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Abstract

Hemoglobin (Hb) imprinted poly (ionic liquid)s (HIPILs) were fabricated on the surface of Pt wire modified with nano-gold
(nAu) via simplified electrochemically mediated atom transfer radical polymerization (se ATRP) in only 5 pL. volumes. The
micro upgrade se ATRP was mainly carried out by two platinum wires electrode. The one platinum wire was bare and applied
as the counter electrode, the other one was modified segmentally, which made it could be used both as a catalytic electrode
of seATRP and the substrate of HIPILs. The HIPILs were prepared by using Hb as the template, 1-vinyl-3-propyl-imidazole
sulfonate (VPIS) ionic liquids and N, N'-methylene bis-acrylamide (MBA) as the functional monomer and cross-linking agent
of HIPILs, respectively. When a constant current was applied to the catalytic electrode, Fe (IIT) in Hb would be reduced to
Fe (II), seATRP of VPIS would be triggered on the surface of Pt/nAu electrode. After Hb was removed, the HIPILs modified
electrode (Pt/nAu/HIPILs) was obtained. The Pt/nAu/HIPILs electrode was characterized by scanning electron microscopy
(SEM), X-ray photoelectron spectroscopy (XPS), cyclic voltammetry (CV), and electrochemical impedance spectroscopy
(EIS). Further experiments indicated that the Pt/n Au/HIPILs electrode could be utilized as electrochemical sensor to deter-
mine Hb by differential pulse voltammetry (DPV). The linear response range was 1.0x 1012~ 1.0x 10! mg/mL and the
detection limit was 3.29x 107! mg/mL (S/N=3). Compared with other Hb sensors based on imprinting polymers, the broader

linear range and lower detection limit suggested the promising prospect of the biosensor.
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Introduction

Molecularly imprinted polymers (MIPs) are recognition
materials prepared by a template-assisted synthesis [1]. On
account of its unique advantages such as physicochemi-
cal and biochemical resistance, low cost, high affinity, and
good stability [2-5], MIPs have been widely exploited in
diverse applications, such as drug delivery, cosmetics, virus
determination, and chemical sensing [6—9]. Polymerization
method is significant for the preparation of MIPs. Atom
transfer radical polymerization (ATRP) has become one of
the most extensively used techniques to emerge MIPs owing
to its narrow molecular weight distributions, pre-determined
molecular weights, as well as control polymer topology
[10-12]. ATRP can be triumphantly utilized in various
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technologies. In recent years, extensive publicity has been
paid to electrochemically mediated ATRP (eATRP) due to
versatility in synthesis, construction of functional surfaces,
and low catalyst concentration [13—15]. eATRP is ordinar-
ily implemented in three electrode systems, which includes
a working electrode (WE), a counter electrode (CE), and a
reference electrode (RE) with either potentiostatic or galva-
nostatic process [16]. The setup usually requests sufficient
large volumes (> 10 mL) to ensure appropriate stirring and
contact of all electrodes with the polymerization solution
[17].

Polymerization volume from mL to pL levels has a series
of advantages. Above all, small volume adheres to ‘Green
Analytical Chemistry’ standards and the principles of sus-
tainable development [18]. Moreover, it has positive effect
on environmental aspects including preventing/minimizing
chemical waste and generating less contamination. After-
ward, it is more conducive to address budget-related needs
to employ precious or high-performance materials. To wind
up with, it not only assures conscientiously utilizing chemi-
cal resources, but also implements easily high-throughput,
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flash-synthesis [19]. However, small-volume polymeriza-
tion is not easy to come true at this stage. Besides requir-
ing sufficient large volumes (> 10 mL) to assure that all
electrodes are in full contact with the polymerization solu-
tion, small-volume polymerization aggravates the challenge
of deoxygenation of polymerization solution. In General,
radical polymerizations are operated in anaerobic environ-
ments because molecular oxygen is a valid radical quencher
[20]. The commonly used methods include flushing with
inert atmospheres (e.g. argon, nitrogen), thiol-ene reac-
tions under ultraviolet irradiation, utilizing potato fruit
juice (PFJ) bioplastic films, reacting in a glovebox, and
freeze — pump — thaw technology [21-25]. Although these
methods have been successfully applied in the preparation of
polymers, they have obvious drawbacks of time consuming,
intensive labor procedures, and loss of polymerization vol-
ume [26-28]. Therefore, it is still a big challenge to achieve
polymerization from mL down to pL levels for eATRP.

