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ABSTRACT

A novel quartz crystal microbalance (QCM) biosensor with high selectivity and sensitivity has been
developed for ribonuclease A determination. Macroporous protein imprinted films have been fabricated
on the surface of QCM electrode using 2,2,3,4,4,4-hexafluorobutyl methacrylate (HFBMA) as the main
matrix monomer, N-methacryloyl-histidine (MAH) as the functional monomer, and trimethylolpropane
trimethacrylate (TRIM) as the cross-linker. The imprinted special surface area and the quantity of the
imprinted sites were increased by the formation of macropores that were generated by employing
calcium carbonate nanoparticles as the porogen. The selectivity factor was improved obviously for the
fluoromonomer containing system, especially in dilute protein solution, which gets benefit from
the reducing of the nonspecific adsorption of proteins. Furthermore, MAH can not only play the role as
the functional monomer, but also improve the hydrophilicity of surface of the imprinted film, which
makes for the adsorption of proteins. At last, the rigid skeleton structure made the films durable in the

N-methacryloyl-histidine
recycled tests.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

In the recent years, there has been a growing interest in
molecular sensors demonstrating not only high specificity, sensi-
tivity, and quick response, but also easy regeneration and use in
analyte detection, medical diagnostics, stimulant control and drug
delivery (Yano and Karube, 1999; Byren and Dianmond, 2006;
Potyrailo, 2006; Sellergren and Allender, 2005). Although some
progresses have been made towards improving the performances
of sensors, it is still a challenge to find an efficient way to
construct an extensively practicable sensor that simultaneously
possesses all these desirable features rather than improving one
feature at the expense of another.

With the development of biotechnology and modern electro-
nics, quartz crystal microbalance (QCM) sensors, due to their less
sample consumption and simple operation, have been widely
used because of their high sensitivity, label-free, shorter analysis
time and real-time analysis (Jonsson et al., 2008). For a rigid,
uniform and thin-film layer, the oscillation frequency shift is
directly proportional to the mass change on the surface of quartz
crystal, which makes the QCM an increasingly popular platform
for biosensor applications (Aizawa et al., 2004). In the recent
years, the combination of QCM with molecular imprinting (MIP)
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technology for molecular recognition has attracted much atten-
tion (Cui et al., 2000; Lee and James, 2011).

Molecular imprinting is a promising technique for analyte
detection. Although small molecule imprinting has been straight-
forward now (Wang et al., 2006; Pernites et al., 2011; Li et al,,
2011), demands for recognition of macromolecules, such as DNA
and proteins, are continually growing in recent years (Xia et al.,
2005; Guo et al., 2004; Bossi et al., 2007; Cutivet et al., 2009;
Zhang et al., 2011). But the major problem associated with the
imprinting of proteins lies in their restricted mobility within
highly cross-linked polymer networks and the poor efficiency in
rebinding (Lu et al., 2012). Meanwhile, the flexible structure, easy
denaturation and large size of proteins will hinder them from
reaching and leaving binding sites. Thereupon, surface imprinting
has been developed to overcome these problems (Tan et al,
2008).

During protein imprinting process, methacrylic acid (MAA)
and acrylamide (AAM) are usually used as the functional mono-
mers, because the “soft” character imparts the imprinted hydro-
gel matrices good conformation adaptability to the protein.
However, disadvantages such as the structure instability and poor
mechanical properties limit their practical application. So rigid
organic polymer or organic/inorganic hybrid material was recon-
sidered by many researchers (Tan and Tong, 2007; Tatemichi
et al, 2007). In our prior work, the rigid monomer methyl
methacrylate (MMA) was also used as the main matrix (Zhou
et al., 2011). The interactions between template protein and the
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MMA matrix are mainly based on the hydrophobic interaction,
which is quite strong compared to other interactions such as
hydrogen bond and ion interaction in aqueous environment.
However the hydrophobic interaction does not have specificity,
which would negatively interfere with the recognition properties
(Bures et al., 2011). Thus a considerable reduction for the hydro-
phobic interaction between the MIP surface and the template is
required, which was achieved through the introduction of hydro-
philic components and this also would lead to a relatively higher
selectivity of the material (Yang et al., 2011).

