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ABSTRACT: Bovine serum albumin (BSA) adsorption onto novel and feasible magnetic
polyvinylbutyral-based microbeads was investigated. The microbeads were made of
Mowitalt B30HH, a commercial product, in the range 125–250 mm by a modified
solvent evaporation technique. Magnetite particles were embedded in the polymer
structure for favorable magnetic properties, 4.80 emu/g microbeads of saturation mag-
netization at 6000 Gauss magnetic field. Glutaraldehyde (GA) was used as a bonding
agent to increase stability and as a ligand for protein adsorption. The amount of
adsorbed BSA was optimized by changing the medium pH and the initial concentra-
tions of GA and BSA. Dynamic adsorption data of batch runs fitted best to Langmiur
kinetics. The parameters qmax, k9f and k9r of the model were estimated through nonlin-
ear regression analysis as 138 mg BSA/g adsorbent, 0.058 ml/(mg BSA z min) and 0.002
min21, respectively, for magnetic microbeads at pH 5.0 and 25°C. The adsorbed BSA
was eluted successfully at pH 8.0 and 25°C. Possibly due to surface roughness and
magnetic properties, qmax was found higher than the other adsorbents reported in the
literature. The results denote that these microbeads can be an alternative protein
adsorbent due to high adsorption capacity and rate, as well as remarkable separation
characteristics. © 2001 John Wiley & Sons, Inc. J Appl Polym Sci 80: 707–715, 2001
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INTRODUCTION

Affinity protein separations rely on the highly
specific binding between a protein in solution and
an immobilized ligand to achieve a high degree of
protein purification.1,2 Methods for synthesizing
affinity adsorbents are based on one of two gen-
eral procedures; either the ligand or ligand analog
is reacted with the adsorbent already possessing
the spacer arm, or a ligand analog containing the
spacer arm is reacted with the activated adsor-
bent.3,4 The spacer arm must have reactive ends
for attachment to both matrix and ligand. In some
cases, the ligand–spacer arm combination is syn-

thesized from smaller components rather than an
attempt made to link them in one step.5,6

The chemistry of the activation process may
involve the reaction of hydroxyl groups on the
polymeric matrix, and the most commonly used
reaction has been with cyanogen bromide.3 Al-
though cyanogen bromide activation is still the
most widely used method, especially for attach-
ment of proteins through «-lysine groups, other
convenient and efficient methods are now avail-
able, and undoubtedly will substitute the cyano-
gen bromide procedure eventually. Among these
prospective methods; glutaraldehyde, epoxy, car-
bonyl diimidazole, tosyl chloride, divinylsul-
phane, monohalogen acetyl halides and epy-
chlorhydrine activations are common.1,7–9 It is
apparent from these methods that the ligand con-
centration may affect various systems differently,
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and hence, should be considered early in the de-
velopment of the chromatography process. Very
little work has been published to show the effect
of ligand concentration on either adsorption equi-
librium or adsorption kinetics.10–13 However, the
data such as this will be necessary for reliable
modeling and scale-up of these adsorption pro-
cesses. In a previous study, equilibrium and ki-
netic parameters were determined for protein ad-
sorption onto two gels containing different
amounts of immobilized Cibacron Blue.14

Recently, there has been increasing interest in
the use of magnetic carriers for separation pro-
cesses.15–20 Magnetic carriers can be produced
using inorganic materials or a number of syn-
thetic and natural polymers.21 High mechanical
resistance, resistance to solvents, and excellent
shelf life make inorganic materials ideal carriers.
The main disadvantage of inorganic supports is
their limited functional groups for specific bind-
ing. Porous or nonporous magnetic carriers are
more commonly manufactured from polymers be-
cause they have a variety of surface functional
groups that can be tailored to use in specific ap-
plications.22

This article presents the results of a series of
experiments in which a model protein, specifically
bovine serum albumin (BSA), was adsorbed onto
magnetic and nonmagnetic polyvinylbutyral mi-
crobeads prepared in spherical and uniform form
in the range 125–250 mm from a commercial prod-
uct, Mowitalt, B30HH. Polyvinylbutyral polymer
was selected due to its low cost and high concen-
tration of hydroxyl groups on the surface such as
agarose, cellulose, or polyacrylamide matrix. Gl-
utaraldhyde (GA) was selected as the agent for
surface activation, and the bovine serum albumin
was employed as the model protein. The condi-
tions of surface activation; medium pH and initial
concentration of GA, were optimized to investi-
gate the adsorption at different equilibrium bo-
vine serum albumin concentrations. The adsorp-
tion of BSA in a batch system was elucidated
through nonlinear regression analysis to calcu-
late constants of adsorption kinetics from dy-
namic data. Finally, adsorbed BSA on magnetic
and nonmagnetic microbeads was eluted by shift-
ing the medium pH.