A simplified electrochemically mediated ATRP (se ATRP)
was the improved eATRP developed in recent years.
SeATRP has been applied to prepare polymers owing to its
superior controllability in the absence of traditional ligand,
the minimization of the ohmic drop, and good control of
reaction kinetics [29-31]. For example, Chmielarz et al.
prepared poly(ethylene oxide)-block-poly(butyl acrylate) co-
polymers via seATRP utilizing only 1 ppm of Cu'! complex.
It was the limit of a successful well-controlled polymeriza-
tion [32]. Zaborniak et al. synthesized star and comb poly-
mers with long poly(n-butyl acrylate) side chains by seATRP
using ca. 100 ppm of copper catalyst. The polymers had
low dispersity and narrow molecular weight distributions
[33]. Chmielarz et al. prepared p-cyclodextrin-poly(n-butyl
acrylate) (f-CD-PBA) star-shaped amphiphilic polymers
via se ATRP procedure utilizing only 50 ppm Cu'! complex.
The B-CD-PBA star polymers had the living nature prepared
by seATRP [34]. As reported, seATRP did not implore the
separation of cathodic and anodic compartments in the
polymerization system, and could simplify the reaction sys-
tem by sacrificing counter electrode [35]. Therefore, it is
very attracting and promising to decrease the polymerization
volume from mL to puL. However, to date, there have been no
reports on micro-upgrading of se ATRP, nor on the applica-
tion of se ATRP to MIPs preparation.

Ionic liquids (ILs) are salts with melting points at or
below 100 °C, which comprise organic cations and organic/
inorganic anions [36]. They possess unique physicochemical
properties including high thermal stability, tunable viscos-
ity, and solvation capabilities [37]. ILs have been reported in
recent years. It is applied in the synthesis of MIPs as func-
tional monomers. For example, Xie et al. synthesized a novel
molecularly imprinted fluorescent sensor with 3-[(7-methoxy-
2-ox0-2H-chromen-4-yl) methyl]-1-vinyl-1H-imidazol-3-ium
bromide as the functional monomer. The fluorescent sensor
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had short detection time (0.5 min), high fluorescence inten-
sity, good selectivity, and excellent sensitivity (limit of detec-
tion=0.8 nM) for 4-NA [38]. Lu et al. reported a novel electro-
chemical sensor for rutin determination based on molecularly
imprinted poly (ionic liquid) with 1-allyl-3-ethyl imidazolium
bromide as the functional monomer. The sensor had good lin-
earity from 0.03 to 1 pM, and the limit of detection was gen-
erated as 0.01 pM (S/N=23) [39]. Wu et al. designed molecu-
larly imprinted electrochemical sensor for alpha-fetoprotein
(AFP) using 1-[3-(N-cystamine) propyl]-3-vinylimidazolium
tetrafluoroborate ionic liquid as the functional monomer. The
sensor showed a good linear response to AFP in the concentra-
tion range of 0.03 ng/mL ~5 ng/mL. The detection limit was
estimated to be 2 pg/mL [40].

Considering the advantages of ionic liquids, small-
volume polymerization, and se ATRP, in this paper, hemo-
globin (Hb) imprinted poly (ionic liquid)s (HIPILs) were
prepared via Hb catalyzed se ATRP on the surface of Pt wire
modified with nano-gold (nAu) in only 5 pL polymeriza-
tion volumes. As shown in Fig. 1, two platinum wires elec-
trode were utilized to achieve small-volume seATRP. The
one bare platinum wire electrode was applied as the counter
electrode, the other was used as the working electrode. The
working electrode had a critical end of 2 mm. One mm was
used as a catalytic electrode of seATRP, which was modi-
fied with nano-gold (nAu), poly toluidine blue (PTB) and
nano-Pt (nPt). The other one mm was exploited as the sub-
strate of HIPILs, which was embellished with nano-gold
and initiator of seATRP. Hb was used as both the template
of imprinting polymers and the catalyst of seATRP. 1-vinyl-
3-propyl-imidazole sulfonate (VPIS) ionic liquids and N,
N’-methylene bis-acrylamide (MBA) were selected as the
functional monomer and cross-linking agent, respectively.
When a constant current was applied to the catalytic elec-
trode of se ATRP, Fe (IIT) in Hb would be reduced to Fe (II),
then the polymerization of VPIS would be triggered [41].
After Hb was removed, the HIPILs modified electrode (Pt/
nAu/HIPILs) was obtained. The Pt/nAu/HIPILs electrode
was characterized by scanning electron microscopy (SEM),
X-ray photoelectron spectroscopy (XPS), cyclic voltam-
metry (CV), and electrochemical impedance spectroscopy
(EIS). Further experiments indicated that the Pt/n Au/HIP-
ILs electrode could be utilized as electrochemical sensor
to determine Hb by differential pulse voltammetry (DPV).

