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Abstract

Reduced graphene oxide-silver nanoparticles (rGO-AgNPs) composites have good catalysts and electrical conductivity.
Herein, based on rGO-AgNPs modified glassy carbon electrode (GCE), a highly sensitive electrochemical sensor is developed
for rapid detection of metronidazole (MNZ). The rGO-AgNPs nanoparticles were first synthesized by one-pot green synthesis
method using the amino acid L-cysteine (L-cys) as the reductant. L-cys was considered as a weak reductant to reduce GO
and AgNO3, as well as a linker agent to disperse and immobilize the AgNPs loaded stably on the graphene to prevent the
aggregation of bulk-quantity rGO nanosheets caused by strong m-m stacking in different nanosheets, simultaneously. Poly(L-
cys) obtained by electropolymerization, was synergized with rGO-AgNPs nanocomposites to enhance electrocatalytic effects
for the detection of MNZ. Under the optimal experimental conditions, the detection limit of the sensitive electrochemical
sensor in milk samples was 0.4 ng mL". The recovery was ranged from 88.4% to 106.8% with relative standard deviation
(RSD) below 5.1 %. Thus, this method developed here was suitable for MNZ residues detection.
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Introduction

Metronidazole (MNZ) belongs to the nitro-imidazole
derivative family, and is used for the treatment of diseases caused
by anaerobic bacteria (Clostridium and Bacteroides) and proto-
zoa (trichomoniasis and amoebiasis) [1]. However, excessive and
long-term use of MNZ may also pose a serious hazard for health
because of its carcinogenic, mutagenic and genotoxic [2, 3]. It
has been reported that MNZ isexcreted into breast milk in large
amounts of up to 20% during breastfeeding [4]. Thus, it is im-

portant to monitor MNZ residues in milk to ensure food safety.

Several metronidazole detection methods have been
developed, encompassing chromatography [5], immunoassays
[6, 7] and electrochemical techniques [8, 9]. Chromatographic
methods (high-performance liquid chromatography (HPLC) and
liquid chromatography-tandem mass spectrometry (LC-MS/
MS)) are still the most common quantitative and confirmatory
methods for MNZ residues. However, they require complicated
pretreatments and skilled operators for use. Immunoassays, i.e.,
enzyme-linked immunosorbent assay and lateral flow test strip
based on antibodies, are high-throughput screening methods for
small molecular. Nevertheless, it is difficult to prepare highly
sensitive antibodies against MNZ due to its chemicalstructures.
A broad specificity monoclonal antibody, 1D5, was prepared
with the IC50 value of 500 ng mL"' against MNZ, which was not
suitable for establishing highly sensitive method for the detec-
tion of MNZ [7]. Because of the nitro group in the structure of
MNZ can act as a redox-active center, electrochemical
sensors have attracted much attention, owing to high sensitivity,
low cost and simple operation [10].Thus, the establishment of a
new electrochemical sensor is an effective way to monitor MNZ

residues.

To improve performance of bare electrodes, diverse
electro-catalysts have been explored as electrode modifiers for
the detection of MNZ, such as nickel-manganous oxide na-
no-crumbs decorated partially reduced graphene oxide [11], N,
S, P-Triple Doped Porous Carbon [12], chitosan-pectin poly-
electrolyte complex [13], Praseodymium Vanadate-Decorat-
ed Sulfur-Doped Carbon Nitride Hybrid Nanocomposite [14],
metal-organic framework (type ZIF-67) [15] and so on. Among
those nanomaterials, reduced graphene oxide-nanoparticle com-
posites have attracted attention in the electrochemical sensor

arena because of their unique physicochemical properties, i.e.,

large surface area, high electrocatalytic activity, excellent elec-
tronic conductivity, and small dimensional size [16]. In addition,
among various noble metalnanomaterials (Ag, Au, Pt etc.), Ag
is mostly attractive owing to its low cost and small negative en-
vironmental impact [17]. Moreover, Ag nanoparticle-reduced
graphene oxide (rGO-AgNPs) composites displayed a high oxy-
gen reduction reaction activity via a four-electron transfer path-
way as compared to a commercialcarbon-supported Ag catalyst
(60 wt.% Ag/C, Premetek) [18]. Also, the rGO-AgNPs nanocom-
posite exhibited excellent catalytic activity and stability toward
the detection of nitrite ions [19] and the reduction of 4-nitro-
phenol to 4-aminophenol with sodium borohydride [20]. Thus,
the rGO-AgNPs nanocomposite modified on electrode could
improve the oxygen reduction reaction activity.

