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Abstract A nitric oxide (NO) electrochemical sensor was
developed via one-step construction of gold nanoparticles
(GNPs)—chitosan (CS) nanocomposite sensing film on a
glassy carbon electrode (GCE) surface. This method is very
simple and convenient. The GNPs—CS film which is
controllable and stable exhibits catalytic activity to NO
oxidation. The anodic peak potential significantly shifted
negatively compared with that at bare GCE. The high
sensitivity and good stability of developed method have
been coupled to a wide linear range from 3.60x10°% to
432x107° M for the quantitative analysis of NO. The
detection limit of 7.20 nM is much lower than the vast
majority of reported methods. This NO sensor has been
successfully applied to NO measurement in biological and
pharmaceutical samples. Real-time amperometric data show
that the addition of L-arginine (L-Arg) can cause a slow
release of NO from a whole rat kidney with a maximum
concentration of ca. 150 nM. The concentration of NO
monitoring from the drug sample was calculated to be
ca. 1.60 uM.

Keywords Electrochemical sensor- Gold nanoparticles -
Nitric oxide detection - Pharmaceutical analysis
Introduction

Nitric oxide (NO) is a small, gaseous, paramagnetic radical
with biological activity. It can be dissolved in solutions (or

F. Wang - X. Deng + W. Wang - Z. Chen (P<)

Department of Pharmaceutical Analysis, College of Pharmacy,
Wuhan University,

Wuhan 430072, China

e-mail: chenzl@whu.edu.cn

tissue/body fluid) and diffuse to neighboring cells, bacteria,
and viruses. NO is synthesized within cells by an enzyme
NO synthase (NOS) and was identified as the endothelial-
derived relaxing factor (EDRF) in 1987 [1, 2]. It has been
found that NO plays an ubiquitous role in the control of
physiological functions throughout the body. On one hand,
it has an enormous range of beneficial functions in
organisms, including regulation of vascular tone, ventila-
tion, hormone secretion, inflammation, immunity, and
neurotransmission. On the other hand, NO is also suspected
to be cytotoxic or cytostatic to host cells and to act as a
toxic radical [3-7]. McCann once suggested that excessive
production of NO, in the central nervous system and its
related glands, might be the most important factor in aging
of some body structures [8]. Now more and more evidences
occur for this NO hypothesis of aging [8]. For a more
detailed understanding of NO’s physiological and patho-
logical effects as well as the biological functions, great
efforts have been put into developing, or modifying,
specific measurement techniques to suit its measurement
in biological samples, especially in vivo measurements [9].

NO persists in solution for several minutes and in
biological tissues (blood) for several seconds [10, 11]. So
measurement of NO in biological tissues is very difficult
and challenging. Taha has summarized different techniques
and methodologies used in measuring NO in biological
samples [9]. Those include gas- and liquid-phase chemilu-
minescence, electron spin resonance spectroscopy, UV-
visible spectroscopy, fluorescence, electrochemical sensors,
and reported cell assay [9]. It has been claimed that
electrochemical methods are the most practical in measur-
ing NO in biological samples due to small electrode size, in
vivo capability, nondestructive properties, minimal or no
reagents requirements, sensitivity, simplicity, and low cost.
Moreover, electroanalytical methods can be operated with
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limited electrochemical knowledge [9]. Through the long-
term development, diverse kinds of electrochemical meth-
ods with great progress have been constructed. More and
more publications of NO electrochemical sensor appeared
since report of the first electrochemical sensor for NO
analysis in biological samples in 1989 [12], especially the
fabrication of porphyrinic sensor [13].

