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bstract

Magnetic poly(2-hydroxyethyl methacrylate) mPHEMA beads carrying Cibacron Blue F3GA were prepared by suspension polymerization of
EMA in the presence of Fe3O4 nano-powder. Average size of spherical beads was 80–120 �m. The beads had a specific surface area of 56.0 m2/g.
he characteristic functional groups of dye-attached mPHEMA beads were analyzed by Fourier transform infrared spectrometer (FTIR) and Raman
pectrometer. mPHEMA with a swelling ratio of 68% and carrying 28.5 �mol Cibacron Blue F3GA/g were used for the purification of lysozyme.
dsorption studies were performed under different conditions in a magnetically stabilized fluidized bed (i.e., pH, protein concentration, flow-

ate, temperature, and ionic strength). Lysozyme adsorption capacity of mPHEMA and mPHEMA/Cibacron Blue F3GA beads were 0.8 mg/g and
42 mg/g, respectively. It was observed that after 20 adsorption–desorption cycle, mPHEMA beads can be used without significant loss in lysozyme

dsorption capacity. Purification of lysozyme from egg white was also investigated. Purification of lysozyme was monitored by determining the
ysozyme activity using Micrococcus lysodeikticus as substrate. The purity of the desorbed lysozyme was about 87.4% with recovery about 79.6%.
he specific activity of the desorbed lysozyme was high as 41.586 U/mg.
2007 Elsevier B.V. All rights reserved.
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. Introduction

The development of techniques and methods for the separa-
ion and purification of proteins has been essential for many
f the recent advancements in biotechnology and biomedi-
al research [1]. The purity of a protein is a pre-requisite
or its structure and function studies or its potential applica-
ion [2]. A wide variety of protein purification techniques are
vailable today, however, different types of chromatography
ave become dominant due to their high resolving power [3].
n gel filtration chromatography, dye-affinity chromatography,
on-exchange chromatography, immobilized metal-ion affinity
hromatography, bioaffinity chromatography and hydrophobic
nteraction chromatography (HIC), the protein separation is
ependent on their biological and physico-chemical proper-

ies; molecular size, net charge, biospecific characteristics and
ydrophobicity, respectively [4–6].
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Dye–ligand chromatography has been used extensively
n laboratory and large-scale protein purification [7–9].
ye–ligands are commercially available, inexpensive, and can

asily be immobilized, especially on matrices bearing hydroxyl
roups. Although dyes are all synthetic in nature, they are still
lassified as affinity ligands because they interact with the active
ites of many proteins mimicking the structure of the substrates,
ofactors, or binding agents for those proteins. A number of tex-
ile dyes, known as reactive dyes, have been used for protein
urification. Most of these reactive dyes consist of a chro-
ophore (either azo dyes, anthraquinone, or phathalocyanine),

inked to a reactive group (often a mono- or dichloro-triazine
ing). The interaction between the dye ligand and proteins can be
y complex combination of electrostatic, hydrophobic, hydro-
en bonding. Cibacron Blue F3GA is an anthraquinone textile
ye that interacts specifically and reversibly with albumin [10].

Lysozyme (N-acetylmuramide glyconohydrolase) is one of
he best characterized hydrolases. Lysozyme is considered to be
self-defense enzyme, which is produced in serum, mucus and

any organs of vertebrates. Lysozyme is found in a variety of

ertebrate cells and secretions, such as spleen, milk, tears and
gg white. Lysozyme lyses certain bacteria by hydrolyzing the �-
inkages between the muramic acid and N-acetylglucosamine of

mailto:denizli@hacettepe.edu.tr
dx.doi.org/10.1016/j.ijbiomac.2007.02.009


iolog

t
w
t
i
f
t
m
[
d
[
[
b
h
m

a
r
o
i
T
n
m
M
fl
t
g
s
t
i
[

a
s
fl
e
f
e
i
l
F
l
w
l
s

2

2

F
a
l
w
a
d
S

l
t
a
i
v
g
p
n
d
u
s
w
f
r

2

i
a
w
d
t
(
(
T
p
6
t
n
t
a
A
t
S
e
1
T
s

2

4
f
c
B
C
w
i
T
a
C
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he mucopolysaccharides which are present in the bacterial cell
all. Lysozyme is a commercially valuable enzyme, which has

remendous potential for application in pharmaceutical and food
ndustries. Its common applications are as a cell disrupting agent
or extraction of bacterial intracellular products, as an antibac-
erial agent in ophtalmologic preparations, as a food additive in

