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ABSTRACT: The rebinding behavior of protein-
imprinted hydrogel is different from classical small molec-
ularly imprinted polymer especially in protein aggregating
state and interaction changeability between protein and
imprinted sites. BSA-imprinted calcium alginate-hydroxy
ethyl cellulose microspheres were prepared, and the
rebinding behavior was studied. An ‘‘imprinting induce-fit
model’’ was proposed to describe the rebinding property
of protein-imprinted hydrogel. Three kinds of different
interacting forms between protein and imprinted hydrogel
were discovered by Scatchard analysis. Slogistic fit analy-
sis of rebinding rate coefficient was carried out, and the
imprinted hydrogel was found capable of promoting

rebinding through induce-fit behavior. Higher imprinting
efficiency was found in microsphere samples with lower
crosslinking density. Rebinding regression equation was
established, and the rebinding quantity was computable
with parameters including BSA aggregate concentration
[Pn], dissociating rate (k1), and single molecule rebinding
rate (k2). The experimental and calculated rebinding con-
centration were compared, and errors between �9.43%
and 5.59% were found. VC 2011 Wiley Periodicals, Inc. J Appl
Polym Sci 122: 1847–1856, 2011
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INTRODUCTION

Protein-imprinted hydrogels have been widely used
in many fields such as biosimulation sensors, separa-
tion, purification and diagnosis, high-performance
liquid chromatography, macromolecular electropho-
resis, and genetic engineering.1–7 Protein molecules
have hydrogen bonds, coordination bonds, and
hydrophobic regions with high motility. When
applied as templating and targeting molecules of
imprinted materials, protein can form aggregations of
two or more units.8 The configuration variability and
aggregation of protein are two important factors
affecting the preassembling and rebinding properties.

Bovine serum albumin (BSA) is popular as protein
template in molecular imprinting because of its func-
tional and structural stability,9 especially where

hydrogel is used as imprinted material, such as algi-
nate,10 agarose,11 PVP,12 and chitosan9. It has been
reported that BSA exists in the form of dimer and
multimer in aqueous solution besides single mole-
cule. The dimer percentage of commercial BSA is
about 6.4–13.8%.13 Samples with even higher purity
are detected of multimer aggregation state.14,15

Aggregation has great impact on the imprinting and
recognition behavior.
The lock-and-key theory is an elemental assump-

tion of antigen-antibody relationship in the field of
immunology and drug design.16 It has been found
that the ‘‘pockets’’ of many antibody molecules are
softer than ever expected, making them suitable for
antigen with completely different conformations.17

On the contrary, some of the precisely structured ar-
tificial ligands cannot fit the targets with even
slightly changes in conformation.18 The induce-fit
model was proposed by D. E. Koshland in 1958,
believing that the best conformation of enzyme was
induced during the process when enzyme and sub-
strate were contacting. The approaching, stimulating,
and binding of substrates lead to certain changes in
enzyme conformation before they are adjusted to
meet both sides and are finally recognized.
We have recently realized the induce-fit model

being applicable to BSA-imprinted hydrogel to a cer-
tain extent. The rebinding process of BSA on
imprinted hydrogel is analogous to interaction
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between enzyme and substrate. Imprinted hydrogel
may change its conformation to fit BSA when it is
approaching. Protein will adapt to modified confor-
mation of the imprints and finally be recognized
(Fig. 1). However, there are also differences with
enzyme-substrate system. Imprinted hydrogel is not
dissociated enzyme but solidlike matrix with poly-
meric chains and segments, spatial crosslinking
meshes, and more concentrated specific sites. This
rebinding model, namely, the ‘‘imprinting induce-fit
model’’ (IIF model), is important for characterizing
the rebinding between protein molecule and hydro-
gel. In this work, quantitative investigations concern-
ing this model are carried out by calculating rebind-
ing quantity and imprinting efficiency of imprinted
hydrogel microspheres with different swelling ratio.
Rebinding kinetics is also studied, and the rebinding
quantity regression equation is established.