EXPERIMENTAL

Materials

Mowitalt B30HH (polyvinylbutyral, Hoechts,
Germany) is the main polymeric matrix for the

preparation of microbeads. Type B30HH has a
better solubility in aromatics than the other
forms of Mowitalt.23 The film formation and sol-
ubility properties, reactivity of the polymer, and
combination capabilities are determined largely
by acetalization, hydroxyl group content, and de-
gree of polymerization.

Chloroform (BDH, UK) was used as solvent
due to its high capacity for dissolving Mowitalt
and quick evaporation rate at room tempera-
ture.23 Other ingredients such as SDS (sodium
dodecyl sulphate), pluronic PE6800, and PVA
(polyvinyl alcohol) were obtained from Sigma
(Milwaukee, WI), Basf (Germany) and Merck
(Germany) companies, respectively, and used as
received. Bovine serum albumin (BSA) (Fraction
V, lyophilized), acetate, and saline phosphate
buffers for adsorption/desorption experiments
were purchased from Sigma and Merck, respec-
tively. Glutaraldehyde (GA) for surface activation
was purchased from Merck. Rock magnetite was
obtained from Divriği, Turkey. It was crushed in
a roll crusher and sieved to maintain the required
particle size fractions (,40 mm).

Preparation of Polyvinylbutyral Microbeads

Magnetic polyvinylbutyral microbeads were pre-
pared by a modified solvent evaporation method.9

The polymerization recipe and conditions for the
preparation were given in Table I. For magnetic
microbeads, 1.5 g of magnetite, determined to be
optimum from preliminary runs, employed in the
recipe. Nonmagnetic polyvinylbutyral microbeads
were prepared following the same recipe without
using magnetite. First, the specified amount of
polyvinylbutyral was dissolved in chloroform, and

Table I Polymerization Recipe and
Experimental Conditions for Magnetic
and Nonmagnetic Microbeads

Component/Condition Amount

Mowital 20 g
Magnetitea 1.5 g
Pluronic PE6800 5 mL (6% v/v)
PVA 4 g
SDS 2 g
Chloroform 100 mL
Distilled water 400 mL
Processing time and temperature 16 h, 20°C
Mixing rate 700 rpm

a Not used for nonmagnetic microbeads.
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then this solution was transferred immediately
into the distilled water containing the prescribed
amounts of magnetite and emulsifiers (SDS, PVA,
and pluronic PE 6800) in a continuously aerated
and agitated water phase. Then the microparticle
emulsion was transferred into a glass reactor of 1
liter and agitated with a mechanical stirrer at 700
rpm for 16 h at 20°C. After allowing the solvent to
evaporate, magnetite particles were completely
encapsulated in polyvinylbutyral microbeads.
The produced microbeads were washed with dis-
tilled and deionized water three times to remove
impurities physically adsorbed onto the surface of
the microbeads.

Microbead Characterization

Analysis of Magnetism

The presence of magnetite in the polymeric struc-
ture was investigated with ESR spectrophotome-
ter (EL 9, Varian). The magnetism degree of the
polyvinylbutyral microbeads was measured in a
magnetic field by using a vibrating-sample mag-
netometer (Princeton Applied Research Corpora-
tion, USA).

Scanning Electron Microscopy

To observe the surface topography of the mag-
netic and nonmagnetic polyvinylbutyral mi-
crobeads, scanning electron micrographs of gold-
coated samples were taken with an SEM device
(Model: Raster Electronen Microscopy, Leitz-
AMR-1000, Germany).

FTIR Studies

FTIR spectrum of the magnetic and plain polyvi-
nylbutyral microbeads were obtained by using a
FTIR spectrophotometer (FTIR 8110 Series, Shi-
madzu, Japan). Dry microbeads, 0.1 g, were com-
pletely mixed with 0.1 g KBr (IR grade, Merck,
Germany), and pressed into a form of tablet and
the spectrum was then recorded.

