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Hydrophilic molecularly imprinted microspheres functionalized
with amino and carboxyl groups for highly selective recognition

of human hemoglobin in aqueous solution
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Abstract: The hydrophilic molecularly imprinted microspheres (HMIMs)
functionalized with amino and carboxyl groups have been synthesized
successfully using human hemoglobin as template. The obtained HMIMs
have been characterized with scanning electron microscope (SEM),
adsorption isotherms, dynamic binding as well as quartz crystal
microbalance (QCM). The rebinding results indicate that the HMIMs
exhibit highly selective recognition property towards target human
hemoglobin in Tris-HCI] aqueous solution with an imprinting factor of
1.90 and a high binding capacity of 98 mg/g. The QCM characterization
results also demonstrate that the HMIMs coated electrode shows a more
sensitive response to hemoglobin than that of non-imprinted microspheres
coated electrode.
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1. Introduction

In recent decades, with the rapid development of post-genome era, the
separation and enrichment of low abundance proteins play an important
role in genomic research. Thus, it is urgent to explore highly efficient and
selective materials for the separation and enrichment of those target
proteins from complex samples. Molecularly imprinted polymers (MIPs)
as biomimetic materials have attracted many researchers to pay attention
because MIPs offer significant advantages such as high selectivity, good
mechanical/chemical stability, reusability and low cost '®. Thus, MIPs

- - C e 5010
have been applied to various research fields such as medicine ™, food

12-16 12, 14,17-21

, environment and industry **. Recently, MIPs have been

widely applied to recognize, analyze, separate and enrich various target
: 2,23-27 - 48 ~
proteins such as lysozyme , bovine hemoglobin ™°, bovine serum

** and phycocyanin *. However, the large molecular size of

albumin "
protein shall cause a big problem for protein imprinting, because it
restricts the mass transfer of proteins between the imprinted cavities and
the solution ****?!. Other challenges for imprinting protein include the
considerations on the flexible conformation, complex structure, and

specific functional groups and so on. Up to now, a few imprinting

approaches have been developed to solve the mass transfer problem of

24,32-35 36-39

proteins such as surface imprinting , epitope imprinting and

Page 2 of 33



Page 3 of 33

RSC Advances

metal-coordination polymerization *>***',

Among those, surface
imprinting is a promising strategy to arrange the recognition sites on the
surface of proper supporting material, such as silica microspheres, which
makes it easier for the eluting and rebinding of target proteins ***.

On the other hand, the hydrophilicity of the surface of silica
microspheres will have significant effect not only on the efficiently
formation of binding sites during the imprinting process, but also on the
access of hydrophilic protein from aqueous media to the imprinted
material during the rebinding process. Since the hydrophilicity of the
produced recognition material is critical to the sensitive detection for

. 26,31,44
proteins ~

, in this study, the surface of silica microspheres have been
derivated to possess amino and carboxyl groups as the recognition
functional groups to recognize the target proteins, and ploymerizable
vinyl groups to produce the polymerizing interaction with functional
monomer and crosslinker during the imprinting process. Finally, we
successfully got the silica microspheres with hydrophilic surface and
good recognition properties to human hemoglobin (HHb) in aqueous
solution. The synthesis and characterization of the functionalized silica

microspheres, as well as the hydrophilic HHb-imprinted microspheres

shall be discussed in detail in the following.

2. Materials and methods
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2.1 Chemicals and reagents

Silica microspheres (7~9 um) were provided by local commercial
suppliers. Toluene was purchased from Hunan Hengyang Kaixin
Chemical Co., LTD and distilled before used. 3-Aminopropyl-
trimethoxysilane ~ (APTMS), N,N,N’,N’-tetramethylethylenediamine
(TEMED), 2-(dimethylamino)ethyl methacrylate (DMAEMA), lysozyme
(Lys) and bovine serum albumin (BSA) were purchased from Aladdin
Reagent Co., Ltd. Human hemoglobin (HHb) was purchased from
Sigma-Aldrich Co., Ltd. Methacrylic acid (MAA) and acrylamide (AAm)
were purchased from Tianjin Damao Reagents Co., Ltd.
N,N’-methylenebisacrylamide (MBA) was purchased from Tianjin
Chemical Reagents Co., Ltd. Ammonium per-sulfate (APS) was
purchased from Tianjin Zhiyuan Reagents Co., Ltd. Tris(hydroxymethyl)
aminomethane hydrochloride (Tris-HCl) was purchased from Sangon
Biotech Bioengineering  Co., Ltd. (Shanghai, China). All other

chemicals were of analytical grade and used as received.

