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We combined electro-responsive materials with molecular imprinted
polymers (MIPs) to develop an electro-responsive imprinted biosensor
for the first time. As an electric field controlled gate, the biosensor
exhibits a novel self-cleaning ability, as well as switchable affinity
toward proteins in aqueous media, based on a reversible structure
change.

Molecular recognition materials, as a significant class of func-
tional materials, have aroused much attention due to their
important contribution to various fields of natural science.
Traditional natural molecular recognition systems, including
antibodies and enzymes, have shown molecular recognition
properties and wide applications in protein purification,'
sensors,” clinical diagnosis,®> drug monitoring, and therapy.*
However, owing to their fragile and flexible properties, it is
difficult to modify molecular recognition materials for further
functionalization.” Thus, to address this issue, molecular
imprinted polymers (MIPs), which possess specific recognition
sites for template molecules and act as promising artificial
molecular materials, have been applied to various fields to
replace natural antibodies.®*°

“Smart” or responsive polymers are materials that respond
to applied chemical or physical stimuli, such as pH,"" light,">*?
temperature,'* and electric fields,"” and switch the surface
structure and micro-morphology of materials, such as through
expansion, elongation, contraction, and bending. By combining
“smart” materials with MIPs, the developed materials exhibit
superior switchable molecular recognition performances
under external stimuli. Among these stimuli-responsive MIPs,
pH-responsive MIPs containing ionizable groups are sensitive
to changes in pH, and are capable of accepting or donating
protons at a fixed pH value. This further causes changes to the
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hydrodynamic volume in the polymer chains by undergoing
volume phase transitions from a compact state to a swelling
state. However, the pH effect on these pH-responsive MIPs will
be significantly weakened due to salt accumulation in the
solution. In particular, salt accumulation greatly changes the
electrolyte content of an electrolyte solution in electrochemical
detections. Meanwhile, the process of pH response with external
acids or alkalis is relatively tedious and time-consuming. These
disadvantages are forecast to limit the applications and prospects
of pH-responsive MIPs and it is thus necessary to develop a new
method that makes the pH response of MIPs convenient and
independent of external acids or alkalis.

Electro-responsive polymers (ERPs) can be capable of trans-
forming an electric field into mechanical energy.'®™® There-
fore, ERPs have already attracted great interest in scientific and
technological domains lately, such as for sensors and actuators,
biomedical, and biomolecule adhesion applications,*®™*
because they have the unique advantages of automatic and
programmed control, as well as remote control. In addition, the
hydrogen evolution reaction can be triggered by an electric field
stimulus, providing the functionality of pH control. By applying
this property to molecular recognition systems, it offers a useful
strategy to processes of electro-responsive molecular recognition
under an electric field stimulus.

Herein, a novel electric field stimuli responsive MIP biosensor
with a switchable affinity toward the template protein of human
serum albumin (HSA) was developed for the first time (Scheme 1)
on a glassy carbon electrode (GCE). For the MIP, N,N'-dimethyl-
aminoethylmethacrylate (DMAEMA) was used as an electro-
responsive monomer to control the release and uptake of the
template protein with a proper applied potential. In particular,
the protonated and positively charged tertiary amine groups of
DMAEMA can be efficiently changed to their deprotonated and
uncharged state by the hydrogen evolution reaction under an
electric field stimulus, e.g. a voltage of —1.2 V, in water. This
results in the removal of the template protein from the imprinted
materials without the help of washing solvents and produces
sensing nanocavities for the target protein. The reverse is
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Scheme 1 Electro-responsive properties of the EMIPs/GCE biosensor.

achieved by withdrawing the voltage. Therefore, the recognition
sites can be simply controlled by structural changes of the EMIP
monomers only at certain applied and withdrawn voltages.