Another way to modify electrodes is electropolymeriza-
tion of amino acids because of their ease of fabrication, ability to
form a controllable thin film andpresence of functional groups
that help them form multifunctional layers [21, 22]. L-cysteine
(L-cys) is a linker agent and weak reductant due to its functional
—SH, - NH2 and —COOH groups. It can be easily polymerized
to form poly(L-cys) on electrode surfaces using cyclic voltamme-
try [23, 24]. Gozde Aydogdu Tig has used the Au-Ag nanopar-
ticles/poly(L-Cysteine)/reduced graphene oxide nanocomposite
forestablishing a highly sensitive amperometric biosensor for
the determination of NADH and ethanol [21]. Thus, L-cys is
electropolymerized on the electrode to form poly(L-cys), which
could interact strongly with AgNPs by Ag-S bond to form the
stable nanocomposites poly(L-cys)/rGO-AgNPs, further im-

proving the sensitive of the detection.

The aim of this study was developed a new sensitivity
electrochemical sensor based on poly(L-cys)/rGO-AgNPs mod-
ified the electrode for the detection of MNZ (scheme 1). First,
the rGO-AgNPs composites were synthesized via a green “one-
pot’method using L-cys as a reducing agent in alkaline media.
Subsequently, the rGO-AgNPs composites was dropped on the
working electrode, and poly(L-cys)obtained by electropolymer-
ization was synergized with rGO-AgNPs nanocomposites to en-
hance electrocatalytic effects. The combination of rGO-AgNPs
and poly(L-cys) led to increased sensitivity of this electrochem-
ical sensor. Finally, the prepared sensor was successfully used
for the MNZ detection by differential pulse voltammetry
(DPV).
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Scheme 1: Synthesis of poly(L-cys)/rGO-AgNPs/GCE and the electrochemical determination of metronidazole

Materials and methods
Reagents and apparatus

Metronidazole, L-cys, and AgNO3 (98%) were pur-
chased from Aladdin (Shanghai, China). GO nanomaterials were
generated from previous experiments. Hydrochloric acid (HCI),
monosodium phosphate (NaH2PO4), disodium phosphate
(Na2HPO4), acetic acid (HAc), sodium hydroxide (NaOH),
and ammonia solution (NH3eH20) were purchased from Sin-
opharm Chemical Reagent Co. Ltd. (Beijing, China). A stock
solution of metronidazole (1 mg mL') was prepared in ul-

trapure water.
All reagents were used without further purification.

Reduced GO-AgNPs composites images were obtained
using a field emission transmission electron microscope (FE-
TEM, FEI Tecnai G2 F20, MA, USA), operating at 200 kV, and
a scanning electron microscope (SEM, Zeiss MERLIN Compact,
Germany). UV-vis absorption curves were collected on a Pur-
kinje General T60 UV-Vis spectrophotometer (Beijing Purkinje
General Instrument Co. Ltd., China).A chi660e electrochemical
workstation (CHI Instrument Co. Ltd., Shanghai, China) was

used for all electrochemical measurements. A conventional
three-electrode system was used, including a bare glassy carbon
electrode (GCE) (4 mm in diameter) as the working electrode, a
saturated calomel electrode (SCE) as the reference electrode, and

a platinum wire electrode as the auxiliary electrode.
Synthesis of rGO-AgNPs composites

The disrupted sp? hybridization area in GO leads to its
poor conductivity, but after reduction, rGO conductivity is re-
covered due to restored, large delocalized m bonds [25]. Hence,
GO must be reduced to generate electrochemical modified ma-
terials. In this study, a novel, green method was adopted for the
synthesis of rGO-AgNPs using a “one-pot” method. Firstly, a
certain amount of GO powder was dispersed in ultrapure water
by ultrasonication for 2 h, to generate a homogeneous solution
(2 mg mL*). Secondly, 100 mg L-cys, 100 mg AgNO3 and 400
pL NH3-H 20(NH3, 25%) were sequentially added to the above
(20 mL), under ultrasonication. The mixture was then heated in
a water bath at 90°C for 10 h under atmospheric pressure , with-
out stirring. Finally, products were centrifuged (12,000 rpm),
washed three times in ultrapure water, and dried at 60°C. The
solid powder was prepared at a dispersionof 0.02 mg mL"* in

ultrapure water, as an electrode modification material.
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Preparation of the electrochemical sensor

