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ABSTRACT: Cibacron Blue F3GA was covalently coupled with poly(ethylene glycol-
dimethacrylate-2-hydroxyethylmethacrylate) [poly(EGDMA-HEMA)| microbeads via
the nucleophilic substitution reaction between the chloride of its triazine ring and the
hydroxyl groups of the HEMA molecules under alkaline conditions. The affinity sorbent
carrying 16.5 umol Cibacron Blue F3GA/g polymer was then used for bovine serum
albumin (BSA) adsorption from aqueous protein solutions and from human plasma in
a packed-bed column. The BSA adsorption capacity of the microbeads decreased with
an increase in the recirculation rate. High adsorption rates were observed at the
beginning, then equilibrium was gradually achieved in about 60 min. The BSA concen-
tration in the mobile phase was also effective on adsorption. BSA adsorption was first
increased with BSA concentration, then reached a plateau that was about 57.3 mg
BSA/g. Higher BSA adsorption was observed at lower ionic strength. The maximum
adsorption was observed at pH 5.0, which is the isoelectric pH of BSA. Higher human
serum albumin adsorption was achieved from human plasma (109.6 mg HSA/g). High
desorption ratios (over 94% of the adsorbed albumin) were achieved by using 1.0M
NaSCN (pH 8.0) in 30 min. It was observed that albumin could be repeatedly adsorbed
and desorbed without a significant loss in adsorption capacity. © 1999 John Wiley & Sons,
Inc. J Appl Polym Sci 74: 2803-2810, 1999

Key words: albumin separation; packed-bed column; dye-affinity sorbent; Cibacron
Blue F3GA,; poly(ethylene glycol-dimethacrylate-2-hydroxyethylmethacrylate) mi-
crobeads

INTRODUCTION

Bioaffinity chromatography is a highly specific
separation technique used for the isolation and
purification of biomolecules.! However, some lim-
itations such as bioligand instability and leakage,
desorption conditions, and cost confine its appli-
cation. As an alternative, dye-ligand chromatog-
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raphy has been utilized as a powerful technique
for the separation of a wide range of proteins,
which can overcome these limitations and also
presents versatile and important advantages over
bioaffinity.>~* Dyes have been shown to interact
with a large number of proteins, in some cases
with remarkable degrees of specificities.>”” They
are easily immobilized on the carrier matrices
and are much less expensive and more stable
than those bioligands.’3~1°

Recently, we prepared bioaffinity sorbents in
which polyhydroxyethylmethacrylate or poly(ethyl-
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ene glycol-dimethacrylate-2-hydroxyethylmethac-
rylate) [poly(EGDMA-HEMA)] microbeads were
used as the support, and several bioligands (e.g.,
protein A, DNA, heparin, collagen) and dye ligands
(e.g., Cibacron Blue F3GA, Congo Red, Alkali Blue
6B) were incorporated into these microbeads for
removal and separation of several substances (e.g.,
proteins, pathogenic antibodies, cholesterol, biliru-
bin) from aqueous media including plasma in a
batch experimental setup.''16 In this study we at-
temped to prepare Cibacron Blue F3GA attached
poly(EGDMA-HEMA) microbeads as a specific sor-
bent for albumin separation in a packed-bed col-
umn. Adsorption of albumin from both aqueous me-
dia and human plasma are presented in this article.

EXPERIMENTAL

Cibacron Blue F3GA Coupled Polymeric
Microbeads

Poly(EGDMA-HEMA) microbeads were used as
the affinity carrier for bovine serum albumin
(BSA) adsorption. The microbeads were produced
by a modified suspension polymerization of the
respective comonomers (EGDMA, Rohm, Ger-
many; HEMA, Sigma, St. Louis, MO) in an aque-
ous media as described in our previous article.!”
Benzoyl peroxide (BPO) and polyvinyl alcohol
(PVA) (M,,: 100,000, 98% hydrolyzed, Aldrich,
Rockford, IL) were used as the initiator and the
stabilizer, respectively. Toluene (Merck AG,
Darmstadt, Germany) was utilized as the pore
former and was used as received. The dispersion
medium was distilled water. To produce poly-
meric microbeads of about 150-200 um in diam-
eter and with a narrow size distribution, the
amounts of EGDMA, HEMA, toluene, water,
BPO, and PVA were 8 mL, 4 mL, 12 mL, 50 mL,
0.06 g, and 0.2 g, respectively. Polymerizations
were carried out at 600 rpm at 65°C for 4 h and
then at 90°C for 2 h. After cooling, the polymeric
microbeads were separated from the polymeriza-
tion medium by filtration, and the residuals (e.g.,
unconverted monomer, toluene) were removed by
washing.

