Available online at www.sciencedirect.com

SCIENCE@DIHECT° JOURNAL OF
CHROMATOGRAPHY B

I

ELSEVIER Journal of Chromatography B, 807 (2004) 315-325

www.elsevier.com/locate/chromb

Preparation and characterisation of surfaces properties of
poly(hydroxyethylmethacrylate-co-methacrylolyamido-histidine)
membranes: application for purification of human immunoglobulin G

M. Yakup Arica, Emine Yalg¢in, Gilay Bayrantpu
Biochemical Processing and Biomaterial Research Laboratory, Faculty of Science, Kirikkale University, Yahghan-Kirikkale, 71450, Turkey
Received 20 February 2004; received in revised form 20 April 2004; accepted 26 April 2004
Available online 24 May 2004

Abstract

In this study, an affinity membrane containinghistidine as an amino acid ligand was used in separation and purification of human
immunoglobulin G (HIgG) from solution and human serum. The polarities and the surface free energies of the affinity membranes were
determined by contact angle measurements. HIgG adsorption and purification onto the affinity membranes from aqueous solution and human
serum were investigated in a batch and a continuous system. Effect of different system parameters such as ligand density, adsorbent dosage
pH, temperature, ionic strength and HIgG initial concentration on HIgG adsorption were investigated. The maximum adsorption capacity
of p(HEMA-MAAH-4) membranes for HIgG was 13.06 mgThl The reversible HIgG adsorption on the affinity membrane obeyed both
the Langmuir and Freundlich isotherm models. The adsorption data was analysed using the first- and second-order kinetic model and the
experimental data was well described by the first-order equations. In the continuous system, the purity of the eluted HIgG, as determined by
HPLC, was 93% with recovery 58% for p(HEMA-MAAH-4) membrane. The affinity membranes are stable when subjected to sanitization
with sodium hydroxide after repeated adsorption-elution cycles.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction of IgG (such as protein A, protein G, phenyl group, amino
acids and thiophilid5—-12] from human serum and other
The recently introduced affinity membrane chromatog- sources. Thea -histidine ligand has been incorporated on
raphy offers some apparent advantages over conventionalifferent matrices (membranes, microspheres and silica par-
bead-packed column chromatography in bioseparation suctticles) to purify IgG and presents similar binding capacities
as higher flow rate, low pressures drop, faster binding kinet- as protein A and protein G using mild elution conditions
ics, and simple scale-Ug,2]. An affinity separation relies  [13,14] Thevr-histidine ligands are also much more stable
on the highly specific binding between a target protein in so- than protein ligands because they do not require a specific
lution and an immobilized specific ligand to achieve a high tertiary structure for maintaining biological activifiL5].
degree of protein purification. In addition, protein ligands are expensive and difficult to
The purification of 1gG is generally required for the handle, sterilize and preserve its biological actiyitg,17]
purposes of immuno-diagnostics, immunochromatography They can lose their activity by harsh elution and cleaning
and immunotherapy. Moreover, IgG removal from human conditions. The.-histidine ligand is much more stable than
serum is employed for the treatment of immuno disor- protein ligands and it also offers several advantages over
ders, allo-immunization and cancf8,4]. Different types protein ligands in terms of economy, ease of immobiliza-
of affinity ligand molecules have been used for purification tion and high adsorption capacity. It interacts with several
proteins through its carboxyl, amino and imidazole group
mspondeme author. Tel90-318-357-2477: at near their isqelectric points and has shown particg!ar gffi-
fax: +90-318-357-2329. cacy in separating 1gG from human serum and purification
E-mail address: yakuparica@tnn.net (M.Y. Arica). of antibodies from biological fluidgL8].
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Affinity membranes find a wide range of applications of analytical grade and were purchased from Merck AG
in the field of biotechnology and biomedicine such as (Darmstadt, Germany). The water used in the following
in bioaffinity chromatography, enzyme immobilization, experiments was purified using a Barnstead (Dubuque, IA,
biosensor, immunoassays, and others. Some of the method&/SA) ROpure LP reverse osmosis unit with a high flow
employed to prepare affinity membranes are: (1) the attach-cellulose acetate membrane (Barnstead D2731) followed
ment of specific ligand after derivatization of membrane by a Barnstead D3804 NANOpure organic/colloid removal

surfaces with various activating agents (such as cyanogenand ion exchange packed-bed system.

bromide, epichlorohydrin or carbodiimide) and (2) the
coupling of specific ligand on the surfaces of membrane
carrying reactive group which was obtained after copoly-
merisation of two different monomers one of them contains
reactive groups (such as poly(acrylonitrile-co-hydroxyalkyl

methacrylate) or poly(hydroxymethacrylate-co-glycidyl
methacrylate]19-21]
In this study, preparation method of novel affin-

ity membrane was investigated by copolymerisation of
2-hydroxyethylmethacrylate (HEMA) monomer with an
amino acid ligand introduced co-monomer (2-methacryloly-
amido-histidine; MAAH). This method is effective in

that the ligand can be easily introduced in to the mem-

2.2. Preparation of methacryloly-
amidohistidine monomer

L-Histidine methylester (5.0 g) and hydroquinone (0.2 g)
were dissolved in 100 ml dichloromethane. The mixture was
transferred in a 250 ml round-bottomed three-necked flask
fitted a dropping funnel. After cooling to @, triethyl-
amine (10ml) was added and stirred magnetically under
a nitrogen atmosphere. A 6.0 ml of methacryloylchloride
was placed into the dropping funnel and was introduced
drop wise to the reaction mixture in 10 min. The reaction
chamber was then removed from the ice-water bath and the

brane at a desired density by adjusting the concentrationreaction was maintained at room temperature for 2 h. Af-

of ligand carrying co-monomer in the polymerisation
mixture. A series of p(HEMA-MAAH-1-4) membranes
with different HEMA/MAAH ratios were prepared by
UV-initiated photo-polymerisation in the presence of an
initiator («,a’-azobisisobutyronitrile; AIBN). The surfaces

ter reaction, unreacted methacryloylchloride was removed
from the medium by extraction with 10% NaOH solu-
tion. Aqueous phase was evaporated in a rotary evaporator.
The product “methacryloly-amidohistidine” was dissolved
in ethanol.