2.2 Synthesis and characterization of functionalized silica

microspheres
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The silica microspheres were mixed with HCI/H,O(2:1,V/V) and
refluxed at 60°C for 12 h. Subsequently, the activated microspheres were
washed with deionized water to neutral, and then treated according to the
reported literature * with small modification (Scheme 1). Briefly, 1 g of
silica microspheres was dispersed in 25 mL of anhydrous toluene after
adding 1 mL of APTMS. The mixture reacted at 110°C for 24 h under
dry nitrogen to introduce amino group to the silica microspheres. Then,
after washing with toluene and acetone repeatedly, the silica
microspheres were dispersed in the mixture of N,N’-dimethylformamide
(25 mL), maleic anhydride (1 g) and pyridine (2.5 mL), and reacted at
50°C under dry nitrogen for 6 h. Finally, the functionalized microspheres
were centrifugated and washed repeatedly with ethanol and deionized
water for several times to remove unreactive reagents, and then dried
under vacuum at 40°C for the subsequent experiment. The functionalized
microspheres were characterized with a FT-IR170 infrared
spectrophotometer  (Perkin  Elmer, USA,) and a 2550 UV
spectrophotometer (Shimadzu, Japan).

<Scheme 1>

2.3 Synthesis and characterization of the hydrophilic HHb-imprinted

micropheres
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The HHb-imprinted microspheres were synthesized as described in
scheme 1. The synthesis strategy was based on the protocol described in
reference *® with small modification. Concisely, in a 150-mL flask, MAA
(76 pL, 0.916 mmol), DMAEMA (144 uL, 0.916 mmol), MBA (32 mg),
and AAm (65.2 mg, 0.916 mmol) were mixed with 64 mL of Tris-HCI
buffer (pH 7.0, 0.01M) by ultrasonic. At the same time, 16 mg of HHb
was added into the mixture of 8 mL ethanol and 8 mL Tris-HCI buffer
which has been dispersed with 240 mg of the functionalized microspheres
(Si0,-NH,). And then the mixture was poured into the above flask, and
purged with nitrogen for 10 min and agitated for 1h. Then 120 pL of
TEMED solution (5%, w/v) and 240 puL of APS solution (10%, w/w)
were injected to the flask. Finally, the polymerization was initiated and
sustained with stirring at room temperature for 24 h. The HHb-imprinted
microspheres were gathered by centrifugation. The microspheres obtained
were washed with deionized water several times to remove the remained
reactant. After that, they were washed with 0.5 M NaCl solution
repeatedly to remove the template until no absorption signal of HHb
could be detected at 406 nm in the supernatant using a Shimadzu
UV-2550 UV spectrophotometer (Shimadzu, Japan). Then, they were
washed with deionized water to remove residual NaCl and equilibrated
with the Tris-HCI buffer (pH 7.0, 0.01M). Eventually, they were dried

under vacuum at 25°C to obtain the final hydrophilic HHb molecularly
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imprinted  microspheres (HMIMs). The control non-imprinted
microspheres (NIMs) were prepared with the same method without
adding the template HHb during polymerization. The morphology of the
obtained HMIMs and NIMs was characterized by a JEOL JMS-7001F
scanning electron microscopy (JEOL, Japan). The thermogravimetric
analysis was carried using a STA409 PC thermo-gravimetric analyzer

(Netzsch, German).