MATERIALS AND METHODS

Materials and instruments

BSA (fraction V, Mr ¼ 68,000, pI ¼ 4.70, and electro-
phoretically pure) and ovalbumin (OVA, Mr ¼
43,000, pI ¼ 4.71, and electrophoretically pure) were
from Fluka@. Sodium dodecyl sulfonate (SDS,
C12H25NaO3S, M ¼ 272.38, and analytically pure),
calcium chloride, hydroxyl ethyl cellulose (HEC, HD
30,000), sodium alginate (SA, Mn ¼ 35,000, Mw ¼
218,000, and chemically pure), chemically pure, were
from Eco-aware Technology Co., Tianjin.
Inverse optical microscopy (Carl Zeiss Axiovert

25C,Germany) was used for morphology observa-
tion. Micro-nano Particle Size Analyzer (BI-90Plus,
Brookhaven Instruments, US Co.) was used for BSA
aggregation measurement; UV–vis spectrophotome-
ter (UV-2550PC, SHIMADZU, Japan) and real-time

Figure 1 The imprinting induce-fit model of protein imprinting hydrogel; P1 and P2 are protein molecule and dimer,
respectively. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Conductivity Meter (DDSJ-308A, Shanghai Precision
and Scientific Instrument, China) were used for BSA
concentration determination.

Preparation of BSA-imprinted microspheres

The crosslinking density of microspheres was
adjusted by adding small amount of HEC and calcu-
lated according to equilibrium swelling ratio.10 Pro-
tein-imprinted microspheres with different HEC con-
tent were prepared as follows. First, HEC aqueous
solution (2% w/w %) was prepared in 50�C water
bath; sodium alginate was dissolved in SDS–BSA so-
lution ([BSA] ¼ 4.2 lM, [SDS] ¼ 0.002 mol/L, and pH
¼ 4.70) at 25�C to form 2% (w/v %) with BSA tem-
plate. Then, HEC and SA solution were mixed thor-
oughly with different ratios according to Table I. At
last, hydrogel microspheres were prepared with the
mixtures by inverse phase-suspending gelling
method10 and eluted to remove templates for further
use. Control samples were prepared following similar
steps except no protein was contained in SA solution.

Preparation of BSA–SDS solution
for rebinding tests

SDS is a protein denaturant being widely used in SDS–
PAGE experiments for protein denaturation, separa-
tion andmolecular weight determination,8,9,19 gel elec-
trophoresis chromatography,20 and protein template
eluting.21 Protein solutions with SDS have been stud-
ied, and quantitative investigations have been con-
ducted about the effects on BSA conformation. Protein
was conformationally simplified at the denaturing
effect of SDS and was believed to exhibit a rodlike con-
formation, etc.22 Aggregation description of SDS–BSA
complex was alsomade by surface tension tests.23

SDS aqueous solutions from 0 to 0.002 mol/L
were prepared. BSA was dissolved in SDS solutions
to form SDS–BSA complex with different aggregat-
ing state. The concentrations of BSA were from 0 to
14.5 lM as shown in Table II. All the SDS–BSA solu-
tions were adjusted to pH4.7 to achieve the best
rebinding property.24

Rebinding tests in solutions with different
BSA aggregation

Accurately weighted 1.000 g microspheres were
mixed with 20 mL of SDS–BSA solution prepared at

step 2.3 and kept in water bath at 25�C. The rebind-
ing quantities QrB and QrO were calculated based on
BSA and OVA concentrations before and after
rebinding:

QrB ¼ ðC0B � CtBÞV=W;QrO ¼ ðC0O � CtOÞV=W (1)

where C0B and C0O are beginning concentrations
(lmol/L) of BSA and OVA, CtB and CtO are concen-
trations (lmol/L) after rebinding, V is protein solu-
tion volume (20.0 mL), and W is microspheres
weight (g). Protein concentration was detected by
UV absorption at 280 nm (Ultra U-1800, HITACHI).
Rebinding quantity (QrB and QrO) is composed of
specific rebinding by imprints (QrBS and QrOS) and
nonspecific rebinding by surface absorption (QBN

and QON). Therefore, the specific rebinding quanti-
ties of BSA (QrBS) and OVA (QrOS) are calculated as
follows:

QrBS ¼ QrB �QBN;QrOS ¼ QrO �QON (2)

where QrOS is specific rebinding quantity of OVA on
BSA-imprinted microspheres. QrO is rebinding quan-
tity of OVA. The imprinting efficiency (IE) was cal-
culated as follows:

IE ¼ QrBS=QrOS (3)

The data of specific rebinding quantity for model-
ing are all calculated as QrBS (formula 2) in this
work. As for the determination of rebinding thermo-
dynamic properties, BSA concentration (CtB) was
recorded every 2 min. The real-time rebinding quan-
tity and imprinting efficiency were calculated
according to formulas (2) and (3).