properties of p(HEMA-MAAH-1-4) membrane were deter-

mined by measuring the contact angle value to different test2.3. Preparations of p(HEMA-MAAH) membranes

liquids and the surface free energy of membranes was cal-

culated from contact angle using acid—base method. System The poly(2-hydroxyethylmethacrylate-co-methacryloly-
parameters such as properties of membranes (i.e., effect oimido-histidine), p(HEMA-MAAH-1-4), membranes were
HEMA/MAAH ratio on the water content, contact angles prepared by UV initiated photopolymerisation. To check
and surfaces free energy of membranes), the adsorption conthe effect of ligand density on the adsorption capacity of
ditions (i.e., sorbent dosage, initial concentration of HIgG, the affinity membranes, in the initial polymerization mix-
medium pH, ionic strength and temperature), the effect of ture four different MAAH ratios were used (i.e., HEMA:
ligand density on the HIgG adsorption capacities, and the MAAH ratios: 156:1, 68:1, 34:1 and 23:1). The mem-
adsorption-desorption behaviour are studied. Finally, the brane preparation mixture (5.0 ml) contained 2.0 ml HEMA,

experimental data were analysed using different adsorption25-150 mg MAAH, 20mg AIBN as polymerisation ini-

kinetics and isotherm models. The thermodynamic parame-

tiator and 3.0 ml Tris—HCI buffer (50 mM, pH 7.0). The

ters for the adsorption of HIgG on the membrane systemsresulting mixtures were equilibrated at 25 for 30 min

were also investigated.

2. Experimental
2.1. Materials

Human immunoglobulinc and L-histidine methylester
dihydrochloride were supplied from Sigma (St. Louis, MO,
USA) and used as received. 2-Hydroxyethyl methacry-
late (HEMA) and methacryloylchloride was obtained from
Fluka AG (Switzerland), distilled under reduced pressure
in the presence of hydroquinone and stored &€ 4until
use. a-a’-Azoisobisbutyronitrile (AIBN), trimethylamine,
glycerol, diiodomethane (DIM) and trifluoroacetic acid
(TFA) were obtained from Sigma. All other chemicals were

in a water bath. The mixtures were then poured into the
moulds and exposed to long-wave ultraviolet radiation
for 1.0h. The poly(HEMA-MAAH-1-4) membranes were
washed several times with distilled water, ethanol (70%,
viv) and Tris—HCI buffer in a sonicated waterbath and
was cut into circular pieces (diameter: 0.75cm) with a
perforator.

2.4. Adsorption and purification studies of 1gG

2.4.1. Effect of solid/liquid ratio, ligand density, pH,
temperature and ionic strength on HIgG adsorption

Different quantities p(HEMA-MAAH-4) membrane,
varying from 0.13 to 0.52ml affinity membrane in each
7.5ml of HIgG solution (1.0 mg mit) were stirred 100 rpm
for 3h at 25°C. Once the optimum affinity membrane
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dosage was determined, the effect of ligand density, pH,
temperature and ionic strength were conducted. Adsorption

of HIigG on the p(HEMA-MAAH) membrane was stud-
ied at various pH’s, in either acetate (50 mM pH 4.0-5.0),
in phosphate buffer (50 mM, pH 6.0-6.5), in Tris—HCI
buffer (50 mM, pH 7.0-8.0) or in in carbonate (50 mM,
pH 9.0). The effect of temperature and ionic strength on
HIgG adsorption were carried out in in phosphate buffer
(50mM, pH 6.0) and Tris—HCI buffer (50 mM, pH 8.0)
for p(HEMA-MAAH-4) membranes at four different tem-
peratures (i.e., 4, 15, 25 and 32) and at three different
KCI concentrations (i.e., 0.1, 0.25 and 0.5 M), respectively.
All experiments were conducted in duplicates with 0.26 ml
affinity membranes and initial concentration of HIgG was
1.0mg mi! in each set experiments.

2.4.2. Effect of initial concentration of HIgG
on adsorption capacity

To determine the adsorption capacities of the p(HEMA-
MAAH-4) membranes, the initial concentration of HIgG
was changed between 0.1 and 3.0mghin Tris—HCI
buffer (7.5ml, 50 mM, pH 7.0). A calibration curve was pre-
pared using HIgG as a standard (0.05-3.00 mgniThe

amount of HIgG adsorbed onto affinity membranes was de-
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2.5. Instrumentation and chromatographic conditions

A Dionex HPLC system (Dionex Co., Germering, Ger-
many) was used for the chromatographic studies. The
HPLC system consisted of a quarterary pump with an
on-line vacuum degasser (Model P580 A), an autosam-
pler with a variable injection capacity from 1 to 2p0
(Model ASI-100), a column oven (Model STH 585) and
an UV-vis diode array dedector (Model 340 S). Chro-
matograpfic seperation of proteins was achieved on a
VYDAC 259 VHP 5415 column (150 mmx 4.6 mm
i.d.) protected by a guard column (20 mm, 4.6 i.d.). All
serum solutions used in chromatographic studied were
pre-filtered through a syringe membrane filter (@8,
Millipore) to remove particles and large aggregates. HPLC
mobile phase A and B were prepared by adding triflu-
oroacetic acid (TFA) (0.01%, v/v) in Milli Q water and
95% acetonitril and 5% Milli Q water, respectively. The
mobile phases were filtered prior to use. The chromato-
graphic separation was performed using a gradient at
1.0 mimirr? flow-rate (0—20 min, phase B from 25 to 60%
and 21-25min, from 60 to 25%) and the sample injection
volume of the autosampler was g0 The UV-vis dedec-
tor was set at 220 nm and the temperature was maintained

termined by subtracting the UV absorbance at 280 nm afterat 25°C. Dionex CHROMELLEON software was used
adsorption from the value before adsorptions using UV—vis and operated under Windows 98 for data acquisition and
spectrophotometer (Shimadzu, Tokyo, Japan, Model 1601).integration.