An electro-responsive imprinted biosensor (EMIPs/GCE), an
electro-responsive non-imprinted biosensor (ENIPs/GCE), and
an imprinted biosensor without the addition of DMAEMA
(MIPs/GCE without DMAEMA) were synthesized according to
radical polymerization (Scheme S1 in ESIt), and were fully
characterized by FT-IR and cyclic voltammetry (CV). As shown
in Fig. S1 (ESIt), after polymerization, the peaks at 3300 and
1520, and 1645 and 1156 cm ™' appeared and are attributed to
the N-H stretching vibration and the amide carbonyl bending
vibration of N-isopropylacrylamide (NiPAAm) monomer, and
the C=0O0 stretching vibration and the C-O symmetric stretch-
ing of esters in the DMAEMA monomer.>* The CV responses of
a bare GCE and the modified GCE were further used to certify
the formation of the HSA imprinted EMIPs/GCE. Compared with
the bare GCE (curve a, Fig. 1A), the peak current of [Fe(CN)g]> /4~
was obviously decreased after modification of the HSA imprinted
EMIP film on the GCE surface (curve b, Fig. 1A). This is due to
the barely conductive and compact properties of the HSA
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Fig.1 CV responses of (A) the bare GCE (a) and HSA imprinted EMIPs/
GCE (b); (B) the HSA imprinted EMIPs/GCE removal of HSA under different
potentials for 150 s and subsequent withdrawal of the voltage, before
being kept for 55 min in pH 5.5 PBS; (C) the EMIPs/GCE before (curve a)
and after (curve b) the application of —1.2 V for 150 s and subsequent
withdrawal of the voltage, before being kept for 55 min (curve c);
(D) variation of the CV [y of the EMIPs/GCE for the electro-switch
across three cycles in a pH 5.5 PBS buffer containing 0.1 mol L™ KCl
and 5 mmol L™ [Fe(CN)g]*~/4~.
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imprinted EMIP film. The results mean that we have success-
fully prepared imprinted films on the GCE.

In order to illustrate the self-cleaning efficiency of HSA from
the imprinted EMIPs/GCE under an electric field stimulus, the
release of HSA has been investigated at different applied
voltages (i.e. —0.6 V, —0.8 V, —1.0 V, —1.2 V, and —1.4 V for
150 s) and times (50 s, 100 s, 150 s, and 200 s at —1.2 V) by CV of
[Fe(CN)oJ*"*". Before these measurements, the biosensor was
put on standby for 55 min in pH 5.5 PBS without applied
potential for comparison with the blank experiment, which was
conducted without electric voltage (hereafter denoted 0.00 V).
As shown in Table S1 (ESIT) and Fig. 1B, there are no changes to
the current when a potential of —0.6 V is applied to the HSA
imprinted EMIPs/GCE (entry 2, curve b). Subsequently, the
current starts to increase gradually when the applied potential
varies from —0.8 V to —1.2 V, and then becomes almost
constant by increasing the voltage to —1.4 V (entries 3-6,
curves c-f). With an increase in time under —1.2 V, the current
increases first and remains basically unchanged (entries 7, 8, 5,
and 9). The increase in the current with an applied potential
between —0.8 V to —1.2 V is mainly due to the hydrogen
evolution reaction on the HSA imprinted EMIPs/GCE. The
reaction facilitates an increase in the local OH™ concentration,
which turns the tertiary amine groups of poly DMAEMA
(p-DMAEMA) in the EMIPs to their uncharged and deproto-
nated states. The hydrogen bonding and electrostatic inter-
actions between the monomers and templates can be suppressed,
resulting in the removal of the templates from the HSA imprinted
EMIPs/GCE and the production of sensing nanocavities for the
target proteins, causing the higher CV response. In contrast, the
templates have already been fully eliminated beyond applied
potentials of —1.2 V for 150 s and there are no significant changes
in the current. For these purposes, —1.2 V for 150 s are adopted as
the optimal self-cleaning conditions. For comparison, the optimal
voltage and time are applied to the HSA imprinted MIPs/GCE
without DMAEMA under the same conditions. As shown in
Table S1 (entries 10 and 11) (ESIY), the applied voltage does not
substantially affect the current due to the lack of electro-
responsive groups in the imprinting processes.

However, Fig. 1B is not reflective of the cavity volume
changes of the EMIP film. Without the standby time at zero
potential and the presence of HSA, the redox peak currents of
[Fe(CN)¢]>’*~ from the EMIPs/GCE also depend upon the
applied potential and time (Fig. S2A and B, ESIt). In particular,
at the optimal applied voltage and time of —1.2 V and 150 s, the
current showed a dramatic reduction (curve b, Fig. 1C).
In contrast, with a standby time of 55 min after withdrawing
the voltage, the redox peak current of [Fe(CN)s* "*~ in the CV
response (curve c, Fig. 1C) can be nearly fully recovered.
Therefore, these observations demonstrate that the EMIPs/GCE
conducts a reversible structural change (from a less compact
structure to a compact structure) with repeatable withdrawn and
applied voltage, exhibiting a switchable ON-OFF phenomenon
owing to its electro-responsive properties (Fig. 1D). This also
coincides with the results of the electrochemical impedance
spectroscopy (EIS) in Fig. S3 (ESIt). Meanwhile, the redox peak
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currents of [Fe(CN)J*"*~ under —1.2 V for 150 s, as well as the
time taken to restore the current to its initial state at different pH,
are shown in Fig. S2C (ESIY). This result provides strong proof that
external electro-stimulus signals can be effectively converted to
electrochemical signals by the EMIPs/GCE with rapid electroche-
mical switching properties and easily reversible cyclicity.

