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a b s t r a c t

Currently, small proteins imprinting are more reported since large proteins molecular imprinting faces
challenge due to their bulk size and complex structure. In this work, bovine serum albumin (BSA)
surface-imprinted magnetic polymer was successfully synthesized based on atomic transfer radical
polymerization (ATRP) method in the presence of common monomer (N-isopropylacrylamide) with the
assistant of basic functional monomer (N-[3-(dimethylamino)propyl]-methacrylamide), which provides
eywords:
olecularly imprinted polymer
agnetic particles

ovine serum albumin
rotein separation

a achievable attempt for imprinting larger target proteins based on the ATPR with the mild reaction
conditions. The BSA-imprinted polymer exhibited higher adsorption capacity and selectivity to BSA over
the non-imprinted polymer. Competitive adsorption tests indicated the BSA-imprinted polymer had bet-
ter selective adsorption and recognition properties to BSA in the mixture. The obtained BSA-imprinted
polymer was applied to bovine serum, which also showed selectivity to BSA. In addition, a conventional
aqueous two-phase solution of PEG/sulphate was used as elution for adsorbed BSA, which was compared

n.
with common NaCl elutio

. Introduction

Molecular imprinting is a technique which creates molecular
ecognition sites that are chemically and sterically comple-
entary to the predetermined target molecules in a synthetic

olymer [1,2]. Over the past decades, molecularly imprinted poly-
er (MIP) has been successfully applied to a variety of small
olecules [3,4]. Recent years, much attention has been paid to

he imprinting of biomacromolecules and especially protein for
ts potential applications as biomaterials in separation, purifi-
ation, biosensor, and mimicking enzyme and antibody [5–11].
owever, the large molecular size, complexity, conformational
exibility, solubility, and numbers of functional groups of the
rotein make its imprinting face great challenges. In order to
chieve the effective imprinting, some methods have been devel-
ped, for example the surface imprinting [5,12,13] and epitope

mprinting [14,15]. However, most of the current reports are con-
erned with small protein imprinting such as lysozyme (Lyz, MW
3.4 kDa) [5,9–11,16,17], ribonuclease A (MW 13.7 kDa) [18] and
ytochrome C (Cyt C, MW 12.3 kDa) [19,20]. Based on our previ-
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ous experiments in protein imprinting, large protein imprinting
is more difficult because of its greater size and more complex
structure.

Since the magnetic separation has the merits of ease, high effi-
ciency and low cost, which can be used in direct purification of
the crude product from a mixture without any pretreatment such
as centrifugation and filtration, it has attracted more and more
interest in biological application in recent years. When magnetic
separation was integrated with imprinted polymer, the resulting
magnetically imprinted polymer can not only selectively recognize
the target proteins in complex matrix but also can be easily col-
lected and separated by an external magnetic field [18,21–23]. In
our previous work [24], the atom transfer radical polymerization
(ATRP) has been first developed as a new imprinting technology on
magnetic supports to prepare small protein Lyz surface-imprinted
polymer. ATRP is a new class of controlled living radical polymer-
ization, possesses the mild reaction conditions without heating and
ultraviolet radiations and avoids the adverse reactions comparing
with traditionally initiated radical polymerization. The imprinted
polymer has high adsorption capacity and selectivity to template

Lyz. However, following the same ATPR procedure, using the same
N-isopropylacrylamide (NIPAAm) monomer and magnetic sup-
ports, we failed in the imprinting of bovine serum albumin (BSA),
and the conformational memory against BSA was not observed.
Albumin, which accounts for approximately 50% of the serum pro-
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eins, is considered as one of the high abundant proteins. Selectively
ecognizing and capturing albumin are very attractive for serum
eparation and purification. Since BSA (MW 66.0 kDa) is nearly five
imes larger than Lyz (MW 13.4 kDa), it possesses larger molecular
ize and more flexible conformational transitions in imprinting pro-
ess, the hydrogen bonds existing between BSA and the functional
onomer (NIPAAm) are very weak, which causes the difficulty

f stable BSA-monomer complexes formation in imprinting pro-
ess. In a few successful larger protein imprinted polymer cases,
he especial functional monomers [25–28] were used in the pro-
ess of imprinting BSA, which forced the strong interaction with
SA, or BSA [21] and bovine hemoglobin (MW 64.5 kDa) [29] were
irectly covalently grafted on the surface of supports. Due to the
dditional strong interactions with larger proteins or their direct
xation on the supports, the larger protein-monomer complexes

ormed were more stable, which was helpful to form imprinting
avities and recognition sites in imprinting process.

