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bstract

An interfacial organic–inorganic hybridization concept was applied to the preparation of a new spherical imprinted material for protein recognition.
he functional biopolymer chitosan (CS), shaped as microsphere and high-density cross-linked, constituted of the polysaccharide core for surface

mprinting. After the model template protein, bovine serum albumin, was covalently immobilized by forming imine bonds with the functional
mine groups of CS, two kinds of organic siloxane (3-aminopropyltrimethoxysiloxane: APTMS, and tetraethoxysiloxane: TEOS) assembled and
olymerized on the polysaccharide–protein surface via sol–gel process in aqueous solution at room temperature. After template removal, the
rotein-imprinted sol–gel surface exhibited a prevalent preference for the template protein in adsorption experiments, as compared with four
ontrastive proteins. Bioinformatics methods were also employed to investigate the imprinting process and the recognition effect. The influence
f siloxane type, pH, siloxane/water ratio on template removal and recognition selectivity was assessed. Under optimized imprinting conditions, a

arge quantity of well-distributed pores was observed on the immobilized-template imprinted surface. The surface-imprinted adsorbent offered a
ast kinetics for template re-adsorption and could be reused. Compared with the imprinted material prepared with free-template, material prepared
ith immobilized-template possessed higher adsorption capacity towards template protein. Easy preparation of the described imprinted material,
igh affinity and good reusability make this approach attractive and broadly applicable in biotechnology for down-stream processing and biosensor.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Synthetic materials specific for protein recognition are highly
esirable in biotechnology for down-stream processing and
iosensor. Selective recognition elements traditionally used
ithin affinity materials have been molecules such as antibodies

nd cell receptors. Despite success achieved with those bioma-
erials, their limited stability and expensive production preclude
he application in cheap and reusable affinity adsorbents, mem-
ranes, and sensors [1,2]. Recently, the use of relatively inert
olecular imprinted polymers (MIPs) for protein recognition

ffers potential by introducing selective specificity into low-cost,

table and easily fabricated materials [1–5].

The preparation of MIPs using molecular imprinting tech-
ology lies in the template-mediated assembly of functional

∗ Corresponding author. Fax: +86 532 84022750.
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recognition

onomers. Despite applications target molecules with low
olecular weight [1,6–8], MIPs have now proved success in
imicking natural receptors and biological macromolecules,

.g. whole cells, viruses, and especially proteins [1–4,9]. Due
o the fragility and complexity of protein molecules, specific
ecognition is generally achieved by the introduction of a large
umber of weak complementary interactions between proteins
nd monomers, e.g. hydrogen bonds, Van der Waals forces, ionic
onds and hydrophobic interactions [1]. Such multiply interac-
ions result in tailored binding pockets with distinct size, shape,
nd three-dimensional distribution of functional groups. Cur-
ently, novel protein-imprinted polymers have been conducted
ia different strategies. To overcome limitations associated with
ulk imprinted materials, surface imprinting seems to be the
ost promising way in creating protein-imprinted polymers
10–12].
The majority of imprinting technology, demonstrated to date,

nvolves the synthesis of MIPs in organic monomer-solvent sys-
ems. Moreover, most polymerization systems lack of true water

mailto:shushzhang@qust.edu.cn
dx.doi.org/10.1016/j.talanta.2007.08.032
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ompatibility. However, proteins are usually sparingly soluble
nd aggregate in common monomer-solvent systems. To tag
IPs with specificity for proteins, the synthesis of MIPs in aque-

us environment is preferable for better selectivity and binding
10–13]. Acrylamide has often been applied as a monomer to
erform surface imprinting in aqueous media [10–16]. Guo
t al. prepared MIPs using free hemoglobin (Hb) as the tem-
late molecule, acrylamide as the functional monomer, chitosan
CS) beads or vinyl groups modified CS beads as supporting
atrices [14–18]. Specific attention must be paid to improve
eak mechanical strength and long-term stability [15,16]. For

xample, chemical modification of CS beads with maleic anhy-
ride was performed to introduce vinyl groups, which took
art in the copolymerization between acrylamide and the cross-
inker, N,N′-methylenebisacrylamide. Such protocol resulted in
he chemical interaction between the imprinted gel and CS

atrix. However, template proteins are susceptible to the attack
f free radicals in radical polymerization [19]. General syn-
hesis of chemically and mechanically stable MIPs for protein
ecognition in aqueous media, therefore, remains a significant
hallenge.