ilk products and as a drug for treatment of ulcers and infections
11]. The potential for its use as an anticancer drug has been
emonstrated by animal and in vitro cell culture experiments
12]. Lysozyme has also been used in cancer chemotherapy
13]. In a recent article, it has been reported that lysozyme can
e used for increasing the production of immunoglobulin by
ybridoma technology [14]. The large-scale applications require
ore efficient and cost effective techniques for its isolation [15].
Magnetic separation techniques have currently found many

pplications in different area of biosciences, especially in labo-
atory scale [16]. Magnetic separation promises to solve many
f the problems associated with chromatographic techniques
n packed bed and in conventional fluidized bed systems [17].
he magnetic character implies that they respond to a mag-
et, making sampling and collection easier and faster, but their
agnetization disappears once the magnetic field is removed.
agnetic carriers combine some of the best characteristics of

uidized beds (low pressure drop and high feed-stream solid
olerances) and of fixed beds (high mass transfer rates, and
ood fluid–solid contact). Magnetic separation is requiring a
imple apparatus, composed to centrifugal separation. Recently,
here has been increased interest in the use of magnetic carriers
n biomolecule coupling, nucleic acid and protein purification
18–22].

The aim of our study is to prepare a dye-affinity magnetic
dsorbent, for efficient separation of lysozyme from aqueous
olutions and chicken egg white in a magnetically stabilized
uidized bed (MSFB) system. The efficient mass transfer prop-
rties of MSFBs makes them appropriate candidates as the basis
or such chromatographic processes. Lysozyme adsorption prop-
rties of the mPHEMA beads from aqueous solutions were
nvestigated at different experimental conditions. Desorption of
ysozyme and reusability of the adsorbents were also tested.
inally, the dye-affinity beads were used for the purification of

ysozyme from egg white. The purity of the desorbed lysozyme
as determined by SDS-PAGE and the activity of the desorbed

ysozyme was measured using Micrococcus lysodeikticus as a
ubstrate microorganism.

. Experimental

.1. Materials

Lysozyme (chicken egg white, EC 3.2.1.7) and Cibacron Blue
3GA were supplied by Sigma (St. Louis, MO, USA) and used
s received. The monomers used, 2-hydroxyethyl methacry-
ate (HEMA) and ethylene glycol dimethacrylate (EGDMA)

ere purchased from Sigma and inhibitor was removed using
column of basic alumina prior to use. Magnetite nanopow-

er (Fe3O4, average diameter: 20–50 nm) was obtained from
igma. Benzoyl peroxide was obtained from Fluka (Switzer-

t
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m
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and). Azobisisobutyronitrile (AIBN, Sigma) was selected as
he initiator. AIBN was recrystallized from methanol. Poly(vinyl
lcohol) (98% hydrolyzed) was obtained from Aldrich Chem-
cal Co. (USA) and had a molecular weight of 100.000 by
iscosity. All other chemicals were guaranteed or analytical
rade reagents commercially available and used without further
urification. Laboratory glassware was kept overnight in a 5%
itric acid solution. Before use the glassware was rinsed with
eionised water and dried in a dust-free environment. All water
sed in the adsorption experiments was purified using a Barn-
tead (Dubuque, IA, USA) ROpure LP® reverse osmosis unit
ith a high-flow cellulose acetate membrane (Barnstead D2731)

ollowed by a Barnstead D3804 NANOpure® organic/colloid
emoval and ion-exchange packed-bed system.

.2. Preparation of mPHEMA particles

mPHEMA particles were produced by suspension polymer-
zation in an aqueous medium as described in our previous
rticles [23]. Polymerization procedure of mPHEMA particles
as given as below: the dispersion medium was prepared by
issolving 200 mg of poly(vinyl alcohol) within 50 ml of dis-
illed water. The desired amount of 2,2′-azobisisobutyronitrile
0.06 g) was dissolved within the monomer phase 12/4/8 ml
EGDMA/HEMA/toluene) with 1.0 g of magnetite particles.
his solution was then transferred into the dispersion medium
laced in a magnetically stirred (at a constant stirring rate of
00 rpm) glass polymerization reactor (100 ml) which was in a
hermostatic water bath. The reactor was flushed by bubbling
itrogen and then was sealed. The polymerization was allowed
o proceed under nitrogen atmosphere at 65 ◦C for 4 h and finally
t 90 ◦C for 2 h. This reaction led to the formation of white beads.
fter polymerization, mPHEMA particles were separated from

he polymerization medium. Then, the beads were placed in a
oxhlet extraction apparatus, and the porogenic solvents were
xtracted out of the beads with acetone under reflux for at least
2 h. The beads were dried undervacuum at room temperature.
he dried beads were fractionated by sieving with standard test
ieves.