RESULTS AND DISCUSSION

The preparation of protein-imprinted calcium
alginate microspheres

BSA-imprinted calcium alginate microspheres were
prepared by inverse phase suspending gelling
method (Fig. 2). Microspheres prepared with differ-
ent HEC content possess statistic diameters from 158
6 6.2 lm to 161 6 10.5 lm, as shown in Figure 3.
Number–average diameters (D [lm]) and polydis-
persity index were determined from pictures of 1000
beads. HEC content has little effect on beads’ scale

TABLE II
BSA–SDS Complex Preparation for Rebinding Tests

Sample ID I II III IV

BSA (ı̀mol/L) 0–7.5 0–4.5 4.9–6.5 6–14.5
SDS (mol/L) 0 0.002 0.002 0.0011

TABLE I
Different Compositions of SA–HEC Mixture

Sample ID HEC1 HEC2 HEC3 HEC4

SA solution volume (mL) 19.7 19.4 19.1 18.5
HEC solution volume (mL) 0.3 0.6 0.9 1.5
HEC/SA (w/w %) 1.52% 3.09% 4.71% 8.11%
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Figure 2 BSA-imprinted microspheres prepared by inverse phase suspending gelling method. The BSA template concen-
tration is 6 lM; HEC contents [HEC/SA (w/w %)] are (a) 1.52%; (b) 3.09%; (c) 4.71%; (d) 8.11%.

Figure 3 Swelling ratio and diameter distribution of microspheres with different HEC content. HEC contents [HEC/SA
(w/w %)] are (a) 1.52%; (b) 3.09%; (c) 4.71%; (d) 8.11%. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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but exerts a significant impact on swelling property.
Swelling ratio was detected by immersing micro-
spheres in deionized water and interval recording
weight (Fig. 3). The swelling ratio q was calculated
as follows:

q ¼ ðWt �W0Þ=W0 (4)

where q is swelling ratio, W0 is microspheres weight
before swelling, and Wt is the weight when swelling
reaches equilibrium.

The template elution percentage is estimated by
UV–vis measurement of BSA concentration in the
eluate (Table III). The BSA is hardly detectable after
eluating three times, and templates are considered to
have been fully removed. The percentage of liber-
ated imprints is calculated as the ratio of eluted tem-
plate to total protein amount. According to Table III,
86.36% of the templates have been eluted; others are
trapped in the hydrogel.

The existence of noncovalent interaction between
protein and hydrogel is proved by the strength and
location changes in mOAH at 2930 cm�1 and mCAO at
1030–1130 cm�1 as shown in FTIR (Fig. 4). Hydrogen
bonds are formed between AOH groups when
rebinding, leading to higher intensity of mOAH peaks.

The electron cloud density of carboxyl groups is also
affected by the formation of hydrogen bonds, and
peaks shift to lower wave numbers.

Specific rebinding quantity and determination of
BSA aggregation standard curve

BSA–SDS solutions for rebinding are prepared based
on Table II. The specific rebinding quantity (QrBS

andQrOS) is shown in Figure 5 as a function of pro-
tein concentration. Rebinding curves in BSA solution
show much higher growth rates than in OVA solu-
tion. Rebinding quantity grows as BSA concentration
increases and finally approaches equilibrium.
According to different concentrations of SDS and
BSA in the four samples, protein exists in different
aggregating state such as rodlike, folded, or multi-
mer. The determination of the aggregating propor-
tion is important in understanding this unique iso-
thermal adsorption curve. We applied particle size
and UV adsorption when inspecting BSA solution of
different concentrations.

