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A B S T R A C T

Herein, the self-cleaned electrochemical protein imprinting biosensor basing on a thermo-responsive memory
hydrogel was constructed on a glassy carbon electrode (GCE) with a free radical polymerization method.
Combining the advantages of thermo-responsive molecular imprinted polymers and electrochemistry, the
resulted biosensor presents a novel self-cleaned ability for bovine serum albumin (BSA) in aqueous media. As a
temperature controlled gate, the hydrogel film undergoes the adsorption and desorption of BSA basing on a
reversible structure change with the external temperature stimuli. In particular, these processes have been
revealed by the response of cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) of
electroactive [Fe(CN)6]

3-/4-. The results have been supported by the evidences of scanning electron microscopy
(SEM) and contact angles measurements. Under the optimal conditions, a wide detection range from
0.02 μmol L−1 to 10 μmol L−1 with a detection limit of 0.012 μmol L−1 (S/N = 3) was obtained for BSA. This
proposed BSA sensor also possesses high selectivity, excellent stability, acceptable recovery and good
reproducibility in its practical applications.

1. Introduction

Molecularly imprinted polymers (MIPs), which have selective
recognition sites for target molecules, have been applied to various
applications in biosensing (Ma et al., 2017a, 2017b), drug delivery
(Culver et al., 2017), catalysis (Orozco et al., 2013), solid-phase
extraction (Tamayo et al., 2007), as well as diagnostics and therapeu-
tics (Li et al., 2016a; Piletsky et al., 2006; Hillberg et al., 2005). MIPs
have been successfully developed against a wide range of small protein
molecules, such as lysozyme (Lyz, MW 23.8 kDa) (Pan et al., 2013a),
ribonuclease A (RNase, MW 13.7 kDa) (Tan et al., 2007), and
cytochrome C (Cyt C, MW 12.3 kDa) (Zhang et al., 2011). However,
the molecular size, conformational flexibility, and solubility factors of
the relatively large globular protein like bovine serum albumin (BSA)
(MW 66.0 kDa) make it a challenging task to fabricate accessible
binding sites with high specificity and affinity toward target proteins
(Wulff et al., 2013; Li et al., 2014a; Chen et al., 2016). Many methods,
such as micro-contact imprinting, imprinted hydrogel and epitope-
mediated imprinting have been adopted to overcome these problems
with improved the imprinted efficiency (Gai et al., 2011; Ran et al.,
2012; Bakhshpour et al., 2017; Pan et al., 2013b; Ma et al., 2017c; Li
et al., 2016b), but difficulties in removing protein molecules and
maintaining the stability of the imprinted film structures during the

protein-imprinting process still seem to be huge. In the process of
protein molecules eluting, washing solvents that perform strong
interaction with polymers and result in the swelling of the coating
are usually used for protein molecules release. This eluting method is
somehow effective but inefficient. Therefore, it is of great necessity to
develop a convenient method for the elution of protein in protein MIPs.

Stimuli-responsive MIPs not only can respond to external changes
of stimuli such as temperature (Hua et al., 2008; Ambrosini et al.,
2013; Yang et al., 2016), solvent composition (Gong et al., 2017), pH
(Karfa et al., 2016), light (Wei et al., 2015; Gong et al., 2016), and
magnetic (Jiang et al., 2016), but also have molecular recognition
ability for template molecules. In particular, the temperature-sensitive
MIPs (TMIPs) consist of major thermo-sensitive monomer compo-
nents that allow swelling and shrinking of the polymers and minor
functional monomer components that capture target molecules (Liu
et al., 2013). As a typical example, poly(N-isopropylacrylamide)
(PNiPAAm) for the preparation of temperature responsive hydrogel
can undergo reversible volume phase transition between their swollen
and shrunk states around the lower critical solution temperature
(LCST), leading the hydrophilic/hydrophobic conformation conversion
of PNiPAAm in TMIPs when environmental temperature changed (Yu
et al., 2016; Parlak et al., 2015; Ambrosini et al., 2013). However, it is
still rare to utilize TMIPs in electrochemical sensing, which may
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provide an effective way to illustrate processes of protein adsorption
and desorption by investigation of interfacial electronic properties at an
electrode surface under temperature stimulus.

In this study, a BSA TMIPs electrochemical biosensor has been
developed with high sensitivity. With the thermo-responsive ability of
TMIPs, the sensor gains the self-cleaning function to the template
molecules by using potential cycling in a range of − 0.8 V to + 0.8 V for
14 cycles at 37 °C in a PBS buffer without the help of washing solvents.
During the self-cleaning, BSA molecules can be efficiently removed
from the MIPs and the remained film still maintains a stably structure
for further sensing application. The sensing process for BSA is achieved
by a reversible MIPs structure change with the external temperature
stimuli and monitored by the responses of cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS). It is due to the rever-
sibly controlled hydrophilic/hydrophobic conformation of the
PNiPAAm in aqueous solutions by modulating environmental tem-
peratures. To the best of our knowledge, this is the first report on the
memory conformational MIPs electrochemical biosensor with the
thermo-responsive self-cleaning function to the protein molecules of
BSA.

2. Experimental section

2.1. Reagents and solutions

N-isopropylacrylamide (NiPAAm), acrylamide (AAm), methylene-
N,N-bis(acrylamide) (MBAAm), bovine serum albumin (BSA), ammo-
nium persulfate (APS), and N,N,N′,N′-tetramethylethylenediamine
(TEMED) were purchased from TCI. All chemicals were analytical
grade and used without further purification. All aqueous solutions were
prepared using ultra-pure water (purified by 18.2 MU, Milli-Q,
Millipore). 0.1 mol L−1 of PBS (pH = 7.0) was prepared by mixing
the stock solutions of NaH2PO4 and Na2HPO4, and used as working
solution.