2.4 Adsorption experiments

The adsorption isotherms experiments were conducted as the
following procedure: in a 25-mL conical flask, 20.0 mg of the prepared
HMIMs and NIMs were suspended in 10 mL protein solution at a specific
concentration in Tris-HCI buffer (pH 7.0, 0.01M), respectively. In
adsorption experiment, the suspension was incubated with agitating for
12 h at room temperature. Then, after centrifugation at 3000 g for 5 min,
the supernatant was determined by a Shimadzu UV-2550 UV
spectrophotometer (Shimadzu, Japan) at 406 nm. The amount of protein

adsorbed by the microspheres was calculated with the following formula:

_ (Ci _Cf)V
m

0

where O (mg g) is the mass of protein adsorbed by unit mass of dry

microspheres, C; and C; (mg mL™) are the concentrations of the initial

7
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and final solutions respectively, V (mL) is the total volume of the
adsorption mixture, m (mg) is the mass of the microspheres used.

The adsorption kinetics of the prepared microspheres was
investigated with HHb solution with concentration of 0.2 mg mL™'. The
protocol of adsorption kinetics tests was similar to the above adsorption
isotherms experiments. The supernatant was collected every 2h for UV

determination after centrifugation at 3000 g for 5 min.

2.5 Selectivity experiments

Two proteins (BSA, Lys) with different isoelectric points (pl) and
molecular weights (MW) were chosen as the reference proteins to
investigate the selectivity of the prepared HMIMs. For the separated
adsorptions, each protein solution with an initial concentration of 0.2 mg
mL™" was applied to bind with HMIMs and NIMs, respectively. The final
concentrations of HHb, BSA and Lys were measured by a UV/Vis

spectrophotometer at 406 and 280 nm, respectively.

2.6 QCM evaluation

A 9 MHz quartz crystal microbalance (QCM) was used to quantify

the interactions between the target proteins and the HMIMs (or NIMs)
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prepared. A self-constructed oscillator circuit powered by a 5 volts D.C.
voltage regulator was used to resonate the piezoelectric crystal with
frequency output monitored by a frequency counter (Heathkit model
IM-4120). The quartz crystal was bonded to a plastic tube by silicone
rubber to form a detection cell and only one side of the crystal was coated
with MIP. The coating procedure of the QCM with HMIMs and NIMs
was as the following: Firstly, 0.5 mg of polyvinylchloride (PVC) powder
was dissolved in 1 ml tetrahydrofuran (THF), then 2 mg of HMIMs and
NIMs microspheres were dispersed into above solution. Proper volume of
the suspension fluid was placed onto the Ag-clectrode surface of the
QCM. After THF was evaporated at room temperature, a polymer coating
was formed on the Ag-electrode. The total frequency shift due to the
surface modification was controlled to be about 8.0x10° Hz. Before
determination, the HMIMs-coated electrode was stabilized in 0.2 mL of
Tris-HCI buffer (pH 7.0, 0.01M) for several minutes until the frequency
(fo) was stable. A series concentration of HHb standard solutions at
different concentrations were then injected into the detection cell. The
measurements were carried out in an oscillated buffer solution at room
temperature. The frequency (f;) of the HMIMs-coated electrode at
different times was recorded. The frequency shift (Af;) was calculated as
Af=f—ft,. After measurement, the HMIMs-coated electrode was washed

three times with 0.5 M NaCl and deionized water, respectively. Each
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wash was lasted for 10 min. The regenerated QCM was then ready for
reuse. The investigation of NIMs-coated electrode was performed as the

same with HMIMs-coated electrode.

3. Results and Discussion

3.1 Synthesis and characterization of functionalized silica

microspheres

According to previous report, functionalizing the surface of
nano-silica particles with carboxyl groups was helpful for the formation
of imprinting material for lysozyme by noncovalent interaction *°. Based
on this report, the surface of silica microspheres has been modified with
amino group and carboxyl group successively. Firstly, amino group was
introduced on the surface of silica microspheres through the interaction
between the silica microspheres and APTMS. Then, the silica
microspheres were further functionalized with vinyl and carboxyl groups
though the reaction with maleic anhydride. Thus, the modified silica
microspheres not only possess the amino and carboxyl group on the
surface of silica microspheres to form the strong synergistic hydrogen
bonds with target protein HHb, but also have the polymerizable double

bonds which could react with the monomer and crosslinker during the

10
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subsequent imprinting process to form the crosslinked polymer (Scheme
1).

