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a  b  s  t  r  a  c  t

We  have  developed  a biomimetic  sensor  for the  detection  of human  immunodeficiency  virus  type  1
(HIV-1)  related  protein  (glycoprotein  41,  gp41)  based  on epitope  imprinting  technique.  gp41  is  the
transmembrane  protein  of  HIV-1  and plays  an  important  role  in  membrane  fusion  between  viruses  and
infected  cells.  It is an important  index  for determining  the  extent  of HIV-1  disease  progression  and  the
efficacy  of  therapeutic  intervention.  In this  work,  dopamine  was  used  as  the  functional  monomer  and
polymerized  on  the  surface  of quartz  crystal  microbalance  (QCM)  chip  in  the  presence  of template,  a
synthetic  peptide  with  35  amino  acid  residues,  analogous  to  residues  579–613  of  the  gp41.  This  pro-
cess  resulted  in  grafting  a hydrophilic  molecularly  imprinted  polymer  (MIP)  film  on  the QCM  chip.
QCM  measurement  showed  that  the  resulting  MIP  film  not  only  had  a great  affinity  towards  the  tem-
plate  peptide,  but  also  could  bind  the  corresponding  gp41  protein  specifically.  The dissociation  constant

(Kd) of  MIP  for  the  template  peptide  was  calculated  to be 3.17  nM  through  Scatchard  analysis,  which
was  similar  to those  of monoclonal  antibodies.  Direct  detection  of  the gp41  was  achieved  quantita-
tively  using  the  resulting  MIP-based  biomimetic  sensor.  The  detection  limit  of  gp41  was  2 ng/mL,  which
was  comparable  to the  reported  ELISA  method.  In addition,  the  practical  analytical  performance  of  the
sensor  was  examined  by  evaluating  the  detection  of gp41  in  human  urine  samples  with  satisfactory
results.
. Introduction

The concept of molecularly imprinted polymers (MIPs) has a
ong history dating back to the early 1930s (Polyakov, 1931). MIPs
re artificial made receptors with the ability to recognize and to
pecially bind the target molecule (Wulff and Sarhan, 1972; Wulff,
995; Vlatakis et al., 1993). The synthesis of MIPs involves the for-
ation of a complex of a target molecule (template) with one or
ore functional monomers though either covalent or noncovalent

onds followed by a polymerization reaction with cross-linking
gent. Upon removal of the template, the binding sits are produced
hat are complementary to the template in shape, size, and the posi-
ion of the functional groups. The stability, ease of preparation, and

ow cost of MIPs have led to their assessment as substitutes for
ntibodies or enzymes in sensors, catalysis, and separations (Haupt,
003; Alexander et al., 2006; Ye and Mosbach, 2008; Ge and Turner,
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∗∗ Corresponding author.
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2009). Although creating a MIP  against small molecules (Wang
et al., 2006; Gao et al., 2007; Riskin et al., 2008, 2009; Tan et al.,
2009; Bui et al., 2010; Stringer et al., 2010; Pernites et al., 2011; Li
et al., 2011) or peptides (Hoshino et al., 2008; Zeng et al., 2010) is
straightforward now, imprinting of large structures, such as pro-
teins and other biomacromolecules, is still a challenge (Shi et al.,
1999; Bossi et al., 2001, 2007; Ge and Turner, 2008; Cutivet et al.,
2009; He et al., 2010; Cai et al., 2010; Zhang et al., 2011). 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. Meanwhile, the molecular
size, conformational flexibility and sensitivity to denaturation of
proteins would also make them difficult for imprinting. Conse-
quently, some approaches, such as surface imprinting (Li et al.,
2006; Tatemichi et al., 2007; Nematollahzadeh et al., 2011) and
epitope imprinting (Rachkov and Minour, 2000; Tai et al., 2005,
2010; Nishino et al., 2006), have been developed to overcome these

problems.