With the development of sol–gel technique, molecularly
mprinted sol–gel materials (MISGMs) have been extensively
tudied for the preparation of selective adsorbents [6,8,12,20].
onsidering the easy preparation of sol–gels and their compati-
ility with proteins and polar environments, coating molecularly
mprinted silica sol–gel polymer on a supporting matrix has
onsiderable potential for creating novel materials specific
or proteins. Results suggest that proteins could catalytically
ydrolyze siloxane precursors and promote silica formation.
dditionally, the overall stability of proteins embedded in the

ol–gels has been broadly proven to enhance with regard to tem-
erature, pH, and chemical denaturation [21–24]. Until now,
reparation of MISGMs using protein-imprinted sol–gel pro-
ess on silica-based matrix has been attempted in a number
f works. Chou et al. combine sol–gel and self-assembly tech-
ology for the preparation of human serum albumin imprinted
lm on the surface of piezoelectric quartz crystal [25]. The

mprinted film gives selective recognition to the template pro-
ein. Shiomia et al. prepare Hb imprinted sol–gel material on the
urface of aminopropyl silica in aqueous media. The Hb recog-
ition occurs through shape, hydrophobicity and surface charge
12].

The supporting matrix plays an important role in surface
mprinting. Incorporation of the functional biopolymer, CS,
nto inorganic network via sol–gel process takes on increas-
ng importance in developing affinity matrices for proteins [26].
he reason comes from three aspects. Firstly, unique prop-
rties of CS enable covalent assembly of biomolecules in a
patially selective manner. Those properties include reactivity
f primary amine groups, hydrophilicity and biocompatibility
26–30]. Secondly, polysaccharide-manipulated sol–gel pro-
ess has shown catalytic effect and acceleration on siloxane

olymerization and potentially relates to the biomineralization
rocesses [22]. Thirdly, silica materials containing covalently
rafted gluconamide moieties provide biocompatible envi-
onment for the entrapped protein [31]. Very recently, we

a
e
6
l

2008) 1247–1255

ave reported direct preparation of porous functional matrix
ased on surface coating technique and CS incorporated
ol–gel process [32–34]. The obtained organic–inorganic hybrid
atrices show promising in metal ion removal and protein

eparation.
This work attempts to present a new strategy for the prepa-

ation of spherical imprinted polymer for protein recognition.
igh-density cross-linked CS microsphere, formed using emul-

ion cross-linking method, constituted of the supporting core.
ovine serum albumin (BSA) was used as the model tem-
late and covalently immobilized on CS core by forming
mine bonds. In the presence of the immobilized BSA, surface
rafting of imprinted polymer to the polysaccharide core was
chieved through interfacial organic–inorganic hybridization
ia a sol–gel process in aqueous solution at room temper-
ture. After template removal by breakage of imine bonds,
he imprinted surface showed selective recognition towards
emplate protein in adsorption experiments, as compared
ith four contrastive proteins. The preparation methodology,
ain characteristic features were described and discussed in

etail.

. Experimental

.1. Chemicals

CS, with 98% deacetylation and an average molecular weight
f 6 × 104 g mol−1 (Yuhuan Biomedical Corp., China) was used
o prepare the polysaccharide microsphere. Liquid paraffin,
pan 80, and epichlorohydrin were purchased from Qingdao
hemical Co., China. Formaldehyde (25%) were from Shanghai
ioengineering Corp., China. The following siloxanes were
sed: 3-aminopropyltrimethoxysiloxane (APTMS, Alfa aesar),
amma-glycidoxypropyltrimethoxysiloxane (GPTMS, Alfa
esar), methyltrimethoxysiloxane (MTMOS, Sigma–Aldrich),
etraethoxysiloxane (TEOS, Alfa aesar). BSA (Sigma) was
sed as the template protein. Beta-amylase, cytochrome C,
ransferrin and lysozyme, all from Kejie Biomedical Corp.,
hina, were used as contrastive proteins. All other chemicals
sed were in analytical grade. Doubly deionized water (DDW)
as used throughout this work.