Materials and methods
Chemicals
Pt wire (® =0.5 mm) was from Chenhua Instruments Co.

(Shanghai, China). VPIS ionic liquids were purchased
from Shanghai Cheng Jie Chemical Co. Ltd. (Shanghai,
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Fig. 1 Preparation scheme of
Pt/nAu/HIPILs electrode via Hb
catalyzed seATRP
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Working
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Spl polymerization
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China). MBA, sodium dodecyl sulfate (SDS), potassium
ferricyanide, potassium ferrocyanide, potassium dihy-
drogen phosphate, disodium hydrogen phosphate, glacial
acetic acid, sodium acetate, and anhydrous ethanol were
obtained from Kemiou Chemical Co. (Tianjin, China).
Chloroauric acid (HAuCl,-4H,0) and chloroplatinic acid
(HPtCls-6H,0) were provided by Beijing Chemical Plant
(Beijing, China). Pepsinogen (PG, MW 35 kDa), superoxide
dismutase (SOD, MW 34 kDa), laccase (Lac, MW 66 kDa),
lysozyme (Lyz, MW 14.4 kDa), and hemoglobin (Hb, MW
65 kDa) were supplied by Solarbio Inc (Beijing, China).
Toluidine blue (TB) was obtained from Yuanye biological
Inc (Shanghai, China). Phosphate buffered solution (PBS,
pH 7.0) was prepared by using 0.02 mol/L Na,HPO, and
0.02 mol/L KH,PO,. Acetate buffer solution (ABS, pH 5.0)
was prepared by 0.01 mol/L CH;COOH and 0.01 mol/L
CH;COONa. All chemicals were of analytical reagent grade.
All the water used in the experiments was the hyperpure
water (resistivity > 18 MQ « cm).

Apparatus

CV, EIS, seATRP, and DPV were executed with a CHI660D
electrochemical workstation (Chenhua, Shanghai, China).
CV characterization was performed in PBS (pH 7.0) con-
taining 0.1 mol/L~" KCl+5 mmol/L [Fe (CN)¢]*~*~ at a
scanning rate of 100 mV s~!. The potential was set between
-0.2 V and 0.6 V. The sampling interval, the polarization
time, and the sensitivity were set as 0.001 V, 2 s, and 107
A/V, respectively.

QO m containingFe(III)
) ' Hb containingFe(II)
) Kv
I Catalytic Electrode
I Substrate of seATRP
Poly(ILs)
° Monomer, VPIS
Kt ®  Cross-linker, MBA

___ termination

EIS was conducted in the same solution to the CV
characterization within the frequency range of 0.05 Hz to
10 kHz.

Surface topographic characteristics of the modified elec-
trode was acquired by SEM (SU8010, Hitachi, Japan).

XPS was used to study the chemical composition of
the modified electrode, which was obtained with Thermo
ESCALAB 250Xi spectrometer using a monochromatic Al
Ka radiation.