Glutaraldehyde Activation of Microbeads

Prior to the activation process, the rinsed mi-
crobeads were kept in distilled water for about
24 h and washed again on a glass filter with 0.1M
HCl solution and then placed in 1 liter of distilled
water to remove remaining impurities. Aqueous
GA solution (100 mL) with different initial con-
centrations (0–8% v/v) were prepared and pH of
the solution was fixed at 7.4 with 0.1M saline

phosphate buffer. One gram of microbead was
then added to this solution while it was magnet-
ically stirred at 30°C, 200 rpm in dark to prevent
the polymerization of GA. After 12 h, determined
to be sufficient to activate all hydroxyl groups on
the entire surface of microporous microbeads
from preliminary runs, the microbeads were re-
moved and washed with distilled water several
times to remove the excess activation agent and
impurities.

BSA Adsorption/Desorption Studies

BSA was selected as a model protein for adsorp-
tion on GA activated magnetic and nonmagnetic
polyvinylbutyral microbeads. All adsorption ex-
periments were conducted batchwise for 2 h,
which proved to be a sufficient period in any run,
at 25°C with a stirring rate of 200 rpm. In a
typical adsorption experiment, an appropriate
amount of BSA was dissolved in 25 mL of buffer
solution of specified pH (buffered with 0.1M so-
dium acetate–acetic acid solution) and 1 g of mi-
crobead was added to start the adsorption reac-
tion. For dynamic data, 0.1 mL of liquid sample
was drawn from the reactor at several time inter-
vals for BSA assay and pH check. For equilibrium
data, microbeads were removed from the medium
by filtration after equilibrium was reached. The
BSA adsorbed onto microbeads (adsorption capac-
ity) was determined by measuring the initial and
final concentrations of BSA in the medium spec-
trophotometrically at 280 nm using a calibration
curve prepared previously.

The Effect of Initial GA Concentration
on Adsorption Capacity

GA-activated nonmagnetic microbeads at differ-
ent initial GA concentrations (0–8%, v/v) were
used in batch adsorption runs with an initial BSA
concentration of 6 mg/mL at pH 7.4 using 0.1M
saline phosphate buffer. At equilibrium, BSA ad-
sorption capacity, q*, and concentration, C*,
were determined to find out the optimum initial
GA concentration for maximum BSA adsorption.

The Effect of Medium pH on Adsorption Capacity

Optimum pH of adsorption onto GA-activated
nonmagnetic microbeads was determined by
varying the medium pH in the range 4–6 using
0.1M sodium acetate–acetic acid buffer. In each
run, initial BSA concentration was maintained at
3 mg/mL and equilibrium BSA adsorption capac-
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ity, q*, and equilibrium BSA concentration, C*,
were determined. In any run, medium pH was
checked at equilibrium for any deviation from
initial set value.

The Effect of BSA Concentration on Adsorption
Capacity

For nonmagnetic and magnetic GA-activated mi-
crobeads, initial BSA concentration was changed
in the range 0.5–5.5 mg/mL at pH 5.0 and BSA
adsorption capacity, q*, and BSA concentration,
C*, were determined at equilibrium.

Desorption of BSA from Microbeads

For the elution of adsorbed BSA, 1 g of magnetic
or nonmagnetic microbeads equilibrated at ap-
proximately 4 mg/mL BSA, 25°C and pH 5.0 was
strained and transferred into 25 mL pH 8.0 am-
monia–ammonium chloride buffer solution. The
desorption was conducted batchwise at 25°C with
a stirring rate of 200 rpm for 1 h. The amount of
BSA desorbed from microbeads was calculated by
measuring the initial and final concentrations of
BSA in the medium.

Determination of Adsorption Kinetics

GA-activated microbeads present a number of
binding sites; thus, protein interactions with the
adsorbent are likely to be both heterogeneous and
multivalent. A system like this is difficult to
model rigorously; therefore, a simplified model of
adsorption will be attempted.

