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Abstract: p-Nitrophenylphosphate (PNPP) is usually employed as the substrate for enzyme-linked immunosorbent
assays. p-Nitrophenol (PNP), the product of PNPP, with the catalyst alkaline phosphatase (ALP), will passivate an
electrode, which limits applications in electrochemical analysis. A novel anti-passivation ink used in the preparation of a
graphene/ionic liquid/chitosan composited (rGO/IL/Chi) electrode is proposed to solve the problem. The anti-passivation
electrode was fabricated by directly writing the graphene-ionic liquid-chitosan composite on a single-side conductive
gold strip. A glassy carbon electrode, a screen-printed electrode, and a graphene-chitosan composite-modified
screen-printed electrode were investigated for comparison. Scanning electron microscopy was used to characterize
the surface structure of the four different electrodes and cyclic voltammetry was carried out to compare their perfor-
mance. The results showed that the rGO/IL/Chi electrode had the best performance according to its low peak potential
and large peak current. Amperometric responses of the different electrodes to PNP proved that only the rGO/IL/Chi
electrode was capable of anti-passivation. The detection of cardiac troponin | was used as a test example for elec-
trochemical immunoassay. Differential pulse voltammetry was performed to detect cardiac troponin | and obtain a
calibration curve. The limit of detection was 0.05 ng/ml.
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1 Introduction 2017), precious metal electrodes (Tang and Wu, 2014;
Yu et al., 2014), carbon paste electrodes (Idris et al.,
2017), and screen-printed electrodes (SPEs) (Gonzalez-
Sanchez et al., 2016; Li S et al., 2017). To improve
electrochemical performance, the electrode is usually
modified with other materials such as nanoparticles
(Budnikov and Shirokova, 2013) and polymers (Sajid
et al., 2016). For instance, Ma et al. (2012) used a

graphene-modified glass carbon electrode to detect

Electrochemical detection is a simple, fast, sen-
sitive, and cost-effective method suitable for on-site
applications (Bansod et al., 2017). The sensitive el-
ement of the testing system is the working electrode.
Various types of electrodes are used in research, such
as glassy carbon electrodes (GCEs) (Dinesh et al.,
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dopamine selectively in the presence of epinephrine,
uric acid, and ascorbic acid by measuring the reduc-
tion peak current. Molazemhosseini et al. (2017)
fabricated a gold film electrode modified with CuO
nanoparticles for the detection of glucose. Cinti et al.
(2017) modified an SPE with a nanocomposite formed
by carbon black and Prussian blue nanoparticles to
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detect ethanol in beer. In recent years, flexible elec-
trodes have become popular, such as a paper-based
electrode (Aneesh and Berchmans, 2017) and elec-
trode ink (Secor et al., 2015). Ghosale et al. (2017)
fabricated a low-cost paper electrode by directly writ-
ing with silver nanoparticle-based ink for detection of
hydrogen peroxide in wastewater. Yang et al. (2015)
fabricated serpentine gold electrodes by means of
thermal evaporation for use as multi-parametric epi-
dermal sensor systems (Yang et al., 2015).

Our research group has also made great efforts to
improve the performance of electrodes. Graphene,
also known as single atomic layer graphite, was used
to fabricate a free-standing paper electrode by vacuum
filtration for use as an impedimetric immunosensor
(Wang et al., 2013) because of its high conductivity,
fast electron transfer rate, large specific surface, and
good biocompatibility (Kuila et al., 2011). We also
fabricated a screen-printed graphene electrode for
simultaneous determination of ascorbic acid, dopa-
mine, and uric acid (Ping et al., 2012b). However, the
manufacturing process requires the use of an organic
solvent such as acetone cyclohexanone which is
harmful to health and environment. Chitosan is a kind
of thickener and coating agent in numerous fields,
such as medicine, food, and chemical industry be-
cause of its biocompatibility, safety, and biodegra-
dability. It can be used as binder to modify the surface
of electrode (Nesakumar et al., 2016). In our previous
studies, chitosan was used not only as the binder for
producing nano-silver/acetylcholinesterase electrode
ink, but also as the insulating compound to control the
area of the electrode. It was the first time that chitosan
had been used as the insulating compound (Zheng
etal., 2016).