In this work, the presented method focused on the assistant elec-
rostatic interaction between acid target and basic monomer, the
uperparamagnetic BSA surface-imprinted polymer was success-
ully prepared based on ATRP in the assistance of basic monomers
-[3-(dimethylamino)-propyl]-methacrylamide (DMAPMA). The
ddition of the basic functional monomer made BSA surface-
mprinting available due to their strong electrostatic interaction

ith template BSA. The adsorption properties of BSA imprinted
olymer were investigated, and its selectivity to template BSA
nd other standard proteins with different molecular weights and
soelectric points were compared. The obtained BSA imprinted
olymer was applied to real bovine serum, which showed high
electivity to BSA. In addition, a conventional aqueous two-phase
olution of PEG/sulphate was used as elution for adsorbed BSA,
hich was compared with NaCl elution.

. Experimental

.1. Materials

Lyz and BSA were purchased from Amresco (Solon, OH, USA).
uman serum albumin (HSA) and myloglobin (Mb) were obtained

rom Sigma (St. Louis, MO, USA). Cyt C was supplied by Roche
Basel, Switzerland). Ovalbumin (OVA) was purchased from Ding-
uo Biotech (Beijing, China). Bovine serum was produced by Xinte
iotechnology Co. Ltd. (Guangzhou, China).

NIPAAm was supplied by Acros Organics (Morris Plains,
J, USA). Acrylamide (AAm) and N, N′-methylenebisacrylamide

MBAA) were provided by Sigma–Aldrich (Tokyo, Japan). DMAPMA
as purchased from Tokyo Chemical industry Co. Ltd. (Tokyo,

apan). N,N,N′,N′,N′′-pentamethyl diethyenetriamine (PMDETA)
as obtained from Alfa Aesar (MA, USA). 2-Bromoisobutyryl bro-
ide were purchased from Ouhe Technology Co. Ltd. (Beijing,

hina) and used without further purification.
Fe3O4 nanoparticles were synthesized according to the litera-

ure [30]. CuCl was purchased from Fine Chemicals (Beijing, China)
nd purified in acetic acid under the protection of nitrogen. HPLC
rade acetonitrile was obtained from Fisher Chem. Alert Co. (NJ,
SA). All other reagents were of analytical grade.

.2. Apparatus

The product morphology was observed with field-emission

canning electron microscope (FESEM; JEOL, JSM-7100F, Japan).
himadzu UV–vis UV-1750 spectrophotometer (Kyoto, Japan) was
sed for the detection of the template BSA elution from the

mprinted polymer. Proteins identification was performed by Shi-
adzu Prominence LC-20A series HPLC (Kyoto, Japan) and with
1218 (2011) 3489–3495

an Agilent C8 (250 mm × 4.6 mm, 5 �m, 300 Å) column. Protein
identification by SDS–PAGE was performed by Kaiyuan gel elec-
trophoresis (Beijing, China).

2.3. Preparation of superparamagnetic BSA surface-imprinted
polymer

Fe3O4@initiator was prepared according to the literature [24]
as follow. Amino-functionalized Fe3O4 nanoparticle (Fe3O4@NH2)
(3.0 g) was added to a mixture of tetrahydrofuran (30 mL) and tri-
ethylamine (1 mL). The resulting reaction mixture was bubbled
three times with high-purity nitrogen in an ice bath, and then 2-
bromoisobutyryl bromide (1 mL) as initiator was added dropwise to
initiate the reaction. The reaction lasted for 12 h at room tempera-
ture under the protection of nitrogen. The resultant Fe3O4@initiator
was collected by a magnet, then washed with alcohol, acetone and
distilled water, and dried finally.