As we know, fluoropolymers have many unique characteristics
such as high hydrophobicity, high thermal and mechanical
stability, oil and water-repellency, and very interesting surface
properties (Liu et al., 2012). So to reduce nonspecific adsorption
and fabricate a rigid structure, 2,2,3,4,4,4-hexafluorobutyl metha-
crylate (HFBMA) was selected as the main matrix monomer. The
fluorine-containing segments, due to their low surface free
energy, would be prone to gather on the solid-air interface,
forming an excellent protein barrier during application (Ernsting
et al., 2007; Kwon et al., 2011; Zhang et al., 2012). Unlike acrylate
based polymer as the monomer, the presence of fluorinated
groups would lessen the nonspecific adsorption due to protein
repulsion behavior. On the other hand, N-methacryloyl-histidine
(MAH) was introduced as the functional monomer, which would
enlarge the specific binding affinity to the target protein because
of electrostatic interactions between MAH and proteins in neutral
solutions. As far as we know, there are not related reports on
protein imprinted film with the balance of reduced nonspecific
adsorption and enhanced specific adsorption based on QCM
sensor by now.

In this special system, imprinted films are fabricated in situ on
the surface of QCM electrode. Once target molecules are adsorbed
into the imprinted cavities, the oscillation frequency decreases.
However the oscillation frequency shift usually derives from both
mass change on the electrode and viscoelasticity variation at
interface. But for a rigid system, the mass change is directly
proportional to the frequency shifts and can be estimated more
directly and efficiently. As a piezoelectric acoustic sensor, QCM
has high sensitivity, but the efficient surface area of the electrode
is so small that leads to a relatively low adsorption capacity and
compromises the detection sensitivity. Consequently, increasing
the specific surface area of sensing materials is a facile approach
to further improve the sensitivity of QCM sensors (Zheng et al.,
2008). For example, Ding et al. (2011) developed a polyethylene-
imine (PEI) modified electrospun polystyrene (PS) (PEI-PS) nano-
porous fibers coated QCM sensor to enhance formaldehyde
sensing. In our previous work, calcium carbonate nanoparticles
were used as the porogen in the preparation of imprinted film and
performed excellent porous effect (Zhou et al., 2011). Thus, this
method was still utilized to this new material system.

2. Experimental
2.1. Materials

2,2,3,4,4,4-hexafluorobutyl methacrylate (HFBMA, Xeogia
Fluorine-Silicon Chemical, Harbin, China), butyl Methacrylate
(BMA, Tianjin Chemical Reagent Institute, China) and trimethyl-
olpropane trimethacrylate (TRIM, Tianjin Chemical Reagent Insti-
tute, China) was vacuum distilled prior to use. N-methacryloyl-
histidine (MAH) was prepared as the reference (Say et al., 2002)
and the 'H NMR data are that 6ppm: 5.36 (s, 1H), 5.45 (s, 1H), 6.97,
6.94 (d, 1H), 7.70, 7.68 (d, 1H) and the yield is about 53%. Darocur
1173 was purchased from Ciba Specialty Chemicals Co. Ltd
(China). Ribonuclease A (pI=7.8, M, =13,700) from bovine

pancreas and Lysozyme (pI=11.2, M,,=14,300) from chicken
egg white were purchased from Beijing Dingguo Biotech. Co.
Ltd. (China). Phosphate buffer solution (PBS, pH=7.2, 0.05 M)
was purchased from Lianxing Biotech. Co. Ltd. (China). Calcium
carbonate nanoparticles (15-40 nm in diameter) were gained
from Nanomaterials Technology Co. Ltd. (China).