In this study, we used both graphene and chitosan
for the fabrication of electrode ink. n-Octylpyridinium
hexafluorophosphate (n-OPFP), a kind of ionic liquid
comprising organic cations and anions (Ping et al.,
2010; Tang et al., 2014), was also included in the
electrode ink. We found that n-OPFP was superior in
resisting fouling of the electrode when p-nitrophenol
(PNP) was present in the solution. PNP is the product
of an enzyme-linked immunosorbent assay (ELISA)
(Saita et al., 2017) when p-nitrophenylphosphate (PNPP)
is used as substrate and alkaline phosphatase (ALP) is
used as catalyst (Preechaworapun et al., 2008). The
fouling of the electrode by PNP may limit the appli-
cation of immunosensors. Hence, we developed an

anti-passivation electrode ink to overcome the fouling.
The ink also has advantages of high performance and
safety, and is pro-environment owing to the use of
graphene and chitosan. We chose cardiac troponin [
(cTnl) as a test example for electrochemical immu-
noassay using our anti-passivation electrode. The
concentration of cTnl in serum is usually employed in
the diagnosis and risk stratification of acute myocar-
dial infarction (Li SJ et al., 2017).

2 Materials and methods
2.1 Reagents

Chitosan (>400 mPa‘s), PNP, PNPP, gelatin,
and diethanolamine were purchased from Aladdin
(Shanghai, China). ALP from bovine intestinal mu-
cosa, casein from bovine milk, Tween 20 and silver
powder (5—8 um) were purchased from Sigma-Aldrich
(St. Louis, Mo, USA). Bovine serum albumin (BSA)
and sterile Tris-buffer solutions (pH 8.5 and pH 7.5)
were purchased from Sangon Biotech (Shanghai,
China). Graphene was obtained from XFNano Co.,
Ltd. (Nanjing, China). n-OPFP was obtained from
Shanghai Chengjie Co., Ltd., China. Potassium fer-
rocyanide, potassium chloride, magnesium chloride
hexahydrate, and sodium hydroxide were purchased
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). Human c¢Tnl monoclonal antibody used as
capture antibodies; human c¢Tnl and ALP-labeled cTnl
monoclonal antibodies were obtained from Kitgen
Biotech Co., Ltd. (Hangzhou, China). Reagents were
of analytical grade and were used without further
purification. All aqueous solutions were prepared
using ultrapure water (Millipore, 18.2 MQ/cm).

2.2 Apparatus

Images of the electrodes were taken with a
scanning electron microscope (SEM; SU8010, Hitachi,
Japan). Cyclic voltammetry, amperometric method,
and differential pulse voltammetry (DPV) were per-
formed using a CHI760 electrochemical workstation
(CH Instruments, Austin, TX, USA). When the GCE
was employed as the working electrode, an Ag/AgCl
electrode and a platinum wire were used as the
reference and auxiliary electrodes, respectively. The
SPE was fabricated on a Z-C3050A screen printer
(Zhengting Screen Printing Machine Co., Ltd., China)
using commercial graphite ink, silver ink, and insulating
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ink obtained from Acheson Co., Ltd. (USA). Spec-
trophotometry was performed using a SpectraMax M5
microplate reader (Molecular Devices, Sunnyvale,
CA, USA). ELISA was carried out in 96-well plates
(Jet Biofil, Guangzhou, China).