Now most of researchers are focusing on the chemically
modified electrode (CME)-based electrochemical sensor using
kinds of materials [14]. Nanomaterials are the most compet-
itive because of their unique electrical and catalytic properties
[15]. They have been widely used to improve the performance
of NO sensors. Carbon nanotubes (CNTs) is the most
commonly used [16-24], for example, it has been used to
modify the surface of a carbon fiber microdisk electrode to
construct a highly sensitive NO sensor. Constructed sensor
was successfully applied to the measurement of NO released
from single isolated human umbilical vein endothelial cells
(HVECs) [16]. Except for CNTs, other nanoparticles or
nanocompounds have either been used as sensing and
catalytic element for NO sensor development such as nano-
AL Oz [25], TiO,/MWCNTs [17], platinum nanoparticles/
CNTs [18], polymer/CNTs [19], TiO,—Au nanocomposite
[26], PVP-coated iron nanocrystals [27], copper nanoparticle
[28], clay nanoparticles [29], and Au nanoparticles [30-34].
These sensors are provided with either not high enough
sensitivity or complexity of the production process. The main
aim of investigation here is to improve the detection
sensitivity and operation convenience of NO measurement
in biological tissues by employing a one-step modification
procedure to prepare NO sensor. Nanoparticles (intermediate
between the size of small molecules and that of bulk metal)
would display electronic structures, reflecting the electronic
band structure of the nanoparticles, owing to quantum-
mechanical rules [35]. Gold nanoparticles (GNPs) are faradai-
cally inactive, and they can act as electron antennae to
facilitate electron transfer via efficiently funneling electrons
between the electrode and the electrolyte [36, 37]. Chitosan
(CS) can be used to form hydrogel for immobilization of GNPs
referring to the refs [38, 39]. Based on the excellent catalytic
activities of GNPs and good film-forming ability of CS [40-
42]. GNPs embedded in CS hydrogel would show remarkable
catalytic activity to electrochemical oxidation of NO.

In present work, therefore, a simple and controllable
electrodeposition method for preparation of a electrochem-
ical NO sensor was proposed and performed by one-step
electrochemical deposition in solution containing tetra-
chloroauric (III) acid (HAuCly) and CS. Several key
operational parameters affecting the electrochemical re-
sponse of nanostructured sensing film were examined and
optimized, such as deposition conditions, pH values, and
detection conditions. Furthermore, the performance of
constructed sensor, including the sensitivity, linear range,
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and response time, was presented and discussed. Finally,
this sensor was successfully applied to NO measurement in
biological and pharmaceutical samples.

Experimental
Chemicals

Tetrachloroauric (III) acid (HAuCl,) was purchased from
Sinopharm Chemical Reagent Co., Ltd (Shanghai, China)
and dissolved in water (Chongqing Qianyan Water Disposal
Equipment Co., Ltd., Chongqing, China) to form the
concentrations of 3.76 107> M. Trisodium citrate dihydrate
(Na3Ce¢Hs07-2H,0) was obtained from Shanghai Shisi
Haowei Chemical Industry Co., Ltd. (Shanghai, China).
CS stock solution (10.00 mg/mL) (bought from Shanghai
Ruji Biological Technology Development Co., Ltd (Shang-
hai, China)) was prepared by 0.05 M acetic acid and stored
at 4 °C. Nitric oxide (NO) standard solution was freshly
prepared by dropping H,SO,4 (2.00 M) into deoxygenated
NaNO,-saturated solution slowly. The generated gas was
collected by dissolving it in deoxygenated water to prepare
saturated NO stock solution after bubbling along the 30%
NaOH solution twice and then deionized water once to
remove the interferential substances produced by trace of
oxygen. L-arginine (L-Arg) from Shanghai Ruji Biological
Technology development Co., Ltd. (Shanghai, China) was
dissolved in water to form a concentration of 0.10 M. The
concentration of NO in saturated stock solution is 1.80 mM
at 25 °C [43]. The pH of phosphate-buffered saline was
adjusted with 0.10 M HCIl or NaOH. All other chemicals
were of analytical grade quality and used without further
purification. The water used was deionized water.

As to the biological sample, male mice (km, no.
00003186) were used. The rat was sacrificed by decapita-
tion several minutes before detection. The kidney was
immediately excised and stored in cold Euro-Collins
solutions in fridge for experiments.

The powder sample of sodium nitroprusside (SNP) was
provided by Wuhan Humanwell Pharmaceutical Co., Ltd.
SNP sample was prepared by dissolving in deionized water
with a concentration of 0.40 M before the experiments.

Apparatus and methods

All voltammetric determinations were performed on a CHI
830B electrochemical analyzer (CH Instrument Co., Shang-
hai, China). All experiments were carried out in a conven-
tional electrochemical cell. The electrode system contained a
glassy carbon working electrode (GCE from CHI, 3.00 mm
in diameter), a platinum wire counter electrode, and a
saturated calomel reference electrode (SCE). A single
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compartment cell was used. All potentials were measured
versus the SCE. Scanning electron microscopy (SEM) was
done with a Hitachi X-650 microscope. All experiments
were performed at room temperature (25+1 °C). For the
deoxygenated experiments, the electrolyte was bubbled with
high-purity (99.999%) nitrogen for 15 min and maintained
nitrogen condition during the experiments.