.3. Cibacron Blue F3GA-attached mPHEMA beads

Ten grams of mPHEMA beads was magnetically stirred (at
00 rpm) in a sealed reactor at a constant temperature of 80 ◦C
or 4 h with 100 ml of the Cibacron Blue F3GA aqueous solution
ontaining 4.0 g NaOH. The initial concentration of the Cibacron
lue F3GA in the medium was 1.0 mg/ml. After incubation, the
ibacron Blue F3GA-attached beads were filtered, and washed
ith distilled water and methanol several times until all the phys-

cally adsorbed Cibacron Blue F3GA molecules were removed.
he modified beads were stored at 4 ◦C with 0.02% sodium
zide to prevent microbial contamination. The leakage of the
ibacron Blue F3GA from the beads was followed by treating
he magnetic beads with fresh human plasma samples for 24 h at
oom temperature. Cibacron Blue F3GA released after this treat-
ent was measured in the liquid phase by spectrophotometry at

30 nm.
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The characteristic functional groups of dye and polymeric
eads were analyzed by using a Fourier transform infrared
pectrophotometer (FTIR, 8000 Series, Shimadzu, Japan). The
amples were prepared by mixing with approximately 100 mg
f dry, powdered KBr (0.1 g, IR Grade, Merck, Germany),
nd pressed into a pellet form. The FTIR spectrum was then
ecorded.

Raman spectra of polymeric samples were recorded using
abram HR Raman spectrometer (Jobin Yvon) with a He–Ne
aser source emitting at 633 nm, 600–1200 grooves/mm holo-
raphic grating and a charge coupled device (CCD) detector.
aman spectra were obtained in 250 s integrations with an aver-
ge three scans. Spectra were recorded with reproducibility
ithin 1 cm−1, hole 400 �m, slit 150 �m and resolution 0.1 �m.

.4. Lysozyme adsorption–desorption studies from aqueous
olutions

Chromatographic adsorption studies were carried out on a
agnetically stabilized fluidized bed system by using BioRad

conomic column (diameter: 1 cm, length: 10 cm). Magnetic
eads suspended in pure water were put into a column equipped
ith a water jacket for temperature control. Expanding of

he mag-beads was done conventionally. During the exper-
ment, the magnetic beads in the column were exposed to

agnetic field which surrounded the column (Brms ≈ 24 G,
p–p ≈ 33 G, φ = 50 Hz). In a typical adsorption system, 100 ml
f the lysozyme solution was passed through the column con-
aining magnetic beads, by a peristaltic pump for 2 h. Dynamic
inding capacity (DBC) was calculated from lysozyme break-
hrough curves. Equilibration of Cibacron Blue F3GA-attached

PHEMA column was performed by passing four column vol-
mes of sodium acetate buffer (pH 5.2) before injection of the
ysozyme solution. Effects of the lysozyme concentration, pH
f the medium, flow-rate, temperature and ionic strength on the
dsorption capacity were studied. To observe the effects of the
nitial concentration of lysozyme on adsorption, it was changed
etween 0.5 mg/ml and 3.0 mg/ml. To determine the effect of
H on the adsorption, pH of the solution was changed between
.0 and 9.0. The flow-rate of the lysozyme solution was var-
ed between 0.5 ml/min and 3.5 ml/min. To observe the effects
f ionic strength, firstly; the adsorption experiments were car-
ied out in salt free solutions and then, they were repeated in
olutions containing NaCl. The concentration of NaCl were
hanged between 0.01 M and 0.1 M. Lysozyme concentration
as determined by Bradford method at 595 nm. The adsorp-

ion experiments were performed in replicates of three and the
amples were analyzed in replicates of three as well. For each
et of data present, standard statistical methods were used to
etermine the mean values and standard deviations. Confidence
ntervals of 95% were calculated for each set of samples in order
o determine the margin of error.
.5. Desorption and repeated use

Desorption of lysozyme was studied with 0.1 M Tris/HCl
uffer containing 0.5 M NaCl. In a typical desorption experi-

b
(
s
l

ical Macromolecules 41 (2007) 234–242

ent, 50 ml of the desorption agent was pumped through the
olumn at a flow-rate of 1.0 ml/min for 1 h. When desorption
as achieved, the column was cleaned with 50 mM NaOH and

hen re-equilibrated with 25 mM sodium acetate buffer contain-
ng 0.1 M NaCl (pH 7.4). The final lysozyme concentration in
lution medium was determined spectro-photometrically. Des-
rption ratio was calculated from the amount of lysozyme
dsorbed on the mPHEMA beads and the final lysozyme con-
entration in elution medium.