2.2. QCM apparatus

The Quartz Crystal Microbalance (QCM200) from Stanford
Research Systems, Inc. (USA) is composed of Crystal Holder,
Oscillator Module, Frequency Counter and PC interface connec-
tion for signal output visualization. A 5 MHz AT-cut piezoelectric
quartz wafer (2.54cm in diameter) attached with two gold
electrodes (0.40 cm? active oscillation area) on both sides was
used as the transducer of the QCM biosensor of this study. The
crystal was placed in the holder and positioned by two O-rings so
that one side of the electrodes was exposed to the sample
solution. The measurement chamber formed by the Teflon holder
and flow cell was about 150 pL. And the crystal oscillation signal
readout was recorded by QCM software installed on a host
personal computer.

2.3. Preparation of ribonuclease A imprinted macroporous (porous-
HFBMA-MAH-MIP) film

Prior to use, quartz wafer was first rinsed with deionized water
and ethanol for three times respectively and dried under gentle
nitrogen flow atmosphere. The freshly cleaned chip was dipped
into allyl mercaptan solution overnight, the gold electrode was
then washed with ethanol and deionized water to remove excess
thiols and dried under nitrogen.

To get 4.0 mg/mL calcium carbonate nanoparticles suspension,
200.0 mg calcium carbonate nanoparticles were dispersed into
50.0 mL anhydrous ethanol through high-speed shearing at
5000 rpm for 5 min and ultrasonic vibration for 10 min. Then a
clean round glass coverslip (12 mm in diameter and treated with
trimethylchlorosilane solution beforehand) was dipped into the
nanoparticles suspension, taken out vertically with a steady pace,
placed flat and dried at ambient temperature. After 20 times of
above operation, the coverslip was covered with a white layer of
calcium carbonate nanoparticles. Dropping 50 pL of ribonuclease
A phosphate buffer solution (25 mg/mL) onto the nanoparticles
layer, the white layer became transparent, indicating the success-
ful infiltration of protein solution. Then the coverslip was
subjected to spin-coating at 600 rpm for 18 s and 5000 rpm for
30 s. Twice the dropping and spin-coating operation, then repeat
the above procedure with MAH phosphate buffer solution
(50 mg/mL). Afterwards, 2 pL of homogeneous mixture of HFBMA
(160 pL), TRIM (80 pL) and 1173 (10 pL) was dropped onto the
nanoparticles/template/MAH layer. Once again the layer became
transparent, and a 5 MHz AT-cut quartz crystal electrode was
covered on the top of the polymer precursors. Then the sandwich
(glass coverslip/calcium carbonate nanoparticles layer/template
protein/MAH/ polymer precursors/quartz crystal electrode) was
exposed to UV light (365 nm, 1200 W, 50 cm high, every 30 s UV
exposure following by 10 min cooling) to photopolymerize for
1 min under nitrogen atmosphere. After polymerization, the glass
coverslip was peeled off and the sandwich (calcium carbonate
nanoparticles layer/template protein/MAH/polymer precursors/
quartz crystal electrode) was dipped into 2% hydrochloric acid
solution for 0.5 h to fully dissolve the calcium carbonate nano-
particles. The obtained complex layer (protein imprinted polymer
film/quartz crystal electrode) was washed with sodium chloride
solution (3 M) for at least 10 h in order to remove the template
completely. The obtained macroporous imprinted film was then
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Scheme 1. Schematic illustration for the structure of macroporous protein surface imprinted film coated on a QCM electrode and the microcosmic interactions between

protein and matrix in the macropore.

washed with deionized water and maintained in phosphate buffer
solution (PBS, pH=7.2, 0.05 M) for protein assays. The structure
of macroporous protein surface imprinted film is illustrated in
Scheme 1.

The film using BMA as the main matrix monomer (porous-
BMA-MAH-MIP) was also prepared in the same way as above. The
nonimprinted macroporous (porous-HFBMA-MAH-NIP) film, the
imprinted nonporous (nonporous-HFBMA-MAH-MIP) film and
the imprinted macroporous (porous-HFBMA-MIP) film without
MAH were fabricated in the same way except the presence of
template, porogen and MAH respectively.