Preparation of NO sensor

Firstly, 10.00 mg/mL of CS and 3.76x10° M HAuCl,
solution were mixed together according to the ratio of 20:1
(v:v), and then was shaken well. Prior to experiments, a
glassy carbon electrode (GCE) was mechanically polished
with wetted microcloth containing 0.05-um alumina pow-
der, and then carefully cleaned in ethanol and water by
ultra-sonication bath, each for 10 s. The NO sensor was
prepared by one-step electrochemical deposition in solution
containing HAuCl, and CS on pretreated GCE at an applied
potential of —1.00 V for 60 s (GCE/CS—GNPs). The CS-
modified electrode was prepared in the same way without
HAuCly (GCE/CS). The prepared electrodes were rinsed
with deionized water to remove unbounded materials from
the electrode surface for use.

Analysis procedures

At the beginning of the experiment, the GCE/CS—GNPs
was evaluated by successive cyclic voltammetric sweeps in
0.10 M phosphate-buffered saline (PBS) (between 0.00 and
1.20 V at 100 mV/s) to get a stable voltammetric response.
Five milliliters of 0.10 M PBS was subsequently used as
the supporting electrolyte, and the electrochemical behavior
of NO was mainly investigated by differential pulse
voltammetry (DPV). As far as NO measurement was
concerned, a conventional amperometric method was
introduced at 0.85 V under a stirred condition. The NO-
saturated solution was added into the PBS after steady
electrochemical responses were obtained. The kidney
experiments were carried out referring to the following
ref. [44]. The electrode was positioned in buffer solution.
The kidney was close to the working electrode surface, and
the solution was not agitated.

Results and discussion

Operational parameters for GCE/CS—GNPs preparation

In order to obtain the best performance of NO sensor,
operational parameters for GCE/CS—GNPs preparation was

investigated using 1.44x10°° M NO as a probe. Figure 1
shows the effects of experimental conditions on electro-

chemical characteristics of the film, such as electrodeposi-
tion potential (Fig. 1a), time (Fig. 1b), and pH of electrolyte
(Fig. 1c). It is known that the CS hydrogel film was formed
by a pH shift-induced deposition of CS onto the electrode
surface [45]. If a highly enough negative potential was
exerted on the working electrode, the H near the cathode
was reduced to H, at the cathode and released, and then the
pH near the cathode surface gradually increased. While the
pH was higher than 6.30, CS became insoluble and then
formed a film on the electrode surface [46]. In general, the
release rate of H, is dependent on the applied deposition
potential. When the potential shifted positively, the rate of
H" generation became slow and then the localized pH in the
vicinity of the electrode surface increased slowly. If the rate
decreased greatly, it was very difficult to produce the CS
film on electrode surface even after a long time. Certainly,
excessive H' evolution would produce a breakable film or a
thick film blocking the electron transfer. The results are
similar to those reported results [46, 47]. Therefore,
—1.00 V was chosen as the optimal potential for GCE/
CS—GNPs preparation according to Fig. la.

The effects of electrodeposition time on electrochemical
response of NO are demonstrated in Fig. 1b. The peak
current of NO increases with the increase of time and
reaches maximum at 60 s and then drops. It may be that the
deposition time can influence the thickness of CS—GNPs
film. Based on the results in Fig. 1b, 60 s has been chosen
as the optimal electrodeposition time.

The pH of solution for deposition will influence the
electrochemical characteristics of the film and then the
current response of NO. It was known that CS cannot be
dissolved in acetic acid if its pH is larger than 6.0. So the
0.05 M acetic acid (pH<6.0) was chosen as supporting
electrolyte. The pH was adjusted with HCI. The effects of
pH on NO current were investigated and shown in Fig. Ic.
The data suggest that best current response of NO could be
obtained at pH=2.0. CS can act as metal-complexing agent.
Probably, strong acid media can provide special environment
for the interaction between CS hydrogel and GNPs during
the electrodeposition process, so the GCE/CS-GNPs was
prepared at —1.00 V for 60 s in 0.05 M acetic acid (pH=2.0).

Lastly, SEM was used to characterize the surface
morphologies of CS—GNPs films as shown in Fig. 1d. It
could be seen that GNPs was well fixed and uniformly
dispersed in the CS hybrid film. No aggregation of them
was observed. It suggested that this method embedding in
situ GNPs in CS hydrogel was preferable.

