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Abstract We describe the synthesis of molecularly imprinted
core-shell microparticles via a metal chelating strategy that
assists in the creation of selective recognition sites for albu-
min. Porcine serum albumin (PSA) was immobilized on silica
beads via copper(Il) chelation interaction. A solution contain-
ing 2-hydroxyethyl methacrylate and methacrylic acid as the
monomers was mixed with the above particles, and free rad-
ical polymerization was performed at 25 °C. Copper ion and
template were then removed to obtain PSA-imprinted core-
shell particles (MIPs) with a typical diameter of 5 um. The
binding capacity of such MIP was 8.9 mg protein per gram of
MIPs, and the adsorption equilibrium was established within
<20 min. The imprinting factor for PSA reached 2.6 when the
binding capacity was 7.7 mg protein per gram of MIPs. The
use of such MIPs enabled PSA to be selectively recognized
even in presence of the competitive proteins ribonuclease B,
cytochrome ¢, and myoglobin. The results indicate that this
imprinting strategy for protein may become a promising meth-
od to prepare MIPs for protein recognition.
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Introduction

The current opinion about molecular imprinting is an attrac-
tive mimetic technology to create specific binding sites geo-
metrically and chemically complementary to the template
molecules with non-biological strategy [1, 2], which is highly
similar to the conception of “antigen-antibody”. In recent, this
general approach have been used successfully and widely for
small weight template recognition (<1000Da) [3—7]. During
the past decade, the imprinted materials toward macromole-
cules, especially proteins, were synthesized [8]. Although
there are many inherent problems to address, such as the huge
molecular size, conformational flexibility and complexity, sol-
ubility, and sensitivity to environment of the proteins, protein
imprinted materials have been used in various fields, such as
biosensors [9—11], separated medium [12—15], protein [16,
17] and man-made enzyme inhibitors [18].

At present, the formats of protein imprinted materials can be
typified into 3D and 2D imprinting types [2]. Universally, the
binding sites of 3D imprinting polymers are formed throughout
bulk material, which is originated from small molecule imprint-
ing, but suffer from the heterogeneity of recognition sites and
poor mass transfer [19]. As contrast, the binding sites of 2D
imprinted polymers are formed at the material surface and this
strategy gains the popularity in the research of protein imprinted
materials due to several advantages, such as easy imprinted sites
accessibility, fast target molecule recognition, easy template re-
moval and minor influence of protein natural structure [20, 21].

Grafted imprinting is a novel kind of surface imprinting
method to immobilize template with covalent or non-
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covalent interaction on the surface of film or particle,
followed by the polymerization of monomers and cross-
linkers to form the surface imprinting recognition sites
[12, 15, 22-24]. As a result, effective template utiliza-
tion and more imprinting sites are easily achieved by
this method. The metal chelating, as a way to graft
the template, became popular in the field of molecular
imprinting. '* Deductively, the metal chelating interac-
tion is much stronger than non-covalent interaction,
which would favor the template immobilization on the
surface of the matrix. Additionally, the metal ion and
protein are removed by EDTA or other chelant with
mild condition, which would lead to the easy template
removal and formation of recognition sites.

In our previous work of surface protein imprinted
materials with metal coordination [15], cooper ion was
immobilized on the surface of silica nanoparticles
through imidoacetic acid groups, then the template pro-
tein was immobilized by metal chelating interaction. By

Scheme 1 Preparation of surface
PSA imprinted core-shell parti-
cles with metal chelating

Polymerlzatlon
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sol-gel polymerization, a thin silica-skeleton shell with
average thickness about 20 nm was formed, which was
able to capture and recognize template protein.
However, non-specific absorption was obvious mainly
due to the property of silica skeleton. For further bio-
logical application, the imprinted shell should be hydro-
philic and had low non-specific absorption towards the
distribution [25]. To decrease non-specific absorption on
the materials, the employment of the hydrophilic mono-
mer, such as acrylamide, has been proved as an avail-
able strategy instead of the silicon agents. Herein, as
shown in Scheme 1, a type of surface imprinted core-
shell particles with copper ion chelating and hydrophilic
polymer shell for special recognition of porcine serum
albumin (PSA) was prepared. After the copper ion and
template protein removal, the imprinted core-shell hy-
drophilic particles attempted to recognize PSA with high
specification, fast recognition speed and low non-
specific absorption.
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Materials and methods
Materials

