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Since nitric oxide (NO) plays a critical role in many biological processes, its precise detection is essential toward an

understanding of its specific functions. Here we report on a facile and environmentally compatible strategy for the
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construction of an electrochemical sensor based on reduced graphene oxide (rGO) and AuPt bimetallic nanoparticles. The

prepared nanocomposites were further employed for the electroanalysis of NO using differential pulse voltammetry (DPV)

and amperometric methods. The dependence of AuPt molar ratios on the electrochemical performance was investigated.

Through the combination of the advantages of the high conductivity from rGO and highly electrocatalytic activity from

AuPt bimetallic nanoparticles, the AuPt-rGO based NO sensor exhibited a high sensitivity of 7.35 pA uM'l and a low

detection limit of 2.88 nM. Additionally, negligible interference from common ions or organic molecules was observed,

and the AuPt-rGO modified electrode demonstrated excellent stability. Moreover, this optimized electrochemical sensor

was practicable for efficiently monitoring the NO released from rat cardiac cells, which were stimulated by L-arginine (L-

arg), showing that stressed cells generated over 10 times more NO than normal cells. The novel sensor developed in this

study may have significant medical diagnostic applications for the prevention and monitoring of disease.

Introduction

Nitric oxide (NO), which has been found to be released by
various cells in mammalian systems, plays an important role in
many biological processes, such as vasodilation, blood
pressure, neurotransmission, immune response, and as a
cytostatic agent.l’2 The accurate measurement of NO is of
benefit to understand its essential function in such
physiological processes as neurotransmission, platelet
aggregation, macrophage function, and vasodilation.>* Owing
to its importance and relevance in biological processes, there
has been increasing interest in the research and development
of efficient analytical techniques for the sensitive
measurement of NO.

To date, various analytical methods have been explored for
the determination of NO, including chemiluminescence,‘r"6
fluorescent probe.7'8 electrospray ionization mass
spectrometry (ESI-MS),9 X-ray photoelectron spectroscopy, gas
sensor,10 and reverse-phase high performance liquid
chromatography.11 However, these approaches are time-
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consuming and costly, requiring complicated sample
preparation and expensive instrumentation. Alternatively, the
development of electrochemical sensors has gained great
attention due to its merits in terms of high sensitivity, easy-
use, and low cost, which have been employed in a wide range
of fields, especially in clinical or biomedicine.’*"’

Cho et al. fabricated PAH-AuNP/PAA-AuNP multilayers with
cationic poly(allylamine hydrochloride) (PAH) and anionic
poly(acrylic acid) (PAA), where the porous structure exhibited
high electrochemical activity toward NO.'® Yang et al. focused
on the basic redox heme protein, cytochrome c (Cyt c), which
was immobilized onto sodium dodecyl sulfate (SDS), L-
cysteine. The assembled biosensors displayed high
electrocatalytic activity for NO.®?° Other electrochemical
sensors integrating porphyrin or phthalocyanine with Cu(ll),21
Ni(II),22 Fe(ll),23 or Pt(ll),24 enzymes (catalase, superoxide
dismutase, etc.),25 carbon based nanocomposites,ze'28 and
polymer membranes® for the detection of NO have been
explored as well. It is worthy to mention that although
satisfying results might be obtained for the analysis of NO,
these electrochemical sensors necessitated complex
fabrication procedures, or expensive and fragile enzymes,
leading to limited applications. Thus, it is still a great challenge
and of importance to explore the novel and simple techniques
for the fabrication of efficient electrochemical sensors.

In the present work, we report on a facile strategy for the
fabrication of electrochemical sensors with AuPt-rGO
nanocomposites, where the nanocomposites were directly
deposited onto a glassy carbon electrode (GCE) surface. Herein
rGO was prepared via the electrochemical reduction of
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graphene oxide, which not only improves electron transfer,
but also offers a favorable substrate for dispersion and
stabilization of various metal nanoparticles.3°'32 Bimetallic AuPt
nanoparticles were in particular focus due to their capacity for
improved catalytic properties, relative to their constituent
metals.>*3® The effect of the composition of the AuPt
nanoparticles on the catalytic oxidation of NO was
investigated; and the optimized AuPt-rGO nanocomposites
showed remarkable sensitivity, selectivity and stability for the
electrochemical sensing of nitric oxide. The developed AuPt-
rGO nanocomposite sensor was further employed for the
amperometric detection of NO released from normal and
stressed rat cardiac cells.article.