Electrochemical behavior of NO at GCE/CS—-GNPs
The electrochemical behaviors of NO at different electrodes

in 0.10 M PBS (pH=7.4) were investigated by DPV, and
the results are illustrated in Fig. 2. Curve ¢ in Fig. 2 shows
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Fig. 1 The dependence of peak 1.2 1.3
current of 1.44x10°° M NO by ’ o
DPV in 0.10 M PBS (pH=7.4) < -1.14 -1.24
on deposition conditions of - 1.0 1.1
AU,n0—CS film including a -~ 0.9 i o
potential (pH=2.0, 60 s), b time ' < -1.01
(pH=2.0, —1.0 V), ¢ pH (60 s, £ .03 < o9
~1.0 V), and d SEM (20.0 kV, 3 o7 :
20000%) image of Aupane—CS T 0.8+
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the current response of GCE/CS—GNPs in the absence of
NO after that the sensor was evaluated by successive cyclic
voltammetric sweeps. There is unobvious peak due to the
poor response of Aup,,, oxidation. Addition of 3.60x
107° M NO results in the appearance of a new oxidation at
about 0.73 'V, accompanied by great increase of current.
This peak is attributed to oxidation of NO, which is
demonstrated in Fig. 2 (curve a); however, only a broad
oxidation peak at about 1.10 V appears at bare GCE in the
presence of NO shown as curve b in Fig. 2. Based on these
discussions, GNPs shows great enhancement effects on the
electrochemical oxidation of NO including the negative
shift of peak potential and increase of peak current, which
was due to excellent catalytic activity of GNPs and
roughened conductive-high-surface area of CS—GNPs film
[26, 43, 48]. In view of the cyclic voltammograms of NO at
three above-mentioned different electrodes (the data were
not listed), it is sure that electrochemical oxidation of NO at
these electrodes is a totally irreversible process. There is no
reduction peak on the reversal scan from 1.20 to 0.20 V. As
a result, a method for NO determination was developed
considering the highly sensitive response of GCE/CS—
GNPs to NO oxidation.

Calibration curve and interferences
Conventional amperometric method was used to character-
ize the current response upon the successive addition of NO

as shown in Fig. 3. The current of NO at a very low
concentration proved that this electrochemical method has
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high sensitivity and low detection limit. The calibration
curve for NO detection was obtained by Fig. 3 and
displayed in Fig. 4. The response of GCE/CS—-GNPs
revealed good linear behavior in the concentration range
from 3.60x107% to 4.32x107° M for the quantitative
analysis of NO with a limit of detection of 7.20x10 % M.

In order to evaluate the anti-interference ability of the
GCE/CS-GNPs, the current responses of 7.20x 10" M NO
was analyzed with coexist of some small biomolecules and
inorganic ions. The results showed that 100-fold Ca®",
Mg2+, Fe*", 50-fold Zn>", and 6.0x 10 M uric acid almost
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Fig. 2 Differential pulse voltammograms of bare GEC (b, ¢) and
AU,no—CS film modified GCE (a, d) in absence (¢, d) and presence
(a, b) of 3.60x107® M NO in 0.10 M PBS (pH=7.4)
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Fig. 3 Amperometric response of NO at Au,,,,—CS film modified
GCE at 0.85 V. Inset is the magnified graph of NO response between
0 and 600 s

have no influence on the detection of NO (signal change
below 8.00%); however, a small amount of dopamine and
ascorbic acid would result in the obvious signal change. It
was considered that dopamine and ascorbic acid as strong
reductants could influence the electroactivity of Au nano-
particles. Moreover, the adsorption behavior of products by
dopamine and ascorbic acid oxidation on the GCE/CS—
GNPs surface would occupy the active sites of sensing film,
and then current response of NO was decreased. All
discussions prove that this senor has certain anti-
interference ability.

Stability, repeatability, and productivity

Stability, repeatability, and productivity are key parameters
for measurement of sensor performance. In present work,

16 F

Ip(uA) = 0.02+0.04cyo(MM) R=0.9988

0-0 1 1 1 1
0 10 20 30 40

fuM

NO

Fig. 4 Calibration curve for NO in 0.10 M PBS at Au,,,—CS film
modified GCE. Applied potential, 0.85 V

Current /1 nA

0 500 1000 1500 2000
Timells

Fig. 5 Monitoring NO release from PBS (a), PBS with addition of L-
Arg (b), PBS and kidney (c¢), PBS and kidney with addition of L-Arg
(d). Applied potential, 0.85 V

the current response of NO can remain 92.00% of original
value after that the GCE/CS—GNPs was kept in air for
8 days. At the same time, the relative standard deviation
(R.S.D.) for eight-time parallel detections of 7.20x10 ® M
NO with the same GCE/CS—GNPs was obtained to be of
7.10% and that with eight different electrodes is 4.60%.
These data suggest that developed GCE/CS—GNPs exhibits
good stability and satisfactory repeatability, as well as
excellent reproducibility. This method provided a new
chance for the determination of NO in biological tissues.