In order to confirm if the amino and carboxyl groups have been
introduced on the surface of silica microspheres, the infrared spectra and
electron energy spectra of the bare silica microspheres and functionalized
silica microspheres were investigated, respectively. As can be seen in Fig.
1, there are no both bands of N-H stretching vibration around 2900 cm’
and C=0 stretching vibration around 1700 cm™ in silica microspheres
(Fig. 1, line a), which means that there are no -NH, and C=0 groups in
the bare silica microspheres; whereas, an apparent N-H stretching
vibration band at 2939 cm™ and C-N stretching vibration band at 1575
cm” could be observed in the amino functionalized microspheres (Fig. 1,
line b). It implies that the surface of silica microspheres has been
successfully modified with amino group. Meanwhile, the bands of 1710
cm’' and 1647 cm’ in SiO,-R-NH-COOH can be assigned as the
stretching vibration band of C=0O and C-O, respectively (Fig. 1, line ¢). In
addition, the band of 1396 cm™ is produced by the in-plane bending
vibration of O-H group. These characteristic bands of -COOH suggest
clearly that the carboxyl group was introduced successfully on the surface
of the SiO,-R-NH-COOH microspheres. It is noted that the band of 2942
cm’ still exist in SiO,-R-NH-COOH microspheres. This result indicates

that there are still some naked -NH, in SiO,-R-NH-COOH microspheres,
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which can form the synergistic hydrogen bond reaction with the
functional group of target protein.

<Fig. 1>

In order to further verify above results, the electron energy spectra of
silica microspheres before and after the modification have been
investigated. As can be seen in Fig. 2, the C peak and N peak appear
apparently in the spectrum of the functionalized microspheres (Fig. 2B),
while do not show in the spectrum of silica microspheres (Fig. 2A),
which further confirmed that the amino and carboxyl groups have been
successfully functionalized on the surface of SiO, microspheres.

<Fig. 2>

3.2 Synthesis and characterization of HHb-imprinted microspheres
With the functionalized silica microspheres as support, surface
imprinting of HHb was generated in aqueous monomer solution as shown
in scheme 1. The HMIMs were eventually obtained after the removal of
the embedded template protein. The SEM images of HMIMs and NIM
were shown in Fig. 3. A layer of polymer can be seen obviously on the
surface of microspheres, especially for the HMIMs , which illustrated that
the functionalized vinyl group has really reacted with the monomers and

cross-linking during the polymerization. To further confirm the existence

12
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of polymer on the surface of HMIMs and NIMs, a thermogravimetric
analysis was performed. As can be seen from Fig. S1, the weight loss of
both HMIMs and NIMs were higher than that of microspheres which had
never taken part in the process of polymerization. The results indicated
that the layers of polymer had been formed successfully during the
process of preparing HMIMs and NIMs through the interaction between
the functional group and the monomers and crosslinkers.

<Fig. 3>

3.3 Rebinding capacity and kinetics of HMIMs and NIMs

To study the adsorption isotherms, experiments were conducted with
a series of HHb solution with concentration ranging from 10 to 500 ug
mL™". As can be seen from Fig. 4, the rebinding capacities of the HMIMs
and NIMs to HHb are quite different. Within the given concentration
range, the binding amounts of HMIMs are much higher than that of NIMs,
especially when the initial concentration of HHb was higher than 200 pg
mL™". It is noted that the binding amount gap between the HMIMs and
NIMs is small at low HHb concentrations. This is possibly attributed to
that the nonspecific adsorption played a dominant role played a dominant
role at low concentration of HHb while the specific adsorption was more

apparent at high concentration of HHb **. The different binding amount

13
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between HMIMs and NIMs certified the existence of the imprinting
cavities on the surface of the HMIMs.