In order to test the reusability of the dye-attached mPHEMA
eads, lysozyme adsorption–elution procedure was repeated 20
imes by using the same magnetic column. In order to regenerate
nd sterilize, after elution; the beads were washed with 50 mM
aOH solution.
To evaluate the effects of the adsorption conditions on

he lysozyme structure, the fluorescence spectra of the native
ysozyme, heat-denaturated lysozyme (at 72 ◦C), and desorbed
ysozyme were recorded. Native lysozyme (1.0 mg/ml, pH 7.0)
as incubated at 70 ◦C for 8 h for denaturation. Fluorimetric
easurements were taken with a Shimadzu spectrofluorometer

Tokyo, Japan) with 1 cm quartz cells. Monochromatic readings
ere taken from a digital display with a 0.25 s time constant and
ith a 3 nm band width on the excitation side and a 5 nm band
idth on the emission side. The initial calibration was carried
ut with a standard solution of lysozyme in phosphate-buffered
aline with a 280-nm fluorescence excitation wavelength and a
40 nm emission wavelength.

.6. Purification of lysozyme from egg white

Chromatographic purification was carried out on a magneti-
ally stabilized fluidized bed system by using BioRad economic
olumn (diameter: 1 cm, length: 10 cm). Magnetic beads sus-
ended in pure water were put into a column equipped with a
ater jacket for temperature control. Expanding of the magnetic
eads was done conventionally. During the experiment, the mag-
etic beads in the column were exposed to magnetic field which
urrounded the column (Brms ≈ 24 G, Bp–p ≈ 33 G, φ = 50 Hz).
hicken egg white was separated from fresh eggs and diluted to
0% (v/v) with phosphate buffer (100 mM, pH 7.0). The diluted
gg white was homogenised in an ice bath and centrifuged at
◦C, at 10.000 rpm for 30 min. Then, diluted egg white solution
as pumped through the column at a flow-rate of 1.0 ml/min for
h. Later, the desorption of lysozyme from the magnetic beads
as performed with 0.1 M Tris–HCl buffer containing 0.5 M
aCl under magnetic field. The activity of desorbed lysozyme
as determined spectrophotometrically at 620 nm, the decrease

n the turbidity of culture of M. lysodeikticus cells suspended in
hosphate buffer (0.1 M, pH 7.0) was followed for 5 min after
ddition of lysozyme. One unit of lysozyme activity was defined
s the amount of enzyme causing a decrease of 0.001 optical
ensity value per minute at 25 ◦C and pH 7.0.

The purity of lysozyme in the purified samples was assayed

y sodium dodecylsulfate-polyacrylamide gel electrophoresis
SDS-PAGE) using 10% separating gel 9 cm × 7.5 cm and 6%
tacking gels were stained with 0.25% (w/v) Coomassie Bril-
ant R 250 in acetic acid–methanol–water (1:5:5, v/v/v) and
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Table 1
Some properties of the mPHEMA particles

Particle diameter 80–120 �m
Specific surface area 56 m2/g
Average pore size 819 nm
Swelling ratio 45%
Cibacron Blue F3GA content 28.5 �mol/g
Density 1.1 g/ml
Volume fraction of polymer 94.5%
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estained in ethanol–acetic acid–water (1:4:6, v/v/v). Elec-
rophoresis was run for 2 h with a voltage of 110 V. Human serum
lbumin and IgG were used as standards.

. Results and discussion

.1. Properties of magnetic particles

Magnetically stabilized fluidized bed was used as an affin-
ty adsorption column for lysozyme purification. Cibacron Blue
3GA was used as the dye–ligand for specific binding of pro-

ein molecules. mPHEMA particles were selected as the carrier
atrix and produced by suspension technique. Cross-linked
HEMA hydrogels are hydrophilic polymer networks capable
f imbibing large amounts of water yet remain insoluble and
reserve their three-dimensional shape. Some properties of the
PHEMA particles were summarized in Table 1. The simple

ncorporation of water weakens the secondary bonds within
he hydrogels. This enlarges the distance between the polymer
hains and causes swelling.