2.4. QCM measurements

Different films were prepared on quartz crystal electrode
respectively and transferred to the chamber of the 5 MHz quartz
crystal microbalance. Before each protein binding experiment, the
crystal electrode was immersed in the phosphate buffer solution
to equilibrate as long as possible to reduce the long-term
frequency shifts. For the resonance tests, the basic oscillation
frequency was first recorded (fp), while it was stabilizing within
+2 Hz in 30 min in phosphate buffer solution. Then 150 pL of
ribonuclease A sample in different concentrations (1 x 1076,
1x107% 5x107° 1x107% 5x107% 1x10"3g/mL) was
injected into the flow cell at a steady fast speed and the tests
were conducted under the static condition afterwards. After
30 min of each injection, the oscillation frequency was recorded
again (f;) and the frequency shift could be calculated (Afi=f;—fo).
Then 10 mL of sodium chloride (0.5 M) phosphate buffer solution

(pH=7.2, 0.05 M, denoted as the elution solution) was injected
into the chamber to elute the adsorbed protein. Followed with
phosphate buffer solution injection until the QCM oscillation
frequency was back to the basic frequency. For the selectivity
tests, lysozyme was dissolved in phosphate buffer solution (PBS,
pH=7.2, 0.05M) and the measurements were conducted in
analogy to that of ribonuclease A sample did. For each test, the
capacitance cancellation was checked and readjusted. All the
measurements were carried out at 21 °C.

The imprinting specificity of a MIP is evaluated by the
selectivity factor (SF), which is defined as follows:

SF= Afi-template/Afi-control M

where Afi_template iS the Af; of the MIP film for template protein
and Afi_control i the Af; of the MIP film for control protein.

2.5. Characterization

TH NMR spectrum was recorded on a Varian UNITY-plus 400
spectrometer with D20 as the solvent.

The surface morphologies of films were investigated by scan-
ning electron microscopy (SEM, ZEOLZSM6700F, Japan).

Water contact angles (WCA) were measured with Dataphysics
OCA ISEC contact angle meter (German). A droplet of deionized
water was placed on the polymeric thin film, and the contact
angle was measured by video imaging, using the “circle method”.

Elemental analyzer (vario EL CUBE, German) was used to
characterize the composition of the copolymer films.
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3. Results and discussion
3.1. Design of the imprinted film materials

In recent years, much progress has been made in constructing
surface protein imprinted polymers using acrylate materials as
the monomer (Tan and Tong, 2007; Tatemichi et al., 2007; Zhou
et al., 2011). However, the nonspecific interactions between
protein and acrylate are so strong, that may interfere with the
imprinting effect. Through surface hydrophilic modification, the
nonspecific interactions between protein and acrylate can be
lessened (Yang et al.,, 2011; Hua et al,, 2011). But the effect is
not outstanding, the possible reason is that though the nonspe-
cific adsorption decreases after the introduction of hydrophilic
interactions, meanwhile specific adsorption originate from hydro-
phobic interactions also decreases obviously. Accordingly the
selectivity was improved at the expense of decreased adsorption
capacity. Thus seeking more desirable material design proposal is
a significant theme all the while. Fluorine-containing materials
are selected as the matrix which exhibit stronger hydrophobicity
compared to acrylate based matrix. Whereas fluoropolymers have
the property of protein-repellency, thereby the problem of strong
nonspecific adsorption due to hydrophobic interactions can be
overcome. To introduce specific interactions, hydrophilic func-
tional monomer MAH was designed and prepared in our work,
which made the protein easier to approach the surface of the
fluorine-containing hydrophobic matrix. To investigate the hydro-
philicity of the imprinted films after MAH introduction, the water
contact angles of three different kinds of films porous-HFBMA-
MIP, porous-HFBMA-MAH-MIP and porous-BMA-MAH-MIP were
measured. As Fig. S1 showed, the water contact angle of porous-
HFBMA-MIP film was as high as 110.4°, exhibiting a strong
hydrophobic feature. However, the water contact angles of
porous-HFBMA-MAH-MIP and porous-BMA-MAH-MIP films were

62.0° and 57.8° respectively. An obvious decrease in contact angle
was observed after MAH introduction, indicating that MAH can
enhance the hydrophilicity of the film largely. This is also an
evidence that MAH has been grafted to the surface of the film.
And the elemental analysis showed that the contents of N atom
were 1.7% and 2.2% for porous-BMA-MAH-MIP and porous-
HFBMA-MAH-MIP films respectively, while no N atom existed in
porous-HFBMA-MIP film. And this also indicates the effective
MAH introduction of the film.