.2. Preparation of CS microsphere

CS solution was prepared by dissolving in 1 mol l−1 acetic
cid aqueous solution with a 4 wt% CS concentration. Fifty
illiliters transparent CS solution was added to 100 ml liquid

araffin containing 3 ml surfactant, span 80, with vigorous stir-
ing for 1 h. The aqueous droplets in the water-in-oil (w/o)
mulsion were quickly harden by adding 8 ml formaldehyde
nd reacted for 30 min at 60 ◦C. Then, pH was adjusted to
e 10–11 using sodium hydroxide and 15 ml epichlorohy-
rin was added. The cross-linking process was allowed for

nother 6 h at 60 ◦C. The formed microsphere with active
poxy groups was shaken in 0.5 mol l−1 ammonia solution at
0 ◦C for 4 h to recover some amino groups lost in cross-
inking [35]. A soxhlet extraction with n-hexane was used to
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emove un-reacted reagents and emulsifer involved in micro-
phere. The final product was washed with ethanol followed
y DDW.

.3. Preparation of immobilized-template imprinted
omposite microsphere (I-MIP)

To form free aldehyde ends, the terminal amino groups on
S microsphere reacted with bifunctional glutaraldehyde. One
ram microsphere was added to 10 ml 2.5 wt% glutaraldehyde
n borate buffer solution (pH 8.2) and incubated for 2 h at room
emperature with shaking. Then, modified microsphere equili-
rated with 10 ml template solution, 2 mg ml−1 BSA in borate
uffer solution (0.2 mol l−1, pH 8.2), for 4 h at room tempera-
ure. Protein in solution was measured by the Bradford method
36]. The amount of immobilized BSA was calculated by the
ollowing equation:

= (C0 − Ce)V

m
(1)

0 and Ce represented initial and equilibration concentration of
SA, V was the volume of solution, and m was the weight of the
icrosphere.
After the template BSA was immobilized, the pH of the

ol–gel process for the surface coating on the BSA-immobilized
eads was optimized. One gram BSA-immobilized bead was
espectively added to 10 ml of solution under different pH con-
itions. The pH of solution was adjusted using the following
olutions: sodium acetate/hydrochloric acid for pH 2, sodium
cetate/acetic acid for pH 4, sodium phosphate/phosphoric
cid for pH 7, sodium carbonate/sodium biocarbonate for pH
. All the solutions were controlled at 0.2 mol l−1. Mixed
inary siloxanes were then added and sol–gel process carried
ut for 12 h at room temperature with shaking. Afterwards,
0 ml of 0.5 mol l−1 oxalic acid was added to the obtained
ead for template removal [12]. That was allowed for 8 h
t room temperature with shaking and removed protein in
he supernatant was measured. For the best performance,
ol–gel process was finally set at pH 9. After thoroughly
ashed with DDW, the immobilized-template imprinted com-
osite microsphere was obtained, which was designated as
-MIP.

For the preparation of control non-imprinted polymer, the
ame procedure was used only without addition of BSA. The
btained material was designated as NIP.

.4. Preparation of free-template imprinted composite
icrosphere (F-MIP)

One gram initial CS microsphere was thoroughly mixed
ith 10 ml of 2 mg ml−1 BSA in sodium carbonate/sodium

iocarbonate solution (pH 9). Then, mixed siloxanes were
dded and subsequent steps were performed in the same
anner as described above. The final product, the free-

emplate imprinted composite microsphere, was designated as
-MIP.

O
c
9

p
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.5. Characterization of the materials

The primary amino groups on CS microsphere were assayed
y titration [15]. Water content of both CS microsphere and
rotein-imprinted composite microsphere in DDW was calcu-
ated as follows:

ater content = W − Wd

W
(2)

fter the microsphere was filtered, the weight of the wet sample
W) was determined after further removing the surface water
y blotting with moistured filter paper. The weight of the dry
ample (Wd) was determined after the microsphere was dried
nder vacuum.

To characterize surface morphology of the materials, scan-
ing electron microscopy (SEM) images were obtained at 5.0 kV
n a Hitachi S-4100 (Hitachi, Japan) field emission scan-
ing electron microscope. X-ray energy dispersion spectroscopy
EDX) measurements were performed using a GENENIS 4000
nergy dispersive X-ray micro analyzer (EDAX, USA) to inves-
igate the transfer of elemental distribution on solid bead. The
ccelerating voltage used for the EDX analyses was 25 kV.
he thermal and decomposition characteristics of the materi-
ls were determined using simultaneous thermogravimetry and
ifferential scanning calorimeter (TG/DSC), conducted with
NETZSCH STA 409 thermogravimetric analyzer (Bruker,
SA) in the temperature range of 30–800 ◦C at a heating

ate of 20 ◦C min−1, with air flushed at 200 ml min−1. Nitro-
en adsorption porosimetry measurement was performed on a
mnisorp 100CX (Coulter, USA) to provide data on surface

rea and pore diameter. Nitrogen isotherms were obtained in
oth adsorption and desorption modes. The surface areas of the
upporting core and composite microsphere were determined by
he BET method. Pore size distribution curves were established
rom the desorption branches of the isotherms using the BJH
odel.