Cibacron Blue F3GA was supplied by Sigma
and was used as received. It was covalently cou-
pled to the poly(EGDMA-HEMA) microbeads via
a nucleophilic reaction between the chloride of its
triazine ring and the hydroxyl groups of the
HEMA molecules under alkaline conditions.'>7
Briefly, 3 g of poly(EGDMA-HEMA) microbeads

was magnetically stirred (at 400 rpm) in a sealed
reactor with 100 mL of the Cibacron Blue F3GA
aqueous solution containing 4.0 g NaOH. The
dye-coupling reaction was carried out at a con-
stant temperature of 80°C for 4 h. Under these
conditions, a chemical reaction takes place be-
tween the group of the Cibacron Blue F3GA hav-
ing chloride and the hydroxyl group of the HEMA
(with the elimination of NaCl), resulting in the
coupling of Cibacron Blue F3GA to the poly-
(EGDMA-HEMA) microbeads. The initial concen-
tration of the Cibacron Blue F3GA in the medium
was 3.0 mg/mL. After incubation the solution
cooled to room temperature and then the Ciba-
cron Blue F3GA coupled microbeads were filtered
and washed with distilled water and methanol
several times until all the physically attached
Cibacron Blue F3GA molecules were removed.

The amount of Cibacron Blue F3GA attached on
the microbeads was evaluated by using an elemen-
tal analysis instrument (Leco, CHNS-932) by con-
sidering the nitrogen and sulfur stoichiometry.
Note that the Cibacron Blue F3GA attached poly-
(EGDMA-HEMA) microbeads containing 16.5 umol
Cibacron Blue F3GA/g, which was the maximum
value that we reached, was used in this study.®~7
The leakage of the Cibacron Blue F3GA from the
microbeads was checked spectrophotometrically at
630 nm by following the Cibacron Blue F3GA re-
lease in the adsorption and/or desorption media
used. The Cibacron Blue F3GA attached mi-
crobeads were stored at 4°C with 0.02% sodium
azide to prevent microbial contamination.

Albumin Adsorption-Desorption Studies

BSA (lyophilized, fraction V, Sigma) was selected
as a model protein. Adsorption studies were per-
formed in a packed-bed column system in which
an adsorption column (internal diameter, 0.9 cm;
height, 10 cm) equipped with a water jacket for
temperature control was used. The column was
filled with the unmodified microbeads or Cibacron
Blue F3GA attached poly(EGDMA-HEMA) mi-
crobeads containing 16.5 wmol Cibacron Blue
F3GA/g. In a typical continuous column system,
50 mL of the BSA solution was recirculated for 2 h
through the column containing microbeads. The
reservoir containing the BSA solution was stirred
continuously at 100 rpm. The pH of the adsorp-
tion medium was changed between 4.0 and
7.5 by using different buffer systems (0.1M
CH;COONa—CH;COOH for pH 4.0-6.0, 0.1M
K,HPO,—KH,PO, for pH 7.0-7.5). BSA adsorp-



tion was studied at two different ionic strength,
0.01 and 0.1 (adjusted by using NaCl). The initial
concentration of BSA in the aqueous phase was
varied between 0.5 and 4.0 mg/mL. In order to
observe the effect of flow rate on adsorption, the
recirculation rate of the aqueous phase was
changed between 0.5 and 2.5 mL/min. Adsorption
experiments were carried out at a constant tem-
perature of 25°C. The BSA adsorption capacity
was determined spectrophotometrically at 280
nm by measuring the initial and final concentra-
tions of BSA within the reservoir.

In the desorption experiments, 50 mL of the
NaSCN solution (1.0M, pH 8.0) was recirculated
for 30 min through the column containing BSA
adsorbed microbeads. The flow rate of the desorp-
tion agent (i.e., NaSCN) was 0.5 mg/mL. The final
BSA concentration within the reservoir was de-
termined by spectrophotometry. The desorption
ratio was calculated from the amount of BSA ad-
sorbed on the microbeads and the amount of BSA
desorbed.