Epitope imprinting is first demonstrated by Minoura and
coworkers for peptide recognition (Rachkov and Minour, 2000).
In this process, a fragment exposed on the epitope of the target

dx.doi.org/10.1016/j.bios.2011.11.008
http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:hhyang@fio.org.cn
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acromolecular is used as template, the resultant MIP  recognize
ot only the template but also the whole macromolecule. For
xample, in 2006, Shea and coworkers use the epitope-peptides
f cytochrome C and bovine serum albumin as templates for
reating macromolecular receptors for proteins (Nishino et al.,
006). Recently, Tai and coworkers developed a MIP-coated quartz
rystal microbalance sensor for the dengue virus NS1 protein using
pitope-mediated imprinting (Tai et al., 2010). Compared with
raditional protein imprinting approaches, epitope imprinting has
everal advantages (Ge and Turner, 2008). Firstly, more specific
nd stronger interactions with a fragment or small part of the
acromolecule can lower the non-specific binding and improve

he affinity. Secondly, the polymer can not only recognize the
emplate but also the entire protein and the operation procedures
re easier. Thirdly, the short peptides as the epitopes for imprint-
ng are low cost. However, little work of epitope imprinting has
een conducted for detection of proteins in real human fluid
amples.

HIV-1 glycoprotein 41 (HIV-1 gp41) is a protein that sits in the
irus coat of human immunodeficiency virus type 1 (HIV-1), which
s the causative agent of the acquired immunodeficiency syndrome
AIDS) (Contreras et al., 2001). It locates in the phospholipids bilayer
nd plays an important role in membrane fusion between viruses
nd target cells upon gp120 binding of CD4. After the viral attach-
ng to cells, gp41 is thought to undergo a conformational change to

ediate the fusion of the viral and target cell membranes (Dwyer
t al., 2003; Burton et al., 2004; Buzón and Cladera, 2006). gp41
s an important protein that is not only relevant in fusion, but its
ctivation process may  provide novel strategies for vaccine and
ntiviral drug development (Chan et al., 1998). Therefore, devel-
ping a convenient, sensitive method for determination of gp41
s of great meaning in early clinical diagnosis and pathogenetic
ondition monitoring.

In this work, a MIP-coated quartz crystal microbalance (QCM)
iomimetic sensor for the gp41 protein was fabricated by epitope-

mprinting techniques. Dopamine was used as functional monomer
nd a synthetic peptide with 35 amino acid residues, analogous
o residues 579–613 of the HIV-1 gp41 was used as the template.
p41 fragment 579–613 is a major immunodominant region that
an be recognized by antibodies from approximately 98% of AIDS
atients. Commonly known as a neurotransmitter, dopamine is
lso a small-molecule mimic  of the adhesive proteins. Recently,
essersmith reported a simple but versatile surface modifica-

ion approach in which self-polymerization of dopamine at weak
lkaline pH produced an adherent polydopamine coating on a
ide variety of materials including noble metals, oxides, semi-

onductors, and ceramics (Lee et al., 2007). The polydopamine
lms were found to be a versatile platform for further modifica-
ion, leading to tailoring of the films for diverse functional uses
Lee et al., 2007). The detailed understanding of the polymer-
zation mechanism of polydopamine was unknown so far. The
revalent view was that in alkaline conditions catechol was eas-

ly oxidized to quinone form, and the cross-linking was attributed
o the reverse dismutation reaction between catechol and quinone
orm of dopamine molecule (Burzio and Waite, 2000; van der
eeden, 2005). Recently, polydopamine has been used successfully
or molecular imprinting due to the high stability, hydrophilic-
ty and biocompatibility (Ouyang et al., 2007, 2008; Zhou et al.,
010). However, there is no report about the application of poly-
opamine in epitope-imprinting. In this work, we  demonstrated
hat the epitope-imprinting polydopamine film can not only rec-
gnize the template but also recognize the corresponding protein.

