the chem-
ical structure of MI-CMs and NI-CMs (Supplementary Material,
SM-Fig. 1). MI-CMs have vibrational bands stemmed from the
main monomer 2-hydroxyethyl methacrylate, as —OH stretching
at 3430cm™!, aliphatic —CH stretching at 2952 cm~!, and —C=0
stretching at 1726 cm~1, respectively [31]. In addition, MI-CMs also
have vibrational bands originated from embedded particles. These
bands can be listed as carboxyl —C—0— stretching and out of phase
—NH rocking bands around 1454 cm~!; —OH bending (phenol ring

of tyrosine group), —C—H twist (aromatic ring) and —NH rock-
ing at 1248cm~! and 1076 cm~!; —C—H bending (out-of-plane)
at 1159cm~! and 1024 cm~1; and chain asymmetric stretching at
900 cm~!, respectively [32]. Similarly, NI-CMs have almost same
FTIR bands with MI-CMs because of chemical structural similari-
ties of polymeric backbones and same functional monomer used
for preparation of the particles embedded into cryogel structure.

3.2. Anti-HBs adsorption from human plasma

3.2.1. Effect of flow-rate

The adsorption dependency on flow-rate of the MI-CMs is given
in Fig. 3. The results show that the amount of anti-HBs adsorbed
onto the MI-CMs decreased when the flow-rate through the column
increased [25]. The adsorption capacity significantly decreased
from 321.0 mIU/g CM to 144.5 mIU/g CM when flow-rate increased
from 0.50 mL/min to 2.0 mL/min. Similarly, the adsorption capac-
ity of NI-CMs were decreased from 208.1 mIU/mL to 87.6 mIU/mL
in same flow-rate range. The results are due to decrease in contact
time between the anti-HBs molecules and the MI-CMs at higher
flow rates. The residence time of the anti-HBs in the CM is getting
longer when the flow-rate decreased. Thus, the anti-HBs molecules
have more time to diffuse to the pore walls of the CMs, to interact
with embedded particles and to bind to the molecular cavities at
lower flow-rates, hence a better adsorption capacity is observed. It
should be noted that there is no pressure drop limitation because
of supermacroporous characters of the CMs [33,34].
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Fig. 3. The adsorption dependency on flow-rate of the MI-CMs and NI-CMs. Anti-
HBs concentration: 44.75 mIU/mL; T: 25°C.

3.2.2. Effect of initial anti-HBs concentration

The adsorption dependency of the MI-CMs and NI-CMs are given
as a function of anti-HBs concentration (Fig. 4). As seen in this fig-
ure, the increase in the anti-HBs concentration in plasma causes
an increase in the adsorption capacities of the MI-CMs and the NI-
CMs. The maximum adsorption capacities of the MI-CMs and the
NI-CMs are achieved as 700.2 mIU/g and 427.8 mIU/g, respectively.
This fact depended on the driving force derived from concentration
difference between liquid and solid phases. By increase in the con-
centration, the concentration gradient is getting stronger; hereby,
the adsorption tendency of the analyte molecules, anti-HBs, is also
inclined [35]. In addition, the results show that anti-HBs molecules
easily move through inter-connected channels of CMs, reaching to
and interacting with specific cavities of the embedded porous parti-
cles and binding to interaction binding sites (i.e. antibody imprinted
cavities) [27]. Here, it should be emphasized the adsorption
process was occurred quickly. The process almost reached equi-
librium in first 30 min (Supplementary Material, SM-Fig. 2). Higher
adsorption capacity of CMs was stemmed from several important
parameters controlling adsorption process. First, whole solution
directly flows through cryogel structure that was retained after

800
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Fig. 4. The adsorption dependency on concentration of the MI-CMs and NI-CMs.
Flow-rate: 0.50 mL/min; T: 25°C.
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Fig. 5. The effect of salt concentration on anti-HBsAb adsorption capacity of the
MI-CMs. Anti-HBs concentration: 44.75 mIU/mL; flow-rate: 0.50 mL/min; T: 25°C.

cryogelation although embedding process. Therefore, anti-HBs
molecules effectively diffuse into and interact with imprinted
cavities or functional monomer. Second, embedding of particles
into cryogel structure increased specific surface area, numbers of
imprinted cavities for anti-HBs molecules. Third, convective flow
allows anti-HBs molecules to move through interconnected super-
macropores of the cryogels easily and adsorb on the imprinted
cavities specifically. Fourth, diffusion and mass transport limita-
tions were also reduced because of convective flow. In addition,
surface film that is most rate-limiting step of the adsorption pro-
cesses exterior of the cryogel was thickener which accelerates the
adsorption because of convective transport of anti-HBs molecules.
The combination of these parameters makes a synergic effect that
causes faster adsorption process and higher adsorption capacities.