Macroporous silica particles (5 um, 1000 A) were obtained from
Fuji Chemical Co. Ltd. (Kusugai, Japan). Methacrylic acid, NV, N,
N', N'-tetramethylethylenediamine, ammonium persulfate,
vinyltrimethoxysilane, 3-aminopropyltriethoxysilane, 3-
Glycidoxypropyltrimethoxysilane (GLYMO) and imidoacetic
acid (IDA) were obtained from Acros Organics (NJ, USA,
www.acros.com). Formic acid was obtained from Fluka
Chemical Co. (Buchs, Switzerland). Porcine serum albumin
(PSA Mw 66.0 kDa, pl 5.1), ribonuclease B (RNB, Mw 11.
7 kDa, pl 8.8), cytochrome C (Cyt-c, Mw 12.3 kDa, pI 10.6),
myoglobin (Mb, Mw 14.3 kDa, pl 5.2), and 2-Hydroxyethyl
methacrylate were obtained from Sigma-Aldrich Chemical Co.
(St. Louis, MO, USA, www.sigmaaldrich.com). HPLC-grade
acetonitrile was purchased from Merck (Darmstadt, Germany,
www.merck-china.com). Ethylene diamine tetraacetic acid
(EDTA) was purchased from Tianhe Chemical Co. (Tianjin,
China). Sodium thiosulphate, potassium bromide, sodium
dihydrogen phosphate, disodium hydrogen phosphate
dodecahydrate and copper sulfate pentahydrate were purchased
from Kermel Chemical Co. Ltd. (Tianjin, China). Potassium io-
dide was purchased from SCR Chemical Co. (Shanghai, China).
Potassium bromate was purchased from Guangfu Chemical Co.
Ltd. (Tianjin, China). Water was purified by a Milli-Q system
(Millipore, Molsheim, France, www.millipore.com). All
inorganic reagents were of analytical reagent grade, and all the
other solvents were of HPLC grade and used without further
purification.

Preparation of functional silica particles

The functionalization of the silica particles was performed
with three steps as followings:

(a) Silica particles (100 mg) were homogenized in 2.0 mL of
methanol, and then 50.0 pL of vinyltrimethoxysilane
was added. This reaction was allowed to proceed at
25 °C for 36 h with stirring. The mixture was centrifuged
and washed twice by methanol to remove residual
vinyltrimethoxysilane after this reaction.

(b) Vinyl-silica particles prepared by step (a) were mixed
with 1.0 mL of the compound of IDA-GLYMO solution
and 52.5 uL of ammonia. This step of reaction was per-
formed at 60 °C for 36 h with stirring. And then the
mixture was centrifuged and washed as step (a) when
the reaction completed.

(c) Atlast, the functional silica was homogenized in 2.0 mL of
water, and then 10.0 pL of 3-aminopropyltriethoxysilane
was added into the reaction system. This reaction was
allowed to proceed at 60 °C for 24 h with stirring. After

centrifugation and rinse as the same step above mentioned,
the vinyl-IDA-aminopropyl functional silica particles were
dried at 70 °C for 24 h.

Immobilization of Cu**and protein on the functional silica
particles

To immobilize Cu®" on the surface of silica, 0.4 mL of
100 mM CuSOy, solution and 0.60 mL of phosphate buffer
(pH=7.4) was mixed, then the mixture was added into 20 mg
of functional silica particles. And then 1 mL 0of 0.20 mg-mL™"
of PSA solution was added into the Cu®" immobilized silica in
order to form Cu?"-PSA immobilized silica particles in
10 mM of phosphate buffer (pH=7.4) at 4 °C for several
hours. After incubation, the mixture was centrifuged and
washed twice by 10 mM of phosphate buffer (pH=7.4) to
remove residual protein in the solution. The non-imprinted
polymer (NIP) was prepared by the same procedure without
the PSA addition.

Preparation of protein imprinted particles

This imprinted material was directly prepared by in situ free
radical-initiated polymerization on the surface of Cu”*-PSA
silica particles. The pre-polymerization mixture, which
contained methacrylic acid (145 uL) and 2-Hydroxyethyl
methacrylate (455 pL), were dissolved in 9.40 mL of phos-
phate buffer (pH 7.4, 10 mM) and purged with N, for 20 min.
In the next step, 20 mg of Cu”*-PSA silica particles were
homogenized in 2.0 mL of pre-polymerization mixture, and
then 5.0 pL of N, N, N, N'-tetramethylethylenediamine and
7.5 pL of 10 % ammonium persulfate (w/v) solution were
added into the mixture separately. The reaction was performed
at 25 °C for 18 h. After polymerization, the mixture was cen-
trifuged at about 1882 g (~3000 rpm) and washed twice by
water. And then, 1.0 mL of 100 mM EDTA aqueous solution
was added to remove the copper ion from the particles. The
elution solution, the mixture with 20 % formic acid (v/v), 40 %
acetonitrile (v/) and 40 % water, was added to remove the
template protein from the surface of the imprinted particles.
After the removal of EDTA and acid by water, imprinted par-
ticles were dried at room temperature by vacuum.