.6. Adsorption experiments

Binding kinetics of BSA to the I-MIP was performed by
dding 200 �L BSA solution (100 mg ml−1) to 1 g imprinted
dsorbent immersed in 10 ml buffer solution. Taking a sample at
egular interval to analyze BSA concentration in the supernatant
ntil adsorption equilibrium was reached. Adsorption isotherm
f BSA was determined to measure the adsorption capacity. One
ram adsorbent was equilibrated with 10 ml solution of various
SA concentrations, ranged from 0.05 mg ml−1 to 2 mg ml−1,

or 60 min at room temperature. The BSA adsorptions to
on-imprinted polymer (NIP), and free-template imprinted com-
osite microsphere (F-MIP) were also determined. Molecular
ecognition selectivity was evaluated by differences in static
quilibrium adsorption between BSA and contrastive proteins.
ne gram imprinted material was equilibrated with the solution
ontaining 20 mg of the template BSA or contrastive protein for
0 min at room temperature.

In all above adsorption experiments, sodium phos-
hate/phosphoric acid at pH 7 was used. The protein adsorbed on
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he adsorbent was determined by mass balance between liquid
nd solid phases, according to Eq. (1).

.7. Desorption and reproducibility

Desorption studies were performed using 1% (v/v) acetic
cid containing 5% (w/v) tween 20 to strip the re-adsorbed
SA, which was followed by thorough wash for regenera-

ion. In test of adsorbent recycling, the imprinted material
as used through four adsorption/regeneration cycles during
0 days.

. Results and discussion

.1. Preparation of immobilized-protein imprinted
omposite microsphere (I-MIP)

The surface imprinting strategy selected in present inves-
igation relied on the use of a spherical core constituted by

polysaccharide, CS. The template protein was covalently
mmobilized on the supporting CS bead. Moreover, interfacial
rganic–inorganic hybridization via protein-imprinted sol–gel
rocess was used for the surface coating. Schematic represen-
ation for synthesis of the protein-imprinted polymer on CS

icrosphere with immobilized protein template was illustrated
n Fig. 1. The synthesis involved three steps. Firstly, template
SA was covalently immobilized on the polysaccharide core by

orming imine bonds. The second step involved siloxanes poly-
erization on the polysaccharide–protein surface. It resulted in
polymeric network molded around the template. The template
rotein was removed in the third step. Cavities complemen-
ary to the template protein in shape, size, and functional group
rientation were created.
In the developed affinity material, CS was used as integral
omponent. Due to the reactivity of primary amine groups,
S has been exploited in many studies to covalently couple
iomolecules. An analysis of the cross-linked CS microsphere

i
l
o
m

Fig. 1. Schematic representation for synthesis of the protein-imprinted
2008) 1247–1255

ave 0.31 ± 0.01 mmol of amine content per gram wet beads
water content, (55.4 ± 2.1)%). A range of simple and standard
ethods could be used for coupling proteins to CS through

mines. In our case, amino groups reacted with bifunctional
lutaraldehyde to form aldehyde ends, which reacted sponta-
eously with free amino sites on protein by forming imine
onds (Schiff’s bases) [37]. Without being reduced to secondary
mines, imine bonds were fully reversible and could be readily
roken for template removal. Shiomia et al. applied oxalic acid
s an effective agent to remove the template protein, which was
ovalently immobilized using imine bonds [12]. In our experi-
ents, washing with oxalic acid at 0.5 mol l−1 was also adopted

s the template removing procedure.
Protein immobilization on aldehyde-modified surface

nvolves amino sites exposed on protein surface, which were
ainly located on the side-chain of lysine and arginine. To

etect those two residues exposed on protein surface, the relative
olvent accessibility to the amino acids sequence of BSA was
redicted with AccPRO (http://www.igb.uci.edu/tools/scratch/)
38]. It was observed that no lysine and arginine were buried
accessibility no higher than 10%) inside the protein. More-
ver, all 60 lysine and 20 arginine (76% of total 26 arginine
esidues) were exposed to the solvent with accessibility higher
han 40%. Obviously, there were abundantly accessible amine
roups on BSA surface, indicating the rational design of cou-
ling by forming imine bonds. This circumstance also favored
ultipoint attachment between BSA and aldehyde-activated

urface. That resulted in template protein assembling with
table spatial orientation and low-energy configuration [38].
dditionally, the “tumbling rate” and aggregation of tem-
late protein during the imprinting process were reduced.
s a result, the functional groups possessed precise posi-

ion around the template protein. The immobilized-protein

mprinted materials possessed uniform binding sites and excel-
ent recognition properties [16,39]. On average, 18 ± 0.42 mg
f BSA was immobilized on 1 g of aldehyde-modified CS
icrosphere.