TABLE III
Calculation of the Liberated Imprints Percentage of Microspheres by UV–Vis Measurement

Mass of BSA
template (g) Eluting process

Percentage of
liberated imprints

0.0264 First Second Third 86.36%
BSA concentration in eluting
solution (g/mL)

8.14 � 10�4 2.91 � 10�4 1.89 � 10�5

Eluting solution volume (mL) 20.02 21.06 19.67
Mass of eluted BSA (g) 0.0163 0.0061 0.0004

R ¼ 0.0228

Figure 4 FTIR of BSA and polymer after rebinding pro-
cess products. (a) FTIR of PIMs after rebinding in 3 lM
BSA solution; (b) FTIR of PIMs after rebinding in 6 lM
BSA solution; (c) superposition of BSA and SA FTIR.

Figure 5 Specific rebinding quantity-time curve of BSA-
imprinted microspheres. Microspheres: 1.0 g; BSA volume
20 mL; the adsorbate BSA–SDS complex component (sam-
ples I–IV) is listed in Table II; QrOS is OVA rebinding
quantity on BSA-imprinted microspheres. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Protein particle size distribution is estimated by
dynamic laser scattering (DLS) as shown in Figure 6.
Diameter peaks are found at 4 and 8 nm. It has been
reported that the ratio of BSA multimer (not includ-
ing dimer) is usually lower than 3.2% in a total con-
centration of 1.52 � 10�8 mol/L.15 Therefore, the
two peaks represent the single molecule and dimer
composition of BSA solution. According to particle
intensity and UV measurement, the concentrations
of single molecule (e.g., [P1]) and dimer (e.g., [Pn]) at
different total concentrations of BSA (e.g.) are avail-
able. The standard curves are worked out and used
in determining [P1] and [Pn] in solutions with differ-
ent [BSA] as shown in Figure 7. Take [BSA] ¼ 7.50
lM, for example, the intersections of vertical dash
line and the two standard curves represent the value
of [P1] and [Pn].

Rebinding of BSA with different aggregation
states: Scatchard analysis

Protein exists in the form of several aggregation
states in aqueous solution. Rebinding behaviors are
affected significantly by aggregation states in the
aspects of rebinding kinetics and interaction forms.
The specific rebinding concentration MIP is ex-
pressed as formula (4).

MIP
ðimprinted sitesÞ

þ P
ðproteinÞ

 ������������������!Krb rebindingð Þ=Kds dissociationð Þ
MIP� P
ðcomplexÞ

(4)

With the aim of investigating aggregation rebind-
ing properties, BSA solution is adjusted to particular
aggregating states by adding SDS. According to for-
mula 4, the equilibrium rebinding constant Krb

(mol/L)�1 represents the rebinding ability, of which
the reciprocal is the equilibrium dissociation constant
(Kds). Bmax (mol/g) is the maximum specific rebind-
ing quantity. P is the targeting protein (single mole-
cule and aggregate) with a concentration of C (i.e., [P]
¼ C). The amount of specific rebinding protein is
recorded as B (mol/g), that is, [MIP-P] ¼ B. The spe-
cific rebinding constant is calculated as follows:

Krb ¼ MIP� P½ �
MIP½ � P½ � ; MIP½ � ¼ Bmax � B;Krb ¼ B

Bmax � B½ �C
B

C
¼ �KrbBþ KrbBmax (5)

The B/C-B curve is worked out by Scatchard anal-
ysis (Formula 5). The values of Krb and Bmax are the
slope and intercept of the curve. Linear curve with
only one slope indicates identical imprints and
rebinding form. A nonlinear curve with two or more
slopes implies several types of rebinding forms.
The rebinding data of different SDS–BSA solutions

are analyzed by Scatchard method as shown in Fig-
ure 8. Fitting lines of B/C-B are worked out accord-
ingly. The slopes indicate different interactions
between target and imprinted matrix. The intersec-
tions suggest changes in the rebinding forms of dif-
ferent aggregates as described in Table IV. It can be
seen from Figure 8(a) that BSA solution of lower
concentration (0–7.5 lM) with no SDS has three
aggregating states. The simplest B/C-B curve is
found in sample II containing 0.002 mol/L SDS and
at most 4.2 lM BSA as shown in Figure 8(b). All
data points are gathered around one slope, indicat-
ing only one type of interaction occurs between pro-
tein and hydrogel. In this experiment, BSA solution
for preparing MIP microspheres is all made from
sample II in order that only one kind of imprint is

Figure 6 Dynamic laser scattering analysis of BSA solu-
tion. The ratio of single molecule to dimer is 11.07. [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

Figure 7 Concentration standard curve of single molecule
and multimer (mainly dimer) in BSA solution. [Color fig-
ure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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generated. Different types of aggregates are sup-
posed to be rodlike, folded, and dimer forms accord-
ing to DLS analysis and other reports.13–15,22 Other
rebinding forms are found in protein samples with
aggregates of rodlike, folded, and multimer states as
shown in Figure 8(c,d).