In order to obtain the reusability of the Ciba-
cron Blue F3GA attached poly(EGDMA-HEMA)
microbeads, the BSA adsorption—desorption cycle
was repeated 6 times using the same affinity
column.

Human Serum Albumin (HSA) Adsorption from
Human Plasma

HSA adsorption studies were carried out in the
same packed-bed column system. The column was
filled with the Cibacron Blue F3GA attached poly-
(EGDMA-HEMA) microbeads containing 16.5
pmol dye/g. The blood samples were obtained
from a healthy human. Blood samples were cen-
trifuged at 500 X g for 30 min at room tempera-
ture to separate the plasma. The original plasma
of the healthy donor contained 39.7 mg HSA/mL
as determined by the brom cresol green dye
method.'® In a typical packed-bed continuous col-
umn system, 50 mL of the plasma freshly sepa-
rated from the human blood was recirculated for
2 h through the column containing dye-attached
polymeric microbeads. The amount of HSA ad-
sorbed was obtained by measuring the decrease in
the HSA concentration in the plasma by the same
assay. In this group of experiments, the volumet-
ric flow rate of the human plasma was changed
between 0.5 and 2.5 mL/min. The temperature
was kept constant at 25°C. The same desorption
procedure was applied for desorption of adsorbed
HSA (see previous section).
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RESULTS AND DISCUSSION

In this study, we attempted to prepare a specific
dye-affinity sorbent for albumin separation from
aqueous protein solution and human plasma in a
packed-bed column system. Poly(EGDMA-HEMA)
microbeads were selected as the carrier matrix.
The poly(EGDMA-HEMA) microbeads used in
this study were 150-200 um in size. Cibacron
Blue F3GA was used as the affinity dye ligand for
specific attachment of albumin molecules. Weber
et al. reported that Cibacron Blue F3GA has no
adverse effect on biochemical systems.'® How-
ever, all commercial reactive dyes (including
Cibacron Blue F3GA) contain various impurities
that may affect their biochemical and related
use.?°22 Reactive dyes are purified by a number
of chromatographic procedures such as thin layer
chromatography, high performance liquid chro-
matography, and column chromatography on sil-
ica gel or Sephadex.?? However, Weber suggested
that purification of reactive dyes is necessary only
in certain free dyes.?° In cases where immobilized
dyes are used, purification of the dye before im-
mobilization is not likely to be necessary. Be-
cause, few of the contaminants will be immobi-
lized on the support matrix, proper washing of the
matrix should remove adsorbed impurities.??
Cibacron Blue F3GA was covalently coupled with
the dyed microbeads. Ether linkages were formed
between the reactive triazine ring of the dye and
the hydroxyl groups of the microbead. Elemental
analysis of the plain and Cibacron Blue F3GA
attached microbeads was performed, and the dye
loading was found as 16.5 umol/g from the nitro-
gen and sulfur stoichiometry. Cibacron Blue
F3GA leakage from the dyed microspheres was
also investigated. Dye leakage was not observed
from any of the dye-attached microbeads, even in
a long period of time (more than 6 months). The
details of preparation and characterization of the
plain and Cibacron Blue F3GA attached poly-
(EGDMA-HEMA) microbeads are given else-
where. 5717

Column Performance
Effects of Flow Rate on BSA Adsorption

In this group of experiments the volumetric recir-
culation rate of the protein solution was changed
between 0.5 and 2.5 mL/min; other parameters
were kept constant. The BSA adsorption capacity
of the Cibacron Blue F3GA attached microbeads
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Figure 1 BSA adsorption at different flow rates: li-
gand surface concentration, 16.5 umol Cibacron Blue
F3GA/g polymer; BSA initial concentration, 4.0 mg/mL;
pH 5.0; ionic strength, 0.01 (adjusted with NaCl); tem-
perature, 25°C; and total volume of protein solution, 50
mL.

at different flow rates are given in Figure 1. As
seen here, the adsorption capacity decreased sig-
nificantly from 57.3 to 18.1 mg BSA/g polymer
with the increase of the flow rate from 0.5 to 2.5
mL/min. This behavior may be explained as fol-
lows: the residence time in the column decreases
with increasing flow rate, which does not give
enough time for the BSA molecules to interact
with the Cibacron Blue F3GA molecules on the
microbeads. In addition, the increase in the flow
rate may cause channeling in the sorbent bed,
which results in a decrease in the effective use of
the sorbent microbeads in the column. Therefore,
low adsorption capacities are observed at high
flow rates. Note that at the flow rates lower than
0.5 mL/min, we faced some technical problems in
our chromatographic column system, such as fluc-
tuation of the flow rate, difficulties in sampling,
and so forth; therefore, we carried out all other
adsorption tests at a flow rate of 0.5 mL/min.