polymer on CS microsphere using immobilized protein template.

http://www.igb.uci.edu/tools/scratch/
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Fig. 2. Influences of siloxane type and pH of sol–gel process on removal and
r
n
T

3
p

a
s
a
t
A
g
t
b
A
m
m
1
7
(
p
F
i
p
p
t
s

Table 1
Characteristics of the template protein and contrast proteins

Lengtha MWb pI Number of
predicted TMHc

Total prob.
of N-ind

BSA 607 66 4.7 0 0.02293
Beta-amylase 546 57 6.5 1 0.99807
Cytochrome C 545 57 10.2 1 0.99021
Transferrin 706 76 5.9 0 0.00733
Lysozyme 211 14.6 10.8 1 0.45484

a The length of the protein sequence.
b The molecular weight (KDa) of the protein.
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e-adsorption of template BSA Siloxane labeled in the figure showed the part-
ership of APTMS in three types of mixed binary siloxanes (mole ratio, 1:1).
he siloxane/water ratio (v/v) was 1%.

.2. Effect of starting siloxane type and pH of sol–gel
rocess on characteristics of prepared I-MIP

Following immobilization of the template protein, silox-
ne monomers polymerized onto the BSA-CS surface through
ol–gel process. The selectivity of imprinted sol–gel materi-
ls depended on various factors, including starting monomer
ype, siloxane to water ratio and pH of sol–gel process [20].
s suggested by Shiomia et al. APTMS could cover aldehyde
roups [12]. In our procedure, APTMS was thus chosen as
he universal monomer. Its partnership in three types of mixed
inary siloxane was GPTMS, MTMOS, and TEOS, respectively.
s a preliminary screening procedure to search for suitable
onomers and pH, two siloxane monomers in three types of
ixed binary siloxanes were all mixed at a fixed mole ratio of

:1. The sol–gel reaction was acid (pH 2, pH 4), neutral (pH
) or base (pH 9) catalysed, respectively (siloxane/water ratio
v/v), 1%). The influences on resulting characteristics of tem-
late removal and re-adsorption were evaluated. As seen from
ig. 2, both template removal and recognition capacity of the

mprinted materials significantly depended on siloxane type, and

H of sol–gel coating process. Materials obtained using sol–gel
rocess at pH 7 demonstrated high removal of immobilized
emplate, whereas, re-adsorptions were lowest. As we know,
iloxanes exhibited low gelation kinetics at neutral conditions.

i
r

c The number of predicted transmembrane helices.
d The total probability that the N-term is on the cytoplasmic side of the mem-
rane.

s a result, inefficient coating was obtained. Though immobi-
ized template could be removed to a certain extent, materials
repared at pH 2 possessed low BSA re-adsorption capacities. It
ndicated inefficient template imprinting. In general, materials
mprinted at pH 4 and pH 9 demonstrated easy template removal
nd considerable BSA re-adsorption. However, both template
emoval and BSA re-adsorption weakened in those six materi-
ls when MTMOS was used as the partnership of APTMS. This
esult suggested that MTMOS-derived sol–gel was inefficiently
omplementary to the template protein. Chou et al. used micro-
ontact method for C-reactive protein (CRP) imprinting [25].
he affinity of the imprinted film towards template was found to
e affected by hydrophilic/hydrophobic nature of the cover glass,
hich was used as a carrier for protein and functional monomer.

n this regard, we also assumed that hydrophilic/hydrophobic
haracteristic played important role in complementary between
iloxanes and proteins.

