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Abstract In the present work, nanocomposite of polymer-
ized ionic liquid (PIL), poly (1-vinyl-3-ethyl imidazolium)
bromide, modified graphene nanosheet (PIL-Gr) was pre-
pared. The PIL-Gr nanosheet composite was evaluated us-
ing scanning electron microscopy, transmission electron
microscopy, and Fourier transform infrared spectroscopy.
Then, a robust and effective sensing strategy based on the
nanocomposite for cytochrome ¢ (Cyt ¢) immobilization on
basal plane graphite (BPG) electrode surface was proposed.
Direct electrochemistry and electrocatalysis of immobilized
Cyt ¢ were investigated in detail. The cyclic voltammogram
results indicated that the PIL-Gr nanocomposite film
showed an obvious promotion for the direct electron transfer
between Cyt ¢ and the underlying electrode. The immobi-
lized Cyt ¢ exhibited an excellent electrocatalytic activity
towards the reduction of nitric oxide (NO). The fabricated
biosensor exhibited a fast response and a good electrochem-
ical activity for NO with comparable liner range and low
detection limit. The low apparent Michaelis—Menten con-
stant (K3PP) indicated the affinity of PIL-Gr and Cyt c.
Moreover, the modified electrode displayed a rapid response
to NO and possessed good stability and reproducibility.
Based on the nanocomposite, a third-generation reagentless
biosensor could be constructed for the determination of NO.
The present work broadens the applications of graphene and
ionic liquid in biosensor field.
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Introduction

Graphene, a new class of two-dimensional carbon nano-
structure, has received an intense surge in interest because
of its novel physical, chemical, and mechanical properties
[1-3]. Owing to unique properties, graphene finds potential
applications in many fields such as nanoelectronics, sensors,
batteries, nanomaterials, supercapacitors, hydrogen storage,
and resonators [4-6]. Recently, increasing attention has
been paid on sensing fields in virtue of its excellent conduc-
tivity and electrocatalytic activity [7-9]. Various graphene-
based electrochemical (bio)sensors have been developed to
detect different kinds of analytes including important inor-
ganic and organic electroactive molecules or compounds
such as dopamine [10], -nicotinamide adenine dinucleo-
tide [11], guanosine [12], ethanol [13], glucose [13], nitrate
[14], H,O, [15], and NO [16, 17]. However, there are still
many obstacles that limit the efforts of using graphene as
electrochemical sensing materials, such as the poor under-
standing of electrochemical properties and aggregation of
graphene in solution. To avoid aggregating, proper organic
or inorganic solvent and stabilizing reagent were used, such
as polymers (e.g., Nafion, sulfonated polyaniline, poly
(methyl methacrylate), and polyacrylonitrile) [18-20], chi-
tosan [16], ssDNA [21], and organic solvents such as N-
methyl-2-pyrrolidone, N,N-dimethylformamide [22, 23],
and ionic liquid (IL) [24-26].

Ionic liquid, comprising of large organic cations and
various anions, is a novel type of non-aqueous but polar
solvent. It has attracted a great deal of interest because of
their unique chemical and physical properties such as neg-
ligible vapor pressure, high chemical and thermal stability,
low toxicity, wide potential window, and high ionic conduc-
tivity [27]. In direct electrochemistry and electrocatalysis
field, IL has been extensively used as materials for electrode
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preparation and modification due to their properties of fa-
cilitating the direct electron transfer reaction between pro-
tein and electrode [28-30]. Recently, IL has been used as
stabilizing reagent and/or binder reagent in constructing
graphene-based sensors and biosensors [11, 25, 31]. How-
ever, ideal IL which could serve all the needs in establishing
such kind of sensors and biosensors is scarcely obtained.