Preparation of Hb-imprinted PILs via seATRP
in only 5 pL Volumes

Hb-imprinted PILs were prepared in five steps, which
was shown in Fig. 2. (1) Nano-gold was fabricated on the
clean platinum wire surface by electrodeposition. The
clean platinum wire was used as working electrode, and
the SCE and another platinum wire were used as refer-
ence electrode and counter electrode, respectively. Three
electrodes were placed in 1% (w/v) HAuCl, solution (pre-
pared in 0.1 mol/L pH 5.0 ABS). Among these, the depth
of the working electrode in the solution was controlled
to be 2 mm. After the chronoamperometry experiment
at—0.9 V for 400 s, nano-gold was electrodeposited on
the Pt electrode and Pt/nAu electrode was obtained. (2)
According to the literature [42], the Pt/nAu electrode was
inserted in thiol bromide initiator solution overnight, the
depth of the electrode in the solution was controlled to
be 2 mm. The thiol bromide initiator (4-mercaptophenyl-
2-bromo-2-methylpropanoate, 4-HTP-Br) would decorate
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Fig.2 Preparation scheme of
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on the surface of Pt/nAu electrode. (3) Poly toluidine blue
(PTB) and nano-Pt were synthesized on the surface of Pt/
nAu electrode. The Pt/nAu electrode was used as working
electrode and the depth of it in the solution was controlled
to be 1 mm. The SCE and clean platinum wire were used
as reference electrode and counter electrode, respectively.
The CV was run from -0.8 to 1.3 V in 5x 107 mol/L TB
(prepared in 0.1 mol/L pH 5.0 ABS) with a scan rate of
0.05 V/s. After rinsing with PBS five times, Pt/nAu/PTB
was obtained. Nano-Pt was electrodeposited on Pt/nAu/
PTB by chronoamperometry at -0.7 V (vs. SCE) for 100 s
in 0.01 mol/L HPtCly solution (prepared in 0.1 mol/L pH
5.0 ABS). (4) Poly (ionic liquid)s were polymerized on
the surface of Pt/nAu electrode. As shown in Fig. 2, the
electrode mentioned above was inserted in the polymeri-
zation solution of only 5 pL volumes and the depth of it
in the solution was controlled to be 2 mm. This electrode
would be used both as the catalytic electrode of se ATRP
and the substrate of polymerization. Another platinum
wire was used as counter electrode. The polymerization
solution contained VPIS (0.1 mol/L, functional monomer),
MBA (0.1 mol/L, crosslinking agent), Hb (2 mg/ml), and
PBS (pH 7.0) as solvent. When a constant current of 1 mA
was applied to Pt/nAu/PTB/nPt by chronoamperometry at
0.46 V (vs. SCE). The run time and the sensitivity were set
as 3600 s and 107> A/V, respectively. Fe (IIT) in Hb would
be reduced to Fe (II) (catalyst for ATRP) on the electrode
surface and trigger the polymerization of ILs [43]. Except
the applied current, other parameters included a sample
interval of 0.1 s and a sensitivity of 1 x 107 A/V. (5) The
Hb was removed from the electrode by soaking in 10%
(v/v) CH;COOH solution containing 10 g/L SDS for 1 h.
After washing with PBS three times, the Hb-imprinted
PILs (Pt/nAu/HIPILs) were prepared on the surface of the
electrode.

@ Springer

Preparation of non-imprinted PILs electrode

For comparison with Hb-imprinted PILs electrode, a non-
imprinted PILs electrode was prepared by the traditional free
radical polymerization method in the absence of Hb. Ammo-
niumpersulfate (0.9 mol/L) was used as initiator to polymerize
VPIS (0.1 mol/L, functional monomer), and MBA (0.1 mol/L,
crosslinking agent) at room temperature for 5 h on the surface
of Pt/nAu electrode. The obtained Pt/nAu/NIPILs electrode
was stored under a N, atmosphere before use.

Determination of Hb

The determination of Hb by Pt/nAu/HIPILs electrode was
studied by the DPV method. Before test, the Pt/nAu/HIP-
ILs electrode was incubated in different concentrations of
Hb solution for 5 min at room temperature and rinsed three
times with PBS. The DPV was operated from -0.2 to 0.6 V
in PBS containing 5 mmol/L [Fe (CN),]*™*", against the
SCE reference electrode. An increment potential of 4 mV,
polarization time of 2 s, amplitude of 50 mV, a sensitivity
of 1 x107*A/V, a pulse width of 0.2 s, sampling interval of
0.0167 s, and a pulse period of 0.5 s were set as the corre-
sponding DPV parameters. Quantitative analysis of Hb was
conducted as the signal response (47), which was the reduc-
tion of the peak current in the presence and absence of Hb.