urthermore, this new method offers several advantages such
s easy preparation, high stability and sensitivity, which would
ake this approach more practical in detection and separation of

io-samples.
ectronics 31 (2012) 439– 444

2. Materials and methods

2.1. Materials

The synthetic peptide of gp41 fragment 579–613 (RILA VERY
LKDQ QLLG IWGC SGKL ICTT AVPW NAS), peptide with two
mutated (underlined) residues (2M-peptide) (RILA VERY LKDQ
QAAG IWGC SGKL ICTT AVPW NAS), peptide with eleven mutated
residues (11M-peptide) (RILA VEAA LAAA QLLG IWGC AGAL ICAA
AVAA NAS), and the control peptide with thirty amino acid
residues (FHLL REML EMAK AEQE AEQA ALNR LLLE EA) were
purchased from the Beijing Biosynthesis Biotechnology Co., Ltd,
China. Dopamine hydrochloride was from Sigma–Aldrich. Ammo-
nium persulfate was from Alfa Aesar. Bovine serum albumin (BSA),
Tris(hydroxymethyl)aminomethane hydrochloride (Tris–HCl), and
other chemicals of analytical reagent grade were obtained from
Sinopharm Chemical Reagent Co., Ltd. All water used was obtained
from a Millipore Milli-Q purification system.

2.2. Instrument

The QCM (KSV model QCM-Z500) was obtained from KSV Instru-
ments Ltd (KSV, Finland). AT-cut planar silicon oxide-coated QCM
chips (14 mm diameter) with a nominal resonance frequency of
5 MHz  (4.95 MHz  ± 50 kHz) were supplied by Q-sense (Q-sense,
Swedish). Atomic force microscopic (AFM) images were taken out
using a Nanoscope IIIa multimode atomic force microscope (Veeco
Instruments, USA). The Fourier-transform infrared spectroscopy
(FT-IR) spectrum was recorded on a Nicolet 6700 spectrometer
(Thermo Electron Corporation, USA). The chemical composition
was investigated by X-ray photoelectron spectrometer (XPS) model
ESCALAB 250 (Thermo Electron Corporation, USA).

2.3. Preparation of molecularly imprinted polymer (MIP)-coated
QCM

Before used, the QCM chip were immersed in piranha solution
(H2O2/H2SO4 = 1/3) for 5 min, then rinsed exhaustively with deion-
ized water and drying with N2. A solution of peptide (0.1 mg/mL)
and dopamine was mixed thoroughly in Tris–HCl buffer (20 mM,
pH = 8.5). After depositing 200 �L of the aliquot on QCM  chip, the
chip was  placed horizontally for 6 h at room temperature. Then the
polydopamine coated QCM chip was washed with water contain-
ing 5% acetic acid for five times, followed by a wash with deionized
water to remove the template and drying.

The non-imprinted polymer (NIP) film was prepared as the same
procedure of MIP  except that in the presence of template.

2.4. Quartz crystal microbalance adsorption measurement

All adsorption experiments were performed by using QCM  (KSV
model QCM-Z500) at 26 ◦C. For each measurement, Tris–HCl buffer
(20 mM,  pH = 7.0) was first injected into the sample cell to obtain a
stable baseline (about 10 min  to reach equilibrium). Then, the tem-
plate peptide or protein with different concentration was injected
into the sample cell. The frequency of the QCM sensor decreased
rapidly and reached a steady value within 10 min. The adsorbed
mass, �m (g) on QCM chips after equilibrium is registered as
changes in frequency, �f  (Hz) through the Sauerbrey equation (Eq.
(1)) (Ouyang et al., 2007):

�m = −C
�f  (1)
n

where C is the mass sensitivity constant and n denotes the num-
ber of overtone (n = 1, 3, 5, . . .). In this paper, only the normalized
frequency shifts of fifth harmonic was  represented.
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. Results and discussion

.1. Formation of MIP  coatings on QCM

The fusion protein (glycoprotein gp41) of human immunodefi-
iency virus type 1 (HIV-1 gp41) is an expensive biomacromolecule,
hich is not suitable as template for molecular imprinting. In

his paper, the synthetic peptide of gp41 fragment 579–613 was
sed as template to prepare a quartz crystal microbalance (QCM)
iomimetic sensor. Dopamine was used as functional monomer and
rosslinking agent. During polymerization of dopamine, the syn-
hetic peptide was embedded in the polydopamine film through
he molecular recognition events (maybe including hydrogen bond,
onic bond and hydrophobic interaction between peptide and
opamine). Removal of the template left behind imprinted recog-
ition sites which are complimentary to the template in terms of
hape, size, and distribution of functional groups (Fig. 1).