2.3 Fabrication of electrodes

Four kinds of electrodes were used in this work:
a commercial GCE, a home-made SPE, a graphene/
chitosan (rGO/Chi)-modified SPE, and a graphene/
ionic liquid/chitosan composited (rGO/IL/Chi) electrode.
The GCE was polished with aluminium oxide powder
(0.05 pm). The SPE was fabricated according to the
method of Ping et al. (2012a). In brief, the first layer
was printed with silver ink on a polyvinyl chloride
sheet as the reference electrode. The second layer was
printed with graphite ink for use as the working elec-
trode and counter electrode. The printed electrodes
were heated in an oven at 120 °C for 30 min to
evaporate the solvents. Insulating ink was printed on
the film electrodes to form an insulating layer which
solidified through exposure to ultraviolet radiation. The
rGO/Chi-modified SPE was prepared by adding a
drop of 2 ul rGO/Chi solution to the surface of the
working SPE electrode. Chitosan (0.1 g) was dis-
solved in a 10-ml aqueous solution containing acetic
acid (58 ul). Graphene was added to the solution of
chitosan at a ratio of 1:60 (w/v). The rGO/IL/Chi-
composited ink was made from the mixture of gra-
phene, ionic liquid, and chitosan at a ratio of 1:19:60
(w/w/v). The rGO/IL/Chi-composited ink was used to
fabricate a working electrode by directly writing on a
single-side conductive gold strip. The reference elec-
trode and counter electrode were written on the re-
verse side of the gold strip using home-made silver
ink made from a mixture of silver powder and chi-
tosan solution at a ratio of 2:1 (w/v). Then, the
rGO/IL/Chi electrode was heated in an oven at 75 °C
for 10 min to evaporate the moisture and melt the
ionic liquid. The rGO/IL/Chi electrode was polished
on a weighing paper to obtain a smooth surface. The
solution of 3% (0.03 g/ml) chitosan was used as in-
sulating ink to control the area of the electrodes.

2.4 Electrochemical analysis of different electrodes

Cyclic voltammetry was carried out for the
characterization of the four kinds of electrodes in a
solution of 1 mmol/L potassium ferrocyanide and

0.1 mol/L potassium chloride. The potential range
was —0.1 to 0.6 V at a scan rate of 0.05 V/s. Cyclic
voltammetry was also performed to compare the re-
sponses of the four kinds of electrodes to 0.6 mmol/L
PNP in Tris buffer solution (0.5 mol/L, pH 8.5) in the
potential range of 0.2 to 1.1 V at a scan rate of
0.05 V/s. Amperometric method was carried out in
10 ml Tris buffer solution (0.5 mol/L, pH 8.5) under
stirring at 1.04 V for SPE, 0.99 V for GCE, 0.90 V for
rGO/Chi-modified SPE, and 0.84 V for the rGO/IL/Chi
electrode. A drop of 10 pl PNP (0.6 mol/L) was added
to the solution. The change of current was recorded.
The microscopic structures of working electrodes of
SPE, rGO/Chi-modified SPE, and rGO/IL/Chi elec-
trodes were characterized by SEM at a magnification
of x3000.

Cyclic voltammetry was carried out to investi-
gate the responses of the rGO/IL/Chi electrode to
PNPP (3 mmol/L) and PNPP (3 mmol/L) with PNP
(0.3 mmol/L) in Tris buffer solution (0.5 mol/L,
pH 8.5) in the potential range of 0.2 to 1.1 V at a scan
rate of 0.05 V/s. Amperometric method was carried
out in 10 ml Tris buffer solution (0.5 mol/L, pH 8.5)
including 0.5 mmol/L magnesium ions (Mg”") and
4.5 mmol/L PNPP under stirring at 0.84 V using the
rGO/IL/Chi electrode. ALP (50, 100, and 200 U/L)
was added to the solution. The change of current was
recorded.