3.2.3. Effect of ionic strength

The effect of NaCl concentration on the adsorption capacity
of the MI-CMs and the NI-CMs was also investigated. High ionic
strengths weakened the binding as shown in binding experiments
when increasing amounts of NaCl were added to the adsorption
solution (Fig. 5). Anti-HBs adsorption capacity of the MI-CMs and
the NI-CMs decreased from 338.0 mIU/g to 4.81 mIU/g for MI-CMs
and from 213.0mIU/g to 3.11 mlIU/g for NI-CMs when the NaCl
concentration increased to 0.5 M. According to the results, ionic
interactions gave an essential contribution to the recognition and
binding process [36]. A possible explanation for this phenomenon
could be in two ways; (i) Counter salt ions interact with the anti-
HBs molecules via charge-charge interactions and mask the binding
sites, and (ii) decrease in the adsorption capacity due to the increase
in ionic strength can be attributed to the repulsive electrostatic
forces between the MI-CMs and anti-HBs molecules [37].

3.2.4. Selectivity experiments

In order to show the selectivity of the CMs, a competitive
adsorption was performed from anti-HBs and anti-HAV positive
plasma. For this purpose, anti-HBs, total anti-HAV antibody (anti-
HAV IgG +1gM) and total IgE adsorption capacities of the MI-CMs
were evaluated. Anti-HAV antibody was chosen as a competitive
protein to show selectivity between two different hepatitis types.
IgE molecule, another Y shape immunoglobulin molecule, was cho-
sen to show the selectivity of molecular shape. The selectivity
constants (Ky, k and k') were summarized in Table 2.

If K; values were considered, the distribution constant of anti-
HBs molecules is higher than that of other molecules for the MI-CMs
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Table 2
Ky, k and k’ values of the MI-CMs and the NI-CMs.
MI-CMs NI-CMs K
Kq k Kq k
Anti-HBs 10.25 - 7.31 - -
Total anti-HAV 5.28 1.94 20.54 0.36 5.45
Total IgE 2.26 4.54 14.59 0.50 9.05

Anti-HBs: 895 mIU/mL; total anti-HAV: 490 mIU/mL; total IgE: 5000 mIU/mL. Dilu-
tion factor is one hundred fold.

as opposed to the NI-CMs. k values which show the distribution of
anti-HBs molecule due to the interfering molecules were calculated
as 1.94 for total anti-HAV antibody and 4.54 for total IgE molecules
for the MI-CMs. In the case of NI-CMs, these values were calculated
as 0.36 for total anti-HAV antibody and 0.50 for total IgE molecules.
These results show that the template molecules, anti-HBs, have
been recognized by MI-CMs. The relative selectivity constant (k')
that is another parameter for evaluation of performance of the
imprinted adsorbents was calculated as 5.45 for anti-HBs due to
total anti-HAV and 9.05 for anti-HBs due to total IgE, respectively.
These mean that MI-CMs can specifically recognize and adsorb
anti-HBs molecules as 5.45-folds according to total anti-HAV and
9.05-folds according to total IgE, respectively. Therefore, it can be
concluded that the MI-CMs have higher selectivity to anti-HBs
molecules considering not only antibodies against two different
hepatitis types, A and B, but also Y-shaped antibodies molecules,
IgE and anti-HBs. As a result, we can conclude that the anti-HBs
imprinted cavities in the CMs recognize and identify the anti-HBs
molecules more specifically.