The induce-fit model of imprinted hydrogel with
different crosslinking degrees

The main purpose of ‘‘induced fit’’ model is study-
ing the rebinding behavior of soft hydrogel with
BSA-imprinted structure. Compared to chemistry

reacting systems, protein-imprinted hydrogel has
complex variations and numerous influencing fac-
tors. The experimental data from single batch cannot
reflect its characteristic comprehensively; moreover,
the yield is not easily obtained in many cases. The
‘‘induced fit’’ model is applied to inspect protein-
imprinted hydrogel system quantitatively by estab-
lishing functional expression. It can be used not only
in calculation for rebinding quantity, but also pre-
paring-imprinted matrix with certain crosslinking
density and controllable rebinding progress.
In this work, microspheres are prepared by cal-

cium alginate blended with small amount of HEC

Figure 8 Scatchard analysis of the specific rebinding data of BSA-imprinted microspheres; the rebinding was performed
in solutions of (a) Sample I; (b) Sample II; (c) Sample III; and (d) Sample IV, respectively. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

TABLE IV
BSA–SDS Complex and the Aggregations

Sample
ID

BSA
(lmol/L)

SDS
(mol/L) Molecular conformation

I 0–7.5 0 Folded conformation of the single molecule
II 0–4.5 0.002 Rodlike conformation
III 4.9–6.5 0.002 Rodlike þ folded conformations
IV 6–14.5 0.0011 Rodlike þ folded þ multimer (mainly dimer)
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with the aim of regulating swelling capacity. The
crosslinking density is represented by Mc (average
molecular weight between crosslinking) in the form
of q(swelling ratio) according to Flory–Huggins lat-
tice model theory25–27:

MC / q5=3

Table V gives the equilibrium swelling ratio and
IE of MIP microspheres with different HEC content
in BSA solution of sample II. Because of the soft na-
ture of hydrogel microspheres, IE is time-varying
rather than having a constant value. Considering
separately the aggregation dissociating rate (k1) and
single-molecule rebinding rate (k2), the independent
variables are concentrations of protein aggregation
([Pn]) and single protein ([P1]) (formula 6). Rebind-
ing rate coefficient k2 (formula 6) is used as the pa-
rameter related with induce-fit behavior. If ‘‘IIF’’
behavior exists in this rebinding system, it will be
reflected in the deviation of k2 from fixed value.

Pn �!k1 xP1; P1 �!k2þMIP
MIP� P (6)

Take sample (HEC3) for example, according to
formula 6, the experimental k2 is calculated from
protein concentrations [P1] recorded by real-time
conductivity meter (DDSJ-308A) as follows:

ln
P1½ �t1
P1½ �t2

¼ k2 t2 � t1ð Þ; ðk2 > 0Þ

A Slogistic fit curve is worked out (formula 7) for
regression analysis. Because the ideal k2 is constant,
the lower horizontal asymptotic line is chosen as
original k2 curve [k2(t ¼ 0)]. Thus, the difference
between higher and lower asymptotic lines [Dk2 ¼
k2(t � 240) � k2(t ¼ 0) ] indicates the effect of ‘‘IIF’’
behavior as shown in Figure 9.

k2 ¼ a

1þ be�ut
þ 0:0022 (7)

a ¼ 0:003861:73� 10�7; b ¼ 115:1960:376;

u ¼ 0:047161:19� 10�6

In this regression function, all the parameters have
mathematical meanings. Parameter a is Dk2; b is
related with inflection point coordinates of the ‘‘S’’-
shaped curve; u is related with the slope at the
inflection point.
As interpreted in Figure 9, Dk2 ¼ k2(t¼240) � k2(t¼0) ¼

0.0038 suggests an increment in rebinding co-
efficient k2 when BSA is adsorbed on imprinted
microspheres. Dk2 is considered to be attributed to
‘‘IIF’’ effect. Because of protein-inducing effect, the
polymer chain keeps adjusting its conformation so as
to maintain a matching form, leading to a deviation
toward higher rebinding rate[k2(t � 240)]. Further
analysis reveals higher Dk2 in samples with lower
crosslinking density, indicating greater IIF ability
(Table VI).