Adsorption Rate

Figure 2 shows the adsorption rate curves ob-
tained at two different ionic strengths (0.01 and
0.1). High adsorption rates were observed at the
beginning of the adsorption, and then saturation
values were then gradually achieved in about 120
min. This may be because of the decrease in the
BSA concentration in the reservoir with time due
to adsorption. As expected, when the BSA concen-

tration in the mobile phase (i.e., the aqueous
phase) decreases (which also corresponds to an
increase in the stationary phase, i.e., the sorbent
microbeads) the driving force (i.e., the concentra-
tion difference between the two respective
phases) decreases, which in turn results in a drop
in the adsorption rate.

The adsorption rate and capacity of BSA were
increased by decreasing the ionic strength. This
behavior may be explained by the formation of
more compact structures of the BSA molecules at
high ionic strengths because of conformational
changes.?? In this compact form, the binding sites
(the proper sites for interaction with the dye-
ligand molecules) on the BSA molecules may also
turn toward the inside of the molecules, which
may further reduce adsorption. In addition, it is
also worth noting that more ions (such as Na*
and Ca™ ") may be attached to BSA molecules at
high ionic strength.?* This causes further stabili-
zation of the BSA molecules (means higher solu-
bility), which may lead to lower BSA adsorption
on the Cibacron Blue F3GA attached microbeads.

BSA Adsorption Capacity
Effect of BSA Initial Concentration

Figure 3 shows the nonspecific and specific ad-
sorption of BSA onto the plain and Cibacron Blue
F3GA attached poly(EGDMA-HEMA) micro-
beads, respectively. Note that one of the main
requirements in bioaffinity chromatography is

mg Adsorbed BSA/g Polymer

0' L 1 ] 1
0 30 60 90 120 150

Adsorption Time (min)

Figure 2 BSA adsorption rates: flow rate, 0.5 mL/
min; BSA initial concentration, 4.0 mg/mL; pH 5.0;
temperature, 25°C; and total volume of protein solu-
tion, 50 mL.
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Figure 3 Effect of BSA initial concentration on BSA
adsorption: ligand surface concentration, 16.5 umol
Cibacron Blue F3GA/g polymer; flow rate, 0.5 mL/min;
pH 5.0; ionic strength, 0.01 (adjusted with NaCl); tem-
perature, 25°C; and total volume of protein solution, 50
mL.

the specificity of the sorbent. The nonspecific
interaction between the carrier matrix [poly-
(EGDMA-HEMA) microbeads] and the molecules
to be adsorbed (BSA) should be minimum for high
specificity. As presented in this figure, with in-
creasing BSA concentration in solution, the BSA
adsorbed amount per gram by the Cibacron Blue
F3GA attached microbeads increased. It became
constant when the protein concentration was
greater than 1.5 mg/mL. A negligible amount of
BSA (1.1 mg/g) was adsorbed nonspecifically on
the plain poly(EGDMA-HEMA) microbeads,
while Cibacron Blue F3GA attachment signifi-
cantly increased the BSA adsorption capacity of
the microbeads (up to 57.3 mg BSA/g). This is
evidence that this increase in the BSA adsorption
capacity is due to specific interactions (both elec-
trostatic and hydrophobic) between the Cibacron
Blue F3GA and the BSA molecules.