In the IL family, polymerized ionic liquid (PIL) is a group
of functionalized ionic liquid which had been easily synthe-
sized from the polymericable ionic liquid monomers [32,
33]. PIL possess not only the merits of IL but also the
virtues of polymers, including good film stability, enhanced
ionic conductivity, thermal stability, film forming ability,
wide solubility, and high biocompatibility. This is quite
helpful for the dispersion solution and stability of carbon-
based material such as carbon nanotubes and graphene
nanosheets [34, 35]. In addition, positively charged PIL
and exchangeability of the counter-anions in PIL, e.g., with
negatively charged proteins or enzymes in proper condi-
tions, are much favorable for further immobilization of
biomolecules [36]. Ruiz and co-workers developed a glu-
cose amperometric biosensor based on the immobilization
of glucose oxidase in microparticles prepared by polymeri-
zation of ionic liquid. The biosensor could be employed in
aqueous and non-aqueous media for glucose determination
in human serum samples [37]. In another paper, polymeric
ionic liquid functionalized graphene was synthesized and
immobilized onto glass carbon electrode to immobilize the
negatively charged glucose oxidase through self-assembly
for the detection of glucose [34]. However, there is still
much work to do for synthesizing of PIL functionalized
and also stabilized graphene nanocomposite and using in
fabricating biosensors at the moment.

In our previous work, chitosan was used as protector and
disperser to disperse graphene in aqueous solution. The as-
prepared chitosan dispersed graphene was then immobilized
on the surface of glassy carbon electrode to form a graphene
modified electrode, and the direct electron transfer of Cyt ¢
was achieved. The constructed Cyt c/graphene-based bio-
sensor had displayed a potential application for nitric oxide
biosensing [16]. To obtain a better graphene-based nano-
composite applying in biosensor, considering the proper
quality of PIL as described previously, PIL was selected as
protector and disperser for graphene-based nanocomposite
preparation in this paper. First, we prepared poly (1-vinyl-3-
ethyl imidazolium) bromide (PIL) functionalized graphene
sheets (PIL-Gr) by a simple synthetic method, in which PIL
could efficiently attach onto graphene to prevent the aggre-
gation of graphene sheets through electrostatic repulsion.
Subsequently, PIL-Gr was used as a modifier to modify
the substrate electrode and immobilize Cyt ¢ for construc-
tion of graphene-based electrochemical biosensor. PIL-Gr
could provide a biocompatible microenvironment for the

@ Springer

model protein and promote the electrotransfer between it
and the underlying electrode. The fabricated biosensor
exhibited a fast electron transfer of Cyt ¢ and a good elec-
trochemical activity for the detection of NO with wide liner
range and low limit of detection. This indicated that the
nanocomposite could be used as an excellent platform for
realizing direct electrochemistry and electrocatalysis of re-
dox proteins and establishing NO electrochemical biosensor.

Experimental
Materials

Cyt ¢ was obtained from Sigma Chemical Company and
used without further purification. Cyt ¢ stock solution
(5 mg mL™") was prepared by 0.1 M pH 7.0 PBS and stored
at a temperature of 4 °C. The ionic liquid monomer 1-vinyl-
3-ethyl imidazolium bromide (ViEtIm'Br ) was purchased
from Shanghai Cheng Jie Chemical Co. Ltd. (ShangHai,
China) and used as received. Graphene oxide (GO) was
synthesized from graphite according to our previously
reported paper [16]. Saturated NO solutions were self-made,
and a fresh standard solution of NO was prepared daily for
each experiment and kept in a glass vial sealed with a rubber
septum. The NO concentration in the saturated solution was
taken as 1.9 mM at 25 °C as reported. PBS (0.1 M) was
prepared by mixing the stock solutions of Na,HPO, and
NaH,PO, to proper pH. All other chemicals were of analytical
grade and used as obtained. Double distilled water was used to
prepare all solutions in the experiments.

Apparatus and procedure

All electrochemical experiments were performed on CHI
660B electrochemical workstation (CH Instruments, USA).
A three-electrode system was used, where An Ag/AgCl
electrode served as the reference electrode, a platinum wire
electrode served as the auxiliary electrode, and a bare BPG
electrode or modified BPG electrode was used as the work-
ing electrode. The surface morphologies of the prepared
nanocomposite were observed through scanning electron
microscopy (SEM) on S-4800 Scanning Electron Microsco-
py (Hitachi, Japan) at an accelerating voltage of 20 kV.
Transmission electron microscopy (TEM) measurements
were made on a Hitachi H-8100 electron microscope
(Hitachi, Tokyo, Japan) operating at an accelerating voltage
of 300 kV. The sample for TEM characterization was pre-
pared by placing a drop of colloidal solution on carbon-
coated copper grid and dried at room temperature. UV-
visible spectra experiments were carried out on a UV-2540
UV-vis spectrophotometer (Shimadzu, Japan) with wave-
length range of 350-500 nm. FT-IR spectra experiments
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were obtained on an FTIR-8400S Fourier transform infrared
spectroscopy (Shimadzu, Japan) with wavelength range of
500-3,800 cm ™.