Experimental
Chemical reagents

All chemicals were of analytical grade and used as received
without any further purification. L-arginine (L-arg), L-cysteine,
ascorbic acid, uric acid, NaH,PO,, Na,HPO,, graphene oxide
(GO), and gold(lll) chloride trihydrate were purchased from
Sigma-Aldrich. Phosphate buffer saline (PBS) solutions (0.1 M)
were prepared by using 0.1 M NaH,PO,, Na,HPO,, and 0.1 M
NaCl. All water was obtained from a NANO pure® Diamond™
UV ultrapure water purification system (18 MQ cm).

Preparation of NO samples

The saturated NO in a PBS solution was prepared as previously
reported.37 In brief, a 0.1 M PBS solution was purged with
high-purity argon gas for 30 min to remove oxygen, after
which the solution was bubbled with pure NO gas for 30 min
to prepare a NO saturated solution. The concentration of
saturated NO solution at room temperature was reported to
be 1.8 mM. All NO standard solutions were prepared daily by
the appropriate dilution of the stock solution.

Fabrication of the AuPt-rGO modified electrodes

Prior to modification, a bare glassy carbon electrode (GCE, 3
mm in diameter) was polished with 0.3 um, 0.05 um alumina
power slurries to a mirror-shiny surface and then sonicated
with HNOj3 solution (v:v 1:1), absolute ethanol and deionized
water, respet:tively.38 In the present work, a facile two-step
electrochemical process was employed to prepare an AuPt-
rGO modified GCE (Scheme 1). Firstly, a 5 uL suspension of GO
(0.3 mg mL'l) was cast on a GCE and allowed to air dry.
Subsequently, the cast GO was electrochemically reduced to a
rGO film via cyclic voltammetry scanning for 20 cycles in a 0.1
M PBS solution, which was carried out in the potential range
between 0.0 and -1.5 V vs Ag/AgCl at a scan rate of 50 mV st
Secondly, the AuPt nanoparticles were in situ electro-
synthesized on the rGO/GCE by applying -250 mV for 500 s in
an aqueous solution of 0.1 M H,SO, that contained different
Au/Pt molar ratios (the total concentration of AuCl; and
H,PtClg was maintained at 4 mM). The resulting electrode
(denoted as AuPt-rGO/GCE) was subsequently rinsed with
water and used for further measurements.

2| J. Name., 2012, 00, 1-3
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Scheme 1. An illustration for the fabrication of the AuPt-rGO
nanocomposite modified glassy carbon electrode.

Instrumentation

Electrochemical experiments were recorded using a CHI 660B
computer-controlled potentiostat (CH Instrument Inc., USA)
with a standard three electrode system. A bare GCE or
modified GCE served as a working electrode; an Ag/AgCl (3 M
KCI) electrode as the reference electrode, and a platinum coil
as the counter electrode. Scanning electron microscopic
images were obtained through the use of field emission
scanning electron microscopy (FE-SEM, Hitachi SU-70),
equipped with energy dispersive X-ray spectrometry (EDS),
which was employed to determine the composition of AuPt
nanoparticles deposited on the rGO thin film. X-ray diffraction
(XRD) patterns were recorded via a PhilipsX’Pert Pro X-ray
diffractometer with Cu Ka radiation (1.5418 A).

Electrochemical experiments

Differential pulse voltammetry (DPV) was used for the
detection of NO in a 0.1 M PBS solution (pH 7.2). The DPV
responses were recorded between 0.2 and 1.0 V with
increased E of 0.004 V, amplitude of 0.05 V, pulse width of 0.2
s, sampling width of 0.0167 s, and pulse period of 0.5 s. All
solutions were deaerated with high-purity argon for 20 min
prio to the recording of the voltammograms. All experiments
were conducted at room temperature (20 + 2°C).