NO release from biological tissue and medicine model
It has been found that the synthesis of NO in the body is

involved in the reaction of various nitric oxide synthase
(NOS) with L-Arg in the presence of trace O, [44, 49-53].

-100 |- 50 L of 0.40 M SNP

Current /! nA
g

0 100 200 300 400 500 600
Timetis
Fig. 6 Graphical result for the NO release from sodium nitroprusside

samples. Applied potential, 0.85 V
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Table 1 NO detection from

4 mM sodium nitroprusside Sample Current (nA) Detected NO (uM) Average (UM) R.S.D (%)
1 —67.36 1.52 1.60 5.32
-70.85 1.69
—69.09 1.60

There is increasing evidence that endothelium-derived NO
is tonically synthesized within the kidney and that NO
plays a crucial role in the regulation of renal hemodynamics
and excretory function [49, 50], so monitoring the NO
concentration in kidney is of great importance. Here,
fabricated GCE/CS—GNPs was applied to NO monitoring
from rat kidney, and the results were demonstrated in
Fig. 5. It is clear that no apparent NO current response can
be observed without kidney or L-Arg in the PBS containing
trace O, (curve a, b, and ¢ in Fig. 5); however, remarkable
change of amperometric current can be detected after the
addition of L-Arg into PBS containing a whole kidney,
suggesting the NO release from kidney (curve d). The
concentration of NO released from the rat kidney sample
was calculated to be ca. 150 nM. The long response time of
about 500 s may be caused by the long-distance diffusion
of L-Arg from the outside to the inside of kidney for
reaction with NOS. This research provided a chance to
construct perfect NO sensor for real-time NO measurement
in vivo.

The GCE/CS—GNPs was also applied to NO monitoring
from a powerful anti-hypertension medicine, sodium nitro-
prusside. Like all nitrates, sodium nitroprusside works by
relaxing blood vessels. Once in the body, sodium nitro-
prusside is quickly broken down into NO. The breakdown
of sodium nitroprusside to NO happens very quickly. In this
experiment, when sodium nitroprusside solution sample
was added in electrolyte, the response current changes in
several seconds and reaches the maximal value during

100 s. The data was shown in Fig. 6 and Table 1. These
results may help us get better understanding of pharmaco-
kinetics of some medicines concerning NO release.

Concluding remarks

Based on the enhanced oxidation of nitric oxide (NO) at
AU, no—CS film modified electrode, a novel electrochemical
NO sensor was fabricated by a simple and controllable
electrodeposition method. Because of special electronic
properties and excellent electrocatalytic ability of Au
nanoparticles, this method exhibited high sensitivity, wide
linearity, and low detection, as well as convenience, which
was proved by the comparisons between this method and
other different sensors from literatures in Table 2. Finally,
the successful application of this sensor to monitoring NO
from drugs and biological tissues proved that proposed
simple method is feasible and highly efficient. Establish-
ment of this platform could promote the research on the
physiological and pathological effects as well as the
biological functions of NO in life processes.
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Table 2 The comparison between this work and other publications about electrochemical NO sensor based on the Au nanoparticles-modified

electrode for the detection of NO in aqueous solution

Conditions Linear range (M) Detection limit (nM)  Applications Ref.
Gold hair microelectrode (0.80 V) 9.00x107%-3.50x107° - - [30]
GCE/Nafion—Auy,n, (0.90 V) 1.00x107°-1.00x10% 1.0 - [31]
5.00x107*-5.50x102
Hydrophilic Aupane (0.86 V) 5.00x107°-1.00x107°  27.0 - [32]
ITO/AUyqpo arrays (0.93 V) 1.00x107°-5.00x10™*  650.0 - [33]
Red blood cells (RBCs)—Auan, (—50 mV) 1.00x1078-1.00x107° 5.0 Raw blood [34]
ITO/PE-Aupgn, hydrid film 5.00x107°-1.00x10™* 50,000 - [54]
GCE/CS—Au,ano (0.85 V) 3.60x107%4.32x107° 7.2 Rat kidney and sodium Present work

nitroprusside
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