Before modification, the bare GCE was polished with a
0.05 mm alumina slurry, and ultrasonicated in absolute ethanol
and ultrapure water, respectively. 10 puL of an rGO-AgNPs (0.02
mg mL™") dispersion was dropped onto the GCE surface, and
dried under an infrared lamp. The rGO-AgNPs/GCE assembly
was then immersed in 0.02 mg mL"' L-cys solution, and polym-
erized using cyclic voltammetry (CV) at a potential -0.8 V - 2.2
V for 10 cycles, at a scan rate of 0.1 V s™. The electrochemical
sensor (poly(L-cys)/rGO-AgNPs/GCE) was finally constructed
(Scheme 1). All electrochemical measurements were conducted

at room temperature (approximately 25°C).
Electrochemical measurements

A certain amount of metronidazole stock solution was
added into the cell (volume = 10 mL) containing 5 mL KCI at
0.1 mol L. The three-electrode system was then subsequent-
ly installed. After an accumulation of 120 s in an open circuit,
cyclic voltammograms were measured between -1.0 V-0 V (vs.
SCE alone), at a scan rate of 0.10 V s™'. The optimal parameters
of differential pulse voltammetry (DPV) parameters were set as
increment potential of each point 0.004V, pulse amplitude 0.04V,
pulse width 0.05s and pulse period 0.2s. The potential DPV win-
dow wassetat-0.1 V - -04 V. All electrochemical mea-
surements were conducted at room temperature (approxi-
mately 25 °C).

Results and discussion
Characterization of rGO-AgNPs composites

The rGO-AgNPs composites are always selected for
constructing electrochemical sensors to improve the perfor-
mance detection due to its higher catalytic effect. Environmen-
tally-friendly reductants, i.e., sodium borohydride [19] and
tyrosine [26], were utilized in the synthesis of rGO-AgNPs. So-

dium borohydride was a common reductant capable of reducing

various functional groups, while it cannot improve the homoge-
neous dispersion of rGO in solution. Tyrosine as a kind of amino
acid containing a hydroxyl group can reduce GO and AgNO3,

while it also cannot be regarded as a stabilizer.

In this study, L-cys was considered as a weak reductant
to reduce GO and AgNO3 and a linker agent to disperse and
immobilize the AgNPs loaded stably on the graphene, and pre-
vent the aggregation of bulk-quantity rGO nanosheets caused by
strong -7t stacking in different nanosheets, simultaneously. The
rGO-AgNPs nanocomposites were characterized by SEM, TEM,
and UV-visible absorption spectroscopy to investigate morphol-
ogy and nanocomposite interactions. It is seen that abundant
AgNPs were successfully loaded on graphene surface (Figure
1A). In addition, AgNPs of relatively uniform particle size (ap-
proximately 13.3 nm) were well dispersed on the surface of rGO
nanosheets (Figure 1B). As spherical particles possess the lowest
surface energies in all volumes, particle interactions were weak
[26]. Depending on the mean size of AgNPs obtained from TEM,
metal dispersion could be calculated to be 8.4%, demonstrating
that AgNPs possessing good catalytic effect, by the equation: D,
= 5.7/r, where DAg is the metal dispersion of Ag, r is radius of
Ag [27]. From high resolution TEM (HTEM) (Figure 1C) and
Fast-Fourier transformation of images, the lattice fringe spacing
was calculated as 0.233 nm, which was in line with the lattice
spacing of Ag (111) diffractive planes reported in other articles
[28]. In addition, the UV-visible absorption spectroscopy was
also used to investigate nanocomposite interactions. As shown
in Figure 1D, rGO-AgNPs nanosheets generated an absorption
peak at 270 nm (the red curve), which was characteristic of rGO.
When a particular quantity of L-cys was added to the rGO-Ag-
NPs solution, the absorption peak at 270 nm disappeared (the
black curve), indicating L-cys may have bound with rGO-AgNPs
composites via coordinated bonding between AgNPs and -SH.
Those results indicated that rGO-AgNPs composites were syn-
thesized successfully.
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Figure 1: (A) Scanning electron microscope image of rGO-AgNPs at 2um; (B) Transmission electron microscope images of

rGO-AgNPs at 100nm, inset: Size distribution of AgNPs nanoparticles on rGO; (C) High-resolution transmission electron

microscope images of AgNPs nanoparticles on rGO at 5nm, inset: Fast-Fourier transformation of high-resolution transmission

electron microscope images; (D) UV-vis absorption spectrum of rGO-AgNPs and rGO-AgNPs + L-cys