The electrochemical measurements were carried out in
10-mL cells containing 0.10-M PBS (pH 7.0) or 5.0-mM
[Fe(CN)]>”* and 0.1-M KCl solutions. Prior to measure-
ment, all electrolytic solutions were purged with high-purity
nitrogen for at least 30 min, and then, a nitrogen atmosphere
was maintained over the electrochemical cell during the
experiments. The cyclic voltammograms (CVs) were recorded
from —0.70 to 0.20 Vor —1.0 to 0.10 V. All experiments were
carried out at room temperature.

Synthesis of PIL-Gr nanosheets

PIL-Gr nanosheets were prepared as follow: (1) PIL was
synthesized by a conventional free-radical polymerization.
Inhibitors in the ViEtIm Br" monomer were removed by
washing in diethyl ether in an iced bath, followed by drying
under vacuum for 2 h in an iced bath. In a typical polymer-
ization, imidazolium monomer ViEtIm Br” (5 g), 2, 2'-azo-
bis(isobutyronitrile) (AIBN, 5 mg), and chloroform (30 mL)
were charged to a 100 mL glass vial. The vial was sealed
with silicon rubber-lined open-top cap and purged with N,
via needles for 30 min and then immersed in an oil bath at
60 °C for 12 h. After polymerization, white-yellow solid
precipitates appeared, and those were washed several times
with chloroform. After drying under vacuum at 70 °C,
4.954 g of PIL was obtained (yield: 98 %). (2) GO was
prepared according to our previously described literature
[16]. The obtained brown dispersion was centrifuged for
30 min to remove any unexfoliated GO. The synthesized
GO was dispersed in water to create a 0.8-mg mL™' aqueous
solution. (3) Preparation of aqueous dispersion of PIL-Gr
nanosheets was the same with the procedures in the litera-
ture [35]. In details, 100 mg of PIL was mixed with 10 mL
of the as-prepared GO dispersion (0.8 mg mL "), and the
mixed solution was vigorously shaken for a few minutes.
The resulting homogeneous dispersion was transferred into
a 25-mL flask, followed by reduction with hydrazine mono-
hydrate (10 mL) at 100 °C for 12 h. The color of the mixture
solution changed from light yellow to black after the end of
the reaction, indicating that graphene oxide had been re-
duced. Then, the mixture was centrifuged and washed with
water three times. After redispersion, a stable black disper-
sion of PIL-Gr sheets in aqueous solution was obtained. The
resulting PIL-Gr aqueous solution is stable for more than
2 months at ambient temperature.

Preparation of the Cyt ¢/PIL-Gr/BPG electrode

Prior to use, the BPG electrode was first polished with alumi-
na slurry (followed by 1.0, 0.3, and 0.05 pwm) on microcloth to

mirror, cleaned with ethanol and double distilled water, and
then dried in nitrogen. The effective area of the BPG electrode
calculated from the cyclic voltammegrams of 5-mM K4[Fe
(CN)g] containing 0.1-M potassium chloride is 0.1624 cm?.
Then, 5 uL of the resulting PIL-Gr solution (about 0.03 %)
was cast onto the clean BPG electrode surface, and the elec-
trode was allowed to dry for 24 h to form a PIL-Gr modified
electrode, noted as PIL-Gr/BPG electrode. Subsequently, the
modified electrode was soaked in 2-mg mL ™" Cyt ¢ solution
(0.1-M PBS, pH 7.0) for 24 h at 4 °C so that Cyt ¢ could be
adsorbed on the modified electrode to create a Cyt ¢/PIL-Gr/
BPG electrode. The Cyt ¢/PIL-G1/BPG electrode was stored at
4 °C in a refrigerator when not in use. For comparison, Cyt ¢/
BPG and Cyt ¢/PIL/BPG were prepared with the same proce-
dures as described previously.