Preparation and detection of rat cardiac cells

Rat cardiac cells (H9C2 cells; ATCC) were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM, Sigma Aldrich, St. Louis,
MO, USA) supplemented with 10% fetal bovine serum (FBS)
and an antibiotic/antimycotic (100 units mL? penicillin G
sodium, 100 pug mL? streptomycin sulfate, 0.25 ug mL?
amphotericin B). The cells were grown in two T-150 flasks in a
humidified atmosphere (37°C and 5% CO,), and harvested
when they reached 80-85% confluency. One flask was treated
with 5 mM H,0, for 1 h prior to being harvested while the
other was left untreated (control, used as normal cells). The
cells were counted using a hemocytometer prior to exposure
to the probe, where the concentration of cells was 1,656,000
cells/mL in the control flask and 71,700 cells/mL in the treated
flask. For amperometric measurement, 10 mM L-arg was
added to 10 mL PBS solution. The applied potential of 0.84 V
was used in the amperometric measurements under a stirred
condition. During the experiment, rat cardiac cell smaples was
successively added into the solution and the amperometric
curve was recorded.Results and discussion.

This journal is © The Royal Society of Chemistry 20xx
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Results and discussion

Surface characterization of the AuPt-rGO nanocomposites
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Fig. 1 SEM images of (a) rGO and (b) AuPt-rGO
nanocomposites (with the Au:Pt ratio of 64:36). (c, d) EDS
spectra and XRD patterns of rGO, Pt-rGO, Au-rGO, and AuPt-
rGO.

The AuPt nanoparticles electrodeposited on rGO were initially
characterized by SEM. As shown in Fig. 1a, the GCE surface was
uniformly covered by the electrochemically reduced rGO
sheets. Following the electrodeposition, dense AuPt
nanoparticles were homogeneously formed on the rGO sheets
as seen in Fig. 1b. An obvious morphological change may be
observed for the bimetallic AuPt nanoparticles in contrast to
mono Au nanoparticles (Fig. S1a and b) and Pt nanostructure
(Fig. S1c and d). Fig. 1c displays the EDS spectra of the formed
rGO, Pt-rGO, Au-rGO and AuPt-rGO nanocomposites. Strong
Au and Pt peaks at ~2.10 keV as well as weak peaks at ca. 9.55
and 11.3 keV appeared in the EDS spectrum of the AuPt-rGO
nanocomposite, Further qualitative analysis of the EDS
spectrum revealed that the ratio of Au:Pt of the formed
nanocomposite was 64:36, which was close to the Au/Pt molar
ratio 60:40 in the electrolyte used for the electrodeposition.
Fig. 1d compares XRD patterns of the as-prepared rGO, Pt-
rGO, Au-rGO and AuPt-rGO samples. For rGO, the peak at 25.8
reflects the carbon (002) due to the formation of rGO on the
electrode substrate via an electrochemical reduction
method.**! The XRD patterns of Au and Pt nanoparticles may
be indexed to face centered-cubic (fcc) Au(JCPDS 04-0784) and
Pt(JCPDS 04-0802).*> The peaks at ca. 38.5, 44.8, 65.1, and 78.0
may be indexed to Au (111), (200), (220), and (311) diffraction
peaks, respectively, while the peaks at ca. 39.3, 45.7, 66.9, and
79.2 to Pt (111), (200), (220), and (311) peaks, respectively,
confirming that the as-prepared Pt and Au nanoparticles had a
highly crystalline phase. In comparison with the XRD patterns
of Au and Pt nanomaterials electrochemically deposited on the
rGO sheets, the highly crystalline of the formed AuPt
nanoparticles was also witnessed. The absence of the
separated Au and Pt peaks and the condensation of Pt and Au
crystalline revealed that the AuPt alloy nanoparticles were

This journal is © The Royal Society of Chemistry 20xx
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produced via such a facial electrodeposition method. The well-
resolved peaks may be assigned to (111), (200), (220), and

(311), respectively, for the alloy AuPt nanoparticles.

Electrochemical study of the AuPt-rGO nanocomposites
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Fig. 2 (a) DPV responses of 5.0 uM NO on bare GCE, rGO, Au-
rGO, Pt-rGO, and AuPt-rGO modified GCE in 0.1 M PBS (pH
7.2). (b) The corresponding responses of the different modified
electrodes.