<Fig. 4>

The rebinding kinetics experiments were conducted with an initial
HHb concentration of 200 pg mL". As shown in Fig. 5, the HMIMs
reached the maximum adsorption at 4 h, while the NIMs climbed slowly
as the time went by, indicating that the HMIMs showed a faster rebinding
rate than NIMs. What is more, the rebinding amount of HMIMs towards
template protein is obviously higher than NIMs, which further confirmed
that the spatial integrity of the recognition sites has been formed on the
surface of HMIMs during the imprinting process. The faster rebinding
rate and the higher rebinding amount of HMIMs are attributed to the
existence of imprinting cavities on HMIMs. On the other hand, NIMs are
lack of imprinting cavities for, thus the structures of the formed polymers
are estimated not as loose as HMIMs, which brought about the low
binding rate and capacity.

<Fig. 5>

3.4 Specificity and selectivity of HMIMs

To investigate the specificity and selectivity of HMIMs towards HHb,

14
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two other proteins with different isoelectric points (pI) and molecular
weights (MW) were chosen as references in the selectivity experiments.
The pI and MW of those proteins are as follows: HHb (pI 7.2, MW 64.5
W), BSA (pl 4.7, MW 67 W), Lys (pl 11.1, MW 1.4 W). The adsorption
capacities of HMIMs and NIMs to these proteins in pH 7.0 Tris-HCI
buffer with a feed concentration of 200 pug mL™ were shown in Fig. 6.
The ratio of binding capacity of HMIMs to NIMs is defined as imprinting
factor (IF). It can be seen from Fig. 6 that the HMIMs exhibit significant
adsorption selectivity to HHb with the highest IF of 1.90, and show a
specific rebinding amount of 98 mg g”' to HHb, higher than that of BSA
which has the similar molecular weight as HHb. The results are attributed
to the intrinsic selectivity due to the recognition sites on the surface of
HMIMs.

Meanwhile, it is also noticed that both of HMIMs and NIMs exhibit
higher rebinding capacity towards Lys. This is possibly ascribed to that
Lys molecule is so small (1.4 W) that it is easier to entrance into the
polymer cavities, including specific imprinting cavities and non-specific
cavities.

<Fig. 6>

3.5 Regeneration and Reproducibility

15
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In order to test the reusability of HMIMs, the HHb adsorption-
desorption procedures were repeated for 4 times with the same imprinted
microspheres at room temperature. After each adsorption, the HMIMs
and NIMs were washed by 0.5 M NaCl solution and deionized water until
no UV absorption of HHb could be detected by a UV/Vis
spectrophotometer at 406 nm. As shown in Fig. 7, the adsorbed amounts
of HHb on HMIMs have hardly changed after four cycles of
adsorption-desorption. These results indicate that the obtained HMIMs
are easy to regenerate and can be reused for several times.

<Fig. 7>

3.6 QCM Evaluation

To further investigate the selective recognition property of HMIMs to
target HHb, HMIMs and NIMs are used as the sensing coatings on the 9
MHz quartz crystal microbalance (QCM). The frequency responses of
HMIMs-coated electrodes and NIMs-coated electrodes to various target
proteins were shown in Fig. 8. And the representative time course of the
frequency change (AF) of HMIMs-coated electrode and NIMs-coated
electrode to HHb was shown in Fig. 8 (insert curve). As shown in Fig. 8
that the HMIMs-coated electrode showed a much bigger response to HHb

(Fig. 8, solid square) than BSA (Fig. 8, solid cycle). The distinctly

16
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different responses are ascribed to the stronger interaction between
HMIMs and HHb. Meanwhile, the NIMs-coated electrode showed a quite
small response to both HHb (Fig. 8, solid inverted triangle) and BSA (Fig.
8, solid triangle), which implies that there is very weak adsorption
occurred between NIMs and the proteins. The selective response to HHb
of HMIMs certified the existence of the specific binding sites at the
surface of HMIMs. Thus, the HMIMs modified QCM can provide a
convenient way for the fast sensing of HHb solution with high sensitivity.
Since there is no recognition sites at the surface of NIMs, HHb and BSA
showed similar rebinding curves on the NIMs coated QCM sensor.