The surface morphology and internal structure of non-
agnetic PHEMA and mPHEMA beads are exemplified by

he scanning electron pictures in Fig. 1. As seen in Fig. 1A,
PHEMA beads have a spherical form and a rough surface

ontaining macropores due to the abrasion of magnetite crys-

als (diameter <20–50 nm) during the polymerization procedure.
owever, the surface of the non-magnetic spherical PHEMA
eads contained no macropores (Fig. 1B). The pictures in Fig. 1C
nd D were taken with broken beads to observe the internal parts

i
n
s
b

ig. 1. SEM pictures of polymeric beads: (A) mPHEMA beads; (B) non-magnetic
on-magnetic PHEMA beads.
olume fraction of magnetite particles 5.5% Fe3O4

agnetic field resonance 2250 G

f both non-magnetic and magnetic PHEMA beads. The pres-
nce of macropores within the bead interior was clearly seen
n these photographs. It can be concluded that the mPHEMA
eads have a macroporous interior surrounded by a reasonably
ough surface, in the dry state. On the other hand, non-magnetic
HEMA beads were in the uniform and spherical shape with
mooth surface characteristics.

.2. Spectroscopic characterization of beads

Evaluation of the IR spectrum (Fig. 2B) of cross-linked
PHEMA beads shows that the broad peak of O H stretching

ibration of HEMA monomer at 3452 cm−1 has disappeared.
ultiple sharp peaks at 3500 cm−1 frequency range character-
zed especially the OH stretching vibration that is added and
ot added to the hydrogen bonding. However, the point which
hould be stressed is that; electrostatic interaction also occurs
etween the Fe3+ ion and OH group besides the hydrogen bonds

PHEMA beads; (C) cross-section of mPHEMA beads; (D) cross-section of
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Fig. 2. FTIR spectra of: (A) mPHEMA beads; (B) Cibacron

etween the OH group itself. That is why the broad peak of OH
n the spectrum of HEMA is not be manifested in the spectrum
aken in the presence of Fe3+.

FTIR spectrum of Cibacron Blue F3GA is given in Fig. 2A.
he N–H stretching vibration bands of this dye appear at
455 cm−1 frequency range as multiple bands. The different
mine groups of the dye could have a tendency to be free and
-bonded. That is why this spectral situation is regular. The
and having moderate intensity at 1739 cm−1, a shoulder at
650 cm−1 and then sharp bands at 1565 cm−1 and 1507 cm−1

re the spectral evidences that characterize the C O, C N
nd C C stretching vibrations of the structure. The band at
226 cm−1 and the broad band at nearly 25 cm−1 below and
bove this frequency characterize the S O stretching vibrations.
he band that can be seen obviously at 1085 cm−1 belongs

o the C Cl stretching. At the lower wavenumber such as
022 cm−1 S O stretching vibration band is also seen in the
pectrum. In addition, it is possible to see the C Cl stretching
ibrations of the dye at different wavenumbers in the range of
00–700 cm−1.

Fig. 2C shows the IR spectrum of Cibacron Blue F3GA-
ttached mPHEMA beads. The C O band is observed at
727 cm−1 as a sharp peak. It implies that the strength of the
and at 1650 cm−1 is very low. The peaks at 1262 cm−1 and
158 cm−1 characterize the C O stretching vibrations. The con-
ersion of the C Cl stretching vibration of the original Cibacron

lue F3GA at 1085 cm−1 to a weak shoulder at 1081 cm−1 of

he IR bands. In addition the decrease in the intensity of the same
tretching vibrations of Cibacron Blue F3GA at 500–700 cm−1

requency interval.

R
t
7
t

F3GA; (C) Cibacron Blue F3GA-attached mPHEMA beads.

Fig. 3A shows the Raman spectrum of mPHEMA beads.
ccording to the evaluation of the Raman spectrum of the poly-
er, Raman band of the C O stretching vibration appears at

724.5 cm−1. If we remember that the same stretching vibra-
ion took place at 1724 cm−1 in IR spectrum. It can be said
hat a spectral evaluation integrity is provided. It allows one to
otice that the C O stretching vibration bands are seen over
724.5 cm−1 as a shoulder when it is taken into account that
he different carbonyl groups take place in the composite struc-
ure. The peak of the terminal C CH2 group of the EGDMA
t 1637 cm−1 in IR spectrum, occurs at 1638.2 cm−1 frequency
alue in Raman spectrum. There is a spectral evidence that the
trong Raman band at 1317 cm−1 characterizes the C O stretch-
ng vibration. The stretching vibrations of the Fe O are obtained
ver 800 cm−1, 400 cm−1 and nearly 200 cm−1 as characteristic
aman bands [24]. When the Raman spectrum of the sample is
valuated, we can clearly see three Raman bands characteriz-
ng, respectively, the Fe O stretching vibrations at 815 cm−1,
12 cm−1 and 229 cm−1.