Fig. S2 presents the cyclic voltammograms (CVs) of the bare
GCE and the GCE modified with the rGO, Pt-rGO, Au-rGO and
AuPt-rGO nanomaterials recorded in a 0.1 M H,SO, solution at
a scan rate of 50 mV s™. As expected, featureless CV was
obtained for the bare GCE. After the modification with rGO,
the capacitance of the electrode was increased. Strong
hydrogen adsorption and desorption as well as Pt oxide
formation and reduction peaks were observed for the Pt-
rGO/GCE, while strong Au oxide formation and reduction
peaks appeared in the CV of the Au-rGO/GCE. In comparison to
the Au-rGO and Pt-rGO modified GC electrodes, the obvious
electrochemical reduction peaks at +0.40 V and +0.82 V,
corresponding to the reduction of the Pt and Au oxides,
respectively,eﬂ'40 further confirmed that the AuPt nanoparticles
had been electrodeposited onto the GCE surface. The
electrochemically active surface area (ESCA) of the Pt-rGO, Au-

J. Name., 2013, 00, 1-3 | 3
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rGO and AuPt-rGO modified electrodes was estimated, based
on the hydrogen adsorption/desorption on Pt and oxide
formation/reduction on Au,43’44 to be 1.17, 0.97 and 1.29 cmz,
respectively, which were 16.6, 13.7 and 18.3 times higher than
the geometric surface area of the GCE substrate (0.0706 cmz).
These results indicated that the GCE surface was well covered
with the Pt-rGO, Au-rGO and AuPt-rGO nanocomposites, which
was consistent with the SEM images (Fig. 1b and Fig. S1).

The electrocatalytic  activity of the  AuPt-rGO
nanocomposites toward NO oxidation was investigated using
DPV technique. Fig. 2a displays the DPV responses of a bare
GCE and the GCEs modified with the rGO, Au-rGO, Pt-rGO, and
AuPt-rGO nanomaterials to 5.0 uM NO (Solid lines). For
comparison, their DPVs recorded in 0.1 M PBS (pH 7.2) in the
absence of NO were also included in Fig. 2a (dotted lines).
Although the responses of the GCE and rGO/GCE were small,
the peak potential for NO oxidation was negatively shifted
from 0.908 to 0.744 V after being modified with the rGO. The
current response was improved with the Pt-rGO and Au-rGO
nanocomposites. Interestingly, with the AuPt-rGO
nanocomposite, a well-defined peak for NO oxidation
appeared at +0.724 V with a much higher peak current, which
was nearly seven-fold and three-fold higher than that of the
GCEs modified with Pt-rGO, and Au-rGO, respectively (Fig. 2b).

Subsequently, the effects of the different Au/Pt molar ratios
in the AuPt-rGO nanocomposites were further investigated.
The morphology of the synthesized AuPt-rGO nanocomposites
with different Au/Pt molar ratios was similar as seen in Fig. 1b.
Their DPV curves (except the Au/Pt ratios of 0:100 and 100:0)
recorded in a 0.1 M PBS in the absence (dotted line) and in the
presence of 5.0 uM NO are displayed in Fig. 3a, and their
corresponding peak current and potential by varying the Au/Pt
molar ratios are presented in Fig. 3b. No obvious change in the
voltammetric shape was observed through the change of the
Au/Pt molar ratios. The current response was increased with
the increase of the Au/Pt molar ratio from 0.0:100 to 64:36;
but it was decreased with the further increase of the percent
of Au, revealing that the highest current response was attained
with the Au/Pt ratio of 64:36. It is worthy to note that the peak
potential for the NO oxidation on the AuPt-rGO
nanocomposites was slightly decreased from +0.756 to +0.712
V with the increase of the Au:Pt ratio from 0.0% to 100%. It is
well-known that, in voltammetric experiments, the electrode
potential provides thermodynamic information on
electrochemical reactions, whereas the current represents the
reaction rate.”® The aforementioned results suggest that the
electrochemical oxidation of NO at the Au-rGO/GCE is subject
to the kinetic limitation, and that the formation of AuPt
bimetallic AuPt-rGO nanocomposites significantly increased
the current response, leading to an efficient synergy effect due
to the modification of the surface electronic structure.*®