The superparamagnetic BSA surface-imprinted polymer (des-
ignated Fe3O4@BSA-MIP) was synthesized by ATRP procedure
(Fig. 1) as follows: Fe3O4@initiator (0.2 g) as the initiator, NIPAAm
(0.4000 g, 3.44 mmol) as functional monomer, DMAPMA (30 �L,
0.1674 mmol) and AAm (0.0100 g, 0.1400 mmol) as assistant
monomer, MBAA (0.0053 g, 0.0878 mmol) as the cross-linker, and
template BSA (0.0500 g, 0.00076 mmol) were dispersed in 20 mL of
phosphate buffer solution (PBS, 10 mmol/L, pH 7.0) in a three-neck
round-bottom flask for prepolymerization at room temperature.
Then PMDETA (30 �L, 0.1429 mmol) was added, the air was
exchanged with nitrogen three times. CuCl (15 mg, 0.1516 mmol)
was quickly transferred into the flask under the protection of
nitrogen. The reaction proceeded at room temperature for 12 h
with vigorous vibration. The product was extensively washed by
the following procedure: distilled water, NaCl (1.0 mol/L), distilled
water in sequence three times to elute the template. The complete
removal of BSA from the imprinted polymer was confirmed by
a UV–vis spectrophotometer at 280 nm. Finally, Fe3O4@BSA-MIP
with specific sites was separated by magnetic field, dispersed in
water and kept at room temperature for further characterization
and adsorption studies. Correspondingly, Fe3O4@NIP was gener-
ated in the same way without adding BSA.

2.4. Adsorption experiments

The wet state polymer was first balanced in PBS (10 mmol/L,
pH 7.0) and then was added to the protein solution (pH 7.0). After
incubation, the polymer was isolated by an external magnetic field.
The residual concentration of BSA in the solution was determined
by HPLC. The amount of adsorbed protein by the polymer can be
determined by the difference in concentration before and after the
adsorption.

The adsorption capacity (Q, mg of protein/g of polymer) is cal-
culated according to the equation as follows:

Q = (C0 − Cf )V
m

(1)

where C0 (mg/mL) is the initial protein concentration, Cf (mg/mL)
is the final protein concentration, V (mL) is the total volume of the
adsorption mixture, and m is the mass of polymer in each rebinding
mixture.

The specific recognition property of MIP is evaluated by imprint-
ing factor (˛), which is defined as
a = QMIP

QNIP
(2)

where QMIP and QNIP are the adsorption capacity of the template or
the non template on MIP and NIP, respectively.
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Fig. 1. Schematic representation for synthesis of t

The selectivity factor (ˇ) is defined as

= ˛tem

˛non
(3)

here ˛tem and ˛non were the imprinting factor of template protein
nd non template protein, respectively.

.5. Elution of protein adsorbed

Aqueous two-phase solution (15%PEG4000/10% (NH4)2SO4)
as prepared as follows: PEG4000 (0.1875 g) and 40% (NH4)2SO4

0.3125 g) were dissolved in water (0.75 g), followed by shaking and
entrifugation to form two phases.

After each adsorption, the imprinted polymer was treated with
BS (10 mmol/L, pH 7.0) to wash out the nonspecifically adsorbed
roteins, and then the elution solution (two aqueous phase solution
15%PEG4000/10% (NH4)2SO4) or 1 mol/L NaCl) was added to elute
he specifically adsorbed proteins. The imprinted polymer was
solated by an external magnetic field, and the supernatant was col-
ected for analysis. Additionally, when two aqueous phase solution
15%PEG4000/10% (NH4)2SO4) was used to elute the specifically
dsorbed proteins, the desorbed proteins (BSA) were contained in
ottom phase. So, the supernatant in bottom phase was collected
or analysis.

.6. Proteins analysis

Protein concentration was mainly determined by HPLC. Gradi-
nt elution program was as follow: solution A: 80 vol.% acetonitrile
nd 20 vol.% distilled water with 0.1 vol.% trifluoroacetic acid (TFA),
olution B: distilled water containing 0.1 vol.% TFA. Linear gradient
as from 37.5% A to 62.5% A in 20 min, UV wavelength 214 nm, col-

mn temperature 35 ◦C, flow-rate 1.0 mL/min and injection volume
0 �L.

The mixture of BSA and OVA identification were performed by
DS–PAGE using 14.0% polyacrylamide separating gel and 5% stack-
ng gel.
erparamagnetic BSA surface-imprinted polymer.