When the Raman spectrum of this system is considered, at the
eighbouring wavenumber the C O, C N and C C stretching
ibrations that support the evidence of the IR spectrum (Fig. 3B)
ppeared as string Raman bands at 1795 cm−1, 1638 cm−1 and
593 cm−1, respectively. The two Raman bands 1252 cm−1 and
161 cm−1 characterize the S O stretching vibration of the dye.
he stretching vibration band of the C Cl at 1085 cm−1 in the

aman spectrum displayed as a weak Raman band. However,

wo bands that characterize this stretching vibration occur at
16 cm−1 and 659 cm−1, respectively. When the Raman spec-
rum is evaluated, in plane and out of plane bendings and
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Fig. 3. Raman spectrum of: (A) mPHEMA beads

tretching vibration frequencies of the C H groups were also
een but detailed evaluation is not performed.

.3. Adsorption of lysozyme from aqueous solutions
.3.1. Effect of pH
The amount of lysozyme adsorbed onto the Cibacron Blue

3GA-attached mPHEMA beads as a function of pH was shown

a
i
b
b

Cibacron Blue F3GA-attached mPHEMA beads.

n Fig. 4. Lysozyme is positively charged at pH 7.0 (isoelec-
ric point of lysozyme: 11.2). But it is interesting to note that
he amount of lysozyme adsorbed onto Cibacron Blue F3GA-
ttached mPHEMA beads shows a maximum at pH 7.0, with

significant decrease at lower and higher pH values. Specific

nteractions (hydrophobic, electrostatic and hydrogen bonding)
etween lysozyme and dye molecules at pH 7.0 may be resulted
oth from the ionization states of several groups on both the
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Blue F3GA-attached mPHEMA beads decreases when the flow-
rate through the column increases. The adsorption capacity
decreased significantly from 279 mg/g to 140 mg/g polymer with
the increase of the flow-rate from 0.5 ml/min to 3.5 ml/min. An
ig. 4. Effect of pH on lysozyme adsorption. Lysozyme concentration:
.0 mg/ml; Cibacron Blue F3GA loading: 28.5 �mol/g; flow-rate: 1.0 ml/min;
: 25 ◦C.

ibacron Blue F3GA (i.e., sulfonic acid and amino) and amino
cid side chains in lysozyme, and from the conformational
tate of lysozyme molecules (more folded structure) at this pH.
epending on its amino acid composition, a protein can have

everal charged groups at the pI, the spatial arrangement of
hich is a function of primary, secondary, tertiary and quaternary

tructure. Therefore, the interaction of a protein with an affin-
ty system may not occur at its pI value. Lysozyme molecule
as one histidine, four aspartic acid, two glutamic acid and two
yrosine residues (on the basis of its surface accessible residues).
hese amino acid side chains of lysozyme molecules could cause
ther type of interactions with low percentage according to the
ydrophobic interactions. At pH values lower and higher than pH
.0, the adsorbed amount of lysozyme drastically decreases. This
ould be created from the ionization state of lysozyme and could
e caused repulsive electrostatic forces between lysozyme and
he dye molecules. Increase in conformational size and the elec-
rostatic repulsion effects between the opposite charged groups

ay also cause a decrease in adsorption efficiency.

.3.1.1. Effects of lysozyme concentration. Fig. 5 shows the
ysozyme adsorption isotherm of the plain and dye-affinity
eads. Note that one of the main requirements in dye-affinity
hromatography is the specificity of the affinity adsorbent for
he target molecule. The non-specific interaction between the
upport, which is the mPHEMA beads in the present case, and
he molecules to be adsorbed, which are the lysozyme molecules
ere should be minimum in order to consider the interaction as
pecific. As seen in this figure, negligible amount of lysozyme
as adsorbed non-specifically on the mPHEMA beads, which
as 0.8 mg/g. While dye-immobilization significantly increased

he lysozyme binding capacity of the mPHEMA beads (up to
42 mg/g). The amount of lysozyme adsorbed per unit mass of

he mPHEMA beads increased first with the initial concentra-
ion of lysozyme then reached a plateau value which represents
aturation of the active adsorption sites (which are available and
ccessible for lysozyme) on the magnetic beads. This increase