Calibration curves were prepared using HIgG as standard

(0.05-3.00 mg mi1).

2.4.3. HIgG purification from human serum
Purification of HIgG with p(HEMA-MAAH-4) mem-

brane from human serum was studied in batch and contin-
uous systems. Fresh human blood samples were obtaine
from healthy donor in the presence of sodium citrate, (Fac-

ulty of Medicine, Kirikkale University). The samples were
centrifuged for 10 min at 2000 rpm afZ.
In the batch system, the purification of HIgG was car-

ried out as described above except that 5-fold diluted human

serum (Tris—HCI buffer; 50 mM, pH 7.0) used as adsorp-

tion medium instead of pure HIgG solution and eluent was

analysed by HPLC.

The continuous system was made from Pyrex glass

(length 6.0 cm, diameter 1.8cm, total volume 15ml). The
poly(HEMA-MAAH-4) membranes (3.6 ml) were loaded
into the continuous system yielding a void volume of about
11.0 ml. The five-fold diluted human serum was introduced
to the system at a flow rate of 20 mthwith a peristaltic
pump (ISMATEC, IPC Model) though the lower inlet part.
It was operated at 25C for each run for 4.0 h and the di-

2.6. Repeated use studies

To determine the reusability of the p(HEMA-MAAH-4)
membranes adsorption and elution cycle was repeated six

éimes by using the same affinity membranes. HIgG de-

sorption experiments were performed by immersing the
membranes in Tris—HCI buffer (50 mM, pH 7.4) containing
0.5M KCI. Desorption medium was stirred magnetically
at 100rpm at 25C for 3h. The final HIgG concentra-
tion in desorption medium was determined by spectro-
photometry.

2.7. Characterization studies

2.7.1. NMR spectra

A JEOL GX-400 instrument (300 MHz) was used to
acquire the proton NMR spectra of polymer solutions in
CDCls. The residual non-deuterated solvent (Ck)Gkrved
as an internal reference. Chemical shifts are reported in
ppm (§) downfield relative to CHGL

luted serum samples leaving the system was collected and2.7.2. FT-IR spectra

analysed by HPLC.

FTIR spectra of the p(HEMA-MAAH-4) membranes was

In the batch and continuous systems, the purities andobtained by using a FTIR spectrophotometer (FTIR 8000

quantities of adsorbed HIgG onto affinity membrane were
analysed using HPLC after elution with Tris—HCI buffer
(50 mM, pH 7.4) containing 0.5M KCI.

Series, Shimadzu, Japan). The dry membrane (about 0.1 g)
mixed with KBr (0.1 g) and pressed into a tablet form. The
FTIR spectrum was then recorded.
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2.7.3. Elemental analysis

The degree of MAAH incorporation in the synthesised
p(HEMA-MAAH-1-4) membranes was determined by
measuring the C, H, N, O contents with a Laco, Model
CHNSO-932) Elemental Analyser.

2.7.4. Scanning electron microscopy
The dried p(HEMA-MAAH-4) membranes were coated

M.Y. Arica et al. / J. Chromatogr. B 807 (2004) 315-325

where y*W' designated Lifschitz—van der Waals interac-
tion, reflecting the long-range interactions (including the
dispersive interaction, the dipole—dipole interaction, and
dipole-induced dipole interaction, which is dominated by
the dispersion), was calculated from the measured di-
iodomethane contact angles, and® designated such
acid—base interactions as hydrogen bonding, ahdand

y~ refer to proton and electron donating character, respec-

with gold under reduced pressure and their scanning elec-tively. The detailed description of the used method can be

tron micrographs were obtained using a JEOL (JSM 5600)
scanning electron microscope.

2.7.5. Water content of p(HEMA-MAAH-1-4) membranes

The water content of copolymer membrane prepared with
different amounts of MAAH was determined at room tem-
perature in Tris—HCI buffer (50 mM, pH 7.0) by using a

gravimetric method. The water content was defined as the

weight ratio of water contained within swollen to dry mem-
brane. The water content of the p(HEMA-MAAH-1-4) mem-
branes were calculated by using the following expression:

1)

. . Ws — W,
Swelling ratio(%) = Zs— d
Wy

x 100
where Wy and Ws are the dry and swollen weights of
p(HEMA-MAAH-1-4) membranes, respectively.

2.7.6. Contact angle measurements and calculation of
surface energy

Contact angles to different test liquids (i.e., water, glyc-
erol and diiodomethane) of the dried p(HEMA-MAAH-1-4)

found in the literature$22] and only the basic equations
are presented here. The method equations were solved us-
ing CAM 200 software package operated under Windows
98 (KSV Instruments Ltd.).