In order to observe the dye attachment condi-
tions on BSA adsorption, poly(EGDMA-HEMA)
microbeads exposed to dye attachment conditions
without Cibacron Blue F3GA were also used for
BSA adsorption. The BSA adsorption observed
was the same amount (1.1 mg BSA/g polymer) as
that detected for plain microbeads. It can be said
that the poly(EGDMA-HEMA) microbeads are
impervious to the harsh alkaline conditions used
for dye attachment. No carboxylic moieties are
likely to be produced by hydrolysis of the ester
linkage of HEMA molecules in the polymer chain,
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and hence they do not contribute to BSA adsorp-
tion. Therefore, it can be concluded that BSA mol-
ecules were adsorbed on the microbeads via at-
tached Cibacron Blue F3GA groups.

Note that different sorbents with different ad-
sorption capacities were reported in the literature
for albumin adsorption. Nigel et al. used Sepha-
rose CL-6B-200 as the carrier matrix and incor-
porated several dyes as specific ligands.® They
reported BSA adsorption capacities of around 1-3
mg BSA/g moist gel. Denizli et al. obtained 35 mg
BSA/g adsorption capacity by using Cibacron
Blue F3GA attached PVA particles.?? Nash and
Chase modified poly(styrene-divinyl benzene) mi-
crospheres using PVA and Procion Blue MX-R,
Procion Red HE-3B, Procion Yellow HE-3G, and
Cibacron Blue F3GA dye ligands.?® They pre-
sented adsorption capacities of 11.7-27 mg
HSA/g. Horstmann et al. presented adsorption
capacities of 5.4-11.2 mg BSA/g with the Ciba-
cron Blue F3GA attached Sepharose CL-6B.%7
Boyer and Hsu used Sepharose beads carrying
different amounts of Cibacron Blue F3GA (2-25
umol/mL) and reported adsorption values up to
55.9 mg BSA/g polymer.?® McCreath et al. showed
9.7 mg HSA/mL equilibrium adsorption capacity
with the PVA coated particulate perfluoropolymer
containing anion exchange and cation exchange
groups.?® Zeng and Ruckenstein reported 10.2 mg
HSA/g adsorption capacity with Cibacron Blue
F3GA attached polyethersulfone supported chi-
tosan sorbents.?® Li and Spencer used Cibacron
Blue F3GA attached poly(ethylene-imine) coated
titania and achieved 4.4 mg HSA/g.?!

Chase reached 14 mg BSA/g with Cibacron
Blue F3GA attached Sepharose CL-6B.3? Janzen
et al. developed porous and nonporous tentacle-
type poly(ethylene-imine) anion exchanger sor-
bents, and they reported 4—40 mg/g BSA adsorp-
tion capacity.®®> Tuncel et al. reported 60 mg
BSA/g polymer with Cibacron Blue F3GA at-
tached PVA-coated monosize polystyrene micro-
spheres.?* Muller—Shulte et al. used several car-
rier matrices made of different polymers and
Cibacron Blue F3GA as the ligand.?® Their albu-
min adsorption values were in the range of 0.19—
0.81 mg HSA/mL sorbent. The adsorption capac-
ities of commercially available crosslinked aga-
rose/Cibacron Blue F3GA sorbents (Bio-Rad)
were reported as about 11 mg albumin/mL sor-
bent.?® A comparison of these results shows that
Cibacron Blue F3GA attached poly(EGDMA-
HEMA) microbeads exhibit high albumin adsorp-
tion capacity in the packed-bed column system.
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Figure 4 Effect of pH on BSA adsorption: ligand sur-
face concentration, 16.5 uwmol Cibacron Blue F3GA/g
polymer; flow rate, 0.5 mL/min; BSA initial concentra-
tion, 4.0 mg/mL; ionic strength, 0.01 (adjusted with
NaCl); temperature, 25°C; and total volume of protein
solution, 50 mL.

As seen in Figure 3, BSA adsorption first in-
creased significantly with the initial BSA concen-
tration and then reached plateau values at
around 1.5 mg/mL, at which we may assume that
all the active binding sites available for BSA ad-
sorption were occupied with BSA molecules. This
is a typical Langmuir-type monolayer adsorption
behavior, which can be described by the following
equation:

q= qu/(Kd + C)

where g represents the amount of BSA adsorbed
per unit mass of sorbent (mg/g), q,, is the maxi-
mum value of ¢ (mg/g), ¢ is the equilibrium con-
centration of BSA in the aqueous phase (mg/mL),
and K is a constant. The values of K; and q,, for
our adsorption system (0.125 mg/mL and 60.14
mg/g, respectively) were found from the straight-
line plot of ¢/q versus ¢ by linear regression.