3. Results and discussion

3.1. The use of basic function monomer in imprinting process and
the characteristics of imprinted polymer

ATRP reaction for protein imprinting has been successfully used
to prepare Lyz-imprinted polymer [24]. Since template Lyz has
relatively small molecular size, enough multiple hydrogen bond-
ing interaction with the monomer NIPAAm to produce imprinted
sites in polymer are achievable. The prepared Lyz-imprinted poly-
mer demonstrated high selective adsorption and recognition to Lyz,
which was used for separation of Lyz from real egg white samples.
However, the imprinting of BSA failed under the same experi-
mental condition. We speculate that BSA possesses more flexible
conformational transitions in imprinting process due to its larger
molecular size, the hydrogen bonds existing between monomer
NIPAAm and BSA are too weak to form stable BSA-monomer com-
plexes. In order to assist the imprinting of acid protein BSA (pI 4.7),
electrostatic interaction between monomer and BSA is considered,
which is supposed to benefit the formation of imprinted sites in
polymer. Therefore, DMAPMA, a kind of basic functional monomer,
was chosen as additive monomer in BSA imprinting process, the
preparation of BSA-imprinting polymer refers to Section 2.3.

According to the infrared spectra and magnetic properties
results in our reported work [24], the protein imprinted polymer
can be synthesized by the ATRP and its layer thickness was about
15 nm. Fig. 2 shows the FESEM images of the morphological fea-
tures of Fe3O4@MIP-BSA and Fe3O4@NIP, both of them appeared to
be spherical in shape with no significant morphological differences,
which was consistent with that reported by Tan [18,21].

3.2. Adsorption properties of Fe3O4@BSA-MIP to template BSA

3.2.1. Adsorption dynamics
For an important consideration in practical application of poly-
mer particles in fast magnetic separation, the binding kinetics of
Fe3O4@BSA-MIP and Fe3O4@NIP was compared, which determined
the rate of the adsorption separation process. Fe3O4@BSA-MIP
showed a rapid increase in the first 2 h, achieving 90% of the equilib-
rium adsorption capacity (Fig. 3a). At the beginning of adsorption
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Fig. 2. FESEM images of Fe3O4@MIP-BSA (a) and Fe3O4@NIP (b).

Fig. 3. The adsorption kinetic curves of BSA on Fe3O4@MIP-BSA (a) and Fe3O4@NIP
(b). Experimental conditions: 1.0 mL BSA solution (0.2 mg/mL pH 7.0) was incubated
with 2.0 mg polymer at room temperature.
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tion equilibrium constant for the template protein to the polymer
(mL/mg). According to Fig. 4, the calculated Langmuir adsorp-
tion equilibrium constant (K) and the binding capacity (Qmax) are
summarized in Table 1. The K and Qmax of Fe3O4@BSA-MIP are

Table 1
K and Qmax calculated from the curves of the Scatchard plot.

Polymer K (mL/mg) Qmax (mg/g) R

Fe3O4@BSA-MIP 1.41 273.6 0.9902
rocess, Fe3O4@BSA-MIP possessed a large amount of empty bind-
ng sites on the surface, which enabled template BSA easily bind to
hem with less resistance. With time increase, adsorbed BSA occu-
ied most of the binding sites and the adsorption rate slowed down
nd reached adsorption equilibrium eventually. Compared with the
dsorption rate of Fe3O4@Lyz-MIP, which achieved 90% of the equi-
ibrium adsorption capacity in the first 6 h [24], the adsorption rate
f Fe3O4@BSA-MIP for template BSA was faster and favorable. The
ncreased adsorption rate was caused by the addition of monomer
MAPMA in polymerization process, since it possessed tertiary
mine groups. In adsorption solution (pH 7.0), the tertiary amine
roups in imprinted cavities attracted negatively charged template
SA, which induced the rapid matching of proteins and recognition
ites, so the adsorption equilibrium rate was accelerated. There-
ore, the addition of basic monomer helped the imprinting of larger
cidic BSA template.

Since the formation of Fe3O4@NIP lacked the BSA imprinting
rocess, the functional groups were randomly distributed, and
he low adsorption capacity to BSA was attributed to nonspecific
dsorption (Fig. 3b). So, Fe3O4@BSA-MIP adsorbed more template

SA than Fe3O4@NIP due to the imprinting effect.
Fig. 4. Scatchard plot of the adsorption assay of BSA on Fe3O4@BSA-MIP (a) and
Fe3O4@NIP (b).

3.2.2. Adsorption isotherm
The binding parameters between BSA and Fe3O4@BSA-MIP were

investigated by the effect of initial BSA concentration on adsorption
capacity (Fig. 4). 0.1–3.0 mg/mL BSA solutions (1.0 mL) prepared in
PBS (10 mmol/L, pH 7.0) were incubated with 2.0 mg of the polymer
for 12 h at room temperature. The data obtained were linearized by
Langmuir adsorption equation as follows:

Ce

Q
= Ce

Qmax
+ 1

KQmax
(4)

where Q and Qmax are the experimental adsorption capacity to the
template protein and the theoretical maximum adsorption capacity
of polymer (mg/g), respectively, Ce is the concentration of protein
in equilibrium solution (mg/mL), and K is the Langmuir adsorp-
Fe3O4@NIP 1.29 150.6 0.9876
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Table 2
Selectivity of Fe3O4@BSA-MIP to BSA and competing protein.