Results and discussion
Characterization of Pt/nAu/HIPILs
The morphologies of the modified electrodes were observed

by SEM. As displayed in Fig. 3A, the bare Pt wire elec-
trode showed a plane structure. When it was modified with
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Fig.3 The SEM images of bare
Pt wire (A), Pt/nAu (B) and Pt/ _
nAu/PILs (C). The inset was the ‘ o
picture of wheat ear & WA

B

nano-gold (Pt/nAu electrode, in Fig. 3B), the surface of elec-
trode exhibited branchlike structure that looked like wheat
ear (shown in the inert). As could be seen, the mean diam-
eter of ‘wheat ear’ was about 100 nm. Furthermore, CV was
used to investigate the effect of nano-gold on the surface
area of the electrode [44], the oxidation peak current in the
obtained CV curve was plotted against the square root of
sweep velocity, as described in Fig. SA and SB. According
to the Randles—Sevcik equation [45], the area of the Pt/nAu
electrode was about twice that of the Pt electrode (Fig. SC).
After the polymerization of ILs on the surface of Pt/nAu
(Pt/nAu/PILs electrode, in Fig. 3C), the small grain struc-
ture of the ‘wheat ear’ was covered by the polymer, leaving
only a few large protrusions. From the results of Fig. 3, the
area of the electrode was increased greatly by nano-gold and
seATRP of only 5 pL polymerization volumes was success-
fully conducted.

The surface chemical composition of Pt/nAu/PILs elec-
trode before and after removing of Hb was characterized by
XPS, and the results were elucidated in Fig. 4. As shown in
Fig. 4A, the binding energy of elements were observed at
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Fig.4 The XPS of Pt/nAu/PILs before (A) and after (B) removing of Hb

531.40 eV, 399.90 eV, 287.25 eV, 83.85 eV, and 70.75 eV,
respectively. On account of previous literature reported, they
were identified as the characteristic peaks of O 1 s,N 1 s, C
1's, Au 4f, and Br 3d, respectively [46, 47]. The exposure of
reactive Br 3d to the surface demonstrated that seATRP was
implemented [48]. The binding energy at 713.20 eV in the
inset of Fig. 4A was the fine XPS of Fe 2p [49]; because Fe
was only originated from Hb, thus indicating the existence
of Hb in Pt/nAu/PILs and the polymerization was catalyzed
by Hb. After removing of Hb, the XPS spectrum of obtained
Pt/nAu/HIPILs was also estimated by XPS. The result was
displayed in Fig. 4B. The peaks of O 1 s, N 15, C 1 s, Au 4f,
and Br 3d exhibited the binding energy at the similar posi-
tion compared with Pt/nAu/PILs. The disappearance of Fe
2p binding energy proved that Hb had been removed from
the polymers and Pt/nAu/HIPILs was successfully prepared.

CV and EIS were used to characterize the electro-
chemical behavior of the electrode after each modification
step. Figure 5A was the CV of different modified elec-
trodes in PBS (pH 7.0) solution containing 0.1 mol-L™!
KCl+5 mmol L™ [Fe (CN)¢]>™*". As expected, there
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. B

Fig.5 The CV (A) and EIS (B)
characterization of the stepwise 100k A
modified electrodes (1-bare Pt
wire, 2- Pt/nAu, 3-Pt/nAu/PILs,
4-Pt/nAu/HIPILs) in PBS (pH 50|
7.0) containing 5 mmol/L [Fe
(CN)]*™* and 0.1 mol/L KCI. F
The scanning rate of CV was 2ot
100 mV/s =
50}
-100 -
0.6 0.4 0.2
E(V vs.SCE)

was an approximately quasi-reversible redox peak of [Fe
(CN)6]3‘/4‘ probe at the bare Pt wire (Fig. 5A curve 1),
showing the conducting nature of bare Pt wire electrode
[50]. When the bare Pt wire was modified by nano-gold
(Pt/nAu) (Fig. 5A curve 2), its peak current increased sig-
nificantly indicating that nanomaterials enlarged the effec-
tive electrode surface area and improved electron transfer
rate [51]. For Pt/nAu/PILs electrode (Fig. SA curve 3), the
peak current decreased sharply. The reason for this phenom-
enon might be that the poly (ILs) formed on the surface of
electrode, which acted as an inert material and hindered
the diffusion of [Fe (CN)6]3_/4_ to electrode. After remov-
ing the Hb molecule, the peak current of the electrode (Pt/
nAu/HIPILs) was obviously elevated (Fig. SA curve 4).
This might be because the stripping of Hb, which formed
the imprinted holes on the surface of the electrode, leading
the [Fe (CN)6]3_/4_ probe easier diffusion and showing the
higher peak current of CV.