3.2. Film morphology effect on template assay

To prepare the rigid porous-HFBMA-MAH-MIP film on QCM
electrode for protein recognition, calcium carbonate nanoparticles
(15-40 nm in diameter) were selected as the porogen. Scanning
electron microscopy was used to capture the microscopic images
of the films. Fig. 1a and b are the morphological images of the
porous-HFBMA-MAH-MIP film and the counterpart nonporous-
HFBMA-MAH-MIP film, which show significant morphological
differences. From Fig. 1a, irregularly shaped interconnected
macropores were observed. Instead, no macropore was observed
for the nonporous-HFBMA-MAH-MIP film from Fig. 1b, and the
surface of the film was very flat. With the porous and irregular
film morphology, the surface area was enlarged and numerous
imprinted sites could be generated on the inner surface. The
interconnected macroporous structure is favorable of protein
diffusion into the inner surface in the rebinding process, which
will lead to a fast rebinding kinetics. Moreover, in comparison
with other porogens, such as silica, calcium carbonate is relatively
easy-to-get, low-cost and can be removed easily in moderate
conditions. In addition, the thickness of the porous film fabricated
here was about 10 pm as shown in Fig. S2.

The porous-HFBMA-MAH-MIP and corresponding nonporous-
HFBMA-MAH-MIP films were subjected to ribonuclease A

Fig. 1. The SEM images of the porous-HFBMA-MAH-MIP film (a) and nonporous-HFBMA-MAH-MIP film (b).
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rebinding tests to elucidate their adsorption behaviors. For each
measurement, the rebinding tests had been performed in a series
of different protein solutions with concentrations from low
(1x10~%g/mL) to high (1 x 103 g/mL). As Fig. 2 showed, for
both porous-HFBMA-MAH-MIP and nonporous-HFBMA-MAH-
MIP films, the QCM frequency shifts increased all with the
increase of the ribonuclease A concentration. For the porous-
HFBMA-MAH-MIP film, 13.4 Hz frequency shift was observed
under the lowest concentration of 1 x 10~% g/mL and 60.1 Hz at
maximum. For the nonporous-HFBMA-MAH-MIP film, the corre-
sponding shifts were much smaller and just 7.5 Hz and 38.7 Hz
respectively. For the nonporous-HFBMA-MAH-MIP film, the effec-
tively imprinted area was just limited to the flat upper surface of
the film. However, for the porous-HFBMA-MAH-MIP film, the
frequency shifts were much larger than that of the nonporous-
HFBMA-MAH-MIP film, which could attribute to the fact that the
surface area of the porous film was larger, thus leading to more
imprinted sites generated on the film. Moreover, the binding
capacity for the porous-HFBMA-MAH-MIP film in dilute solutions
was larger than that of the nonporous-HFBMA-MAH-MIP film
owing to the weaker mass transport barrier. This enrichment
effect would amplify the response signal intensively and enhance
the detection limit of the biosensor.

3.3. Comparison of MIP and NIP films on template assay

The porous-HFBMA-MAH-MIP and porous-HFBMA-MAH-NIP
films were tested to investigate the affinity of imprinted film to
the template in the concentrations ranging from 1 x 10~° g/mL to
1 x 1073 g/mL. As shown in Fig. 3, the porous-HFBMA-MAH-MIP
film exhibited a higher frequency shift for template than that
of the porous-HFBMA-MAH-NIP film at the same concentration.
The frequency shift due to the presence of ribonuclease A for the
nonimprinted sensor turned out to be as low as 0.8 Hz under the
lowest concentration of 1 x 10~% g/mL, which could attribute to
that there was no imprinted site on the polymer surface that
could geometrically fit the protein and fluorinated groups could
prevent protein adsorption. At this concentration, the frequency
shift for the imprinted sensor was 17 times higher than that of the
nonimprinted one. This result indicated that the imprinted
cavities fit the size and shape of the template used for imprinting
and the imprinted film had specific affinity to the template. The
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Fig. 2. The frequency shifts of the porous-HFBMA-MAH-MIP and nonporous-
HFBMA-MAH-MIP films upon exposure to increasing concentrations of ribonu-
clease A solutions. Error bars indicate the standard deviation in triplicated
experiments.
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Fig. 3. The frequency shifts of the porous-HFBMA-MAH-MIP and porous-HFBMA-
MAH-NIP films upon exposure to increasing concentrations of ribonuclease A
solutions. Error bars indicate the standard deviation in triplicated experiments.