The model employed is the second-order re-
versible reaction, as exemplified in literature for
liquid–protein interactions where the protein is
assumed to interact with the GA-activated mi-
crobeads by a monovalent interaction that has a
characteristic binding energy.10

P 1 A 4™™3
k9r

k9f

P z A (1)

where P is the protein in solution, A is the GA
activated adsorption site and P z A is the protein-
active site complex. The parameters k9f and k9r are
the apparent forward and reverse rate constants,
respectively, for the adsorption process. The rate
of adsorption for this type of interaction is given
by ref. 10

dq
dt 5 kf C~qmax 2 q! 2 kr q (2)

where C and q are the instantaneous solute con-
centrations in the liquid and on the adsorbent,
respectively, and qmax represents the maximum
adsorption capacity of the adsorbent. The rate
constants k9f and k9r are not the intrinsic rate
constants for protein interaction with the acti-
vated surface of microbeads, but rather are
lumped parameters that reflect the contribution
of mass transfer resistance relative to the adsorp-
tion step. At equilibrium, equations reduce to the
familiar Langmiur isotherm model, represented
in eq. (3), where K, C*, and q* are the apparent
dissociation constant, k9r/k9f, equilibrium solute
concentrations in the liquid and on the adsorbent,
respectively.

q* 5 qmax z C*/~K 1 C*! (3)

However, at equilibrium, forward and reverse
lumped rate constants could not be calculated;
thus, the values of qmax, k9f, and k9r were esti-
mated through nonlinear analysis of dynamic ex-
perimental data with a nonlinear regression pro-
gram, Systatt 24 using eq. (2). In this canned pro-
gram, coefficients of complex nonlinear models
may be evaluated sensitively by nonlinear regres-
sion. The required data were taken from the dy-
namic graph of q vs. t, and the term dq/dt was
calculated numerically.25 The batch runs were
conducted with both GA-activated magnetic and
nonmagnetic microbeads at 0.1M sodium ace-
tate–acetic acid-buffered medium pH 5.0, deter-
mined to be the optimum pH for adsorption, with
an initial BSA concentration of 6 mg/mL.

RESULTS AND DISCUSSION

Properties of Polyvinylbutyral Microbeads

Polyvinylbutyral, Mowitalt B30HH, based mi-
crobeads prepared in this study are rather hydro-
philic structures. The molecular formula of poly-
vinylbutyral resin is as follows; it consists of vi-
nylbutyral, vinyl alcohol, and vinyl acetate
comonomers in the approximate ratio 75 : 22 : 3,
respectively.23 The polyvinylbutyral microbeads
swell rapidly, and the equilibrium is achieved in
about 15 min. The equilibrium swelling ratio was
about 45% on the weight basis.

The presence of magnetite in the polymeric
structure was confirmed by the ESR. A peak of
magnetite (i.e., Fe3O4 fine particles) was detected
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in the ESR spectrum, as shown in Figure 1. After
the glutaraldehyde activation, the intensity of the
magnetite peak did not change in ESR spectra of
the microbeads. These microbeads were kept in
distilled water and ambient air for 6 months, and
the same ESR spectra was obtained.

The behavior of magnetic microbeads in a mag-
netic field using a vibrating magneto-meter was
given in Figure 2 in terms of emu, which is related
to the intensity of magnetization of the sample vs.
applied magnetic field. In this spectra, 6000
Gauss magnetic field with a saturation magneti-
zation 4.80 emu/g microbeads was found suffi-
cient to excite all of the dipole moments of 1.0 g

microbeads containing prescribed amount of mag-
netite. This magnetic field value will be an impor-
tant design parameter for a magnetically fluid-
ized bed or for a magnetic filtration using these
microbeads. In the literature, this value changes
from 8 to 20 kG for various applications with
smaller saturation magnetization values than
4.80 emu/g microbeads; thus, prepared magnetic
microbeads will need less magnetic intensity in a
magnetically fluidized bed or for a magnetic fil-
ter.19,20

Figure 3 shows the SEM micrographs of mag-
netic and nonmagnetic polyvinylbutyral mi-
crobeads. As clearly seen, the magnetic mi-
crobeads have a spherical shape and rough sur-
face with embedded magtetite particles within
the structure. These surface properties of the
magnetic microbeads would favor better ad-
sorption of the BSA protein due to enhanced

Figure 1 ESR spectra of (a) magnetic (b) nonmag-
netic polyvinylbutyral microbeads.

Figure 2 The magnetic behavior of magnetic polyvi-
nylbutyral microbeads.

Figure 3 SEM photographs of (a) magnetic (b) non-
magnetic microbeads.
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surface area and proportionally increased ac-
tive sites. On the other hand, nonmagnetic
microbeads [Fig. 3(b)] were in uniform and
spherical shape with smooth surface character-
istics.