EIS was the most common techniques used for prob-
ing the features of a surface modified electrode. Figure 5B
showed the EIS of stepwise modified electrodes. The bare

500 1000 1500 2000 2500 3000
7 ()

Pt wire electrode showed a relatively high R, (Fig. 5B curve
1). After being modified with nano-gold, the EIS revealed
a decrease of R, of the redox probe on the resulting elec-
trode (Fig. 5B, curve 2). It was evident that introduction of
nano-gold improved the conductivity and enlarged surface
area of the electrode [52]. By formation of poly (ILs) on
the Pt/nAu surface (Fig. 5B curve 3), an obvious increase
of R, was obtained. This might be attributed to the inert-
ness of polymers. After removing Hb (Fig. 5B curve 4), R,
became smaller than that of Pt/nAu/PILs, indicating that
the imprinted holes appeared on Pt/nAu/HIPILs, driving the
proximity of [Fe (CN)4]*~*~ probe. Compositing the results
of SEM, XPS, CV, and EIS, seATRP of only 5 pL volumes
could be implemented and HIPILs had been successfully
prepared on the surface of electrode.

Optimization of experimental parameters
The typical conditions including polymerization time and

polymerization currents, which were vital parameters
in the experiment and had an influence on the sensing
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Fig.7 The DPV signal response
of different modified electrodes: 100r A
A bare Pt wire; B Pt/nAu; C Pt/ 80l
nAu/HIPILs: 1-before combin-

ing with Hb solution, 2-after <60
. . . X
combining with Hb solution = 40 2 1
(1072 mg/mL)
201
0

02 00 02 04 06
E(V vs.SCE)

performance of Pt/nAu/PILs biosensor, were investi-
gated by DPV method. [Fe (CN)6]3_/4_ was used as the
probe of DPV to indicate the electron transfer ability of
PILs. As could be seen in Fig. 6A, with the increasing
of polymerization time from 20 to 60 min, the peak cur-
rent dropped extremely indicating that the polymer layer
became thicker and thicker, which prevented the [Fe
(CN)6]3_/4_ from reaching the electrode surface. When
the polymerization time further increased from 60 min,
there was nearly no change in the peak current. There-
fore, polymerization time of 60 min (1 h) was selected
as subsequent experiments. Figure 6B showed the effect
of polymerization currents on the Pt/nAu/PILs. As could
be seen, increasing the polymerization currents from 0.6
to 1 mA, the DPV peak current of Pt/nAu/PILs electrode
decreased gradually. It might be increasing peak current
increased the polymerization efficiency, thickened the
polymer layer, and hence increased the difficulty of probe
ions reaching the electrode surface. However, when the
polymerization current increased from 1.0 to 1.4 mA, the
DPV peak current of Pt/nAu/PILs electrode had no evi-
dent change. From the results of Fig. 6B, the current of
seATRP was optimal to be 1.0 mA.

12 0 8 6 4 2 0

-0.2 0.0 0.2 0.4 0.6 3
log(C/mg-mL"™)

E (V vs.SCE)

Fig.8 A The DPV curves of Pt/nAu/HIPILs in PBS containing
0.1 mol-L~! KCI+5 mmol-L™! [Fe (CN)¢]*"*~after rebinding with
Hb (concentrations of Hb from curve 1 to curve 13 were 0, 1072,
1071, 1079, 10, 1078, 107, 107, 107, 107, 1073, 1072, 107! mg/
mL). B The calibration plot of Pt/nAu/HIPILs

100} B 1 100y C
2

80} 80}
2 60} < 60}
z 2
= 40t 40t

20 45 !
20t - 3
0 o}
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E(V vs.SCE) E(V vs.SCE)

Electrochemical response to Hb for the different
electrodes

The electrochemical response of bare Pt wire, Pt/nAu, and
Pt/nAu/HIPILs were compared by DPV and shown in Fig. 7.
It could be seen that the bare Pt wire electrode had almost
the same DPV curve before (Fig. 7A, curve 1) or after
(Fig. 7A, curve 2) combining with Hb solution (10712 mg/
mL), which indicated that bare Pt wire electrode had no elec-
trochemical response toward Hb. The similar phenomenon
could be observed on Pt/nAu electrode (Fig. 7B). It was
worth mentioning that the DPV peak current of Pt/nAu were
higher than that of Pt wire due to the large surface area and
good electron transfer capability of nano-gold, which was
consistent with the results of CV and EIS (Fig. 5). As shown
in Fig. 7C, the DPV peak current of Pt/nAu/HIPILs after
combining with Hb (Fig. 7C, curve 2) decreased signifi-
cantly comparing with that of before combining (Fig. 7C,
curve 1), indicating that the Pt/nAu/HIPILs had good elec-
trochemical response to Hb.