2.5 Immunoassay

The procedures for ELISA were as follows: the
capture antibodies diluted with Tris buffer solution
(0.05 mol/L, pH 7.5, 100 pl) were added to the
96-well plates for 12 h at 4 °C. Then, the blocking
solution (200 pl), cTnl antigen (100 pl), and ALP-
labeled antibody (100 pl) were sequentially added to
the plates for 1 h at 37 °C. After each procedure, the
plates were washed three times with Tris-Tween buffer
solution (0.05% Tween 20, 0.05 mol/L Tris buffer,
pH 7.5). Then, the solution of PNPP (4.5 mmol/L,
200 pl) was added to the plates for 15 min at 37 °C.
NaOH solution (3 mol/L, 50 pl) was added to stop the
reaction. The absorbance was measured by spectro-
photometry at a wavelength of 405 nm. The concen-
trations of capture antibody and ALP-labeled anti-
body were optimized. The concentration gradient of
the capture antibody was 3.3, 6.6, 13.2, and 26.4 pg/ml.
The concentration gradient of ALP-labeled antibody
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was 5, 10, 15, and 20 pg/ml. Solutions of BSA, casein,
and gelatin (0.01 and 0.02 g/ml) were used to opti-
mize the blocking solution. The concentration gra-
dient of ¢cTnl used to make the calibration curve was
0.05, 1, 10, 20, and 30 ng/ml.

DPV was carried out from 0.5 to 1.0 V with
4 mV incremental potential, 50 mV amplitude, 0.05 s
pulse width, 0.0167 sample width, and 0.2 s pulse
period for the detection of c¢Tnl. The rGO/IL/Chi
electrode was inserted in the ELISA plate containing
250 pl reactant solutions. The concentration gradient
of ¢Tnl was the same as that used in spectrophotom-
etry. Each data point used to obtain a calibration curve
was calculated from three parallel tests.

3 Results and discussion
3.1 Analysis of the performance of electrodes

Results from the characterization of the four
kinds of electrodes in the solution of potassium fer-
rocyanide are shown in Fig. 1. There were two redox
peaks in each curve, which could be attributed to the
redox of ferric ions. The upward peak is an anodic
peak, reflecting the oxidation process from ferrous
ion to ferric ion. Correspondingly, the downward
peak is a cathodic peak, reflecting the reduction pro-
cess from ferric ion to ferrous ion. The peak potential
difference of the rGO/IL/Chi electrode was 60 mV,
which was smaller than that of the other three elec-
trodes. The peak current of the rGO/IL/Chi electrode
was the largest among the four kinds of electrodes.
This indicates that the rGO/IL/Chi electrode per-
formed better than the other electrodes. The surface
textures of the working electrodes are shown in Fig. 2.
There were many holes among the graphite flakes of
the working electrode of SPE (Fig. 2a), leading to a
non-uniform structure. In Fig. 2b, irregular particles
can be seen on the graphite flakes, which may be the
chitosan. The performance of the rGO/Chi-modified
SPE was better than that of the SPE because of its
smaller peak potential difference and larger peak
current (Fig. 1), which was due to the use of graphene.
The smooth surface of the rGO/IL/Chi electrode (Fig. 2¢)
may have been attributable to the ionic liquid and the
polishing procedure. lonic liquid has advantages of
high ionic conductivity and a wide electrochemical
window. Polishing can wipe impurities from the

surface of working electrodes. A homogeneous sur-
face texture leads to superior performance.

100
rGO/IL/Chi
60 - rGO/Chi
—GCE
. ——SPE
S 20
€
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3 20
_60 L
-100 n L L L
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Fig. 1 Cyclic voltammogram of characterization of
different electrodes (different color lines) in a solution
of 1 mmol/L potassium ferrocyanide and 0.1 mol/L po-
tassium chloride with a potential range of —0.1 to 0.6 V
at a scan rate of 0.05 V/s

Note: for interpretation of the references to color in this
figure legend, the reader is referred to the web version of this
article

(a)