Morphologic observation

For Transmission electron microscopy (TEM) imaging,
imprinted particles (2 mg) were washed with ethanol, and then
were dried at 70 °C for 2 h. A Tecnai G* Spirit microscope
(Tecnai G*, FEI, Eindhoven, Netherlands) was operated at
120 kV for the TEM measurement.
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Chromatographic analysis

HPLC analysis was performed by using a Shimadzu HPLC
system constituted by two LC-20 AD Solvent Delivery Units,
an SUS-20A gradient controller and an SPD-20A Detector
(Shimadzu, Kyoto, Japan). The analytical column was obtain-
ed from Sipore Co. (C8, 5 um, 150 mmx4.6 mm [.D., Dalian,
China). A Chromatocorder 12 from SIC (Tokyo, Japan) was
employed for data analysis.

For the chromatographic analysis with gradient elution,
mobile phase A was acetonitrile/water (5:95, v/, containing
0.1 % trifluoroacetic acid), and mobile phase B was
acetonitrile/water (90:10, v/, containing 0.1 % trifluoroacetic
acid). The gradient was set as follows: 0—40 min, 20-90 % B
(v/v). The flow rate was 1.0 mL-min'. The injection volume
was 20 pL for all samples, and the wavelength of UV detector
was set at 214 nm.

Adsorption kinetics

The kinetic adsorption measurements was carried out by in-
cubating 20.0 mg MIP or NIP particles with 1.00 mL
0.40 mg-mL™" of PSA in phosphate buffer (pH=7.4) solution
at 4 °C. Then, the concentrations of PSA at different time
intervals, 1 min, 5 min, 20 min, 60 min and 120 min were
monitored by triplicate HPLC experiments.

Binding capacity

The binding capacity was measured by incubating 20.0 mg of
MIP or NIP particles with 1.00 mL of phosphate buffer (pH=
7.4) with a range of PSA concentrations of 0.05~0.50 mg-
mL " at4 °C for 120 min. Then the supernatant was separated
and analyzed by HPLC. The amount of PSA bound on the
imprinted particles was calculated from the concentration dif-
ferences before and after incubation. The concentrations of
PSA in solution were determined by two parallel HPLC
experiments.

Selectivity

To demonstrate the recognition specificity of the prepared
MIPs to PSA, 20 mg MIP and NIP particles were respectively
incubated in 10 mM phosphate buffer at pH 7.4 containing
PSA, RNB, Cyt-c and Mb at 4 °C for 24 h. The concentration
of each protein was 0.30 mg-mL™". After incubation, the su-
pernatant was separated, and the imprinted particles were
washed twice by 5 mL phosphate buffer, followed by 5 min
elution with 1.00 mL of buffer composed of 20 % formic acid
(vv), 40 % acetonitrile (v/v) and 40 % water (v/v). The eluted
supernatant was separated. Then, both the incubated and the
eluted supernatant were analyzed by HPLC. The

@ Springer

concentration of each protein in solution was determined by
the duplicate HPLC experiments.

Results and discussion
Design of the protein imprinted particles

The preparation of albumin from procine serum (PSA) surface
imprinted particles by metal chelated strategy was shown in
Fig. 1. The silica particles with average diameter of 5 pm were
chosen as the matrix to prepare the imprinted core-shell parti-
cles for the potential packing of chromatographic column.
Three functional groups, including vinyl, IDA and
aminopropyl, were modified on the surface of silica one by
one and the subsequence of the three modifications was crit-
ical. Vinyl group was decorated on the silica particles firstly in
order to make sure that the polymerization was performed
around the particles. The amount of the double bonds at the
surface of silica was 26.0£1.41 umol-g', according to the
Br, addition reaction method (seen in Supporting
Information) [26]. And then IDA group was immobilized on
the matrix with truss arm for the metal ions capture and further
the huge protein (66 kDa) chelation. IDA-GLYMO group is
much larger than the vinyl group, therefore, IDA was modified
after the modification of vinyl group to minimize the steric
hindrance. Finally, to introduce the non-covalent interaction
between the monomer and the matrix, a small amount of
aminopropyl group was modified on the surface by ammoni-
um persulfate hydrolysis. Although the steric hindrance of
IDA-GLYMO group remained, aminopropyl groups are mod-
ified successfully on the silica surface mainly because of the
higher reactivity of 3-aminopropyltriethoxysilane than
vinyltrimethoxysilane.