The formation of polydopamine film was first monitored by
-ray photoelectron spectroscopic (XPS) measurements (Fig. 2).

n XPS spectrum, the peaks of C1s at 284.75 eV, N1s at 399.9 eV
nd O1s at 532.4 eV in the survey spectrum was  clearly observed
Fig. 2A). The ratio of nitrogen to carbon (N/C) peak areas was  0.119,
hich was near to the theoretical value of 0.125 of dopamine (Lee

t al., 2007), indicating the polymer was formed from the polymer-
zation of dopamine. The fitted C1 s XPS spectrum (Fig. 2B) displays
hree peaks at 284.45 eV, 286.02 eV and 287.95 eV attributed to
–C, C–N and C–O groups, respectively, which are in good accor-
ance with the assumed chemical composition of the polymer film
Ouyang et al., 2007).

Then the FT-IR spectrum was used to further verify the com-
osition of polymer (Supporting material, Fig. S1).  The peaks at
280 cm−1 and 1341 cm−1 may  be assigned to bending vibrations of
–H and stretching vibration of C–OH. The spectrum also showed

wo typical absorption peaks of phenyl group at 1512 cm−1 and
600 cm−1 (Ouyang et al., 2010). The broad band between about

−1 −1
200 cm and 3400 cm may  be contributed to the stretching
ibration of free –OH or –NH2, which is in the accordance with the
omposition of dopamine. All these groups provide an evidence for
ultifunctional binding sites to the template molecules.

Fig. 1. Schematic diagram representation of epitope-imprinting.
Fig. 2. XPS survey (A) and fitted C1s (B) spectra of polydopamine prepared without
template.

3.2. Characterization of surface morphology

The surface morphology of the obtained QCM  chip was  charac-
terized by AFM. Each scan represents a 1.0 �m × 1.0 �m lateral area
and the vertical scale is 20 nm per division. From the AFM images
(Supporting material, Fig. S2), the root mean-square (RMS) rough-
ness of MIP  and NIP was  obtained to be 1.95 and 1.77, respectively,
which were both higher than that of bare QCM chip, indicat-
ing that the polydopamine films were successfully synthesized on
QCM chip. Meanwhile, the similar RMS  value of MIP  and NIP film
indicated that there are no apparent morphological differences
between MIP  and NIP films.

3.3. Effect of dopamine concentration

In the process of peptide imprinting, dopamine was  polymer-
ized to form thin film on the surface of QCM chip. The thinness of
polydopamine film would have a great effect on the distribution of
recognition sites, which affect the rebinding capability of MIP  film
to the template directly. Thus, the film thickness which was  con-
trolled by the concentrations of dopamine is important in this work.
Fig. S3 (Supporting material) illustrates the effect of dopamine
concentrations on the rebinding capability. It is clearly that when

50 ng/mL of the template was  injected, the MIP-coated QCM chip
reached a maximum binding amount at 5 mg/mL of dopamine. This
may  be due to the fact that when less dopamine was used, the thin
polymer film was distributed unevenly on the surface of QCM chip,
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Fig. 3. Changes in MIP-coated QCM frequency in response to different concentra-
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Fig. 4. (A) The corresponding frequency shifts of the MIP-coated electrode (�)  and
NIP-coated electrode (�) for the different concentrations of HIV-1 gp41 related pep-
ions of template (10 ng/mL and 20 ng/mL of peptide). After the addition of template,
he  frequency of the sensor decreased rapidly and reached a steady value within
0  min.

hus the low density of the recognition sites would result in less
ebinding of the template. On the contrary, when the concentration
f dopamine larger than 5 mg/mL, thick polymer film was  form on
he surface of QCM chip. Because the template concentration was
xed at 50 ng/mL, the thicker film would decrease the density of
ecognition sites and lead to the decrease in rebinding. Therefore,

 mg/mL  of dopamine was  chosen in this study.