DPV detection of NO

Differential pulse voltammetry, which can suppress the noise
to improve the signal-to-noise ratio (S/N), was applied to
investigate the electrochemical performance of the GCE

4| J. Name., 2012, 00, 1-3

] 10 A -
b)

i—i\i :{//fé E_i\i
151 % FOF =
i o 2
T :
RIIrE

0:100 48:52 57:43 64:36 77:23 85:14 10

Molar ratio (Au:Pt)
Fig. 3 (a) DPV responses of AuPt-rGO/GCE with different Au/Pt
molar ratios toward 5.0 uM NO in a 0.1 M PBS solution (pH
7.2). (b) Dependence of peak current and corresponding peak
potential of 5.0 uM NO on the different Au/Pt molar ratios of
the AuPt-rGO modified electrode. Error bars represent the
standard deviation over three consecutive measurements.
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modified with the optimized AuPt-rGO nanocomposites
toward the detection of NO. Fig. 4a displays a series of the DPV
curves recorded in a 0.1 M PBS solution (pH 7.2), where the
NO concentration was varied from 0.0 to 10 uM. A well-
defined oxidation peak at +0.724 V was observed, which is
obviously lower than that reported in the literature,”*’
suggesting that the AuPt-rGO modified electrode exhibited a
far improved electrocatalytic oxidation activity toward NO. The
peak currents increased in a linear manner against NO
concentrations, which was ascribed to the oxidation of NO to
HN02.48 There were two segments in the relevant linear range
for the detection of NO, which were 0.02 — 1.8 uM, and 2.0 -
10 uM as shown in Fig. 4b. The obtained sensitivities were 6.73
LA uM'1 and 2.67 pA uM'1 with the coefficient factors (R?) of
0.992 and 0.988, respectively. The limit of detection (LOD) was
calculated to be 3.69 nM (S/N of 3). For comparison, the
electrochemical performance of the bare GCE and the GCE
modified with the rGO, Pt-rGO, and Au-rGO nanomaterials was
also evaluated with DPV under the identical conditions, as
shown in Fig. S3. The corresponding sensitivities were
determined to be 0.351, 0.122, 0.494, and 1.39 pA uM'l,
respectively.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 (a) DPV responses of an AuPt-rGO modified electrode
toward NO with different concentrations in a 0.1 M PBS
solution (pH 7.2), where the dotted line refers to the baseline.
Increased E of 0.004 V, amplitude of 0.05 V, pulse width of 0.2
s, sampling width of 0.0167 and pulse period of 0.5 s. (b) The
corresponding calibration plots between the DPV response
and NO concentration (n = 3).

Amperometric Detection of NO

Fig. 5 presents a typical hydrodynamic amperometric NO
response of the GCE modified with the optimized AuPt-rGO
nanocomposite, which was carried out based on the successive
addition of NO with different concentrations in a well-stirred
solution of 0.1 M PBS (pH 7.2), whereas the inset is the
magnified amperometric response curve at the low NO
concentration range. Clearly, the AuPt-rGO modified electrode
exhibited a rapid and sensitive response to changes in NO
concentrations, and the response time determined from the
inset of Fig. 5a was less than 4 s, to achieve 95% of steady-
state current. An obvious increase in the oxidation current was
observed with the successive addition of NO. Fig. 5b presents
the calibration curve in the linear response over the
concentration range from 20 nM to 400 nM, and from 400 nM
to 50 uM, with corresponding sensitivities of 7.35 pA uM'l and
1.13 uA uM'l. The two calibration plots with higher sensitivity

This journal is © The Royal Society of Chemistry 20xx

Fig. 5. (a) Amperometric responses of the AuPt-rGO modified
electrode with the successive addition of NO, from 0.02 uM to
50 uM, in a 0.1 M PBS solution (pH 7.2) at an applied potential
of +0.84 V. The inset is the enlarged amperometric responses
of NO under a low concentration. (b) The calibration plot of
the response current as a function of the concentrations of NO
(n=3).