Transmembrane helices (TMHs) in BSA were predicted
sing TMHMM2.0 (http://www.cbs.dtu.dk/services) to evalu-
te hydrophobicity of the template protein [40]. It was noted
hat there were no predicted TMHs in BSA molecule. The
otal probability that the N-term was on the cytoplasmic side
f the membrane (total prob. of N-in) was 0.02293 (Table 1).
hese results suggested that BSA was highly hydrophilic. When
TMOS was used as the co-precursor, the non-hydrolyzed

ydrophobic group remained in the final sol–gel and endowed
he sol–gel with a hydrophobic character. It was reported that
MOS-derived gel was fully hydrophobic when 20% MTMOS
as used as co-precursor [41]. Due to the hydrophilic fea-

ure of the template, MTMOS-derived sol–gel was therefore
ot efficiently in template trapping and imprinting. In contrast
o GPTMS, this trend was distinct considering the content of
ydrophobic chain in siloxane molecule as well as the resulting
ol–gel. Based on the above supposition, APTMS and TEOS
ere therefore chosen as the most appropriate co-precursors.

.3. Effect of molar ratio of starting siloxane on
haracteristics of prepared I-MIP
The molar ratio of APTMS to TEOS was further scanned
n sol–gel process at pH 4 and pH 9. Template removal and
ebinding was used to evaluate the characteristics of the obtained

http://www.cbs.dtu.dk/services
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ig. 3. Influence of the molar ratio of APTMS/TEOS on removal and re-
dsorption of template BSA. Sol–gel process was performed at pH 4 and pH 9
sing a siloxane/water ratio (v/v) of 1%.

aterials. The molar ratios of APTMS to TEOS were 2:1, 1:1
nd 1:2. The siloxane/water ratio (v/v) was fixed at 1%. As shown
n Fig. 3, materials imprinted at alkaline condition demonstrated
etter performance than those obtained in acidic solution. It
ight attribute to the higher polymerization density in alkaline

olution. As reported by Stancil et al. mismatched sites were less
ikely to form because the complementary pairs were less flex-
ble in their motion when cross-linking density increased [42].
t a APTMS/TEOS ratio of 1:2, maximum template removal

nd re-adsorption capacity were observed. Therefore, sol–gel
rocess was set at pH 9 using a APTMS/TEOS mole ratio of
:2.

.4. Effect of siloxane/water ratio on characteristics of
repared I-MIP

The influence of siloxane/water ratio on characteristics of
emplate removal and re-adsorption was evaluated. The silox-
ne/water ratios (v/v), 0.5%, 1%, 1.5%, were scanned and result
as shown in Fig. 4. High siloxane/water ratio (1.5%) led to

apid gelation in which the template BSA might be buried and

hereby less removable. The remained template occupied bind-
ng sites and prevented the adsorption of other molecules. On
he contrary, low siloxane/water ratio (0.5%) led to poor effi-
iency in coating. Though the template could be easily removed,

a
i
o
m

ig. 4. Influence of siloxane/water ratio on removal and re-adsorption of tem-
late BSA. Sol–gel process was performed at pH 9 using a APTMS/TEOS mole
atio of 1:2.

e-adsorption capacity was low. At a moderate siloxane/water
atio of 1%, maximum template removal and re-adsorption
apacity were observed. The transfer of elemental distribution
n supporting CS microsphere and imprinted materials was
nvestigated to validate surface grafting using X-ray energy dis-
ersion spectroscopy (EDX). For CS microsphere, only C and

signals appeared. The appearance of Si signals in imprinted
aterials firmly established the existence of surface imprint-

ng layer. Moreover, Si distribution increased as siloxane/water
atio increased, from a low value of 4.08% at low siloxane/water
atio (0.5%) to 11.15% at 1%, and the maximum of 18.17% at
iloxane/water ratio of 1.5% (date not shown for brief). Finally, I-

IP prepared using polymerization between APTMS and TEOS
APTMS/TEOS mole ratio of 1:2, siloxane/water ratio (v/v) of
%) at sodium carbonate/sodium biocarbonate solution (pH 9)
as chosen for further investigation.

.5. Characterization of the prepared I-MIP

The thermal stability of the prepared I-MIP was investigated
y simultaneous thermogravimetry and differential scanning
alorimetry (TG/DSC). Non-supported siloxane-condensed
owder, which was prepared by casting mixed siloxanes on a
lean glass plate, and the supporting CS microsphere were also
ested for comparison. As shown in Fig. 5, thermogravimetric
urves of CS microsphere (Fig. 5a) and non-supported siloxane-
ondensed powder (Fig. 5b) had two main degradation stages.
he first weight loss occurred at about 100 ◦C, which resulted

rom the loss of adsorbed water. The second weight loss region
ight be caused by CS decomposition and structural reorga-

ization of the polysiloxane, respectively. At the same time,
hose weight losses correlated with exothermic peaks in the DSC
urve, indicating energy release. Due to synergic effects of CS

nd sol–gel layer, surface-grafted composite microsphere exhib-
ted another two weight loss stages despite peak caused by loss
f adsorbed water. As supported by previous observations, poly-
eric matrix formed by organic–inorganic hybridization usually
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howed improved thermal stability compared with single com-
onents [32,43]. In this regard, we attributed this observation to
he hybrid effect between CS and polysiloxane at the core/shell
nterface.