.4. Imprinting effect

Fig. 3 showed the frequency–time response of MIP-coated QCM
hip towards the template peptide at a concentration of 10 ng/mL
nd 20 ng/mL. It is clearly that when the analyte was  injected,
requency of the MIP-coated QCM sensor decreased rapidly and
eached a steady value within 10 min. This result suggested that the
inding of template molecules to the MIP  film was a fast process.

The MIP/NIP-coated QCM chips were tested on-line at 26 ◦C to
nvestigate the affinity of imprinted film to the template in the con-
entrations range from 2 ng/mL to 200 ng/mL. Fig. 4A showed the
dsorption isotherms of template peptide bound to the imprinted
lm and non-imprinted film. As shown in the Fig. 4A, the changes

n frequency of QCM, �f  (Hz) increased as increasing of the tem-
late concentrations and reach equilibrium at 100 ng/mL, which
emonstrated the increasing adsorption of the template molecule
n the QCM chip below 100 ng/mL. Meanwhile, the MIP-coated
CM chip exhibited a higher frequency change for template than

hat of NIP-coated QCM chip at the same concentration. For exam-
le, the maximal frequency shifts of the MIP-coated QCM sensor
owards the template was 15.13 Hz, whereas the NIP-coated sensor
esponded only 1.799 Hz at maximum. This result clearly indicated
hat the imprinted cavities fit the size and shape of the template

olecule used for imprinting and the resulting MIP-coated QCM
hip has specific affinity for the template peptide. The low adsorp-
ion of peptide to the non-imprinted film may  be attributed to
onspecific binding.

To further investigate the binding behaviors of MIP-coated QCM
hip towards the template, the QCM measured data were plotted
ith Scatchard plot equation (Eq. (2))  (Tai et al., 2005, 2010):

B

C
= − 1

Kd
B + Bmax

Kd
B = �f

Mw
(2)
here C and Mw are the concentration and molecular weight
f the analyte, respectively, B is the fraction of sites bound,
nd Kd is the dissociation constant. We  define that y = B/C, and

 = B. Therefore, the Scatchard plot equation was calculated to be
tide.  The frequency shifts were recorded after the sensor reach equilibrium state.
Error bars indicate the standard deviation in triplicated experiments. (B) Scatchard
analysis of the binding of template to the MIP  film.

y = −3.1496 × 108x − 5.4163 × 109, R2 = 0.9851 (Fig. 4B). From the
slope of equation, the Kd value for the template peptide on MIP-
coated QCM chip surface was calculated to be 3.17 nM,  which is
close to some monoclonal antibodies (Alam et al., 2008; Hinz et al.,
2009). The small Kd value suggested a high affinity of the MIP  to
template molecules.

3.5. Selectivity of QCM sensor

Selectivity is a key parameter in preparing molecularly
imprinted polymer. In this work, some of other biomolecules (BSA,
mutated peptides and the control peptide) were used to further
investigate the selectivity of the imprinted film. The data are
shown in Fig. 5A. It is clearly that the response of the MIP-coated
QCM chip to template peptide was observed almost 6 times
higher than that of control peptide and BSA. This result can be
traced back to the fact that the recognition sites of MIP  film were
complimentary to the shape, size and functional-groups of the
template, which was preorganized with the functional monomer
in imprinting process. In fact, the size of BSA is larger than template
peptide and had incorrect spatial orientation of the recognition
sites, thus was  seldom bound to the MIP  film. So is the control
peptide with different sequence and functional-groups from the
template, which prevents the binding of this peptide to the MIP