Results and discussion
Characterization of PIL-Gr nanosheets

PIL-Gr nanosheets, Gr together with GO, were first investi-
gated by SEM, and Fig. 1 illustrated the typical results. As
can be seen from Fig. la, b, the surface exhibits a curly
morphology consisting of a thin wrinkling paper-like struc-
ture with nanometer size. In Fig. 1c, the PIL-Gr sheets were
observed to form separated but a little thicker sheets with
single structures. The morphology may suggest that PIL has
been uniformly integrated with graphene.

The surface morphology of PIL-Gr nanosheets, Gr, and
GO was further examined by TEM, and the images were
depicted in Fig. 2. In Fig. 2a, GO flakes are nearly transpar-
ent, and some fold together. Large monolayer Gr nanosheets
with slightly scrolled edges can be observed in Fig. 2b, and
the resemblance of crumpled silk veil waves that were
corrugated is intrinsic to graphene nanosheets [38].
Figure 2c¢ shows that PIL-Gr nanosheets have almost the
same characteristics with Gr. In this case, PIL layers coved
the surface of the graphene nanosheets upon 77 stacking
interaction to prevent the Gr nanosheets from aggregating
and precipitating. While PIL could dissolve in solution
easily, as a result, PIL-Gr nanosheets could be dispersed to
individual sheet in solution and exhibit a very stable nature.
The photographs of the insert in Fig. 2 also confirm that
PIL-Gr (Fig. 2c) together with GO (Fig. 2a) was found to be
stable and well dispersed in the aqueous phase without any
agglomeration. Also, both the Go and PIL-Gr dispersions
remained stable for months. In contrast, unfunctionalized Gr
(Fig. 2b) cannot disperse properly in water. Precipitation of
agglomerate nanosheets, which aggregated easily and sus-
pended in solution, can be clearly observed. All of these
indicate that the PIL could effectively serve as both stabi-
lizing reagent and dispersant [34].
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Fig. 1 SEM images of GO (a), Gr (b), and PIL-Gr nanosheets (c)

FT-IR spectroscopy was also used to examine the PIL-Gr
nanomaterials. PIL was confirmed in Fig. 3a, in which the
presence of the C—H stretching bands located at 2,923 and
2,853 cm ', and the C—H vibration at 1,455 cm™ ', as well as
the imidazolium framework vibration at 1,637 cm ', are
evidenced. The spectrum of GO (Fig. 3b) shows the pres-
ence of O—H (vo_y at 3,365 cm™ '), C=0 (vc—o at
1,667 cm ' in carbonyl groups), C=C (vc—c at
1,445 cmfl), and C-O (vc_o at 1,037 cmfl). After the
reduction, the disappearance of characteristic peaks of oxide
groups in PIL-Gr (Fig. 3c) indicates that such graphene
oxides have been fully reduced to the graphene. The FT-IR
spectrum of PIL-Gr also exhibits PIL absorption features. The
presence of the C—H stretching bands located at about 2,924
and 2,783 cm_l, and the C—H vibration at 1,455 cm_l, as well

as the imidazolium framework vibration at 1,632 cm™ ' are
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500 nm

Fig. 2 TEM images of GO (a), Gr (b), and PIL-Gr nanosheets (c).
Inset the photographs of the aqueous dispersion of GO (a), Gr (b), and
PIL-Gr nanosheets (c¢)

evidenced. Especially, the peak of the C—N stretch mode in
PIL-Gr appears at 1,363 cm ™' (vc_y binding with aromatic
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Fig. 3 FT-IR transmittance spectra of PIL (a), GO (b), PIL-Gr (c) , Cyt
¢ (d), and Cyt ¢/ PIL-Gr (e)

ring). The shift might be attributed to the 7—t stacking and
hydrophobic forces between PIL and Gr. These results con-
firmed that the PIL has been covalently grafted to the gra-
phene sheets successfully [18].