Fig.9 Signal responses of Pt/nAu/HIPILs (PILs) and Pt/nAu/NIPILs
(NILs) for the template (Hb) and interferents (Lyz, PG, SOD, Lac)
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Table 1 Comparison of the linear response range of Pt/nAu/HIPILs and other materials for the determination of Hb*

Materials Detection method Linear range Detection limit References
(mg/mL) (mg / ml)

Carbon quantum dots fluorescent probes derived from  Fluorescence 6.4x107 1.53%107° [54]

cholesterol ~1.8x10" 8.32x 107

6.4x107°

Persistent label free probe based on luminescence Continuous luminescence 6.4x107° 8.32%107° [55]
~32x107

Multi-walled carbon nanotubes @Fe;0,@SiO, Chemiluminescence 5.0x1071° 1.5%x 10710 [56]
~7.0x107

Carbon paste electrode ionic liquid DPV 6.4x1077 3.3x1077 [57]
~6.4x10™"

Protein molecularly imprinted polymer DPV 1.0x107'2 3.29x10713 This work
~1.0x107"!

For facilitate comparison, the data units were converted

Determination of Hb by DPV

The Pt/nAu/HIPILs electrode was used as an electrochemi-
cal biosensor to detect Hb by DPV. Figure 8 demonstrated
the DPV curves of the Pt/nAu/HIPILs after rebinding with
a series of concentrations of Hb solutions. As could be
seen from Fig. 8 A, with the increasing of Hb concentra-
tion, the DPV peak current of the Pt/nAu/HIPILs decreased
gradually. This might be owing to the combination of Hb
and imprinted cavity, [Fe (CN)6]3_/4_ was blocked from
reaching the surface of the electrode [53]. According to
the relation of DPV current difference (signal response, Al)
with Hb concentration, the linear range of detecting Hb by
Pt/nAu/HIPILs was from 1.0 x 1072 to 1.0x 107! mg/ml.
As shown in Fig. 8B, the linear regression equation was
Al (pA)=1.162 log C (mg/ml) + 23.036 with a correlation
coefficient of 0.996. The detection limit (LOD, S/N =3) of
3.29x 10713 mg/mL could be estimated.

In order to highlight the superiority of the biosensor,
the analytical performance of the Pt/nAu/HIPILs was
compared with other sensors for Hb detection including
fluorescence, chemiluminescence, continuous lumines-
cence, and electrochemical method. It could be clearly
seen from Table 1 that the prepared Pt/nAu/HIPILs elec-
trode possessed wider detection range and lower detection
limit.

Selectivity of Pt/nAu/HIPILs electrode

The selectivity of Pt/nAu/HIPILs electrode toward Hb
was evaluated by using different protein including pepsin
(PG, MW, 35 kDa), superoxide dismutase (SOD, MW,
34 kDa), laccase (Lac, MW, 66 kDa), and lysozyme (Lyz,
MW, 14.4 kDa) as interferents. The signal responses (A1)
of Pt/nAu/HIPILs and Pt/nAu/NIPILs toward each pro-
tein (1071 mg/ml) were determined by DPV. As could

@ Springer

be seen from Fig. 9, the response signal(Al) of the Pt/
nAu/HIPILs electrode to Hb was 11.42pA, which was
9.96, 8.92, 5.7, and 4.32 times of PG, SOD, Lac, and
Lyz, respectively. The results showed that the Pt/nAu/
HIPILs electrode could be used as an electrochemical
sensor and had better selectivity toward Hb. The selec-
tivity of the electrode was also further evaluated by the
imprinting factor (/F), which was calculated as follow-
ing: IF = Al p; /Al ;1) [46]. The IF values of Hb, SOD,
Lyz, PG, and Lac were 12.32, 1.49, 1.5, 1.57, and 1.77,
respectively. The maximum /F value of Hb indicated that
the Pt/nAu/HIPILs electrode had better recognition per-
formance for Hb.