film. As to 2M-peptide, since it only has two  mutated amino acids
to the template peptide and has the similar functional-groups to
the template peptide, the respond of the MIP-coated QCM chip
to 2M-peptide was  similar to template peptide. The 11M-peptide
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Fig. 5. Responds of the obtained MIP-coated QCM chip (A) and NIP-coated QCM
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Fig. 6. The corresponding frequency shifts of the MIP-coated electrode for the dif-
ferent concentrations of HIV-1 gp41 protein. The frequency shifts were recorded
hip  (B) to BSA (�), GA-16-NH2 (�), 11M-peptide (�), 2M-peptide (�) and HIV-
 gp41 related peptide (�). The frequency shifts were recorded after the sensor
each equilibrium state. Error bars indicate the standard deviation in triplicated
xperiments.

as eleven mutated amino acids to the template peptide, thus the
espond of the MIP-coated QCM chip to 11M-peptide was much
ower than template peptide. As to NIP-coated QCM chip, it has

 low adsorption of template peptide and other biomolecules
ue to the nonspecific binding (Fig. 5B). These results can prove
hat the proposed epitope-imprinting technique is the sequence
elective method. The significantly high selectivity of MIP  film for
he template peptide with respect to other biomolecules further
onfirmed the success of the imprinting approach.

.6. Detection of HIV-1 gp41

Based on principle of epitope imprinting, the resultant MIP
ould recognize not only the template but also the whole macro-
olecule. In this study, the recognition of MIP-QCM towards the

orresponding HIV-1 gp41 protein was also characterized. As
hown in Fig. 6, the binding curve for frequency shift against HIV-1
p41 protein concentration was linear in the range from 5 ng/mL
o 200 ng/mL (relative standard deviation (RSD) range from 6.7%
o 15.4%, n = 3) with the linear equation of y = −5.8132x + 0.4031,
2 = 0.9928. The detection limit of HIV-1 gp41 protein was 2 ng/mL,
hich was comparable to the reported ELISA method. Therefore,

his result present that detection of HIV-1 gp41 protein by using
IP-QCM was feasible.
.7. Detection of HIV-1 gp41 in human urine sample

At last, the obtained MIP-coated QCM sensor was used for selec-
ive detection of HIV-1 gp41 in human urine samples. 10 mL  of
after the sensor reach equilibrium state. Error bars indicate the standard deviation
in  triplicated experiments.

human urine was centrifuged at 3000 rpm for 5 min, followed by
diluted with 20 mL  Tris–HCl (20 mM,  pH = 7.0) before used. Then
different concentrations of the HIV-1 gp41 were spiked in the
human urine samples mentioned above and determined by MIP-
coated QCM sensor. The recovery was in the range of 86.5–94.1%
(Supporting material, Table S1). The results suggested the feasibil-
ity of this approach to be applied in real samples detection.

4. Conclusions

In this study, we  have successfully fabricated a MIP-coated QCM
biomimetic sensor for HIV-1 related peptide and protein based on
epitope-imprinting techniques, and demonstrated its application
for detection of real samples in a real-time manner. High affinity
of the peptide-imprinted film towards the template molecule was
observed at nanogram range, and the Kd value for the template
was circulated to be 3.17 nM.  QCM measurement showed that the
resulting MIP  film not only had a great affinity towards the template
peptide, but also could bind the corresponding gp41 protein specif-
ically. Therefore, the obtained MIP-coated QCM sensor was applied
successfully for monitoring of HIV-1 gp41 in human urine samples.
These results show certain advantages of epitope-imprinting such
as high sensitivity and high selectivity for the template molecule
and its mother protein. Furthermore, using dopamine as functional
monomer made the sensor superior to other MIP  sensors, such as
high hydrophilicity and biocompatibility. The simplicity of the pre-
sented method would put forward the using of epitope imprinting
polymers for biomolecules analysis.
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