Potassium ferricyanide was selected as a probe to evalu-
ate the electrochemical performance of the nanomaterials.
Figure 4 shows the electrochemical responses of BPG, PIL/
BPG, and PIL-Gr/BPG in 5-mM K4[Fe(CN)g] and 0.1-M
KCI solution, respectively. A pair of well-defined cyclic
voltammograms with a peak-to-peak separation (AE,) of
0.091 V was observed at the bare BPG electrode (Fig. 4a).
After modified with PIL, the peak current increased obvi-
ously, and the AE,, decreased to 0.082 V (Fig. 4c), showing
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Fig. 4 Cyclic voltammograms of bare BPG (a), PIL-Gt/BPG (b), and
PIL/BPG (c) electrodes in the presence of 5.0-mM [Fe(CN)g] **
containing 0.1-M KCl solution at a potential scan rat of 100 mV s™

that the PIL/BPG could accelerate the electron transfer of
ferricyanide. This should ascribe to the good conductibility
of PIL. While at the PIL-Gr/BPG (Fig. 4b), the peak current
further increased, and the AE, decreased a little (0.080 V).
The smaller AE, and larger peak currents of [Fe(CN)s >+
in Fig. 4b suggested that the PIL-Gr nanocomposite could
further enhance the electron transfer rate of [Fe(CN)g]*".
This was mainly due to the disappearance of negatively
charged moieties present on graphene through chemical
reduction and the increasement of conductivity of the gra-
phene [39]. Further, the PIL was closely attached on the
conductive graphene, synergistically enhanced the effective
surface area of the electrode/electrolyte interfaces, and im-
proved the charge transfer between the modifying layer and
substrate BPG electrode. Although the increase of peak
currents was partly due to the effect of preconcentration of
hexacyanoferrates on PIL, the same surface charge charac-
teristics of PIL and PIL-Gr probably resulted in the same
preconcentration effect. Otherwise, the surface charge had
no drastic effect on peak-to-peak separation [40]. Thus, the
smaller AE,, and larger peak currents were on account of the
introduction of PIL and Gr. Moreover, the attached protein/
enzyme often had the similar negative charge as [Fe
(CN)6]*”* ions. As a result, the results indicate that PIL-
Gr nanosheet film could effectively enhance the electro-
catalytic activity and had a potential use in electroanalysis
and electrochemical biosensor field.

Characteristics of Cyt ¢ in PIL-Gr

FT-IR spectroscopy was used to detect the characteristic of
Cyt ¢ in PIL-Gr. Figure 3d, e shows the FT-IR spectrum of
Cyt ¢ and Cyt ¢/PIL-Gr, respectively. By comparison, amide
1(1,659 cm™") and amide II (1,543 cm ") of Cyt ¢ immobi-
lized in PIL-Gr were nearly the same as those of native Cyt
c. The slight shift of amide II band from 1,537 to 1,543 cm’!
might reveal the interaction between Cyt ¢ and the PIL-Gr
nanosheet film. Therefore, Cyt ¢ entrapped in the PIL-Gr
nanosheet film retained the essential features of native sec-
ondary structure, which accounted for that PIL-Gr that could
provide a biocompatible microenvironment for Cyt c.
UV-vis spectroscopy is another effective means to probe
the interaction between heme proteins and other materials.
The wavelength and intensity of characteristic absorption
spectra are sensitive to the conformational state of the pro-
tein [41]. Figure 5 shows the UV—vis spectra of PIL-Gr
(Fig. 5a), Cyt ¢ (Fig. 5b), and Cyt ¢/PIL-Gr composite films
(Fig. 5¢) on graphite slices. The Soret band of native Cyt c at
409 nm is the characteristic absorption band of oxidized
state of Cyt ¢ (ferricytochrome c). The Cyt ¢/PIL-Gr com-
posite presented similar absorption bands as well, but the
absorption band showed a red shift of 1 nm with the Soret
band of 410 nm. The slight shift may well be ascribed to the
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Fig. 5 UV-vis spectra of the PIL-Gr (a), Cyt ¢ (b), and Cyt ¢/PIL-Gr
films (c) on graphite slides

interaction between Cyt ¢ and PIL-Gr, which indicates that
Cyt ¢ conformation remained nearly unchanged in PIL-Gr
composite and that the PIL-Gr film might have good
biocompatibility.