With the IDA group and copper ion, the proteins were
immobilized on the surface of wide-pore modified silica par-
ticles (5 um, 1000 A, with blue colour due to the copper ion
chelated) by metal chelated interaction in pH 7.4 phosphate
buffer. After protein immobilization, the particles were rinsed
by 1.0 mL of 10 mM phosphate buffer in order to sweep away
the protein which was not immobilized successfully on the
surface of silica particles. It should be mentioned that 5 um
silica particles were applied as a model silica particle here due
to their potential application as the chromatographic or
electrochromatographic stationary phase.

To decrease the non-specific adsorption and increase the
selective affinity towards the target protein, the formed
imprinted particles should be hydrophilic. 2-Hydroxyethyl
methacrylate, with neutral and excellent hydrophilicity be-
cause of the presence of the hydroxyl group, was chosen as
the main monomer. Simultaneously it provided hydrogen
bonding interactions with the template protein, which was rich
in carboxyl, hydroxyl and amino group. In the field of
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Fig. 1 TEM images of the PSA
imprinted particles with metal
chelating strategy (left image:
magnification> 11000, right
image: magnificationx 110000)

1 pm

molecular imprinting, slight electrostatic interaction was usu-
ally applied to form recognition sites especially in the protein
imprinting [27-29]. Therefore, small amount of methacrylic
acid was added as the co-monomer. The mole ratio of the two
monomer above (2-hydroxyethyl methacrylate: methacrylic
acid) was optimized as 3:1. During the polymerization, the
template was interacted with the functional monomers to form
hydrogen bonding and ionic interactions. Hydrogen bonding
was the main interaction between the protein and the polymer.
And it existed between carboxyl, hydroxyl and amino groups
of the monomer and the side chain groups of the amino acid.
Additionally, ionic interaction between template protein and
monomer was retained due to the methacrylic acid carboxyl
group after the polymerization.

After the polymerization, water was used to wash up the
unreacted monomer, and EDTA was added to dislodge the
copper ion from the particles for the further extraction of the
protein. The mixture containing 20 % formic acid, 40 % ace-
tonitrile (v/v) and 40 % water was used to remove PSA from
the imprinted particles, which change the pH and surface
charges of the polymer shell to favor the protein extraction
from the particles and avoid the ruining of the silica skeleton
in the core.

Morphologic observation

TEM images were measured for the size, shape and thin
imprinted shell of these surface imprinted core-shell particles.
As shown in the left image of Fig. 1, the particles were regular
spherical, with monodispersed particle size of about 5 pm.
Neither aggregation nor solidified polymer was observed be-
tween the core-shell particles. This phenomenon indicated that
the polymerization was mainly occurred on the surface of
particles. As shown in the right image of Fig. 1, the thickness
of the imprinted polymer layer was about 20 nm, which was
quite similar to the total length of the protein radius and the
truss arm. This favored more protein imprinted sites available
for the protein recognition.

/

Binding capacity and kinetic study

To investigate the binding ability of the MIP and NIP core-
shell particles, the adsorption kinetics of MIP and NIP was
performed. As shown in Fig. 2, for MIP, within 1 min, the
adsorption of template protein reached more than 90 % of the
maximum, and the saturated adsorption achieved in less than
20 min. For the NIP, the saturated adsorbed capacity was
much less than that of MIP. Under this condition, imprinting
factor (MIP/NIP) was about 2.2. The short equilibrium time
benefited from the surface imprinting, which would favor the
accessibility of the recognition sites. Additionally, this fast
recognition ability would favor the potential chromatographic
application of molecularly imprinted particles.

The saturation adsorption experiments were also investi-
gated. As shown in Fig. 3, the binding capacity increased with
the increase of PSA concentrations from 0.10 mg-mL™" to
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o —e NIP
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5
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Binding capacity (mg/g)
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0 20 40 60 80 100 120
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Fig. 2 Kinetics of MIP (black line) and NIP particles (red line): 20.0 mg
of MIP or NIP particles with 1.00 mL, 0.40 mg-mL ™" of PSA in
phosphate buffer (pH=7.4) solution at 4 °C for different time intervals,
1 min, 5 min, 20 min, 60 min and 120 min. The result was obtained by
duplicate experiments
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Fig. 3 Binding capacity of MIP (black line) and NIP particles (red line):
20.0 mg of MIP or NIP particles were incubated with 1.00 mL of
phosphate buffer (pH=7.4) with a range of PSA concentrations of 0.05
~0.50 mg-mL™" at 4 °C for 120 min. The result was obtained by the
duplicate experiments