Fig. 6 represented surface morphology of supporting CS
icrosphere and imprinted composite material. The support-

ng CS bead prepared via emulsion cross-linking was spherical
ith an average size of about 20 �m (Fig. 6a). The dense and

lightly coarse microsphere possessed a porous structure. The
ET surface area was 41.25 m2 g−1 and average pore diame-

er was 8.7 nm, given by nitrogen adsorption porosimetry. The
mprinted material demonstrated significantly different mor-

hology (Fig. 6b). A large quantity of well-distributed pores was
bserved on the sphericial surface and they were netlike. The
ET surface area was 48.65 m2 g−1 and average pore diameter
as 43.2 nm. The pores might possess geometrical distribution

a
c
t
I

Fig. 6. SEM image (5.0 kV) of CS microsphere (a) and th
lysis of CS microsphere (a), I-MIP (b) and non-supported siloxane-condensed

f ligands, increase specific surface area, and avoid problem of
ass transfer [44].

.6. Batch adsorption of template BSA to the prepared
-MIP

The surface-imprinted materials had good site accessibility
or target protein molecules, because the protein-imprinted sites
ere located at, or close to, the surface. Consequently, restricted
obility associated with bulk imprinting materials was over-

ome. The general kinetic profile of template adsorption to
-MIP was investigated. As shown in Fig. 7, BSA possessed

fast adsorption profile in the initial step with significantly spe-
ific binding within 15 min. After about 60 min from the start,
he adsorption process reached equilibrium. The adsorption of
-MIP was faster than that of F-MIP because 110 min must be

e immobilized-BSA imprinted material, I-MIP (b).
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Table 2
Selective recognition of template and contrastive proteins by BSA-imprinted
(I-MIP, F-MIP) and non-imprinted adsorbent (NIP)

Adsorbent Substrate Q (mg g−1) KD
a αb

I-MIP BSA 15.5 68.9
Transferrin 8.3 14.1 4.9
Lysozyme 3.1 3.6 19.1
Beta-amylase 2.1 2.3 30
Cytochrome C 2.4 2.7 25.5

F-MIP BSA 12.6 34.1
NIP BSA 2.8 3.3

a KD, Static distribution coefficient, KD: Cp/Cs, where Cp and Cs represent
the substrate concentration on the adsorbent and in the solution, respectively.

b α, Separation factor, α: KD(BSA)/KD(contrast protein). One gram imprinted
o
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ig. 7. Binding kinetics of BSA to the immobilized-BSA imprinted adsorbent
I-MIP).

equired to reach adsorption equilibrium of F-MIP. Adsorption
sotherm of BSA to I-MIP was similar to the Langmuir sorp-
ion isotherm. Data were well fitted to the linear form of the
angmuir equation expressed as following:

Ce
Q

= 0.0063 + 0.0647Ce, γ2 = 0.9903

e and Q represented equilibrium concentration of protein, and
he amount of adsorbed protein on per gram of wet adsor-
ent respectively. The maximum protein adsorption, Qmax,
as 15.5 mg g−1 wet bead (water content, (47.8 ± 1.9)%) and

dsorption equilibrium constant (association constant) K was
.03 L mol−1.

.7. Protein recognition selectivity of the prepared
aterials

Molecular recognition selectivity was evaluated by static
istribution coefficient (KD), and separation factor (α) being
alculated according to static equilibrium adsorption of BSA
nd contrastive substrates, cytochrome C, transferrin, beta-
mylase and lysozyme. Selective recognition of template and
ontrastive protein by immobilized-BSA imprinted (I-MIP),
ree-BSA imprinted (F-MIP) and non-imprinted (NIP) adsor-
ents were summarized in Table 2. The two template imprinted
olymers, I-MIP and F-MIP, demonstrated selectivity towards
emplate protein. However, the control non-imprinted material
howed poor adsorption performance. In general, selective pro-
ein recognition was built on the assumption that molecularly
mprinted polymer offered a three-dimensional microenviron-