Voltammetric behaviors of the Cyt ¢/PIL-Gr/BPG electrode

The direct electrochemistry of Cyt ¢ modified electrodes
was studied by cyclic voltammetry. Figure 6 shows the
CVs of different modified electrodes in 0.1-M PBS (pH
7.0) at a scan rate of 0.10 V s™'. In the potential range from
—0.7 to 0.2 V, no obvious redox peaks appeared at the Cyt ¢/
BPG (Fig. 6a); this is possibly due to the unfavorable
orientation or denaturing of Cyt ¢ molecules on the bare
BPG surface. At the PIL-Gr/BPG, there is also no redox
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Fig. 6 CVs of Cyt ¢/BPG (a), PIL-Gt/BPG (b), Cyt ¢/PIL/BPG (c),

and Cyt ¢/PIL-Gr/BPG electrodes () in 0.1-M PBS (pH 7.0) at a scan
rate of 100 mV s~
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peaks observed in the same potential range (Fig. 6b). While
at the Cyt ¢/PIL/BPG, a couple of well-defined redox peaks
was observed (Fig. 6c¢), corresponding to the direct electron
transfer reaction between Cyt ¢ and the underlying elec-
trode. This demonstrated that the presence of PIL could
facilitate the electron transfer between electrode and redox
protein. However, a couple of stable, well-defined, and
quasi-reversible waves appears at the Cyt ¢/PIL-Gr/BPG
(Fig. 6d), together with the anodic peak potential (£,,)
of —=0.211 V and the cathodic peak potential (&) of —0.282 'V,
which means a quasi-reversible electrochemical process.
Compared with Fig. 6c, in Fig. 6d, the peak-to-peak separa-
tion (AE,) of 0.071 V and the formal potential E*' (E°'=
(Epa + Epc)/2) of —0.247 V are similar. Nevertheless, the
current responses of Cyt ¢ are remarkably augmented, indi-
cating that the PIL-Gr nanosheet film possessed larger surface
area and further promoted the electron transfer rate of Cyt c.
Thus, the interaction of PIL and Gr provided a remarkable
synergistic promotion for the direct electrochemistry of Cyt c,
which demonstrated the ability of the PIL to not only fortify
the structure of Gr but also facilitate charge transport through
the bulk of the nanosheet film, by providing less impeded
pathways [42].

We examined the CVs of Cyt c¢/PIL-Gr/BPG elec-
trode in PBS (pH 7.0) at different scan rate. Both the
anodic and cathodic peak currents increased with the
increase of scan rate v, and they are linearly proportional to
v in the wide range of 0.02-0.60 V s™'. The linear regression
equations for cathodic and anodic peaks were /,.=(3.62+
0.02yv+(0.013=£0.001) (R=0.997, I, in pA, vin V s ') and
1,,=—(3.54£0.01)v - (0.024+0.001) (R=0.996, I,, in A, vin
V s, indicating a surface-confined electrochemical mecha-
nism. With the increase of scan rate, the oxidation peak
potential positively shifted, and the reduction peak potential
negatively shifted, indicating that the redox reversibility of
Cyt ¢ was impaired. According to the equation 7, = n*F?vA
I'* /ART [43], where v is the scan rate, A is the modified
electrode surface area, and the other symbols have their usual
meanings. The surface concentration of electroactive Cyt ¢
(I'*) at Cyt c¢/PIL-Gr/BPG was estimated to be 3.67x
107" mol cm 2, indicating that a monolayer of Cyt ¢ partic-
ipated in the electron-transfer process in the PIL-Gr nanosheet
film. Under the surface controlled process, the electron trans-
fer kinetics of Cyt ¢ at the electrode can be obtained by using
the approach developed by Laviron [43]. And the standard
electron transfer rate constant (k) is expressed as the follow-
ing equation:

RT
logk, = arlog(1 — 1 — a)loga — log ——
og alog(l —a) + (1 —a)loga — log (an>

o(l —a)nFAE,
2.3RT
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where « is the electron transfer coefficient, n is the electron
transfer number, v is the scan rate, and AE, is the peak-to-
peak separation. According to the equation, at the Cyt ¢/PIL-
Gr1/BPG, the value of k, was calculated to be 2.39 s '. The k,
value is larger than that for Cyt ¢ at graphene electrode
(1.65 s7") [44] and Cyt ¢ on colloidal Au (1.2 s ") [45],
mesoporous SnO- film (1£0.03 s ') [46], GNPs/Chi/ MWNTs
(0.97 s [47], and poly-TTCA (5,2':5,2"-terthiophene-3'-
carboxylic acid) (1.86 s ') [48]. The faster k, indicates that
the PIL-Gr nanosheet film is an excellent promoter for the
electron transfer between Cyt ¢ and the underlying electrode.