0.60 mg-mL . The binding capacity curve of NIP reached the
saturated adsorption at lower protein concentration, while that
of MIP reached the maximum at higher protein concentration.
In the saturation absorption, binding capacity of MIP was
about 8.9 mg protein per gram of materials, which was much
higher than that of NIP, 4.0 mg protein per gram of materials,,
while the PSA concentration was 0.40 mg-mL ™' Therefore,
the imprinting factor of PSA in saturation adsorption condi-
tion was about 2.2. Additionally, the highest IF was about

Fig. 4 Selectivity of MIP and
NIP particles for four proteins 8
with different Mw, hydrophilic
and pl. 20 mg MIP or NIP
particles were respectively
incubated in 10 mM phosphate
buffer at pH 7.4 containing PSA,
RNB, Cyt-c and Mb with each
concentration 0.30 mg-mL " at
4 °C for 24 h. The result was ob-
tained by the duplicate
experiments

Binding amount (mg/g)

PSA
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2.6 at 0.20 mg-mL " and 0.30 mg-mL'of the PSA concen-
tration and higher than that of the saturation condition.
Additionally, the IF with the PSA concentration 0.10, 0.50,
0.60 mg-mL ™" was 2.2, 2.1 and 2.0, respectively. As a result,
the recognized concentration 0.30 mg-mL™" was the opti-
mized concentration in the recognized concentration range
due to the higher binding capacity (about 7.7 mg protein per
gram of materials) and imprinted factor. These facts men-
tioned above demonstrated that the imprinted particles
showed the specific recognition ability to PSA.

Selectivity of the imprinted particles

To observe the selectivity of the imprinted core-shell particles,
competitive recognition was undertaken under the optimized
conditions (phosphate buffer, 10 mM, pH7.4) with PSA and
three competitive proteins, Cyt-c, RNB and Mb, which had
different molecularly weight, hydrophilicity and pl. After in-
cubation for 12 h, the imprinted particles were firstly rinsed by
the phosphate buffer. Then, the proteins were eluted by the
elution (20 % FA+40 % ACN+40 % water) from the parti-
cles. The eluted protein amount was calculated from the chro-
matographic peak area of HPLC. As shown in Fig.4, the
amounts of PSA eluted from the MIP and NIP was much more
than the other competitive proteins. The amount of PSA eluted
from the MIP reached to about 7.30 mg protein per gram of
materials, while it was 3.85 mg protein per gram of materials
for the NIP. Imprinting factor for PSA still reached to 1.90
under the competitive condition, which was lower than that
in the above-mentioned saturation experiment. Meanwhile,

I VP
I NIP

RNB Cyt-c Mb
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the imprinting factor of other competitive protein, such as Cyt-
¢ or Mb, was less than 1.00. These results indicated that the
imprinted particles recognized PSA in the protein mixture.
Deductively, the phenomenon may due to the morphological
complementation between the protein and imprinted cavity.
The size of template PSA was much larger than other compet-
itive protein and as a result the binding capacity of PSA in
competitive recognition was much higher than that of the
small competitor, RNB and Cyt-c, which had similar hydro-
philicity to PSA.

Additionally, the charge of the hydrophilic polymer surface
was slightly negative at this recognition condition (pH=7.4)
mainly due to the presence of the carboxyl group in the co-
polymer network skeleton. Although the charge of PSA (pl
5.1) was also negative at this neutral pH and electrostatic
exclusion existed between the protein and polymer, PSA still
achieved well absorption and recognition on this imprinted
material. Additionally, the charge of RNB (plI 8.8) or Cyt-c
(pI 10.6) was positive at pH=7.4 and electrostatic attraction
was supposed to exist between the protein and polymer.
However, low adsorption towards RNB or Cyt-c appeared in
competitive recognition. This proved further that charge inter-
action did not play an important role in protein recognition.

Conclusion

The protein imprinted hydrophilic core-shell particles with
porcine serum albumin as the template, 2-hydroxyethyl meth-
acrylate and methacrylic acid as the hyodrophilic functional
monomers, were successfully synthesized with copper ion
chelating strategy. Due to the recognition sites located on the
hydrophilic polymer shell, the novel porcine serum albumin
imprinted core-shell particles recognized the target protein
with good selectivity, fast mass transfer speed, high binding
capacity and low non-specific recognition. This indicated that
the protein imprinted materials would be potential to be used
as chromatographic stationary phase in trap column to achieve
PSA separation.
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