Effect of pH

Figure 4 shows the effects of pH. In all the cases
investigated, the maximum adsorption of BSA
was observed at pH 5.0. Significantly lower ad-
sorption capacities were obtained in more acidic
and more alkaline pH regions. It has been shown
that proteins have no net electrical charge at
their isoelectric points, and therefore the maxi-
mum adsorption from aqueous solutions is usu-
ally observed at their isolectric point.>” The max-

imum adsorption was observed at pH 5.0, which
is the isoelectric pH of BSA. These specific inter-
actions may result from the ionization states of
several groups on both the ligands (i.e., Cibacron
Blue F3GA), the amino acid side chains in the
BSA structure, and the conformational state of
BSA molecules at this pH.

HSA Adsorption from Human Plasma

Table I shows the adsorption data for the HSA
from human plasma obtained from a healthy do-
nor. There was a very low nonspecific adsorption
of HSA (2.2 mg/g) on the plain polymer, while
much higher adsorption values (up to 109.6 mg/g)
were obtained when the Cibacron Blue F3GA at-
tached poly(EGDMA-HEMA) microbeads were
used. Note that the adsorption of HSA onto the
dye-attached polymeric microbeads was approxi-
mately 1.9-fold higher than those obtained in the
studies in which aqueous solutions were used.
This may be due to the conformational structure
of HSA molecules within their native environ-
ment (i.e., human plasma), which is much more
suitable for specific interaction with the Cibacron
Blue F3GA molecules on the polymeric mi-
crobeads. The high HSA concentration (39.7 mg/
mL) may also contribute to this high adsorption
capacity. There is a competitive adsorption in hu-
man plasma. Other protein molecules may also be
adsorbed and contribute to this high HSA adsorp-
tion capacity.

Desorption and Reuse

Desorption experiments were carried out in a
packed-bed column system. Albumin adsorbed
microbeads were placed in the column and

Table I HSA Adsorption from Plasma of
Healthy Donor

HSA Concen Amount HSA Adsorbed®
(mg/mL) (mg/g)
2.5 9917
49 185+ 3.1
9.9 342 + 24
19.9 65.4 + 2.2
39.7 109.6 = 1.8

Ligand surface concentration, 16.5 pmol Cibacron Blue
F3GA/g; flow rate, 0.5 mL/min; pH 5.0; temperature, 25°C;
and total volume of protein solution, 50 mL.

2 The average and the standard deviation of three parallel
studies.
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Table II Desorption of Albumin from Cibacron Blue F3GA Attached Microbeads

BSA Adsorbed HSA Adsorbed Desorption Desorption
Medium (mg/g) (mg/g) for BSA for HSA
Protein solution 57.0 = 0.5 — 949 + 25 —
Human plasma — 109.6 = 6.8 — 95.6 + 1.4

NaSCN solution (1.0M, pH 8.0) was recirculated,
and the amount of albumin released in 30 min
was determined. The desorption ratio for BSA
was calculated by using the following expression:

desorption ratio (%)

_ amount of albumin desorbed

"~ amount of albumin adsorbed x 100

on microbeads

As shown in Table II, more than 94.9% of the
adsorbed albumin could be easily desorbed from
the Cibacron Blue F3GA attached microbeads. It
is worth noting that the adsorbed BSA molecules
easily desorbed. When the NaSCN was used, the
electrostatic interactions between the positively
charged groups of albumin and the negatively
charged Cibacron Blue F3GA decreased. This
forced the desorption of albumin. In addition,
SCN™ ions easily bind albumin molecules. This
also affects the conformational structure of albu-
min, and the hydrophobic interaction between the
adsorbed albumin and Cibacron Blue F3GA could
be decreased easily. From the desorption data
given above, we concluded that NaSCN is a suit-
able desorption agent for the Cibacron Blue F3GA
attached sorbents in all cases, and it allows re-
peated use of the affinity sorbents developed in
this study.

In order to show the reusability of the dye-
affinity column, the adsorption and desorption
operation was repeated 6 times using the same
column. The adsorption capacities did not change
significantly during the repeated adsorption—de-
sorption processes. Only a 5.3% decrease in albu-
min adsorption capacity was observed after 6
uses, which was an acceptable ranges in all cases.
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