() |

©

Fig. 2 SEM images of the surfaces of working electrodes
(a) SPE; (b) rGO/Chi-modified SPE; (¢) rGO/IL/Chi electrode
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The responses of the electrodes to PNP with cy-
clic voltammetry are shown in Fig. 3. The anodic
peak potential was 0.84 V for the rGO/IL/Chi elec-
trode, 0.90 V for the rGO/Chi-modified SPE, 0.99 V
for the GCE, and 1.01 V for the SPE. Comparing the
curves for the rGO/Chi-modified SPE and SPE, the
performance of the electrodes was improved through
the modification of graphene. The response of the
rGO/Chi-modified SPE to PNP was also higher than
that of GCE. The rGO/IL/Chi electrode had the low-
est peak potential and the largest peak current, which
means that it had higher sensitivity and better anti-
interference ability than the other three types of elec-
trodes. Amperometric responses of the electrodes to
PNP are shown in Fig. 4. The currents of all four
curves in Fig. 4 went up when PNP was added to the
solution. However, only the curve in Fig. 4d kept the
current stable. This indicates that PNP will passivate
electrodes and the rGO/IL/Chi electrode has capabil-
ity for anti-passivation.

200

rGO/IL/Chi
150 rGO/Chi

GCE

. ——SPE

< 100

=

]

g 50

L/‘/

0 0.2 0.4 0.6 0.8 1.0 1.2
Potential (V)

Fig. 3 Cyclic voltammogram of the responses of different
electrodes (different color lines) to PNP (0.6 mmol/L) in
Tris buffer solution (0.5 mol/L, pH 8.5) with a potential
range of 0.2 to 1.1 V at a scan rate of 0.05 V/s

Note: for interpretation of the references to color in this
figure legend, the reader is referred to the web version of this
article

3.2 Electrochemical immunoassay

PNPP is widely used as the substrate in ELISA.
It is necessary to investigate the redox characteristics
of PNPP. There was no redox peak in the curve of
PNPP (3 mmol/L) in Fig. 5. The curve for PNPP
(3 mmol/L) with PNP (0.3 mmol/L) showed an anodic
peak at 0.84 V. The anodic peak could be attributed to
PNP. This indicated that PNPP did not generate a
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Fig. 4 Amperometric responses of different electrodes
to PNP (0.6 mmol/L) in Tris buffer solution (0.5 mol/L,
pH 8.5)

(a) 1.01 V for SPE; (b) 0.99 V for GCE; (c) 0.90 V for
rGO/Chi-modified SPE; (d) 0.84 V for rGO/IL/Chi electrode

redox reaction in this range of potential and did not
influence the response of the electrode to PNP. Am-
perometric method was used to investigate the influence
of the concentration of ALP in the enzymatic reaction,
using PNPP as the substrate. The currents went up
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when ALP was added in the solution (Fig. 6) because
of the production of PNP. The final current increased
with increasing ALP concentration. Thus, the con-
centration of ALP can be detected indirectly.

150
——PNPP
PNPP and PNP
100 | ‘
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2
g 50 |
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-50
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Fig. 5 Cyclic voltammogram of the response of the

rGO/IL/Chi electrode to 3 mmol/L PNPP (purple line)

and 3 mmol/L PNPP with 0.3 mmol/L PNP (orange line)

in Tris buffer solution (0.5 mol/L, pH 8.5) with a poten-

tial range of 0.2 to 1.1 V at a scan rate of 0.05 V/s

Note: for interpretation of the references to color in this

figure legend, the reader is referred to the web version of this

article
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Fig. 6 Amperometric responses of the rGO/IL/Chi
electrode to the product of PNPP (4.5 mmol/L) using
ALP as a catalyst at 0.84 V

The concentration gradient of ALP is 50, 100, and 200 U/L
(different color lines) (Note: for interpretation of the ref-
erences to color in this figure legend, the reader is referred to
the web version of this article)

The immunoassay of cTnl is based on a sand-
wich structure. The blocking solution and the con-
centrations of capture antibody and ALP-conjugated

antibody were optimized. As shown in Fig. S1, the
absorbance was highest when BSA was used and
lowest when gelatin was used as the blocking solution.
However, high absorbance of background will de-
crease the signal-to-noise ratio when using BSA as
the blocking solution. Hence, 0.01 g/ml casein solu-
tion was chosen because of its high signal-to-noise
ratio. Absorbance was enhanced as the concentration
of capture antibody increased (Fig. S2). The speed of
the increase declined when the concentration ex-
ceeded 13.2 pg/ml. The signal-to-noise ratio was
highest at a concentration of 13.2 pg/ml of capture
antibody. So, 13.2 pg/ml of capture antibody was
chosen to be used in the following experiments. Ab-
sorbance was also enhanced with increasing concen-
trations of ALP-conjugated antibody (Fig. S3). A
concentration of 15 pg/ml was chosen because it had
the highest signal-to-noise ratio.