in the low concentration range and lower sensitivity in the high
concentration range might be ascribed to the increase of the
adsorption of the oxidized species at the electrode surface
when the concentration of NO was high, thus decreasing the
rate of the electrochemical oxidation of NO. The calculated
LOD was 2.88 nM (S/N = 3). Under the same conditions, the
electrochemical performance of the bare GCE and the GCEs
modified with rGO, Pt-rGO, and Au-rGO nanomaterials was
also examined with amperometric method as shown in Fig. S4.
An overall comparison of the electrochemical performance of
the bare GCE and the GCE modified with the rGO, Au-rGO, Pt-
rGO, and AuPt-rGO nanomaterials toward the detection of NO
is presented in Table S1. Obviously, the AuPt-rGO
nanocomposites exhibited a wider linear range, higher
sensitivities and lower LOD toward the electrochemical
performance was
significantly improved over the other modified electrodes.

detection of NO. The electrochemical

J. Name., 2013, 00, 1-3 | 5
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A further comparison of the electrochemical performance of
the optimized AuPt-rGO nanocomposites developed in the
present study with the electrochemical NO sensors reported in
the literature is summarized in Table 1. To date, for the
electrochemical sensing of NO, much work has been invested
in the development of various modified electrodes, including
Hb/GNPs-GR-SDS BPG, (PAH-AuNP/PAA-AuNP), modified ITO,
CAS/SOD/MP/MWCNT-PTTCA/AUNPs  modified ~ GCE."®*>*°
However, these methods required complex fabrication
procedures or expensive and fragile enzymes. Although the
electrochemical detection of NO with Au@Pt core-shell
nanoparticles modified graphene paper has been reported,
complicated synthetic and assembly procedures were applied
for the Au@Pt nanoparticles and the modified electrode.”® In
contrast to previous literature as relates to the
electrochemical sensing of NO, it was demonstrated that the
novel AuPt-rGO nanocomposite, fabricated in a simple way,
exhibited high sensitivity and low LOD for the effective
detection of NO.

Table 1 Comparison of the Modified Electrodes for the
Electrochemical Determination of NO

Electrode (dimension) Method Electrolyte Linearity Sensitivity LOD Ref.
(pH) range (A MY (M)
(rM)
(PAH-AuNP/PAA- cv PBS (3.0) 1000 — 18
AuNP),/ITO (--) 20000
CAS/SOD/MP/MWCNT- CV, Amperometry 0.1 MPBS 1-40 1.1+0.01 4.3+0.2 25
PTTCA/AuNPs/GCE (3 (4.0)
mm dia.)
Nafion-Au film/GCE (3 CV, LSV, 0.1 M PBS ~0.313 1.0 29
mm dia.) A (2.5)
RGO-Au nanorod Cv, 0.1 M PBS 0.01 - 0.598 6.5 37
in silicate sol-gel matrix LSV,Amperometry (7.2) 0.14
(3 mm dia.)
AuNPs/ITO (0.0314 cm’) CV, Amperometry Na;HPO,~ 1-500 1.22 %107 670 47
citric acid
buffer
solution
2.2)
Hb/GNPs-GR-SDS/BPG CV, Amperometry 0.1 M PBS 0.72-7.92 12 49
(5.2 mm dia.) (7.0)
Au-RGO/GCE (--) CV, Amperometry PBS (7.4) 25-200 0.921 133 51
rGO-Co;0,@Pt/GCE (3 Amperometry 0.1 MPBS 10 -650 0.026 £ 1730 52
mm dia.) (2.5) 0.0002
SWCNT-RTIL/nafion Pt DPV 100 mM 0.1-100 0.0436 100 53
microelectrode (100 pm NaCl +10
dia.) mM PBS
(7.4)
Graphene-nafion/GCE SWV 0.1 M PBS 50-450 0.062 11.61 54
(2.5) x10°
3D graphene- CV, Amperometry 0.1 MPBS 08-16 0.795 16 55
ILs/nafion/GCE (3 mm (7.0)
dia.)
MWCNTs-nafion/GCE Cv, 0.1 MPBS 0.2-150 ~0.3 80 56
=) (7.0)
Bi-layer AuNPs/GCE CV, Amperometry PBS (1.92) 0.05-10 ~0.463 27 57
(0.28 cm’)
AuNPs-MPTS/ITO (0.24 CV, Amperometry 0.2 M PBS 0.012 ~0.25 0.31 58
cm’) (2.0) 700
EDAS(TiOz-Au)us (3 SWv 0.1 MPBS 1-60 1000 59
mm dia.) 2.5)
NiTMHPP/Carbon fiber CV, Amperometry PBS (7.4) 23 60
(7 pm dia.)
Nano-Au colloid-Nafion DPV, DPA HBSS 0.1-40 50 61
film/Pt microelectrode
(200 pm dia)
AuPt-rGO/GCE (3 mm CV, DPV, 0.1 M PBS 0.02-0.4 735+ 2.88+ This
dia.) Amperometry (72) 0.4-50 0.26 0.13 work