As mentioned before, GA was selected as the
affinity ligand, and attached onto polyvinylbu-
tyral microbeads. Figure 4 gives the FTIR spectra
of (a) nonmagnetic (b) GA-activated nonmagnetic,
and (c) magnetic polyvinylbutyral microbeads.
The presence of hydroxyl functional group on the
surface of plain microbeads was confirmed by
FTIR spectrophotometer in Figure 4(a). The hy-
droxyl band observed at 3500 cm21 indicated the
presence of PVAL on the microbead surface. After
GA activation, the intensity of the hydroxyl band
decreased due to the reaction took place between
hydroxyl and aldehyde groups [Fig. 4(b)]. In this
spectrum, hydroxyl band peak was decreased,
while the CAO band at 1740 cm21 was increased
compare to inactivated microbeads due to reac-
tion of glutaraldehyde with hydroxyl groups to
yield the CAO bands. The intensity of HOCAO
and CH3OCAO groups increased after GA acti-
vation at 1740 cm21, respectively. These bands
confirmed the reaction of GA with hydroxyl
groups on polyvinylbutyral microbeads. The FTIR
spectrum of magnetic beads [Fig. 4(c)] showed
almost the same characteristics of Figure 4(a),
implying unaltered properties of surface chemis-
try.

BSA Adsorption/Desorption Studies

The Effect of Initial GA Concentration
on Adsorption Capacity

BSA was adsorbed onto GA-activated nonmag-
netic microbeads using different initial GA con-
centrations, and the results were presented in
Figure 5. The runs were repeated three times,
and the average values of corresponding data
(with a standard deviation not more than 3%)
were given in the figure.

The curve indicated that the optimum initial
glutaraldehyde concentration for surface activa-
tion was around 4% (v/v) with an equilibrium
adsorption value of 14 mg BSA/g adsorbent for an
initial BSA concentration of 6 mg/mL. Any GA
concentration less than 4% (v/v) resulted in insuf-
ficient activation of the surface, while higher con-
centrations caused excessive self-crosslinking of
glutaraldehyde, which might have a steric effect
for BSA. The maximum BSA adsorption capacity
obtained with inactivated particles was 0.45 mg
BSA/g adsorbent, which was less than the value
14 mg BSA/g adsorbent obtained with glutaralde-
hyde activated microbeads. Thus, 4% (v/v) initial
glutaraldehyde concentration was applied to the
surface activation of the microbeads.

The Effect of Medium pH on Adsorption Capacity

Prior to kinetic studies, the effect of medium pH
on the adsorption capacity of the glutaraldehyde
activated (4%, v/v) polyvinylbutyral microbeads
was investigated with batch adsorption runs. Fig-
ure 6 presents the change of adsorbed BSA at

Figure 5 The change of adsorbed BSA at equilibrium
with initial GA concentration (initial BSA concentra-
tion 6 mg/mL, pH 7.4, mixing rate 200 rpm, 25°C).

Figure 4 FTIR spectra of (a) nonmagnetic plain; (b)
nonmagnetic GA-activated (c) magnetic microbeads.
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equilibrium as a function of medium pH at differ-
ent equilibrium BSA concentration values ob-
tained with an initial BSA concentration of 3 mg/
mL. The runs were repeated three times, and the
average values of corresponding data (with a
standard deviation not more than 4%) were pre-
sented in the figure. Like other studies in the
literature, maximum adsorption of BSA was real-
ized around pH 5,26 which was the isoelectric
point of the protein BSA.27

This result is not unusual, because maximum
adsorption of a protein can be accomplished when
it has a neutral charge, i.e., at the isoelectric
point. When neutrally charged, protein solubility
in aqueous media decreases. On the other hand,
acidic or basic medium caused the protein posi-
tively or negatively charged, increasing the solu-
bility of protein in aqueous media. Consequently,
lower and higher pH values resulted in decreased
adsorption capacities for BSA.

The Effect of BSA Concentration on Adsorption
Capacity

The amount of BSA adsorbed at optimum pH 5.0
as a function of equilibrium BSA concentration
was presented for nonmagnetic and magnetic mi-
crobeads in Figure 7. The runs were repeated
three times, and the average values of corre-
sponding data (with a standard deviation not
more than 4%) were given in the figure.