30
blank
25+
20+
2 mixture
= Hb
<15¢
10+
5 L
0 1 1 1 1 1
-0.2 0.0 0.2 0.4 0.6
E(V vs.SCE)

Fig. 10 DPV curves of imprinted polymer modified electrode: mixed
solution and Hb solution detection by Pt/nAu/HIPILs
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Table 2 Detection of Hb in real

Analyze Original sample Added Detection concentration  Recovery(%) RSD

samples (n=3) concentration” (mg/mL) (mg/mL) (%)
(mg/mL)

Hb 1.0x10™* 1.00x107* 2.08x 107 108.9 1.97

2.00x 107 3.45% 107 105.4 3.31

5.00x 107 5.98x 107 98.4 2.18

*The concentration detected by blood cell analyzer

Repeatability, reproducibility, and competition
of Pt/nAu/HIPILs electrode

In order to determine the repeatability of the Pt/nAu/HIP-
ILs sensor, 10~'2 mg/mL Hb (in PBS) was analyzed five
times by the same Pt/nAu/HIPILs electrode repeatedly at
the same day. The relative standard deviation (RSD) was
1.01%, implying that the Pt/nAu/HIPILs sensor had good
consistency and could be reused. In addition, to evaluate the
reproducibility of the Pt/nAu/HIPILs sensor, five Pt/nAu/
HIPILs electrodes were incubated in the same concentra-
tion (107'2 mg/ml) of Hb solution for 5 min, washed with
PBS for three times, and then tested for DPV. The DPV was
operated from -0.2 to 0.6 V in PBS containing 5 mmol/L
[Fe (CN)6]3_’4_, against the SCE reference electrode. An
increment potential of 4 mV, polarization time of 2 s, ampli-
tude of 50 mV, a sensitivity of 1 X 107*A/V, a pulse width
of 0.2 s, sampling interval of 0.0167 s, and a pulse period
of 0.5 s were set as the corresponding DPV parameters.
The DPV was conducted before or after incubating, and the
obtained signal responses (A7) was recorded. The RSD was
2.78%, indicating that the Pt/nAu/HIPILs sensor possessed
good reproducibility.

The competition of Pt/nAu/HIPILs electrode was car-
ried out between mixed solution (containing Hb, Lyz, PG,
SOD, Lac) and Hb solution by DPV. The results were
shown in Fig. 10. The response signal(Al) of the Pt/nAu/
HIPILs electrode toward Hb solution was 9.092pA, which
was 0.916 times that of mixed solution. The results showed
that the Pt/nAu/HIPILs electrode had good selectivity for
Hb in the presence of competitors.

Application of Pt/nAu/HIPILs electrode

To investigate the reliability of the Pt/nAu/HIPILs elec-
trode, the actual sample of bovine blood was further
detected by standard addition method. The bovine blood
sample was processed according to the literatures [58] and
analyzed by hematology analyzer. 10, 20, and 50 pL Hb
standard solution with concentration of 107! mg/mL were
added into the bovine blood sample of 10 mL, respectively.
According to the linear equation Al (pA)=1.162 logC

(mg/mL) + 23.036, the detection concentration, spiked
recovery rate, and RSD could be calculated, and the results
were shown in Table 2. It could be seen that the recovery
of Pt/nAu/HIPILs for bovine blood sample was from 98
to 109% and the RSD was less than 4%, implying that the
Pt/nAu/HIPILs sensor could be used for the analysis of
actual samples.

Conclusions

In conclusion, a novel electrochemical imprinted biosen-
sor (Pt/nAu/HIPILs) was conducted by se ATRP in only 5
pL volumes. The HIPILs were prepared by using Hb as
the template, VPIS ionic liquids and MBA as the func-
tional monomer and cross-linking agent, respectively.
Firstly, the polymerization time and current were selected
to be 1 h and1.0 mA. Secondly, the biosensor was exam-
ined by SEM, XPS, CV, and EIS. Finally, the Pt/nAu/
HIPILs electrode was used as a biosensor and success-
fully applied for the detection of Hb by DPV. The Pt/
nAu/HIPILs electrode showed that the linear range was
1.0x10"2~1.0x107! mg/ml, and the detection limit was
3.29% 10713 mg/ml (S/N=3). The Pt/nAu/HIPILs electrode
also illustrated good selectivity in the presence of Lyz, PG,
SOD, and Lac. In a word, the work of this paper reported a
worthwhile way for the preparation and application of bio-
sensor based on small-volume polymerization via seATRP.
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