ent with shape-matching and complementary multiple-point
nteractions. In non-imprinting process, in contrast, groups were
solated from each other and distributed randomly in sol–gel net-
ork. So the multipoint interactions were much less, leading to

educed BSA adsorption (2.8 mg g−1 wet bead) and low selec-

ivity [1]. Moreover, I-MIP possessed higher adsorption towards
SA (15.5 mg g−1 wet bead) than F-MIP did (12.6 mg g−1 wet
ead). Compared with free-BSA imprinting process, template
mmobilization resulted in reduced “tumbling rate” and pre-

3

M

r non-imprinted material was equilibrated with 20 ml of 1 mg ml−1 template
SA or contrastive protein for 90 min at room temperature. The buffer solution
as sodium phosphate/phosphoric acid at pH 7.

ented aggregation. As a result, the uniform binding sites showed
etter accessibility and improved rebinding capacity.

For recognition of I-MIP, the level of selective discrimina-
ion naturally based the level of complementation between outer
urface of protein and inner surface of “imprinting cavities”.
e speculated such complementation depended on shape-
atching and multiple hydrogen bonding caused by matched

ydrophilic/hydrophobic characteristics (Fig. 1). In our case,
ydrophilic property of BSA made hydrophilic groups in the
rafted layer spatially distribute at complementary positions.
hat leaded to the formation of a large quantity of hydro-
en bonds between silanol groups of polysiloxane and surface
olar residues of proteins [12]. The directional nature of hydro-
en bond together with synergic action of multiple hydrogen
onds resulted in high degree of shape complementary. As
hown in Table 2, hydrophobic proteins such as lysozyme
14.6 kDa, pI 10.8, 1 predicted TMH, total prob. of N-in:
.45484), beta-amylase (57 kDa, pI 6.5, 1 predicted TMH,
otal prob of N-in: 0.99807) and cytochrome C (57 kDa, pI
0.2, 1 predicted TMH, total prob of N-in: 0.99021) could
ardly bind to the imprinted adsorbent. Though beta-amylase
nd cytochrome C possessed similar hydrophobic property and
olecular weight, however, isoelectric point was significantly

ifferent. In detail, beta-amylase was negatively charged while
ytochrome C was positively charged in adsorption process
sodium phosphate/phosphoric acid at pH 7). However, the static
istribution coefficients (KD) for beta-amylase and cytochrome
were similar. Moreover, lysozyme and cytochrome C showed

istinct KD despite similar isoelectric point. Thus, recognition
id not vitally depended on the electrostatic interaction. Trans-
errin (76 kDa, pI 5.9, 0 predicted TMH, total prob of N-in:
.00733) had similar isoelectric point and hydrophilic property
ith BSA. Though it could be more efficiently adsorbed than the

hree hydrophobic proteins, KD was much lower than BSA. The
esults might attribute to recognition based on shape-matching.
.8. Desorption and reproducibility of the prepared I-MIP

Desorption and reproducibility properties of the prepared I-
IP were characterized. Re-adsorbed BSA could be stripped
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y being washed with 1% (v/v) acetic acid containing 5% (w/v)
ween 20, which was followed by regeneration through wash-
ng with DDW. In test of recycling, the imprinted adsorbent
as used through four adsorption/regeneration cycles during 10
ays. The capacity of I-MIP through four cycles was found to be
91 ± 3)% of the fresh adsorbent. The sol–gel process endowed
he adsorbent with physical robustness, mechanically durable
etwork and stability in storage [42]. Additionally, the graft-
ng of the imprinted layer through interfacial organic–inorganic
ybridization also improved the stability of composite
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. Conclusions

The successful preparation of spherical imprinted material
emonstrated the efficiency of interfacial organic–inorganic
ybridization concept in surface imprinting. The imprinted
olymer was conveniently grafted on polysaccharide core
hrough immobilized-protein imprinted sol–gel process in aque-
us solution at room temperature. The protein-imprinted surface
ossessed high affinity toward template protein. The comple-
entation in hydrophilicity/hydrophobicity was a major factor

ffecting the imprinting formation and template recognition. The
rafting of imprinted layer through interfacial organic–inorganic
ybridization improved stability and reproducibility properties
f the final material. Easy preparation of the I-MIP, its recog-
ize ability and high stability make this methodological study
nd application attractive in biotechnology and biosensors.
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