3. Results and discussion
3.1. Properties of p(HEMA-MAAH) membranes

In this study,we have suggested a novel method of in-
troducing L-histidine ligand into the polymer membrane
structure via co-polymerisation of HEMA monomer with a
ligand carrying co-monomer methacrylolyamido-histidine.
This method is effective in that the ligand readily intro-
duced into the porous membrane at a required density by
selecting the co-monomer ratio in the polymer preparation
mixture. A two-step process was carried out for the prepa-
ration of p(HEMA-MAAH) membranes. In the first step,
MAAH was synthesized from 2-methacryloylchloride and
L-histidine. The second step consisted of the copolymerisa-

membranes samples were measured by sessile drop methoggon of HEMA monomer with MAAH co-monomer via UV

at 25°C by using a digital optical contact angle meter CAM
200 (KSV Instruments Ltd., Helsinki, Finland). The sessile
drop was formed by depositing the liquid from the above us-

initiated photo-polymerization in the presence of an initiator
(AIBN).
1H NMR was used to determine the MAAH structutel

ing a manual miCl’O-Syringe on the membrane surfaces. BOthNMR spectrum of MAAH is shown to indicate the charac-

the left- and right contact angles and drop dimension pa-
rameters were automatically calculated from the digitalized

teristic peaks from the groups in monomer unit. These char-
acteristic peaks are as flowdd NMR (CDCls) § 1.99 (t;

image. The measurements were the average of five contacgH, j = 7.08 Hz, CH;), 1.42 (m; 2H, CH), 3.56 (m; 3H,

angles at least operated on three membrane samples.
The free surface energy parameters of the p(HEMA-

—OCH), 4.82-487 (m; (1H, methin) 5.26 (s; 1H, vinyl H),
5.58 (s; 1H, vinyl); 6.86—7.826( 1H, J = 7.4Hz, NH),

MAAH-1-4) membranes were calculated using the contact . 86-7.52 (m; 5H, aromatic).
angle data of the probe liquids. The results are analysed The FTIR spectra of both MAAH and p(HEMA-MAAH-4)

according to acid—base method of van Oss ef24]. In

have the characteristic stretching vibration band of

this method, the contact angles against at least three liquidshydrogen-bonded alcohol, O-H, around 3540¢mThe

with known values ofy™V, y* andy~ are measured and
the superscripts (LW),#) and ) refers to dispersive,

FTIR spectra of p(HEMA-MAAH) have -characteris-
tic amide | and amide Il adsorption bands at 1650 and

Lewis acid and base components, respectively. The valuesi525cntl, respectively. On the other hand hydrogen

for each experiment are put into the following equation:

1+ costh)n = 2[(rsY x y™M)Y2+ (v x Y2

+ s xnH) )

The total surface energy'T is regarded as the sum of
Lifschitz—van der Waals and the Lewis acid and base com-
ponents.

TOT Lw AB
14 =Y

+vy )

bonded alcohol O—H stretching band intensity of pHEMA
membrane is higher than that of p(HEMA-MAAH-4) mem-
brane due to the incorporation of MAAH into the polymer
structure.

The amount of.-histidine in the p(HEMA-MAAH-1-4)
membranes was determined by elemental analysis. The
L-histidine content of the membranes were calculated from
nitrogen stoichiometry and found to be between 59 and
253pmol/ml membrane.
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Fig. 2. Effect of solid/liquid ratio on the adsorption capacity of the
Fig. 1. The SEM micrograph of p(HEMA-MAAH) membrane surface. = p(HEMA-MAAH-4) membrane.

The effect of p(HEMA-MAAH) mole ratio on the water rgtio can be explaipgd by the augment qf the numbgr of ac-
content of the membrane was in Tris—HCI buffer (50 mM, pH tive sites of the affinity _m_embranes. An_ increase solid r_atlo
7.0). Compared with pHEMA membrane (58%), the water from_0.13 t0 0.53 ml affinity membram_a in 7.5 ml adsorption
content of p(HEMA-MAAH-4) membranes increased (up to medlum_leads to increase up to 51% in HIgG rempval from
86%) with varying co-monomer ratios. When MAAH was the medium. In the remaining stu_dy, 0.39.ml affinity mem-
introduced in the structure of the membrane, it was found Prane was used in 7.5 ml adsorption medium.
that this increased the water content. This appears reason- ) )
able when it is remembered that HEMA is not highly polar 3-2-2. Efféct of ligand density o
compound and does not have fixed charge. The imidazole 1he effect of ligand density on the HIgG adsorption is
and carboxylic groups of the MAAH introduced positive and Shown inFig. 3. As observed in this figure, an increase in
negative charges into the polymer structure, and should beligand density led to an increase in adsorption capacity of
caused more water uptake. the affinity membrane_ to_ HIgG but this relation levelled of

The scanning electron microscope (SEM) micrograph at arpund 1_8Qmol L-hl_stldlne per mi membrane str_ucture.
showing the surface sturucture of the p(HEMA-MAAH-4) At higher ligand density, however, the increase in HIgG
membrane is presented Fig. 1 The average pore size adsorpuqn capacity was ;hghtly_ less proportional. This
and the pore distribution are aboutwn and 28 x 10° c_>bservat|on_ can be_ ex_plamed_ enher to.the overcr_owded
pore cnr2, respectively. As seen from the figure, many ligand density resulting in binding difficulties for relat!vely
pores were observed on the surface of the affinity mem- '&rge HIgG molecules or to the mass-transfer resistance
brane, which should contain availahlenistidine ligand in ~ ©f the liquid film on the solid membrane surface further
the vicinity of pore space for interaction with protein. The
porous surface structure should be considered as a factor
providing an increase surface area. In addition, these pores
reduce the mass transfer resistance and facilitate the diffu-
sion of protein molecule because of high internal surface
area with low diffusional resistance in the membrane (imply
high adsorption capacity and rate).