Calculation of the rebinding properties of protein
aggregates

It has been proved by DLS and other reports that
BSA solution contains single molecule (P1) and
dimer (P2) as well as a trace amount of multimer
aggregates. The assembling equation is represented
with the concentration if P1 and Pn as shown in for-
mula 8.

P1  ������������!assemble=disassemble
Pn (8)

TABLE V
Crosslinking Coefficient and IE of MIPs with

Different HEC Content

Sample ID HEC1 HEC2 HEC3 HEC4

HEC content
[w(HEC)/w(SA)%]

1.52% 3.09% 4.71% 8.11%

Equilibrium swelling
ratio (q)

2.90 2.00 1.40 1.10

Crosslinking
coefficient (q5/3)

5.90 3.17 1.75 1.17

IE 2.81 2.65 2.33 2.02

Figure 9 Slogistic fit of rebinding rate coefficient k2 of
sample HEC3 ([w(HEC)/w(SA)%] ¼ 4.71%) lower k2 curve:
k2(t ¼ 0) ¼ 0.0022; higher k2 curve: k2(t ¼ 240) ¼ 0.006. [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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The aggregating reaction of BSA is a reversible
process. Given equilibrium constant (k1) and rebind-
ing rate (k2), the reaction process can be simulated
by calculating. On the contrary, the rebinding exper-
imental data can also be used to inspect BSA aggre-
gation states.

Total BSA concentration is calculated as follows:

½BSA� ¼ ½P1� þ Rn½Pn�

According to DLS analysis, [P1] and [Pn] have the
relationship as follows:

½Pn�=½P1� ¼ In=I1

where In and I1 are relative intensity of multimer
(mainly dimer) and single protein detected by DLS.
Total BSA concentration and single molecule concen-
tration ([BSA] and [P1]) are calculated as follows:

½BSA� ¼ ½P1�=½P1� �
X

nIn=I1

½P1� ¼ ½BSA�=ð1þ
X

nIn=I1Þ (9)

The first-order consecutive reaction of rebinding is
established according to formula 2:

Pn �!k1 P1 �!k2þMIP
P�MIP

t ¼ 0½Pn�00 0
t ¼ t½Pn�P1½P�MIP�

[Pn] is calculated with k1 as follows:

½Pn� ¼ ½Pn�0e�k1t (10)

[P1] is generated at the rate of k1 and consumed at
the rate of k2, calculated as follows:

P1½ � ¼ k1
P

Pn½ �0
k2 � k1

e�k1t � e�k2t
� �

(11)

Thus, the rebinding concentration [P-MIP] is cal-
culated with the aggregating number x (e.g., how
many BSA molecule in one aggregate )as follows:

½P�MIP� ¼ x½Pn�0 � x
X
½Pn� � ½P1� (12)

An expression of [P-MIP] is then formulated by
substituting (10) and (11) in Eq. (12):

P�MIP½ � ¼ x
X

Pn½ �0
� 1� e�k1t � k1

x k2 � k1ð Þ e�k1t � e�k2t
� �� �

ð13Þ

Formula (13) gives the final expression of rebind-
ing concentration [P-MIP] with the beginning con-
centration of BSA aggregate [Pn]0 and rebinding
time (t). For simplifying calculation, here, R[Pn]0 is
considered to be entirely converted from [P1]0. In
BSA aqueous solution, R[Pn]0 can be considered
approximately equal to 0.5[P1]0, that is, half the total
concentration of BSA solution. The reaction con-
stants k1 and k2 are obtained by (10) and (11):

1

y� 1

1

Pn½ �y�12

� 1

Pn½ �y�11

 !
¼ k1t; ln

P1½ �1
P1½ �2
¼ k2t (14)