With the assistance of SEM, it has been confirmed that the
electro-stimuli responsive properties of the EMIPs/GCE are the
consequence of the structural change of the electro-sensitive
p-DMAEMA part of the EMIP films. As a consequence, the
removal of HSA is not only caused by the change in the
recognition sites, but also by the change in the cavity volume
in the EMIP film. Both effects are triggered by electric field
stimulation, causing the template molecules to be completely
removed. At pH 5.5, the film exhibited large holes or cavities
with pore diameters of 8 um (Fig. 2A and B). When —1.2 V was
applied, the pore diameters became more compact and much
smaller, decreasing to 4 pm (Fig. 2C and D). With a standby
time of 55 min after withdrawing the voltage, the surface
structure of the EMIP film can be nearly fully recovered
(Fig. 2E and F). The pK, of p-DMAEMA was reported to be
approximately 7.0.>° At pH 5.5, the tertiary amine groups of the
p-DMAEMA part in the EMIPs were protonated and positively
charged. The repulsive interaction between the positively
charged groups causes swelling of the EMIP films on the
electrode surface. At this point, the diffusion of the probe
through the films to the electrode surface becomes more
convenient, leading to a higher CV response and weaker inter-
facial electron transfer resistance (ETR). In contrast, when
—1.2 V was applied to the EMIPs/GCE, the protonated and
positively charged tertiary amine groups of p-DMAEMA can be
changed by the hydrogen evolution reaction. This reaction
facilitates local pH variation, making the protonated and
positively charged amine groups of p-DMAEMA become
uncharged and deprotonated, producing a compact and con-
tracted structure, limiting the diffusion of the probe to the
electrode surface and leading to a weaker CV response and
stronger ETR. For comparison, the MIP film without DMAEMA

Fig. 2 SEM of the EMIP film prepared on the GCE surface before (A and B)
and after applying —1.2 V for 150 s (C and D). Subsequently, the voltage was
withdrawn, and the sample was kept for 55 min (E and F) at 25 °C in a
pH 5.5 PBS buffer.

This journal is © The Royal Society of Chemistry 2018

View Article Online

Communication

exhibited pore diameters of 2 pm at pH 5.5 (Fig. S4A and B,
ESIt). When applying the voltage, the pore diameter still
remained the same (Fig. S4C and D, ESI). This result coincides
with the observations from the CV (Fig. S5, ESIT).

The adsorption time for rebinding the templates is a
significant parameter for judging the properties of the EMIPs/
GCE. Fig. 3A illustrates the DPV peak current variation (Al) of
[Fe(CN)e]>"*~ for the imprinted and non-imprinted biosensor
after and before interaction with 0.5 mL of 1.0 umol L' HSA
with different incubation times. It was found that the Al of the
probe increased sharply in the first 12 min and then reached a
steady-state current, which means that HSA has almost com-
pletely rebound to the imprinting sites after 12 min. For the
non-imprinted biosensor, however, the binding capacity is
obviously less than that of the imprinted sensor, because of a
lack of specific adsorption sites. The binding isotherms of HSA
were assessed for the EMIPs/GCE within the scope of the
effective concentration from 0.05 to 5.0 umol L™'. With an
increase in the HSA concentration, the adsorption amounts of
HSA onto the EMIPs/GCE also increased and reached a satura-
tion value at 1.0 umol L™". For the EMIPs/GCE, there are two
linear regression equations including lower concentrations and
higher concentrations, which suggests two types of affinity site,
of high and low affinity, in the EMIPs/GCE (Fig. 3B). In contrast,
the ENIPs/GCE was insensitive to HSA because of the lack of
recognition sites in the nanocavities of the ENIPs/GCE. The
practicability of the proposed biosensor was realized by extract-
ing HSA from a complex serum sample. As shown in Table S2
and Scheme S2 (ESIt), the EMIPs/GCE was capable of extracting
HSA from a complex serum sample with excellent recovery,
which was determined by a UV-vis spectroscopic method.™*
The results implied that the obtained biosensor is able to
perform as an effective, precise, and reliable sensing platform
for extracting HSA from complex serum samples.