Parameter BSA HSA OVA Lyz Cyt C Mb

˛s 1.91 1.71 1.15 0.78 0.92 0.84
ˇs – 1.12 1.66 2.45 2.08 2.27
˛c(0.5:1:1) 1.43 – – 0.81 – 1.35
˛c(2:1:1) 1.58 – – 0.73 – 1.12
˛c(10:1:1) 2.11 – – 0.56 – 1.00

S denoted a single adsorption experiment; C denoted a competitive adsorption

MIP to BSA was still larger than that of Fe3O4@NIP (Fig. 6). With
higher concentration ratio of BSA to Lyz and Mb (1:1:1, 2:1:1, 5:1:1
and 10:1:1), the selective adsorption to BSA increased, which was
attributed to the template BSA could match the BSA imprinted
cavities in Fe3O4@BSA-MIP. However, there was little change in
ig. 5. The adsorption capacity of BSA and competing proteins on Fe3O4@BSA-MIP
nd Fe3O4@NIP. Experiment conditions: 1.0 mL protein solution (0.2 mg/mL pH 7.0)
as incubated with 2.0 mg polymer for 12 h at room temperature.

igher than those of Fe3O4@NIP, which showed Fe3O4@BSA-MIP
as relatively high selectivity and adsorption capacity for BSA
ver Fe3O4@NIP, and the adequate cavities with specific recogni-
ion sites for BSA could be formed during polymerization process
ith basic monomer. Compared with the imprinting of Lyz [24],

e3O4@BSA-MIP to template BSA had higher Qmax due to the elec-
rostatic attraction between BSA and the tertiary amine group of
olymer chains. The adsorption selectivity of Fe3O4@BSA-MIP to
emplate BSA indicated the success of BSA imprinting and the assis-
ant effect of basic monomer DMAPMA.

.3. Selectivity of Fe3O4@BSA-MIP

.3.1. Selectivity comparison to template BSA and non-template
roteins

Six proteins with different molecular weights and isoelectric
oints were used to test the selectivity of the BSA imprinted poly-
er. Fig. 5 shows that the adsorption capacities of Fe3O4@BSA-MIP

nd Fe3O4@NIP for different proteins. Since the size and surface
harge of proteins Lyz (MW 13.4 kDa, pI 11.2), Cyt c (MW 12.3 kDa,
I 12.3) and Mb (MW 16.9 kDa, pI 7.0) did not match the BSA
mprinted cavity in Fe3O4@BSA-MIP, so the adsorption comparison
f them on Fe3O4@BSA-MIP and Fe3O4@NIP did not show apparent
ifference.

Furthermore, even though OVA (MW 43.0 kDa, pI 4.7) has
he close isoelectric point to BSA (MW 66.0 kDa, pI 4.9), it has
maller size, which causes its adsorption on Fe3O4@BSA-MIP and
e3O4@NIP very close. This indicated Fe3O4@BSA-MIP had nearly
o selective adsorption to OVA. The results showed the pre-
ominance of molecular size, which dominated the selectivity of

mprinting polymer to template BSA.
HSA, the homologous protein of BSA, has the close molecu-

ar size and isoelectric point, however, the adsorption capacity of
e3O4@BSA-MIP to HSA was lower than that to BSA, which mani-
ested further that the shape memory effect was the major factor

ffecting the imprinting formation and template recognition.

Among the six proteins, Fe3O4@BSA-MIP has the largest adsorp-
ion to template BSA, then the HSA, homologous protein with same
ize. For other four proteins, due to the size and charge not match-
ng with imprinted cavities, there were not selectivity difference
experiment.
˛(0.5:1:1), ˛(2:1:1) and ˛(10:1:1) were the imprinting factors when BSA concentration
ratios to Lyz and Mb were 0.5:1:1, 2:1:1 and 10:1:1 in competitive adsorption
experiments.

between Fe3O4@BSA-MIP and Fe3O4@NIP. Therefore, the differ-
ences of the adsorption capacities between Fe3O4@BSA-MIP and
Fe3O4@NIP were negligible for all the proteins except template BSA
and HAS, which were concordant with those reported by Zhao and
coworkers [28].