<Fig. 8>

4. Conclusions

The hydrophilic molecularly imprinted microspheres (HMIMs)
functionalized with amino and carboxyl groups have been synthesized
successfully using HHb as template protein. The introduced amino and
carboxylic groups on the surface of microspheres play an important role
in the formation of recognition sites for template protein through the
hydrogen bond and electrostatic force during copolymerization. Thus, the
HMIMs obtained have shown the improved imprinting effect for the

template protein. The results from the characterizations of adsorption

17
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isotherms, dynamic binding as well as quartz crystal microbalance (QCM)
indicate that the HMIMs prepared exhibit good selectivity to target
protein HHb. Besides HHD, the functionalized microspheres are expected
to be used to imprint other target proteins, thus, providing a universal way
for the preparation of sensitive materials for recognizing proteins in

aqueous media.
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Legends of Schemes, Figures

Scheme 1 The synthetic route of the functionalized silica microspheres

and HHb-imprinted microspheres

Fig. 1 The infrared spectra of the bare silica microspheres and
functionalized silica microspheres

Fig. 2 The electron energy spectra of silica microspheres and
functionalized silica microspheres (A: SiO,, B: Si0,-R-NH-COOH).

Fig. 3 The Scanning electron microscope of (a) NIMs, (b) HMIMs

Fig. 4 Adsorption isotherms of HHb on HMIMs and NIMs (Adsorption
condition: V=10 mL, m=20 mg, adsorption time 10 h, room temperature,
pH 7.0)

Fig. 5 Dynamic binding curve of HHb on HMIMs and NIMs (Adsorption
condition: V=10 mL, m=20 mg, C,=0.2 mg mL"', room temperature, pH

7.0)

Fig. 6 Rebinding amounts of different proteins on HMIMs and NIMs
(Adsorption condition: Cp =200 pg mL'l, V=10 mL, mass of HMIMs

and NIMs is 20 mg, adsorption time 4 h, room temperature, pH 7.0)

Fig. 7 The repeatable test of HMIMs and NIMs (Adsorption condition:
Connp = 200 pg mL'l, V=10 mL, mass of HMIMs and NIMs is 20 mg,

23



RSC Advances Page 24 of 33

adsorption time 4 h, room temperature, pH 7.0)

Fig. 8 The frequency responses of HMIMs-coated electrode and

NIMs-coated electrode to target proteins
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Scheme 1 The synthetic route of the functionalized silica microspheres and HHb-imprinted microspheres
186x84mm (300 x 300 DPI)



RSC Advances Page 26 of 33

80 -

-~
(4]
1

3401 SLOH
Si0,-R-NH,

70

2939
LU NH

1647
1710 C.0
-0

Transmittance(T%)

Si0,-R-NH-COOH

1100

65

942
LA NH

» I ] 1 L I = 1 2 I
4000 3500 3000 2500 2000 1500 1000
Wavenumber(cm™)

Fig. 1 The infrared spectra of the bare silica microspheres and functionalized silica microspheres
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Fig. 2 The electron energy spectra of silica microspheres and functionalized silica microspheres (A: SiO2, B:
Si02-COOH)
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Fig. 3 The Scanning electron microscope of (a) NIMs, (b) HMIMs
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Fig. 4 Adsorption isotherms of HHb on HMIMs and NIMs (Adsorption condition: V=10 mL, m=20 mg,
adsorption time 10 h, room temperature, pH 7.0)
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Fig. 5 Dynamic binding curve of HHb on HMIMs and NIMs (Adsorption condition: V=10 mL, m=20 mg,
C0=0.2 mg mL-1, room temperature, pH 7.0)
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Fig. 6 Rebinding amounts of different proteins on HMIMs and NIMs (Adsorption condition: CO,HHb=200 ug
mL-1, V=10 mL, mass of HMIMs and NIMs is 20 mg, adsorption time 4 h, room temperature, pH 7.0)
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Fig. 7 The repeatable test of HMIMs and NIMs (Adsorption condition: CO,HHb = 200 ug mL-1, V=10 mL,
mass of HMIMs and NIMs is 20 mg, adsorption time 4 h, room temperature, pH 7.0)
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Fig. 8 The frequency responses of HMIMs-coated electrode and NIMs-coated electrode to target proteins
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