2.2. Apparatus and procedures

Electrochemical measurements of cyclic voltammetry (CV), electro-
chemical impedance spectroscopy (EIS) and differential pulse voltam-
metry (DPV) were performed on a CHI660C electrochemical work-
station (Chenhua, Shanghai, China), equipped with a bare or modified
glassy carbon electrode (GCE) as the working electrode, a saturated
calomel reference electrode (SCE) and a platinum wire auxiliary
electrode. A Kruss DSA25 contact angle measuring device was supplied
by Kruss (Germany). Each sample was measured with a 2-μL drop of
double-distilled water. The scanning electron micrographs were taken
with field emission scanning electron microscopy (FE-SEM; Zeiss
Ultra55, Germany). The compared BSA concentrations in real samples
were measured by a standard calibration curve method with a UV-
3900H (Hitachi, Japan) spectrophotometer using 276 nm detection
wavelength. The samples for SEM monitoring at 50 °C and 20 °C were
prepared as follows: the TMIPs film were placed into liquid nitrogen
immediately after being treated with the required temperatures for
approximately 5 min to “freeze” the structures (Liu et al., 2012; Wang
et al., 2014). And then the film were dehydrated with a LGJ-18S freeze
drier (Beijing Songyuan Huaxing Technology) for 48 h until water
content in the film was entirely removed.

2.3. Preparation of TMIPs film on electrode surface

The TMIPs electrochemical biosensor was prepared as following
steps: (i) prior to fabrication of the biosensor, a bare GCE (3 mm
diameter) was polished with 0.3 µm and 0.05 µm alumina powder, and
then washed thoroughly with doubly distilled water in an ultrasonic
bath. Then, the GCE was placed in a sealed wide-mouth bottle in a
high-purity nitrogen atmosphere for 5 min; (ii) The pre-imprinted

hydrogel was prepared by free radical polymerization, which contained
400.0 mg of NiPAAm as the temperature-responsive monomer, 5.0 mg
of AAm as functional monomer, 5.0 mg of BSA as template, 5.0 mg
MBAAm as a crosslinking agent, 5.0 mg mL−1 APS as an initiator,
5.0 μL TEMED as a promoter and 1.3 mL PBS buffer as solution.
Functional monomers formed a stable complex with the amino and
carboxyl groups of BSA via multiple-point electrostatic and hydrogen
bonding interactions; (iii) 7.0 μL of the pre-imprinted hydrogel solu-
tion was then drop-casted onto the electrode surface under the
protection of nitrogen before polymerization. After the polymerization
under 20 °C for 30 min, the BSA-TMIPs film was formed on the
electrode surface (BSA-TMIPs/GCE). The non-imprinted polymer film
modified electrode (TNIPs/GCE) was prepared following the same
steps mentioned above except adding any BSA.

In this work, the removal of BSA from BSA-TMIPs/GCE was
conditioned in a PBS buffer using potential cycling in a range of −

0.8 V to + 0.8 V for 14 cycles (Scan rate: 100 mV s−1) at 37 °C and the
re-adsorption of BSA was conducted at 20 °C, which have been shown
in Scheme S1 in details.

2.4. Electrochemical property measurements

CVs were recorded in the potential range from − 0.2 V to + 0.6 V in
a PBS buffer containing 0.1 mol L−1 KCl and 5 mmol L−1 [Fe(CN)6]

3-/4-

at a scan rate of 100 mV s−1. DPV was conducted for quantitative
analysis basing on the variation of the oxidation peak current of
5 mmol L−1 [Fe(CN)6]

3-/4- before and after being treated with BSA in
a PBS buffer containing 0.1 mol L−1 KCl from − 0.2 V to + 0.6 V. The
pulse amplitude, pulse period, and pulse width of DPV were 50 mV,
0.2 s, and 50 ms, respectively.

2.5. Real samples analysis

Real samples were prepared by 1.0 mL of liquid milk, bought from a
local market, with 10.0 mL methanol solution (5%) followed by
centrifugation at 25 °C, 5000 rpm for 20 min (Li et al., 2017). The
supernatant was collected and diluted to 200.0 mL with a PBS buffer,
and determined using the TMIPs/GCE.

3. Results and discussion

3.1. Electrochemical behaviors of the TMIPs/GCE

As shown in Fig. 1A, comparing to the CV response of the bare GCE
(curve a), the peak currents of the probe of [Fe(CN)6]

3-/4- were
significantly reduced (curve b) after modification of the BSA-TMIPs
on the GCE, indicating that the coating of a scarcely conductive and
compact BSA-TMIPs film on the GCE surface blocks the redox probe to
reach the electrode surface. After the removal of BSA from the BSA-
TMIPs/GCE using potential cycling in a range of − 0.8 V to + 0.8 V for
14 cycles (Scan rate: 100 mV s−1) at 37 °C in a PBS buffer, the peak
currents of the redox probe were increased (curve c). When the TMIPs/
GCE was incubated in 0.5 mL of 1.5 μmol L−1 BSA solution for 20 min,
the current response of the redox probe was decreased again (curve d).
This result reveals that some cavities were recombined with BSA and
the electron transfer of the redox probe was limited on the electrode
surface.

CV responses of the TNIPs/GCE were also shown in Fig. 1B. After
modification of the TNIPs film on the GCE surface, the electrode
sensitivity was sharply reduced (curve a). Even treated under the same
elution and incubation conditions as TMIPs/GCE, the TNIPs/GCE
exhibits only slight changes on the peak currents of the redox probe.
This phenomenon indicated that the TNIPs/GCE is lack of specific
binding sites and cavities to BSA molecules.
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