5N
N
)

=
N
1

=
o
1

[ee]
1

3.2. HIgG adsorption studies in batch system

3.2.1. <olid/liquid ratio
The effect of the solid/liquid ratio on the adsorption ca-
pacity of the p(HEMA-MAAH-4) membrane was studied for

Adsorbed amount of HIgG (mg mi™)

an initial concentration of HIgG (2.0 mg m}) and the con- 0 - - - - - -
tent of solid was varied between 0.13 and 0.53 ml (affinity 0 %0 100 180 2?10 250 300
membranes) per 7.5 ml adsorption medium and is presented Ligand density (g mI")

in Fig. 2 The resulted increase in the amount of HIgG re- Fig. 3. Effect of ligand density on the adsorption capacity of the
moved from medium with the increase of the solid/liquid p(HEMA-MAAH-1-4) membranes.
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Fig. 4. Effects of pH on HIgG adsorption capacity of the p(HEMA-
MAAH-4) membrane; initial concentration of | HIgG: 2.0 mgmit tem- Fig. 5. Effects of ionic strength on HIgG adsorption on the p(HEMA-
perature: 23C. MAAH-4) membrane; initial concentration of HigG: 2.0mgm]| tem-
perature: 25C, pH: 7.0.
hindering HIgG molecules from reaching the ligafa8].
A maximum adsorption value (12.14mgh) was ob- salt, temperature), such as HIgG, it has a molecular mass
tained with the p(HEMA-MAAH-4) membrane (containing of 150kDa and could change conformation upon binding
253umol L-histidine ml membrane, at 2.0 mgni HigG functional surface. Thus, HIgG molecules would expand and
concentration). The rest of the study was carried out with contact according to the variation of the ionizable groups on
p(HEMA-MAAH-4) membranes. the surfaces. At pH 7.0, the resulting HIgG adsorption may
be also due to suitable conformation of HIgG molecules
3.2.3. Effect of pH within the native medium for interaction wittrhistidine.

The distribution of charged amino acid residues on the
protein surface is very important factor in ion-exchange in- 3.2.4. Effect of ionic strength
teractions with the ligand on the affinity membrane. In the  The enthalpy of adsorption would be affected not only by
aqueous medium, polar or charged residues tend to be orthe pH value on the electron donating capability, but also
the surface and non-polar residues in the interior. However, by the salt concentration on the hydrophobic and electro-
each amino acid residue cannot be distributed independentlystatic interaction between HIigG amehistidine ligand. The
owing to the primary structure of protein, the distribution adsorption capacity of p(HEMA-MAAH-4) membranes to
varies from one protein to another. The optimal pH value HIgG was reduced about 39% with increasing KCI concen-
for adsorption of 1gG onto affinity membrane was investi- tration from zero to 0.5 MFKig. 5. The decrease in HIgG
gated in the pH range 4.0-9.0. As showrFig. 4, the max- adsorption capacities of affinity membrane with increasing
imum 1gG adsorption onto p(HEMA-MAAH-4) membrane ionic strength should be resulted from decrease in the elec-
was 12.14 mg mit at pH 7.0. Significantly, lower adsorption  trostatic interactions between HlgG anehistidine ligand.
was obtained in the other tested pH regions. TRgyalue of As the ionic strength increased in the adsorption medium,
carboxyl group of the-histidine molecules is around 1.8. At  the electrical double layer around the molecules, given by
pH 7.0, more than 90% of R group ofhistidine moleculeis  the Debye—Hiickel length, decreased. van Oss reported that
the imidazole form and only 10% imidazolium form is posi- with increasing electrolyte concentration in the medium the
tively charged at this pH value. Thereforehistidine ligand surface charge are screengdl]. These effects cause the
has net negative charge at pH 7.0. The isoelectric polit (p electrostatic force between molecules to decrease. Conse-
of IgG is 6.95. The proteins have no net electrical charge at quently, the total electrostatic energy between the molecules
their isoelectric points, and therefore, the maximum adsorp- decreases and the system becomes aggregating.
tion of protein is usually observed at their isoelectric points.
Specific interactions (hydrophobic, electrostatic and hydro- 3.2.5. Effect of temperature
gen bonding) between HIlgG andhistidine molecules at At higher temperature, the protein in the adsorption
pH 7.0 may result from both the ionisation states of several medium would be expected to progressively commence to
groups on both p(HEMA-MAAH-4) affinity membrane (i.e. unfold and expose buried hydrophobic amino acid residues
carboxyl, imidazole, imidazolium, carbonyl and hydroxyl on the surfaces. If the interaction between the protein and
groups) and amino acid side chains in HIgG. Proteins that the ligand involved a significant hydrophobic interaction,
change conformation as a function of their environment (pH, the contact surface between the protein and immobilized
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Table 1
Langmuir and Freundlich constants and correlation coefficients for adsorption of HIgG on p(HEMA-MAAH-4) membranes at different temperatures
Temperature°C) Langmuir constants Freundlich constants
Gex (Mgmi) Gm ky (x1C°) (M) R? n Ke R

4 7.96 8.85 1.94 0.998 2.76 6.30 0.955

15 10.83 12.67 3.55 0.999 2.04 7.53 0.972
25 13.06 15.93 4.38 0.978 1.77 8.77 0.998
37 16.04 20.73 6.52 0.974 1.66 9.87 0.982

histidine should increase at higher temperatures, resulting inin Fig. 7. Two theoretical isotherm models (Langmuir and
an increase in the affinity of protein for the adsorbj)]. Freundlich) were used to analyse the experimental data.
As temperature increase, the contact area between the pro- The Langmuir model described by the following equation:
tein and the ligand on the matrix should increase, resulting g

in an increase in the affinity of proteins for the adsorbent at — = k1C(gm — q) — k2g 4)
higher temperature. The HIgG showed an increased adsorp- ) ) o o

tion capacity with p(HEMA-MAAH-4) membrane at higher where C is the conc_entranon of protein in solutioq, is
temperature and the results are presentefable 1 From  the amount of protein adsorbed on the membranegand
4 to 37°C, the absorption capacity of the affinity membrane 'S th? maximum adsorption capacity of the membrane. At
for HIgG increased by 40%. The increase in the adsorption €auilibrium, Eq. (4)leads to

capacity of the affinity membrane for HIgG at higher tem- gmC

perature indicates that there is a significant hydrophobic ¢ = kg + C (5)

interaction between the HIgG and the liganthistidine. L . .
! I W 9 '9 ISHdl The Freundlich isotherm is frequently used to describe the