F
i

ig. 5. Effect of the concentration of lysozyme on the lysozyme adsorption.
ibacron Blue F3GA loading: 28.5 �mol/g; flow-rate: 1.0 ml/min; pH: 7.0; T:
5 ◦C.

n the lysozyme coupling capacity may have resulted from
ooperative effect of different interaction mechanisms such as
ydrophobic, electrostatic and hydrogen bonding caused by the
cidic groups and aromatic structures on the Cibacron Blue
3GA and by groups on the side chains of amino acids on the

ysozyme molecules. It should be mentioned that Cibacron Blue
3GA is not very hydrophobic overall, but it has planar aro-
atic surfaces that prefer to interact with hydrophobic groups

n lysozyme structure.

.3.1.2. Effect of flow-rate. The adsorption amounts of
ysozyme at different flow-rates are given in Fig. 6. Results
how that the lysozyme adsorption capacity onto the Cibacron
ig. 6. Effect of flow-rate on lysozyme adsorption. Cibacron Blue F3GA load-
ng: 28.5 �mol/g; lysozyme concentration: 1.0 mg/ml; pH: 7.0; T: 25 ◦C.
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ncrease in the flow-rate reduces the solution volume treated
fficiently until breakthrough point and therefore decreases the
ervice time of beads column. This is due to decrease in contact
ime between the lysozyme molecules and the Cibacron Blue
3GA-attached mPHEMA beads at higher flow-rates. These
esults are also in agreement with those referred to the litera-
ure [25]. When the flow-rate decreases the contact time in the
olumn is longer. Thus, lysozyme molecules have more time to
iffuse to the pore walls of beads and to bind to the binding sites
f adsorbent, hence a better adsorption capacity is obtained. In
ddition, for column operation the magnetic bed is continuously
n contact with a fresh protein solution. Consequently the con-
entration in the solution in contact with a given layer of beads in
column is relatively constant. For batch treatment, the concen-

ration of solute in contact with a specific quantity of adsorbent
teadily decreases as adsorption proceeds, thereby decreasing
he effectiveness of the adsorbent for removing the solute.

.3.2. Effect of NaCl concentration
The effect of NaCl concentration on lysozyme adsorption is

resented in Fig. 7, which shows that the adsorption capacity
ecreases with increasing ionic strength of the binding phos-
hate buffer. The adsorption amount of lysozyme decreased by
bout 35.5% as the NaCl concentration changes from 0.01 M
o 0.1 M. Increasing the NaCl concentration could promote the
dsorption of the dye molecules to the polymer surface by
ydrophobic interaction. Moreover, the hydrophobic interac-
ions between the immobilized dye molecules themselves would
lso become strong, because it has been observed that the salt
ddition to a dye solution caused the stacking of the free dye
olecules. Thus, the numbers of the immobilized dye molecules

ccessible to lysozyme would decrease as the ionic strength

ncreased, and the adsorption of the lysozyme to immobilized
ye became difficult. It is also suggested that an increase in NaCl
oncentration result in the reduction of electrostatic interactions
ue to Debye screening effect [26].

ig. 7. Effect of the NaCl concentration on lysozyme adsorption. Cibacron Blue
3GA loading: 28.5 �mol/g; lysozyme concentration: 1.0 mg/ml; pH: 7.0; flow-
ate: 1.0 ml/min; T: 25 ◦C.
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.3.3. Desorption and reusability of adsorbents
In order to test the reusability of the beads, lysozyme

dsorption–desorption procedure was repeated 20 times by using
he same beads. At the end of 20 adsorption–desorption cycle,
here was no remarkable reduce in the adsorption capacity. The
oss of adsorption capacity during these stages was only 2.8%.

To evaluate the effects of the adsorption conditions on the
ysozyme structure, fluorescence spectrophotometry was used.
he fluorescence spectra of lysozyme sample obtained from the
esorption step was recorded. The fluorescence spectra of native
nd heat-denaturated lysozyme (at 72 ◦C) were also recorded. A
lear difference was observed between the fluorescence spectra
f native lysozyme and heat-denaturated lysozyme. An appre-
iable shift was seen in the maximum wavelength of denaturated
ysozyme with respect to the native one. However, the fluores-
ence spectra of the sample withdrawn from the desorption step
as very close to those of native lysozyme, and no significant

hift of the maximum wavelength was detected in the spectra of
hese samples in comparison with that of native lysozyme. It may
e concluded that dye-affinity chromatography with mPHEMA
eads can be applied to lysozyme separation without any con-
ormational changes or denaturation.