The electrochemical behavior of metronidazole

CV was used to explore metronidazole (0.02 mg mL™)
responses, against different modified electrodes. MNZ exhibited
two weak cathodic peaks (Epcl occurred at -0.4 V and Epc2 oc-
curred at -0.8 V) on the GCE (Figure 2A). Reduced GO-AgNPs
considerably improved the Epc2 cathodic current, with little ef-
fect was observed on Epcl. In contrast, poly(L-cys) improved the
cathodic peak current and peak potential of Epcl, but weakened
the Epc2 peak current. Notably, poly(L-cys) synergized with

rGO-AgNPs nanocomposites to further enhance peak currents,

and electro-catalyze the two cathodic peaks have a positive shift.
When combined with the calculated effective area (the above
data), peak current densities were 80.75 pA cm-2 (peak 1) and
83.13 uA cm-2 (peak 2) for bare GCE, and 126.91 pA cm-2 (peak
1) and 195.31 pA cm-2 (peak 2) for the poly(L-cys)/rGO-Ag-
NPs/GCE. Thus, poly(L-cys) in synergizing with rGO-AgNPs
nanocomposites not only enhanced signal intensity, but also ex-
erted electrocatalytic effects on the electrochemical behavior of
metronidazole. These observations suggested our modified elec-

trode was effective for determining metronidazole.
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Figure 2B shows the behavior of metronidazole on poly(L-cys)/
rGO-AgNPs/GCE, using successive cyclic scans. Peak currents
decreased gradually and tended to be stable, indicating reaction
intermediates were adsorbed on the electrode surface. From the
second scan, cathodic peak shapes were similar, suggesting in-

termediates were not electroactive.

—GCE
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Optimization of experimental conditions

Several experimental conditions, such as assay buffer,
supporting electrolytes and accumulation time, should affect
the analytical performance of the electrochemical sensors. Thus,

those conditions were optimized in this study. The metronida-
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Figure 2: (A) Cyclic voltammetry of GCE, rGO-AgNPs/GCE, poly(L-cys)/GCE and poly(L-cys)/rGO-AgNPs/GCE in 0.02

mg mL-1 metronidazole solution, containing 0.1 mol L-1 KCI. (B) Successive cyclic voltammetry behavior of metronida-

zole with a concentration of 0.02 mg mL-1 metronidazole solution containing 0.1 mol L—1 KCI. Scan rate: 0.1 V s-1

zole response in KCl (Figure 3A) was similar to NaOH, but met-
ronidazole displayed a better current intensity and shape in KCL.
Moreover, supporting electrolytes may exert effects on analytes
under aqueous conditions, and similarly affect sensor perfor-
mance. To address this, we investigated several common labo-
ratory solutions, i.e., H2504, HCI, HAc, KCl, PBS and NaOH
(Figure 3A). Peak currents and shapes were indistinguishable
under acidic conditions. A gentle metronidazole peak current
was visible for PBS (pH 7), which may have been attributed to
the two cathode peaks overlap into one peak due to the slow elec-
tron transfer rate of metronidazole on the electrode. The peak
potential shifted to the negative with increasing pH for PBS, and
peak currents decreased gradually (Figure 3B). The cathodic

peak potential was linear with pH, and the regression equation
was expressed as Epc = — 0.044pH — 0.20 (r = 0.9969) (Inset of
figure 3B). The slope representing dEpc/dEpH was 0.044 V pH-
1, which was close to 0.059 V pH-1, suggesting that the electro-
chemical behavior of metronidazole required a stoichiometry of
one H+ per one electron. In addition, the effects of adsorption
capacity of metronidazole were operated by a serial of accumu-
lation time (Figure 3C) to obtain a higher sensitivity. From 0-4
min, both peak currents (Ipcl and Ipc2) gradually increased, and
then decreased after 2 min (inset of Figure 3C). In a word, KCI,
pH 7.0, 2 min of accumulation time were selected as optimum

condition for the subsequently experiment.
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Figure 3: (A) Cyclic voltammetry of metronidazole (0.02 mg mL-1) in KCl, H2SO4, HAc, HCI, NaOH,
and PBS (pH 7) (all supporting electrolytes were at 0.1 mol L-1) at the poly(L-cys)/rGO-AgNPs/GCE. (B)