3.2.6. Effect of initial HIgG concentration adsorption. It relates the adsorbed concentration as the power
e function of solute concentration. This empirical equation

Fig. 6 shows the effect of initial HIgG concentration on
takes the form:

HIgG adsorption. As presented in this figure, with increas-
ing HIgG concentration, the amount of HIgG adsorbed on ¢ = Kr(C)Y/" (6)
p(HEMA-MAAH-4) membrane increased. But this relation . o
levelled off at around 2.0 mg mk. This could be explained whereKg andn are the Freyndllch constants chara_lcterlstlc
by saturation of interacting groups of p(HEMA-MAAH) of the systemKg ar_1d nare m_dlcator of t_he adsorption ca-
membrane with the adsorbed HIgG molecules, as a result ofPaCity and adsorption intensity, respectively. The slope and
which maximum adsorption capacity is achieved. Very low the intercept of the Injear Freundlich equation are equal to
non-specific adsorption of HIgG onto the pHEMA mem- LN and InKg, respectively.

brane was obtained (0.17 mgm). The corre;pondi_ng semi-reciprocal plots and Scatchard
plots gave rise to linear plots for the p(HEMA-MAAH-4)
3.2.7. Adsorption isotherms membrane at different temperature and the correlation co-

The adsorption isotherm was obtained from batch exper- €fficients of semi-reciprocal plotsRf) was greater than
iment at different temperatures and the results are presented-978 for all the temperatures, indicating that the Langmuir

4 -
15 - —8— p(HEMA-MAAH-4)
HE —=— p(HEMA)
(@) B m
£ 12 3
S
— 9 -
T
5 £ 27
€ 6 —e—4°C
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Fig. 6. Effects of HIgG initial concentration on HIgG adsorption on the Fig. 7. The Freundlich isotherm plots for adsorption of HIgG on
p(HEMA-MAAH-4) membrane. pH: 7.0; temperature: 5. p(HEMA-MAAH-4) membrane at different temperatures.



322 M.Y. Arica et al. / J. Chromatogr. B 807 (2004) 315-325

Table 2
First-order rate constants and thermodynamic parameters for adsorption of HIgG on p(HEMA-MAAH-4) membranes at different temperatures
Temperature (K) First-order rate constants Thermodynamic parameters
Gex (Mgmi-1) Geq ki (x10%) (min—1) R? AG® (kcalmol 1) AS (cal molK-1) AH° (kcalmot)
277 7.96 7.92 331 0.996 -7.20 47.55
288 10.83 9.67 3.13 0.990 -7.25 45.94 5.92
288 13.06 12.99 2.99 0.995 -7.31 44.56
310 16.04 16.87 2.84 0.985 —7.37 42.82

model could be applied in this system. From the slopes, the A plot of log(geq— /) against should give a straight line

maximum capacitiesgf,) were found to be between 8.85 to confirm the applicability of the kinetic model. In a true

and 20.73mgmi! for HIgG on the p(HEMA-MAAH-4) first order process logeq should be equal to the intercept of

membrane at different temperatures and these calculated plot of loggeq — g;) against.

Ogm Vvalues were very close to the experimentg) val- The second-order equation was applied for adsorption of

ues {Table 1. Therefore, the adsorption of HIgG onto solutes onthe adsorbefig6,27] The second-order equation

p(HEMA-MAH-4) membranes could be described in terms based on adsorption equilibrium capacity may be experesed

of the Langmuir model. The apparent dissociation constantin the form:

(kq) estimated from the intercept is a measure of the stability

of the complex formed between a protein and an adsorbentdm/(¢m — qr) = kat +1 ()

under specified experimental conditions. For example, a

large kg value indicates that the protein has a low binding

affinity for the adsorbent. At different temperatures, ke 1 1 1

values were found to be between 1.94 an6< 106 M ; = kaqmt + q_m

for the p(HEMA-MAH-4) membrane and, a high binding

affinity was obtained for-histidine ligand. FromEg. (10) a plot 14, versus 1t'should give a straight
The Freundlich plots for HIgG adsorption on the line and the sorption capacity, and the rate constahp

p(HEMA-MAH-4) membrane at different temperatures are can be calculated from the intercept and the slope of the

The linear form of equation is

(10)

presented infable 2 The Freundlich constant&r andn linear second-order equation, respectively.
were found to be between 6.30 and 8.77 and, 1.66 and 2.76, In order to analyse the adsorption kinetics of HIgG, the
respectively. Values of > 1 for theL-histidine ligand indi- first-order and the second-order kinetics models were ap-

cates positive co-operativity in binding and a heterogeneousplied to the experimental data. The first-order equation fitted
nature of adsorption. The magnitude Kt showed easy  well with the experimental data. The comparison of experi-

adsorption of HIgG from the adsorption medium. mental adsorption capacities and the theoretical values esti-
mated from the first-order equation are presentethivie 2
3.3. Kinetics modelling The theoreticalleq values for the p(HEMA-MAAH-4) mem-