The detection of cTnl was performed with both
an electrochemical method and a spectrometric
method. The comparison of the original curve with
the self-corrected curve recoded in 30 ng/ml of c¢Tnl
by DPV is shown in Fig. 7. The original curve in
Fig. 7a had a large background current. The self-
correcting software designed by our research group
was used to eliminate the background current, re-
sulting in a flat baseline. The peak current in Fig. 7b
was well defined after correction. Fig. 8 shows the
relationship between the concentration of ¢Tnl and
the peak current recorded by DPV. The peak current
increased with increasing concentrations of ¢cTnl. The
high response of the rGO/IL/Chi electrode to PNP
means that there were many ALP-labeled antibodies
in the solution (Fig. 6). The ALP-labeled antibodies
were conjugated to the ¢Tnl antigens. So, the con-
centration of cTnl was able to be detected indirectly
through monitoring the peak current. The concentra-
tion gradient of cTnl was 0.05, 1, 10, 20, and 30 ng/ml.
The calibration curve shown in Fig. 9b is linear (R’=
0.996). The limit of detection of cTnl was 0.05 ng/ml.
A spectrometric method was carried out for the
comparison as shown in Fig. 9a. The concentration
gradient of cTnl was the same as that used for the
electrochemical method. The calibration curve was
linear with the related coefficient of 0.996. The results
shown in Fig. 9 indicated the feasibility of detection
of cTnl by electrochemical immunoassay using the
rGO/IL/Chi electrode.
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Fig. 7 DPV of the response of the rGO/IL/Chi electrode
to 30 ng/ml c¢Tnl in the potential range of 0.5 to 1.0 V
with 4 mV incremental potential, 50 mV amplitude, 0.05 s
pulse width, 0.0167 sample width, and 0.2 s pulse period
(a) Original curve; (b) Self-corrected curve
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Fig. 8 DPYV for the detection of ¢Tnl using the rGO/IL/
Chi electrode in the potential range of 0.5 to 1.0 V with
4 mV incremental potential, 50 mV amplitude, 0.05 s
pulse width, 0.0167 sample width, and 0.2 s pulse period
The concentration gradient of cTnl is 0.05, 1, 10, 20, and
30 ng/ml (different color lines) (Note: for interpretation of
the references to color in this figure legend, the reader is
referred to the web version of this article)
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Fig. 9 Calibration curves of ¢Tnl
(a) Spectrophotometry; (b) Differential pulse voltammetry.
Each data point is expressed as meantstandard deviation
from three parallel tests. a.u.: automatic unit

4 Conclusions

We developed a novel anti-passivation electrode
for electrochemical immunoassay by directly writing
a graphene-ionic liquid-chitosan composite on a single-
side conductive gold strip. The reference electrode
was written on the other side of the gold strip using
silver-chitosan ink. Three percent chitosan solution
was used as an insulating compound to control the
area of the electrode. No organic solvents were used
in the fabrication. The electrode had superior per-
formance in detecting PNP according to its low peak
potential and large peak current, which could be at-
tributed to the application of graphene and ionic liquid.
Compared with the other three kinds of electrodes,
only the rGO/IL/Chi electrode had anti-passivation
capability when PNP was present in the solution. As a
test example, cTnl was detected by electrochemical
immunoassay. The limit of detection was 0.05 ng/ml.
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In conclusion, the rGO/IL/Chi electrode has the
advantages of anti-passivation, high response, and
safety, and is also friendly to the environment and
human health.
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