The pH value of the supporting electrolyte also showed
influence on the voltammetric behavior of Cyt ¢ immobi-
lized. We also surveyed the CVs of the Cyt ¢/PIL-Gr/BPG
electrodes obtained in 0.1-M PBS (pH 7.0) at various pH
values. The peak currents changed a little in the pH range of
4.0 to 9.0, which can be attributed to the changes of Cyt ¢
activity and the promotion of PIL-Gr because they depend
on pH to some extent. Furthermore, the formal potential
shifted negatively along with the increase of pH value, and
the relationship between the formal potential £°' and pH
value was E°'=—0.056pH+0.071 (R=0.998). The slope of
0.056 V pH ', which was close to the theoretical value
(0.059 V pH™"), implied a single-electron, single-proton
transfer process.

Electrocatalysis of the Cyt ¢/PIL-G1r/BPG electrode

NO acts as a secondary messenger in signal pathways
and an important regulatory molecule in the process of
gene transcription and translation. As a result, there was
a significant interest in developing new materials that
can detect NO. Recently, many heme protein-based NO
biosensors have been presented [49]. Nevertheless, con-
structing more sensitive, much rapid, and inexpensive
NO biosensor with wider liner range and low detection
limit is essential. Here, PIL-Gr had been proved to be a
kind of superior material in modifying electrodes be-
cause of promoting the electrotransfer of Cyt c. Based
on it, NO biosensor could be established. In order to
explore the electrocatalytic activity of Cyt ¢ on the PIL-
Gr modified electrode, the response of the electrode to
the reduction of NO was studied. Figure 7 is typical
CVs of NO at the Cyt ¢/PIL-Gt/BPG electrode. With
increasing concentration of NO, the reduction peak cur-
rent of Cyt c¢ increased obviously, while its oxidation
peak current decreased to almost zero (Fig. 7b—e),
showing a typical electrocatalytic reduction process of
NO. However, no corresponding signal was visible at a
Cyt ¢/BPG electrode under the same condition (Fig. 7a).
This result illustrated that Cyt ¢ in the PIL-Gr nano-
composite film retained its bioelectrocatalytic activity
and exhibited excellent electrocatalytic activity towards

uA

S - . . . . . . . .
0.0 -0.2 -0.4 -0.6 -0.8 -1.0

E/V (vs Ag/AgCI KCl-sat)

Fig. 7 CVs of bare BPG electrode (a) and the Cyt c¢/PIL-Gr/BPG
electrode (b—e) at a scan rate of 100 mV s ' in 0.1-M PBS (pH 7.0)
with NO of different concentration (a 3.92, b 3.92, ¢ 7.85,d 11.77, e
19.61 uM)

the reduction of NO. So, the Cyt ¢/PIL-G1/BPG could be used
as a NO biosensor.

Figure 8 illustrates a typical current—time plot for the Cyt
¢/PIL-Gr/BPG upon the successive addition of NO into
stirring PBS (0.1 M, pH 7.0). Based on the optimal experi-
ments, -0.73 V was selected as the applied potential for NO
detection. The current response of the modified electrode
increased along with NO concentration. The insert in Fig. 8
shows the calibration curve of current vs. concentration of
NO. The modified electrode displayed increasing ampero-
metric responses to NO with a linear range from 1.05x 10
to 1.37x107> M (R=0.999, n=11), and the detection limit

a4 6 8 10 12 14
[NOJiuM

T T T T T T T T T

0 100 200 300 400 500
Time/s

Fig. 8 Amperometric response of the biosensor to NO in PBS (pH 7.0)

at an applied potential of —0.73 V upon successive additions of 1.05-
UM NO. Inset plot of current vs. the concentration of NO
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was 7.0x107" M at the signal-to-noise ratio of 3. Moreover,
the electrode reached 95 % of the steady-state current within
3 s, suggesting that the response of the electrode to NO was
a quick responsive process. The proposed Cyt ¢/PIL-Gr/
BPG for NO determination was compared with other
kinds of Cyt ¢ modified electrode, and the results were
illustrated in Table 1. It can be seen that this method
can provide comparable linear range along with higher
sensitivity and lower detection limit. When the concen-
tration of NO further increased, a platform emerged in
the cathodic peak current, showing the characteristics of
Michaelis—Menten kinetics. The apparent Michaelis—
Menten constant (K2PP), which is an important parameter
for enzyme-substrate reaction kinetics, can be estimated
by the Lineweaver—Burk equation [50]:

11 KW

R +
L Imax  InaxC

where Iy is the steady-state current after the addition of
the substrate, [,,x is the maximum current measured
under saturated substrate conditions, and ¢ is the bulk
concentration of the substrate. Based on the experimen-
tal data from the inset of Fig. 8, the KiPP value for the
modified electrode was estimated to be 25.6 uM. This
value was markedly smaller than 81.4 [51], 105.8 [52],
and 320 pM [53], which implied that the Cyt ¢/PIL-Gr/
BPG exhibited a quite higher affinity and activity to NO.

Selectivity, stability, and repeatability of the Cyt ¢/PIL-Gr/
BPG

The selectivity of the NO biosensor was evaluated by NO
determinations in the presence of some potentially co-
existing compounds of NO in biological systems. These
include ascorbic acid, uric acid, dopamine, catechol, and
epinephrine. The detection of NO was not influenced
by these potential interference compounds at concentra-
tions 1-2 orders higher than expected in biological systems.
Therefore, the NO biosensor has a good selectivity. The

stability of the Cyt ¢/PIL-Gr/BPG electrode was studied as
well. Even the 50 continuous cyclic scans were carried out in
the potential range from —0.7 to 0.2 V with a scan rate of
100 mV s'; no obvious change of the CVs could be observed.
Also, the relative standard deviation was 5.2 % for ten suc-
cessive determinations of a 5-uM NO standard employing a
single modified electrode. When the modified electrode was
stored at 4 °C for about 2 weeks, the CV curve was still well
retained, which suggested that the electrode had an excellent
stability. The repeatability of the modified electrode was also
investigated. In a series of five similarly prepared modified
Cyt ¢/PIL-Gr/BPG electrodes, a relative standard deviation of
6.3 % was obtained for the individual current responses to the
same sample, which revealed that the electrodes had an ex-
cellent repeatability.

Conclusions

A kind of more robust and advanced nanomaterial PIL-
Gr was synthesized by introducing PIL to effectively
improve the colligate properties of Gr. The PIL-Gr was
modified on BPG electrode, and the direct electrochem-
istry of Cyt ¢ inthe nanosheet composite film was achieved.
The integration of PIL and Gr provided a remarkable syner-
gistic promotion for the direct electron transfer between Cyt ¢
and the underlying electrode. The modified electrode showed
an excellent electrocatalytic activity towards the reduction of
NO along with low detection limit, quick response, good
selectivity, stability, and repeatability. Based on the nanocom-
posite film, a third-generation reagentless biosensor could be
constructed for the determination of NO. Comparing the chi-
tosan dispersed graphene in our previous work, the PIL pro-
tected Gr was more stable in water together with comparable
NO sensing ability. The PIL-Gr nanocomposite could also
find a promising platform for other protein and enzyme im-
mobilization together with biosensor preparation, and this
work is worthy of promoting functionalized graphene-based
electrochemical sensors and biosensor design.

Table 1 Comparisons of the

responses of different Cyt ¢ Electrode Linear range Detection limit Sensitiv%tly Reference
modified electrodes for NO (1M) (uM) (MA uM™)
determination
Cyt ¢/SnO, 1-13 1 - [46]

. . Cyt ¢/poly-TTCA/Pt 2.4-55.0 0.13+0.003 0.117£0.006 [48]
SnO, mesoporous tin oxide film,
TTCA 5,2':5,2"-terthiophene-3'- Cyt ¢/DNA/GCE 0.6-8 0.1 - [53]
carboxylic acid, GCE glass car- Cyt ¢/ MWNTs/GCE 2-48 1.3 - [54]
bon electrode, MWNTs multi- Cyt ¢/CC/poly (5-NHa- 0-34 2.85 0.15 (cm™2) [55]
walled nanotubes, CC cyanuric 1-NAP)/GCE
chloride, poly (5-NH-1-NAP) Cyt ¢/PIL-Gr/BPG 1.05-13.70 0.7 0.14 This work

poly (5-amino-1-naphthol)
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