Based on the amount of protein adsorbed (Q), an imprinting
efficiency of 1.91 for template BSA was achieved, which was basi-
cally consistent with that of Lyz [24] reported by us and that of
ribonuclease A (MW 13.7 kDa, pI 9.5) by Tan with other method
[18]. Therefore, the presented BSA imprinting method has the sim-
ilar effect as for small proteins, which manifests that larger protein
imprinting like BSA is achievable. Table 2 shows the imprinting
factor (˛) and the selectivity factor (ˇ) of Fe3O4@BSA-MIP to six
proteins.

3.3.2. Selectivity to template BSA in protein mixture
The selectivity of Fe3O4@BSA-MIP to BSA in the mixture of

BSA, Lyz and Mb and in the mixture of BSA and OVA was further
investigated, and the three non-template proteins were used as
the competitors (Figs. 6 and 7). When BSA concentration in the
mixture was only half of Lyz and Mb, the adsorption of Fe3O4@BSA-
Fig. 6. Competitive adsorption of BSA with Lyz and Mb on Fe3O4@BSA-MIP. Exper-
imental conditions: 1.0 mL mixed proteins solution (pH 7.0) was incubated with
2.0 mg of the polymer for 12 h at room temperature. The concentrations of Lyz and
Mb always kept 0.2 mg/mL, BSA concentrations increased from 0.1 to 2.0 mg/mL.
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Fig. 7. SDS–PAGE analysis of BSA and OVA mixture adsorbed on Fe3O4@BSA-MIP
and Fe3O4@NIP. 15 �L BSA (0.2 mg/mL, 1.0 mg/mL, and 2.0 mg/mL) and 15 �L OVA
(0.2 mg/mL) were mixed respectively. Lane 1, 3 and 5 represented the BSA and OVA
eluted from Fe3O4@NIP. Lane 2, 4 and 6 represented them eluted from Fe3O4@BSA-
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Fig. 9. Chromatograms of bovine serum adsorbed by Fe3O4@BSA-MIP and eluted by
aqueous two-phase solutions. The 20-fold dilution of bovine serum (a); the 20-fold
IP. Lane 1 and 2 indicated 1:1 of BSA and OVA; lane 3 and 4 indicated 5:1 of BSA
nd OVA; lane 5 and 6 indicated 10:1 of BSA and OVA.

dsorption capacities of Fe3O4@BSA-MIP to Lyz and Mb, which
eans the nonspecific binding of Lyz and Mb on Fe3O4@BSA-MIP

avities. For Fe3O4@NIP, the nonspecific binding for Lyz and Mb was
imilar. Even though the nonspecific adsorption to BSA increased
ith its concentration increase, it was obviously lower than the

pecific adsorption on Fe3O4@BSA-MIP.
The similar result was obtained for mixture of BSA and OVA

rom the SDS–PAGE analysis (Fig. 7). The amount of BSA eluted from
e3O4@BSA-MIP (lane 2, 4 and 6) was always larger than that from
e3O4@NIP (lane 1, 3 and 5). With the increase concentration ratio
f BSA to OVA (1:1, 5:1 and 10:1, corresponding to line 2, 4 and
), the adsorption of BSA increased, which indicated Fe3O4@BSA-
IP had selective recognition to BSA in protein mixture solution.
or OVA, the acid protein, due to electrostatic adsorption with
ertiary amine groups in polymer chains, its amount eluted from
e3O4@BSA-MIP (lane 2, 4 and 6) and Fe3O4@NIP (lane 1, 3 and 5)
ere nearly same, but evidently less than the amount of BSA eluted

ig. 8. Chromatograms of BSA eluted from Fe3O4@BSA-MIP (a) and Fe3O4@NIP (b)
y NaCl, and elued from Fe3O4@BSA-MIP (c) and Fe3O4@NIP (d) by PEG/sulphate.
dilution of bovine serum after Fe3O4@BSA-MIP adsorption (b); the proteins eluted
by PEG/sulphate from Fe3O4@BSA-MIP which was enriched in bottom phase (c); the
remained serum proteins distributed in bottom (d) and in top phase (e), respectively.
Peak 1, high abundant BSA; peak 2 and 3, unknown proteins.

from Fe3O4@MIP, which indicated the nonspecific adsorption of
OVA on the polymer.