3.2.5. Reusability and stability of the cryogel membranes

In order to show the stability and reusability of the MI-CMs,
the adsorption-elution cycle from human plasma was repeated
ten times using the same CM 1h for each elution cycle. The CM
was washed with 50 mM NaOH solution for 30 min for sterilization
after each adsorption-elution cycle. After that, the CM was washed
with distilled water for 30 min, then, equilibrated with the 0.1 M
phosphate buffer at pH 7.4 for the next adsorption-elution cycle.
As seen in Fig. 6 that the cryogel is very stable and maintain their
adsorption capacity almost constant as more than 95.0%. The result
indicates that recognition, interaction and adsorption processes are
occured reversibly and the methods applied for elution and equili-
bration are convenient for purification procedure. In addition, this
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Fig. 6. Reusability and stability of the MI-CMs. Anti-HBs concentration:
44.75 mIU/mL; flow-rate: 0.50 mL/min; desorption buffer: phosphate 7.4 including
1.0M NaCl; T: 25°C.
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Fig. 7. FPLC purification of anti-HBs from human plasma by the MI-CMs. Flow rate:
1.0mL/min; anti-HBs concentration: 44.75-179.0mIU/mL; equilibration buffer:
100 mM phosphate at pH 7.4; eluent solution: a linear gradient of NaCl in 100 mM
phosphate buffer (pH 7.4) from 0.0 to 1.0 M; detection was performed at 280 nm.

Table 3
Anti-HBs activities (mIU/mL) of the FPLC fractions.

Dilution factor,? fold Anti-HBs activity (mIU/mL) Retention

efficiency (%)
Bound Unbound
20 31.73 12.89 71.11
10 59.45 31.12 65.64
5 99.28 78.45 55.86

2 Undiluted plasma concentration of Anti-HBs: 895 mIU/mL.

high performance of the MI-CMs regarding to parameters such as
scaling-up and lowering the cost of the purification process makes
them a promising candidate for large scale anti-HBs purification
technology.

3.3. FPLC studies

In order to evaluate the chromatographic purification perfor-
mance of the MI-CMs, we have connected them to FPLC system. As
seen in Fig. 7, we have applied anti-HBs positive plasma samples
diluted in different ratios to FPLC system. Frac920 fraction collec-
tor unit used for collecting the peaks, bound and unbound regions
of the chromatogram. The anti-HBs activities of each fraction were
determined as mentioned before (Table 3). As seen in Table 3, the
MI-CMs have the retention capacities in range of 55.86-71.11%
with respect to initial anti-HBs concentration. Table 4 shows the
parameters calculated from the purification chromatograms. As
summarized in table, anti-HBs molecules were eluted from the MI-
CMs at 6.35 min while unbound fraction came out at 1.87 min. The
theoretical plate number (N) and capacity factor (CF) of the MI-CMs
were calculated as 1153.9 and 5.48 for anti-HBs molecules, respec-
tively. The other parameters indicating resolution and separation
performance were determined as 1.72 and 6.02, respectively. These
results consolidate and confirm that the separation of the anti-HBs

Table 4
The parameters calculated from the purification chromatograms.
tr N CF o Rs
Anti-HBs (bound fraction) 6.35 1153.90 5.48 - -
Competitors (unbound fraction) 1.87 411 0.91 6.02 1.72
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molecules from plasma was achieved successfully by using MI-CMs
as continuous separation media.

4. Conclusion

It is hard to imprint the proteins into polymeric matrix because
of their tendencies to denaturation and conformational change
during the polymerization. One of the proposed methods to solve
these problems is to carry out the polymerization under mild con-
dition such as low temperature [4]. Cryogels are the prominent
alternatives; because, not only offering solution to the men-
tioned problems but also serving unique properties such as large
inter-connected flow channels, low back pressure, low diffusion
resistance, rapid and efficient adsorption dynamics for separation
and purification of interested molecules [38-40]. In this study,
we aimed to prepare molecular imprinted cryogel membranes for
chromatographic purification of anti-HBs molecules from human
plasma. These molecules were used to immunize passively the
infants born to hepatitis B carrier mother and people who need
an immediate protection [7,41]. As large scale antibody purifi-
cation protocols, the anti-HBs molecules were also purified via
this method [4,42]. According to our results, the offered cryogel
membranes can be classified as potential alternative for conven-
tional competitors because of their encouraging properties such
as high adsorption capacity, specific ability to recognize anti-HBs
molecules, rapid adsorption kinetics, chemical and physical stabil-
ity and reusability while retaining capacity more than 95% after 10
adsorption—desorption cycle, low flow and diffusion resistance etc.
Finally, it can be concluded that MI-CMs could be used for specific
purification of anti-HBs from anti-HBs positive human plasma and
classified as a promising alternative for large-scale purification.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jchromb.2012.02.001.
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