.3.4. Adsorption of lysozyme from egg white
The content of lysozyme in chicken egg white is about 3.4%.

he classical lysozyme purification method required several
teps, such as precipitation, centrifugation and affinity adsorp-
ion [27]. In this study, lysozyme purification from egg white was
tudied in a batch mode. The purity of the lysozyme eluted from
ye-affinity beads was determined by SDS-PAGE (Fig. 8). The
urity of the desorbed lysozyme was about 87.4% with recov-
ry about 79.6%. The dye-affinity beads provided an efficient
ethod to purify lysozyme from diluted egg white, showing

igh adsorption capacity and high selectivity for lysozyme.
he specific activity of the purified lysozyme with dye-affinity
as 41.586 U/mg. It should be noted that the specific activity
f native lysozyme was 46.500 U/mg. As seen here there was
o drastic decrease in specific activity during the purification
tudies.

.3.5. Comparison of magnetically stabilized fluidized bed
nd batch system

Column-type continuous flow operations appear to have a
istinct advantage over batch type operations because the rate
f adsorption depends on the concentration of solute in solu-
ion being treated [28]. For column operation the adsorbents are
ontinuously in contact with a fresh solution. Consequently the
oncentration in the solution in contact with a given layer of
dsorbent in a column is relatively constant. For batch treat-
ent, the concentration of solute in contact with a specific

uantity of adsorbent steadily decreases as adsorption proceeds,
hereby decreasing the effectiveness of the adsorbent for remov-
ng the solute. The MSFB column capacity (228 mg lysozyme/g

olymer) was found to be higher than the batch capacity
208 mg lysozyme/g polymer). This means, in equilibrium bind-
ng experiments, maximum adsorption capacity for batch system
as 9.6% lower as compared to the value obtained in MSFB.
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Fig. 8. SDS/PAGE of lysozyme. The purity of lysozyme was assayed by
SDS/PAGE using 10% separating gel (9 cm × 7.5 cm) and 6% stacking
gels were stained with 0.25% (w/v) Coomassie Brillant R 250 in acetic
acid–methanol–water (1:5:5, v/v/v) and destained in ethanol–acetic acid–water
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1:4:6, v/v/v). Lane 1, commercial lysozyme; lane 2, egg white before adsorp-
ion; lane 3, egg white after adsorption; lane 4, desorbed lysozyme; lane 5
ommercial marker. Equals amounts of sample were applied to each line.

he higher column capacity may be due to the fact that the
ontinuously large concentration gradient at the interface zones
ccured as to passes through the column, while the concentration
radient decreases with time in batch experiments.

. Conclusions

A wide variety of functional molecules, including enzymes,
oenzymes, cofactors, antibodies, amino acid derivatives,
ligopeptides, proteins, nucleic acids, and oligonucleotides may
e used as ligands in the design of novel adsorbents [8,29–31].
hese ligands are extremely specific in most cases. However,

hey are expensive, due to high cost of production and/or exten-
ive purification steps. In the process of the preparation of
pecific adsorbents, it is difficult to immobilize certain ligands
n the supporting matrix with retention of their original bio-
ogical activity [30]. Precautions are also required in their use
at adsorption and elution steps) and storage. Dye–ligands have
een considered as one of the important alternatives to natural
ounterparts for specific affinity chromatography to circumvent

any of their drawbacks, mentioned above [32]. Dye–ligands

re able to bind most types of proteins, especially enzymes, in
ome cases in a remarkably specific manner. They are commer-
ially available, inexpensive, and can easily be immobilized,

[
[
[
[

ical Macromolecules 41 (2007) 234–242

specially on matrices bearing hydroxyl groups [33]. Although
yes are all synthetic in nature, they are still classified as affin-
ty ligands because they interact with the active sites of many
roteins by mimicking the structure of the substrates, cofac-
ors, or binding agents for those proteins [34]. The triazine dye,
ibacron Blue F3GA-attached mPHEMA beads provided an
fficient method to separate lysozyme, showing high binding
apacity, assuring a purity of about 87.4% with recovery about
9.6%. In order to examine the effect of adsorption/desorption
onditions on conformational changes of lysozyme molecules,
uorescence spectrophotometry was employed. It appears that

he dye-affinity chromatography under magnetic fields can be
pplied for the adsorption of lysozyme without causing any
enaturation. Repeated adsorption/desorption processes showed
hat dye-attached mPHEMA beads are suitable for lysozyme
dsorption.
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