Cyclic voltammetry of metronidazole in PBS solutions with different pHs. Inset: a linear regression plot

of Epc vs. pH. (C) Influence of accumulation times on poly(L-cys)/rGO-AgNPs/GCE in metronidazole

solution (0.02 mg mL-1). Inset: cathodic currents for Epcl (the black curve) and Epc2 (the red curve)

Investigation of electrochemical sensor performance

In this study, the potassium ferricyanide (K3Fe(CN)6)
probe was used to characterize sensor properties. As shown (Fig-
ure 4A), the GCE response was a pair of redox peaks using CV
method, with a AEp (the redox peak potential separation) of 82
mV. After rtGO-AgNPs were modified on the electrode, the redox
peaks tended to be irreversible, with a AEp of 155 mV. Equally,
peak currents decreased significantly, suggesting rGO-AgNPs
inhibited transfer of Fe(CN)63- onto the electrode interface.

As poly(L-cys) was polymerized on the electrode, the
peak current of poly(L-cys)/GCE (AEp of 92 mV) was higher
than GCE, indicating L-cys promoted the electron transfer of
negatively charged Fe(CN)63-. The response signal of poly(L-

Cys)/rGO-AgNPs/GCE (AEp of 105 mV) was clearly improved,
when compared with rGO-AgNPs/GCE, demonstrating success-

ful construction of the electrochemical sensor.

Electrochemical impedance spectroscopy (EIS) was
used to study interfacial properties of modified electrodes.
The electron transfer impedance on the electrode surface was
equivalent to the curvature radius [29] of the impedance curve
in the high frequency region, while the straight linear, low fre-
quency region, was dominated by mass transfer of the probe
([Fe(CN)6]3—/4-). The electron transfer resistance, which pres-
ents as the semicircular part, displays the interfacial electron
transferring impedance of the probe at the electrode surface.
From the superposition chart (Figure 4B), the Nyquist GCE
curve generated a very small semicircle in the high frequency
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region. When rGO-AgNPs were modified on GCE, the modified
electrode Nyquist curve was increased in the semicircle of the
high frequency region, when compared with GCE alone, sug-
gesting that rGO-AgNPs/GCE may have blocked electron trans-
fer efficiency. The poly(L-cys)/rGO-AgNPs/GCE Nyquist curve
displayed a larger semicircle than rGO-AgNPs/GCE in the high
frequency region. These data suggested that associations possibly
existed between rGO-AgNPs and L-cys, indicating indirect syn-
ergistic effects between the two, and sharply increasing electron
transfer resistance. Thus, L-cys and rGO-AgNPs nanomaterials

were successfully modified on the electrode.

A chronocoulometry procedure was also performed to
determine the effective electrode area in 1 mol L-1 KClI solution,
containing 1.0 mmol L-1 K3Fe(CN)6 (Figure 4C). The diffusion
coeflicient was 7.6 x10-6 cm2 s-1 [30]. It can be calculated the
effective electrode area according to the Anson equation [31]

(Equation 1):

onFde (Dt)"
P

where n = the number of electrons transferred in the analyte. F

(Equation 1)

Q:

+ Qa‘! + Qad's

= the Faraday constant. A = the surface area of the working elec-
trode, and c = the substrate concentration. D = the diffusion co-
efficient. Qdl = the double-layer charge, and Qads = the Faradaic
charge. Depending on the slope of the linear regression Q ~ t1/2,
the effective area of the bare electrode, and the modified elec-
trode was 0.040 cm? and 0.162 cm?, respectively. This demon-
strated that poly(L-cys) and rGO-AgNPs increased the effective

area and enhanced signal intensity.