To assess the selectivity of the EMIPs/GCE for HSA (MW 66 kDa),
human immunodeficiency virus p24 (HIV-p24: 24 kDa), human
chorionic gonadotropin (HCG: 36 kDa), Bovine serum albumin
(BSA: 66 kDa), o-fetoprotein (AFP: 66 kDa), and carcino-embryonic
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Fig. 3 EMIPs/GCE and ENIPs/GCE (A) incubation times; (B) calibration
curves toward HSA standards in a pH 5.5 PBS buffer; (C) selectivity tests;
(D) electro-driven release (R) and uptake (U) of HSA by the EMIPs/GCE,
ENIPs/GCE, and MIPs/GCE without DMAEMA.
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antigen (CEA: 180 kDa) were chosen as potential interferents, owing
to the fact that they have some existent protein with a similar
structure and cover a wider molecular weight in serum. As shown in
Fig. 3C, the AI of [Fe(CN)s’ "~ is much higher than that of the
other interferents for the EMIPs/GCE at 0.5 mL of 1.0 pmol L™ HSA.
In contrast, there were almost no noticeable distinctions between
HSA and the analogues for the ENIPs/GCE as a result of the lack
of specific recognition sites. The proposed result is proven to
have statistical stability, as well as satisfying the selectivity for
the template HSA.

Accompanied by the self-cleaning process, the EMIPs/GCE
can exhibit highly efficient release and uptake of 0.5 mL of
1.0 umol L™ HSA under alternating applied and withdrawn
—1.2 V, respectively. As shown in Fig. 3D, the DPV peak current
of [Fe(CN)s]>"*~ decreased from 67 pA to 40 pA after the
adsorption equilibrium. At this time, the imprint sites and
structure size of the nanocavities are most complementary to
the template. Subsequently, the application of —1.2 V to the
HSA imprinted EMIPs/GCE causes the DPV peak current to
increase from 40 pA to 56 pA, as a result of releasing the bound
HSA into the solution. On the contrary, withdrawing —1.2 V
causes the rebinding of HSA back into the EMIPs/GCE, with the
DPV peak current reduced from 56 pA to 41 pA. At this moment,
the imprinted cavities and specific recognition sites for HSA in
the EMIPs/GCE are re-generated. For the rebinding of HSA, the
receptors provide efficient hydrogen bonding sites and electro-
static force in this state. This observation was confirmed by
mercury intrusion porosimetry. As shown in Fig. S6 (ESI{), the
EMIP films before the application of voltage and after the
removal of the voltage have similar cumulative intrusion curves
and pore size distributions, which means these two samples
have similar pore structures, as confirmed by SEM (Fig. 2A, B, E
and F). Therefore, the electro-responsive rebinding capacity
principally originates from electro-dependent volume phase
transitions, as well as the two states of the tertiary amine
groups in the p-DMAEMA part of the EMIPs. During these
processes, the EMIPs/GCE displayed excellent reversibility and
favourable stability after three cycles. However, the MIPs/GCE
without DMAEMA has shown little current change under the
same conditions. This is due to the lack of electro-responsive
groups in the imprinting processes. Moreover, the release and
uptake of HSA for the ENIPs/GCE only causes negligible current
changes under the same procedure.

In conclusion, a selective and sensitive electro-responsive
MIP biosensor was designed and synthesized for the first time.
An electro-responsive molecule of DMAEMA was used as a func-
tional monomer for the targeting of HSA protein. The receptor-
binding ability toward the template protein was controlled by
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applying and withdrawing the voltage. Based on the above
advantages, the proposed biosensor exhibited novel self-cleaning
behaviour toward the template upon the application of an electric
field at room temperature without the help of washing solvents;
moreover, electro-responsive MIPs are employed as electrical gates to
extract the HSA protein from serum sample mixtures with good
stability and cyclic performance. This work offers a promising
supplement for stimuli-responsive MIP sensing applications, such
as reusable sensors, cell adhesives, and analytical tools.
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