low adsorption of ribonuclease A for the nonimprinted film could
be attributed to no specific binding site and fluorinated groups
barrier.

3.4. Effect of MAH on template assay

Imprinted films with MAH as the functional monomer have
stronger specific binding affinity to the target protein because of
electrostatic interactions between MAH and proteins in neutral
solutions. To prove this, porous-HFBMA-MAH-MIP and porous-
HFBMA-MIP films were tested to investigate the affinity to the
template in the concentrations ranging from 1x 10~ %g/mL to
1 x 1073 g/mL. As shown in Fig. 4, for the porous-HFBMA-MAH-
MIP film, 13.4 Hz frequency shift was observed under the lowest
concentration of 1 x 10~° g/mL and 60.1 Hz at maximum. But for
the porous-HFBMA-MIP film, the corresponding shifts were just
2.9 Hz and 42.8 Hz respectively. Obviously, the presence of MAH
can enhance the adsorption capacity between matrix and proteins
and the effect of MAH is outstanding especially in lower protein
concentrations. The possible reason could be that because of
electrostatic interactions between MAH and proteins, template
could diffuse to the imprinted sites faster in dilute solutions, and
thus leading to more adsorption. While in the higher template
concentrations, the protein adsorption reached equilibrium
slowly, which lessened the effect of MAH. In conclusion, the
porous-HFBMA-MAH-MIP film exhibited a higher frequency shift
for template than that of the porous-HFBMA-MIP film at the same
concentration, indicating the enhanced specific adsorption from
the introduction of MAH.

3.5. Effect of HFBMA to the selectivity

Selectivity is a key parameter in preparing molecularly
imprinted polymers. In order to probe the selectivity and speci-
ficity of the biosensor to the target protein, lysozyme was
employed as the control protein for the selectivity tests because
of its similar molecular size and weight with ribonuclease A.
As Table 1 showed, for the porous-HFBMA-MAH-MIP film, under
the same series of concentrations determined, frequency shifts for
ribonuclease A increase from 13.4 Hz to 60.1 Hz, while for the
control lysozyme, the frequency shifts were 4.1 Hz and 49.7 Hz
respectively. The imprinting selectivity factors were 3.3 under the
concentrations of 1 x 10~ g/mL, and above 2.0 for the other three
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Fig. 4. The frequency shifts of the porous-HFBMA-MAH-MIP and porous-HFBMA-
MIP films upon exposure to increasing concentrations of ribonuclease A solutions.
Error bars indicate the standard deviation in triplicated experiments.

low concentrations (1 x 107>, 5 x 107>, 1 x 10~* g/mL). This was
mainly because that lysozyme was not shape complementary to
the ribonuclease A imprinted cavities, and the frequency shifts for
lysozyme arose from the nonspecific adsorption. But for the
template protein, numerous ribonuclease A imprinted cavities
were generated on the surface of the macropores in the film
fabrication process, thus specific adsorption to template in dilute
solutions was mainly through the synergistic effect of shape
complementary and electrostatic interactions during the recogni-
tion process. But in higher concentrations, more and more
imprinted cavities were occupied, thus leading to more nonspe-
cific adsorption. So the imprinting selectivity factors became
much smaller as the concentration increased.