brane were very close to the experimenjg values in the

The large number and different chemical groups on the case of first-order kinetics. The first-order kinetics best de-
adsorbents surface were created during preparation of thescribed the data.
affinity membranes [i.e., secondary amino, carboxyl, car- In addition, Arrhenius plots in the temperature range
bonyl, hydroxyl and hyrophobic groups], imply that there from 5 to 37°C obtained from I versus Irk; (kg;
are many types of HIgG and ligand interactions. The kinetic first-order rate constant) appear linear; activation energy
models (the first-order and second-order equations) can bg[Ez) was found to be—3.31 for p(HEMA-MAAH-4)
used in this case assuming that measured concentrations ammembrane. The lower activation energy calculated for
equal to adsorbents surface concentrations. The first-orden-histidine ligand indicates that the adsorption of HIgG on
rate equation of Lagergren is one of the most widely used the p(HEMA-MAAH-4) ligand is favourable. The binding
for the adsorption of solute from a liquid solution. It may of HIgG on the p(HEMA-MAAH-4) may not require a large

be represented as follows: conformational deformation, thereby resulting in lower ac-

dg; tivation energy for the molecule to reorganise and attain

G = k1(geq — qr) (7) the proper conformation for binding to the-histidine-
ligand.

where k; is the rate constant of the first-order biosorp-
tion (min~1) and Oeq and g, denote the amounts of ad-
sorbed HIgG at equilibrium and at time (mgmi?1),

respectivelyEq. (7)can be rearranged to obtain a linear form

3.4. Thermodynamic parameters

The thermodynamic parameters such as free energy
l09(geq — g1) = l09geq— (k1t)/2.303 (8) changesAG°), enthalpy changeXH°), and entropy change
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(AS) for the adsorption process can be estimated using the
following equations:

AG° = —RTINKa (11)
AG°® AH°

The dependency of the equilibrium association constént,
(Ka = 1/Kg, from Langmuir constant) versusTlfor the
binding of HIgG on the p(HEMA-MAAH-4) membrane was
analysed in terms of Van't Hoff plots. TheeG° values for
HIlgG adsorbed on the p(HEMA-MAAH-4) membrane were
calculated for each temperature and tabulat&icilie 2 The
negativeA G° values for each temperature indicated that ad-
sorption of HIgG on the p(HEMA-MAAH-4) membrane was

a favourable process and those were ranged betw&e20

and —7.37 kcalmot!. The AS values for the adsorption

of HIgG to p(HEMA-MAAH-4) membrane is presented in
Table 2 At lower temperatures, due to lower kinetic motion
of theL-histidine ligand, the value of the phase ratio will be
different to that at higher temperatures. The positive values
of AS’ show the increased randomness at the solid/solution
interface during adsorption. The relatively small positive
AS’ values in the system under investigation indicate that
as a result of adsorption no significant structural change oc-
curs in the affinity membrane material. The calculatdd®
value of the system for the interaction for the HIgG with the
L-histidine ligand was 5.92 kcal not. The positive value

of AH° indicates the endothermic nature of adsorption.

3.5. Purification of HIgG from human serum

Purification of HIgG from human serum was studied in
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Fig. 8. HPLC chromatogram showing: (A) commercial HIgG, (B) human
serum diluted with Tris—HCI buffer 1:5 ratio, (C) after interactions of
diluted human serum with p(HEMA-MAAH-4), (D) the elution profiles of

p(HEMA-MAAH-4) membranes after interactions with five-folds diluted

human serum in the continuous system.

batch and continuous systems. The purity and amount of ad-Was used and, the concentration of HIgG in the diluted serum
sorbed HIgG on the p(HEMA-MAAH-4) affinity membrane ~ Was abqut 1.85mgmt. In the continuous sys'Fem, the per-
were determined by HPLC using the eluent obtained from Centpurity and recovery of HIgG were determined as 93 and

the affinity membranes. The chromatogram of the standard 8% respectively. On the other hand, the obtained purity
HigG sample with a retention time 3.7 min was presented and recovery of HIgG were decreased about 6 and 4% for the

in Fig. 8 The initial and remaining concentration of HigG  Patch system compared to the continuous systéig. (7).

in serum samples were quantitated by integration of peakThe observed lower recoveries of affinity membrane in both
areas Fig. 9). systems may be resulted of the low concentration of HIgG

The continuous system operation parameters is presented the diluted serum sample. When whole serum was used
in Section 2.4.3and, residence time corresponding to the N the batch and continuous systems, a decrease in the pu-

given flow rate (20 mIh?) is calculated by the following rity of HIgG was observed (data not shown). Therefore, a
five-fold diluted serum sample was employed through the

equation: S ) : )
. purification studies. From these observations, low residence
D= —‘O/ (13) time (0.55h) in the continuous system led to an increase
&

in both percent purity and recovery of HigG from diluted
serum with respect to the batch systf2f].

The p(HEMA-MAAH-4) affinity membrane provided an
efficient single step method to purify HIgG from diluted
serum sample, showing high binding capacity and high se-

whereD is the dilution rate (h1), v, is the volumetric flow
rate of the five-fold diluted serum (mt), V is the total
volume of the continuous system (ml) and the void frac-
tion of given as ratio of void volume to the total volume of
the continuous system. Residence timgi$ the reciprocal lectivity for HIgG under given experimental conditions. It
of dilution rate. should be noted that albumini(galue 4.9) did not adsorbed
The residence time was calculated as 0.55h (or 33 min) to the affinity membrane under given experimental condi-
for the continuous system and, this was 3.0 h for the batchtions. The purification experiments were carried out at pH
system. In both systems, a five-fold diluted human serum 7.0 and affinity membrane has net negative charges at this
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Table 3
Contact angles of water, glycerol and diiodomethane on the pHEMA and p(HEMA-MAAH-1-4) membranes
Properties of membrane samples Test liquids and their surface teng)on (
Water ¢, = 71.3) (¢°) Glycerol (; = 64.0) (6°) Diiodomethane i = 50.8) (¢°)
pHEMA 55.6 53.6 39.3
p(HEMA-MAAH-1) 52.6 435 32.6
p(HEMA-MAAH-2) 48.9 41.9 33.8
p(HEMA-MAAH-3) 42.7 39.6 37.2
p(HEMA-MAAH-4) 40.6 38.2 38.7