In the figure, for nonmagnetic microbeads the
amount of BSA adsorbed first increased with in-
creasing equilibrium BSA concentration, but
reached a plateau value of ; 13 mg BSA/g mi-

crobead at 4 mg/mL equilibrium BSA concentra-
tion. However, for magnetic microbeads adsorp-
tion capacity was higher than nonmagnetic ones,
being 84 mg BSA/g microbeads at 4 mg/mL equi-
librium BSA concentration, and adsorbed amount
of BSA continued to increase beyond this concen-
tration. The sigmoid behavior of BSA adsorption
for both magnetic and nonmagnetic polyvinylbu-
tyral microbeads is typically represented with a
Langmiur type monolayer kinetics. For maximum
adsorption capacity of both type of microbeads,
the parameter qmax is obtained from dynamic ki-
netic model in eq. (2).

Desorption of BSA from Microbeads

For assuring the elutability of adsorbed BSA on
magnetic and nonmagnetic microbeads (activated
with 4% v/v glutaraldehyde), desorption experi-
ments were carried out batchwise at pH 8.0 and
25°C. After 1 h, approximately 91 and 93% of the
adsorbed BSA was recovered in the solution from
magnetic and nonmagnetic microbeads, respec-
tively.

Determination of Adsorption Kinetics

For processing eq. (2) by nonlinear analysis, dy-
namic data were recorded in batch adsorption
runs at several time intervals for magnetic and
nonmagnetic microbeads. Time derivative of ad-
sorbed BSA was calculated from the data numer-
ically25 and presented in Table IIa and b with
other variables of eq. (2). The runs were repeated
three times, and the average values of corre-

Figure 7 The change of BSA adsorbed by BSA con-
centration at equilibrium for magnetic and nonmag-
netic microbeads (pH 5.0, mixing rate 200 rpm, 25°C).

Figure 6 The variation of adsorbed BSA with me-
dium pH at equilibrium (initial BSA concentration 3
mg/mL, mixing rate 200 rpm, 25°C).
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sponding data (with a standard deviation not
more than 6%) were given in the tables.

The data in Table IIa and b were processed
through Systatt, a nonlinear package program, to
yield the best fit of parameters in eq. (2). For
nonmagnetic beads, qmax, k9f, and k9r were esti-
mated with a high correlation coefficient (r
5 0.992) as 17.7 mg BSA/g adsorbent, 0.102 mL/
(mg BSA z min) and 0.001 min21, respectively,
while the same parameters were found to be 138
mg BSA/g adsorbent, 0.058 mL/(mg BSA z min)
and 0.002 min21, respectively (r 5 0.991), for
magnetic microbeads. The maximum BSA ad-
sorption capacity of our magnetic beads is larger
than those of other similar works reported in the
literature.2,11–13,28,29 Apparently, magnetic mi-
crobeads had a greater adsorption capacity for
BSA at equilibrium, however, forward reaction
rate, k9f, for magnetic microbeads was smaller
than that of nonmagnetic microbeads. For both
type of microbeads, k9r was smaller than k9f denot-
ing fast adsorption step. While surface roughness
for magnetic microbeads as seen in Figure 3(a)
was being an advantage for more binding sites on
increased surface area, the same property caused
larger liquid film thickness,30,31 which might
have been the reason for low overall forward re-
action rate, k9f, due to increased mass transfer
resistance. Boyer and Hsu investigated the ad-
sorption kinetics for albumin (MW 67000) onto
Cibacron Blue attached Sepharose gels using the
same kinetic approach.10 Depending on the con-
centration of the dye ligand, these workers calcu-
lated qmax, k9f, and k9r for albumin in the range

5.26–55.88 mg/cm3, 0.085–0.0080 cm3/(mg z min),
and 0.014–0.0003 min21, having the same order
of magnitude of the results obtained in this study.
Arnold and Blanch also studied the adsorption of
albumin to a lightly substituted reactive blue ad-
sorbent, and the rate constants obtained were of
the same magnitude as those found for the work
of Boyer and Hsu.3 Conclusively, our magnetic
beads have larger adsorption capacity and com-
parable forward reaction rates for fast equilib-
rium, denoting that the microbeads can be a po-
tential protein adsorbent not for only superior
separation characteristics but also for high ad-
sorption capacity.
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