To prove whether the fluoromonomer introduced into the
imprinted film could lessen the nonspecific adsorption, the
porous-BMA-MAH-MIP film was tested upon exposure to increas-
ing concentrations of template and control protein. As shown in
Table 1, the frequency shifts for porous-HFBMA-MAH-MIP film
were much smaller than the porous-BMA-MAH-MIP film in a
series of concentrations of lysozyme. The frequency shifts for
lysozyme arose mainly due to the nonspecific adsorption, so
fluorinated groups could lessen the nonspecific binding as we
expected. The frequency shifts for the two films were nearly the
same in the three low concentrations (1x107¢ 1x107>,
5x 107> g/mL) for ribonuclease A assays. While in dilute solu-
tions, the frequency response to the template was mainly due to
specific adsorption, thus illuminating that fluorinated groups had
a less influence to specific binding than acrylate based matrix. In
all, the introduction of fluorinated monomer had the effect of
reducing nonspecific adsorption of proteins. Consequently, the
imprinting selectivity factors of the porous-HFBMA-MAH-MIP
film were much larger than that of porous-BMA-MAH-MIP film
(Table 1).

3.6. Response feature

The rapid response to external stimuli which endows the
biosensors with real-time detection functionality is very signifi-
cant. In general, the response time is only several seconds for
small molecules, whereas for biomacromolecules such as pro-
teins, the response time is usually several or tens of minutes
because of the slow diffusion from bulk solution to recognition
sites. In our previous work (Zhou et al., 2011), films based on QCM

Table 1

The oscillation frequency shifts of the porous-HFBMA-MAH-MIP and porous-BMA-
MAH-MIP porous films upon exposure to increasing concentrations of ribonu-
clease A and lysozyme solutions ( &+ SD, n=3).

C(g/mL) Porous-HFBMA-MAH-MIP Porous-BMA-MAH-MIP

Af (Hz) Af (Hz)

ribonuclease A lysozyme SF ribonuclease A lysozyme SF

1x107% 13.4+23 41+16 33 122+3.1 78+17 16
1x107> 23.0+3.9 92+1.1 25 21.8+28 15.0+1.8 14
5x107° 29.1+73 141+32 21 320406 222421 14
1x107% 39.4+4.0 173+35 23 453421 276+20 16
5x107% 52.8+2.1 33.1+£35 1.6 632+26 486+1.7 13
1x107% 60.1+0.7 49.7+56 1.2 793+48 644+28 1.2

were designed with only acrylate based polymer, and the
response time was about 10 min. The response of the biosensor
based on this work and exposed to a series of concentrations of
ribonuclease A was shown in Fig. S3, indicating a rapid response
time for about 1 min. This result can be explained that on one
hand the interconnected macroporous structure is favorable of
the diffusion of protein macromolecules to the imprinted cavities,
and on the other hand electrostatic interactions between MAH
and proteins make it fast to reach the adsorption equilibrium. The
rapid response and short equilibrium-attainment time features
endow the biosensor with real-time functionality.

In addition, for different films, each of ribonuclease A and
lysozyme was tested 3 times, and the deviations were small as
Table 1 showed, indicating that the QCM sensor still worked
efficiently after 6 times of recycled measurements, and the films
were durable in the tested aqueous condition. The frequency shift
for ribonuclease A was 59.5 Hz after continuous injection of the
template in different concentrations, which was 60.0 Hz after
2 months for the porous-HFBMA-MAH-MIP film, so the QCM
sensor fabricated in our lab could be stored for 2 months or more.

4. Conclusion

In this work, we have fabricated a novel macroporous protein
imprinted film based on QCM using MAH as the functional
monomer and HFBMA as the matrix monomer. The surface area
of the biosensor was effectively enlarged by employing calcium
carbonate nanoparticles as the porogen. The specific binding
affinity to the target protein ribonuclease A was enhanced
because of electrostatic interactions between MAH and proteins
in neutral solutions. Simultaneously, fluoromonomer HFBMA can
reduce the nonspecific protein adsorption, which leads to a larger
selectivity factor. The biosensor is specific, selective and fast
response to dilute ribonuclease A solutions. The strategy pro-
posed here has great promise to create devices for high perfor-
mance protein detection in aqueous environment.
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