1.13 +0.05

Dia.: diameter; PAH: poly(allylamine hydrochloride); PAA: anionic poly(acrylic
acid); BPG: basal plane graphite electrode; ITO: Indium tin oxide electrode; GCE:
glassy carbon electrode; CAS: Catalase; SOD: superoxide dismutase; MP:
microperoxidase; PTTCA: poly-5,2:5,2-terthiophene-3-carboxylic acid; SWCNT:
single-walled carbon nanotube; Hb: hemoglobin; SDS: sodium dodecyl sulfate;
ILs: ionic liquids; MPTS: (3-mercaptopropyl)-trimethoxysilane; NiTMHPP: nickel
tetrakis(3-methoxy-4-hydroxyphenyl)porphyrin; HBSS: Hank’s balanced salt
solution

Interference study

Since nitrite anions (NO,) typically exist at higher
concentrations than that of NO in actual systems, they have

close oxidation potentials; hence the possible interference
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Fig. 6 (a) The influence of NO, on DPV responses of 5.0 uM NO
ina 0.1 M PBS (pH 7.2) solution with different concentrations
of NO,. Data were collected from every DPV response at
+0.724 V shown in the inset. The red curve represents the
voltammogram of 5.0 uM NO in the absence of NO,. (b)
Amperometric curve obtained on an AuPt-rGO modified
electrode for the successive addition of 1.0 uM NO, and each
50 uM of NO,, NO3, K, S0,%, Mg, cu®*, Cys, AA, and UA in
0.1 M PBS (pH 7.2). Applied potential: +0.84 V.

from NO, was emphasized and carefully tested in this study.
Fig. 6a presents the DPV response of the optimized AuPt-rGO
nanocomposites to 5.0 UM NO in a 0.1 M PBS (pH 7.2) solution
with the increase of the concentrations of NO, from 0.0 to 50
UM Interestingly, with the successive addition of various
concentrations of NO,, there was no apparent change in the
current response, even though 10-fold more of NO, than NO
was introduced into the same solution, where the obtained
relative standard deviation (RSD) was 0.379%. Moreover, no
change on the peak potential of NO oxidation was observed
(Inset in Fig. 6a). This was further confirmed by the
amperometric tests, as displayed in Fig. 6b; there was no
obvious current response following the addition of NO, to the
testing solution. The consistent response to the successive
addition of 1.0 uM NO was clearly observed in the presence of

This journal is © The Royal Society of Chemistry 20xx
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50 pM NO, (Fig. 6b). Similarly, other common interfering
species, such as NO;, K, 5042', Mg2+, Cu2+, L-cysteine (Cys),
ascorbic acid (AA), and uric acid (UA) were also systematically
evaluated as shown in Fig. 6b. The test results demonstrated
that the AuPt-rGO nanocomposites sensor developed in this
study exhibited a favorable anti-interference capacity and
selectivity characteristics. No obvious interference was
observed from AA, Cys, UA and NO,, which may be attributed
to the low kinetics of the adsorption and electrochemical
oxidation of these species on the AuPt-rGO modified

electrode.
a) 25
RSD: 2.37%
[ N g -u
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Fig. 7 Measurement stability in the presence of 5.0 uM NO in
0.1 M PBS (pH 7.2) on an AuPt-rGO modified electrode. Data
were collected from every DPV response at +0.724 V shown in
the inset. The dotted line refers to the baseline. (b) DPV
response of 5.0 uM NO at the modified electrode measured
after being stored for 30 days (red line).