In a protein aggregation system with mainly single
and dimer molecules, we have the presumption that:

y ¼ 1=x ¼ 1=2; n ¼ 2

Take the rebinding data listed in Table VII, for
example. The total BSA concentration ([BSA]) is 10.0
lM. [P1]1 and [P1]2 are determined by concentration
sampling at 0 and 120 s; [Pn]1 and [Pn]2 are located
accordingly using the standard curve in Figure 7.
Therefore, k1 and k2 are calculated by formula (14)
using data in Table VII:

k1 ¼ 7:18� 10�3; k2 ¼ 8:01� 10�3

Thus, the specific rebinding quantity is calculated
by formula (13) using k1 and k2, compared to experi-
mental data as listed in Table VIII. The calculated

TABLE VI
Crosslinking Coefficient and Dk2 of MIPs with Different HEC Content

Sample ID HEC1 HEC2 HEC3 HEC4

HEC content [w(HEC)/w(SA)%] 1.52% 3.09% 4.71% 8.11%
Equilibrium swelling ratio (q) 2.90 2.00 1.40 1.10
Crosslinking coefficient (q5/3) 5.90 3.17 1.75 1.17
Dk2 13.4 � 10�3 s�1 8.82 � 10�3 s�1 3.8 � 10�3 s�1 3.7 � 10�3 s�1

TABLE VII
Concentrations of the Components in BSA Solution

at 0 and 120 s

Time t1 ¼ 0 s t2 ¼ 120 s

[BSA] (lmol/L) [BSA]1 ¼ 10.0 [BSA]2 ¼ 3.46
[Pn] (lmol/L) [Pn]1 ¼ 0.81 [Pn]2 ¼ 0.22
[P1] (lmol/L) [P1]1 ¼ 7.24 [P1]2 ¼ 2.77
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results of QrBS were obtained with a relative error
from �9.43% to 5.59%. The main sources of error are
estimation of BSA aggregation and dissociation con-
stant, aggregation curve plotting (Fig. 7) by DLS
analysis, and the effect of a small amount of multi-
mer existing in the protein solution besides dimer
and single molecules.

CONCLUSIONS

BSA-imprinted alginate hydrogel microspheres were
prepared, and rebinding performance was tested in
SDS–BSA solution. Scatchard analysis shows that
BSA target molecules were rebinding in at most
three aggregating forms. ‘‘IIF’’ model was proposed
for protein-imprinted hydrogel systems, and
researches were performed by Slogistic fit of rebind-
ing rate coefficient compared to ideal rebinding rate
constant. The induce-fit behavior of imprinted
hydrogel is found promoting protein rebinding. Bet-
ter promoting effect is found in hydrogel greater
swelling capacity (larger Mc). The yield regression
equation is also established according to BSA disso-
ciation and rebinding constant, which shows a rela-
tive error from �9.43% to 5.59%.

The ‘‘IIF’’ model is a novel theory proposed for
the interaction rules of BSA-imprinted hydrogel sys-
tems. It suggests that variable binding interactions
between protein targets and imprinted polymer are
different from classical small molecule imprinted
materials. The ‘‘IIF’’ model is a candidate method
for evaluating and testing BSA rebinding behavior
in imprinted hydrogel matrix. The IIF estimation
method is established based on rebinding rate and
is promising in helping preparation of imprinted
materials with designed rebinding properties. Yield
regression will be used for calculating product con-
centration and predicting BSA rebinding process.
However, it is not clear if the ‘‘IIF’’ model is appli-
cable in the cases of other protein imprinting. Fur-
ther works should be focused on ‘‘IIF ’’ model cal-
culations for other protein templates in common

usage such as cytochrome C, lysozyme, and
ovalbumin.
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TABLE VIII
Comparison of Experimental and Calculated QrBS

Time (s) 5 10 20 50 105

[P-MIP] (ı̀mol/l) 0.180 0.360 0.721 1.789 3.596
Calculated QrBS results (lmol/g�10�3) 3.60 7.20 14.4 35.8 71.9
Experimental QrBS data (lmol/g�10�3) 3.58 7.41 15.9 38.3 69.2
Calculation errors 5.59% �2.83% �9.43% �6.53% 3.90%

Note: Calculated QrBS ¼ [P-MIP] � 20 mL/1.000 g.
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