In terms of the imprinting factor (˛) in Table 2, when the con-
centrations of competing proteins Lyz and Mb kept constant in
competitive adsorption experiments, higher concentration tem-
plate BSA made its corresponding ˛ increasing from 1.43 to 2.11, but
˛ values of the two competing proteins Lyz and Mb decreasing from
0.81 to 0.56 and 1.35 to 1.00. The result is a good complementary
to that conclusion “when the concentrations of template proteins
kept unchanged and the amount of competing protein increased,
their imprinting factor were primarily invariable” [31].

Above results are a proof of the successful formation of
imprinted cavities on Fe3O4@BSA-MIP with the assistance of
basic monomer, and also the importance of shape memory effect
and electrostatic interaction. It is also illustrated that with an
increasing concentration of BSA, Fe3O4@BSA-MIP had the higher
recognition selectivity to template BSA in competitive adsorp-
tion and had no obvious co-adsorption to other competing
protein.

3.3.3. Desorption of BSA by aqueous two-phase system
The adsorbed BSA on imprinted polymer was usually eluted by

inorganic salt solution [32]. Here, the ability to elute adsorbed BSA
by aqueous two-phase system (PEG/sulphate) and NaCl were com-
pared (Fig. 8). The results manifested that both PEG/sulphate, a
salt-rich system, and NaCl could elute the target protein from the
imprinted polymer, which attributed to the disruption of hydrogen
bonding and electrostatic interaction between target protein and
imprinted polymer binding sites when the high ionic strength solu-
tion was used. However, the desorbed BSA by PEG/sulphate system
was totally allocated in the bottom phase. So, the BSA concentra-
tion desorbed by PEG/sulphate (Fig. 8c) was significantly larger than
that desorbed by NaCl (Fig. 8a), which was attributed to the effect of
aqueous two-phase extraction with the enrichment factor of two
[24]. Therefore, the aqueous two-phase system (PEG/sulphate) is

capable of desorption and enrichment to target protein.

The non-specific adsorption of BSA on Fe3O4@NIP was also
observed, which could be eluted by both NaCl (Fig. 8b) and
PEG/sulphate (Fig. 8d), and the aqueous two-phase system had also
enrichment effect.
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.3.4. Application of Fe3O4@BSA-MIP for bovine serum sample
The synthesized Fe3O4@BSA-MIP was applied to bovine serum

eparation. The diluted bovine serum showed the large amount
f BSA (peak 1 in Fig. 9a) and other moderate high amount pro-
eins (peak 2 and peak 3 in Fig. 9a). After adsorption separation
y some amount of Fe3O4@BSA-MIP using an external magnetic
eld, the remained BSA showed decrease (peak 1 in Fig. 9b) and
ther two unknown proteins did not change. Using PEG/sulphate
o elute the BSA absorbed on Fe3O4@BSA-MIP, the apparent BSA
eak was observed in bottom phase (peak 1 in Fig. 9c), which man-

fested Fe3O4@BSA-MIP had selective adsorption to BSA in bovine
erum sample and less co-adsorption to others.

After adsorption, two aqueous phase (PEG/sulphate) was added
n the remained bovine serum, proteins enrichment in bottom were
howed obviously. Peak 1, 2 and 3 in Fig. 9d were apparently larger
han those in Fig. 9b. However, only a small peak 2 in top phase
as observed (Fig. 9e). It indicated that most of BSA and other two
nknown proteins were distributed in salt-rich bottom phase. For
omplete BSA adsorption from serum, the enriched BSA in bottom
hase could be adsorbed repeatedly by magnetic Fe3O4@BSA-MIP.

. Conclusions

BSA surface-imprinted magnetic polymer was successfully syn-
hesized based on ATRP method in the presence of monomer
NIPAAm) with the assistant of basic functional monomer
DMAPMA), which provides an attempt for imprinting larger target
roteins. The predominance of molecular size and shape memory
ffect are the major factors affecting the imprinting formation and
emplate recognition. The imprinted BSA polymer exhibits signifi-
ant recognition property and selectivity to target BSA in standard
rotein mixture and real serum sample. The aqueous two-phase
olution of PEG/sulphate has better elution and enrichment for tar-
et protein compared with conventional NaCl solution. The easy
reparation, magnetic property and high selectivity of imprinted
SA polymer exhibit its potential application in BSA rapid separa-
ion and purification.
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