Stability measurement

Repetitive measurements by DPV were carried out to
characterize the stability of the AuPt-rGO modified electrode.
Fig. 7 depicts the current responses to 5.0 uM NO over 30
cycles. Data were collected from every DPV response at +0.724
V (Fig. 7 inset). No apparent change in the current responses
was observed, and the relative standard deviation (RSD) was

This journal is © The Royal Society of Chemistry 20xx
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2.37%. It was also found that no shift appeared in the peak
potential. The long-term stability of the AuPt-rGO modified
electrode was further evaluated after storage for 30 days,
where the current response was only slightly decreased (less
than 3%) in comparison with the initial measurement (Fig. 7b).
This revealed that the AuPt-rGO modified electrode,
assembled in such simple manner, possessed robust
performance under the repeated measurements without any
obvious loss in response.

Amperometric sensing of NO released from normal and stressed
rat cardiac cells

a) 3
Normal cells
2 -
< s 16x10°
<3 16x10° 1.?1x10 cellsx
- cells ol
c
o
5

0 400 800
Time (s)

1200

Stressed cells

2.8 x10°

2.8x10° cells
2.8x10°  cells

Current (HA)

0 400 800 1200

Time (s)
Fig. 8 Amperometric responses of NO release by the addition
of different amount of (a) normal cells and (b) stressed cells in
the presence of 10 mM L-Arg in a 0.1 M PBS solution (pH 7.2).

Applied potential: +0.84 V.

It is recognized that NO plays a critical role in the control of
many cellular and organ functions and that it can be
biosynthesized from L-arg in the presence of nitric oxide
synthetase (NOS). In the presence of L-arg, the NOS in rat
cardiac cells may convert L-arg into L-citrulline and NO. To
demonstrate a practical application, the developed sensor was
utilized to monitor NO release from rat cardiac cells. As seen in
Fig. S5, the developed AuPt-rGO electrode showed no
response to L-arg, and negligible response to the addition of
the rat cardiac cells in the absence of L-arg. Fig. 8a and b

J. Name., 2013, 00, 1-3 | 7
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present the amperometric responses to the addition of the
normal and stressed rat cardiac cells into 0.1 M PBS solution
containing 10 mM L-arg, respectively. A rapid and linear
current response was observed with increasing quantities of
the normal and stressed rat cardiac cells. The concentrations
of NO release from the normal and stressed cells were
estimated to be 33.1+1.80 nM and 57.3%£2.14 nM, respectively.
Interestingly, although the number of stressed cells (2.8x104)
was 5.7 times lower than that of the normal cells (1.6x105), the
amount of NO release from the stressed cells was over 10
times more NO than normal cells. These results indicated that
this novel electrochemical sensor has strong potential for the
effective detection of this significant biomarker in biological
processes, which may have important implications for medical
diagnostics.

Conclusions

In summary, we have successfully fabricated a new
electrochemical sensor by the integration of rGO and AuPt
bimetallic nanoparticles via a facile and environmentally
compatible approach. The AuPt-rGO nanocomposites were
optimized and investigated for the detection of NO, showing
high sensitivity (7.35 pA uM"l), low LOD (2.88 nM) and high
stability. No obvious interference from NO,, NOj, cysteine,
AA, UA, or other common ions was observed. In addition, this
novel electrochemical sensor demonstrated the sensitive
detection of the NO released from rat cardiac cells, revealing
that stressed rat cardiac cells generated considerably more NO
than the normal cells. Although Au and Pt are precious metals,
the total amount of Au and Pt used for each sensor was very
small. The sensor developed in this study may serve as an
important and cost-effective tool for the study of cellular
stress responses in biological processes and for medical
diagnostics.
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Graphical Abstract

A high-performance electrochemical sensor with AuPt nanoparticles and reduced graphene oxide

nanocomposites is demonstrated for the effective detection of NO.
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