pH value. The albumin molecules also have net negative density, where an increase in thehistidine density does
charge at pH values above 4.9. From this point of view, the lead a proportional increases in the amount of adsorbed IgG
binding of albumin on the affinity membrane should be pre- on the membrane as is predicted for p(HEMA-MAAH-2)

vented by charge—charge repulsions. compared to p(HEMA-MAAH-1) membran&ig. 3). These
results indicated that the hydrophilicity of the surfaces of
3.6. Contact angle measurements and surface energy the p(HEMA-MAAH) membranes series significantly in-

creased with increasing the MAAH ratio in the polymer
Characterization of surface chemistry is a crucial issue in structure.

affinity technology. Contact angle measurements are used The determined overall surface free energyq") cal-
in the characterization of materials surfaces to describe hy-culated using the acid base method of van Oss et al.’, con-
drophilicity or to estimate surface free energy. The results sisting of the sum of the Lifschitz—van der Waalg-{)
of the contact angle measurements of water, glycerol andand the acid—base component4®) applies for all inves-
diiodomethane on the pHEMA and p(HEMA-MAAH-1-4) tigated membranes at different valudal§le 4. As can be
membrane surfaces are presentedable 3 All the inves- seen in table that p(HEMA-MAAH) series seem to exhibit
tigated membrane samples yielded a different contact angleslightly “amphoteric” character. However, the basic param-
value. The highest contact angles were obtained with water,eter &™) is significantly larger compared to the acidic pa-
whereas diiodomethane gave the lowest contact angles. Theameter §*). The relative high basicy(") component of
wettability of the polymer surfaces can be examined by the surface energy is caused by the electron ion pairs of
comparing the contact angles for water and diiodomethaneoxygen atoms contained in the copolymer (hydroxyl, car-
since these two solvents are often used as reference liquiddonyl and carboxyl functionalities), which are effective in
in analyses of interaction of polar and apolar solvents with Lewis base site§29,30] As expected, all the investigated
solid surfaces. As expected, pHEMA has a polar surface membranes exhibit different acid base componesf$)
and shows a water contact angle of 55.8s can be seen  of the surface free energy due to various amount functional
in Table 3 for p(HEMA-MAAH) copolymer series contact  groups of the copolymers. It should be noted that the contact
angles of three liquids depend on thehistidine ligand angle degree decrease for water on the p(HEMA-MAAH)
density of the membranes. As the amount of MAAH in- membranes series accompanied by an increase/iR) (
creases from 59 to 258molml~1, water contact angles value and polarity of the membrane. On the other hand, the
decrease from 52.6 to 40.6, respectively. This was oppositeLifschitz—van der Waals component of the surface free en-
when diiodomethane used as a test liquid. This can be dueergy of the p(HEMA-MAAH) membranes series was also
to increase the density of polar histidine molecules on the slightly increased as thehistidine ligand density increases
copolymer surfaces. It was interesting to observe that the de-in the membrane structure. It is interesting to observe that
crease in water contact angle value for p(HEMA-MAAH-4) the base parameter of the p(HEMA-MAAH) membranes se-
membrane was not more pronounced with respect to ries increased from 4.13 to 5.23 mNrfwhereas acid pa-
p(HEMA-MAAH-3) membrane. This result also supports rameter slightly decreased from 1.22 to 1.06 mNPaiThus,
the 1gG adsorption data related with thehistidine ligand all these parameters should be effective in determining the

Table 4

Surface free energy parameters (mNanof the pHEMA and p(HEMA-MAAH-1-4) membranes according to the van Oss et al. method
Properties of membrane samples ™ (mNm~2) yT (MNm2) y~ (MNm2) yAB (MNm2) yTorl (mNm-2) Polarity (%)
pHEMA 39.41 0.51 4.79 4.93 44.34 11.12
p(HEMA-MAAH-1) 42.01 1.22 4.13 10.09 52.10 19.37
p(HEMA-MAAH-2) 42.58 117 4.49 10.51 53.09 19.79
p(HEMA-MAAH-3) 42.98 111 5.07 11.23 54.22 20.71

p(HEMA-MAAH-4) 44.04 1.06 5.23 12.04 56.08 21.46
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interactions of HIgG with affinity membranes. The amount batch and continuous system, respectively. Thus, the prop-
of adsorbed HIgG on these affinity membranes should be erties of the affinity membrane seem to provide an adequate
also determined from these effective parameters. approach to HIgG separation and purification based on the
ion-exchange properties and, will be useful for purifying
HIgG and monoclonal antibodies from various biological
sources.

3.7. Reusability of the affinity membrane

In order to show the reusability of thehistidine ligand
containing membrane; adsorption—desorption cycle of HIgG
was repeated six times by using the same affinity membrane Acknowledgements
The adsorption capacity of the affinity membrane did not no- o ) ) ]
ticeably change during the repeated adsorption—desorption The.author s wish t_o thank to Dr. S. Patir for his technical
operations. These results showed that p(HEMA-MAAH) helps in the preparation of MAAH monomer.
affinity membranes could be repeatedly used in HIgG pu-
rification studies without detectable losses in their initial ad-
sorption capacities. The affinity membrane is stable when
subjected to sanitization with sodium hydroxide (0.1 M) af-
ter repeated adsorption—elution cycles.
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