To determine the reaction form of metronidazole on
the electrode, measurements were performed using serial scan
rates (Figure 4D). Both cathodic peak currents (Ipcl and Ipc2)
increased linearly with increasing scan rates. Their regression

equations were Ipcl = 151.51v + 21.71 (Ipcl = pA, v = V s-1,

E

oc

E® — (RT/anF)In(RTk_/anF) + (RT /anF)Inv

and r = 0.9912) and Ipc2 = 260.28v + 37.49 (Ipc2
V s-1, and r = 0.9893), respectively. Additionally, loglpc

= WA, v =
was
proportional to logv, and equations were expressed as log(Ipcl)
= 0.48logv + 2.06 (Ipcl = pA, v =V s, and r = 0.9939) and
log(Ipc2) = 0.48logv + 2.30 (Ipc2 = pA, v=V s, and r = 0.9934).
The slopes of both curves were approximately 0.5, suggesting the
electrochemical behavior of metronidazole was controlled by a

mixed diffusion and adsorption system [32].

Based on Laviron theory [33], the number of electrons
transferred of irreversible adsorbed system can be expressed as

follow (Equation 2):

Where Epc = cathodic peak potential, EO = standard ca-
thodic peak potential, n = the number of transferred electrons,
a = the charge transfer coefficient, F = the Faraday constant, T
= the test temperature, ks = the apparent electron-transfer rate
constant, and v = the scan rate. The two cathodic peak poten-
tials were linearly related to Inv, respectively, with regression
equations of Epcl = — 0.43 — 0.021lnv ((Epcl =V, v =V sr
= 0.9878) and Epc2 = — 0.62 — 0.014lnv (Epc2 =V, v =V s-1,
r = 0.9863). Hence, an was calculated from the slope; anl = 1.2
and an2 = 1.8. On account of the irreversible electrode process, o
was assumed to be 0.5 [34], n1 was approximately 2 and n2 was
approximately 4. Considering a stoichiometry of one H+ per one
electron, the electrochemical processing of metronidazole gen-
erated six electrons and six H+ reactions. The proposed reaction
mechanism is summarized below, and accounts for the electro-

chemical reduction of nitroaromatic compounds [9, 35, 36]:
36]: R — NO, + 4e” + 4H" - R— NHOH + H,O
except the nitro group (-NO2))

R— NHOH < R— NO + 2e¢~ + 2H™ (Epc2) (R = struc-
ture of metronidazole, (Epcl) (R = structure of metronidazole,

except the nitro group (-NO2))

(Equation 2)
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Figure 4: (A) Cyclic voltammetry of GCE, rGO-AgNPs/GCE, poly(L-Cys)/GCE, and poly(L-cys)/rGO-AgNPs/GCE in 1.0 mmol L-1
K3[Fe(CN)6]. (B) Electrochemical impedance spectroscopy of GCE, rGO-AgNPs/GCE, poly(L-cys)/GCE and poly(L-cys)/ rGO-Ag-
NPs/GCE in 5.0 mmol L-1 K3[Fe(CN)6]/K4[Fe(CN)6] containing 0.1 mol L-1 KCl. (C) Chronocoulometry of GCE and poly(L-cys)/
rGO-AgNPs/GCE in 1.0 mmol L-1 K3[Fe(CN)6], containing 1 mol L-1 KCL. (D) Cyclic voltammetry of metronidazole (0.02 mg mL-

1) on poly(L-cys)/rGO-AgNPs/GCE at different scan rates: i.e. 50-300 mV s-1. Inset: linear regression plot of Epcl (or Epc2) vs. Inv

Quantitative determination of metronidazole by DPV

DPV was quantitatively applied due to its high sensi-
tivity under optimal parameters (DPV scans ranged from -0.4V
- -1.0V, with an increment of 0.006 V, a pulse period of 0.2 s, a
muplitude of 0.04 V, a pulse width of 0.05 s, and a standing time
of 2 s). A wide metronidazole concentration range of 2 ug L-'-
100,000 pug L* was used to determine a linear range. As shown in
Figure 5, the linear of cathodic peak currents were ranged from

2 ug L-1 to 80,000 ug L. The linear regression equation (upper

inset of Figure 5) was Ipc = (667.62+26.79)c + (3.58+0.54)) (Ipc
= pA, ¢ = mg mL’, and r = 0.9954), with a limit of detection
(LOD) of 0.4 ng mL"! estimated by a signal to noise (S/N) ratio
of 3. When compared with other electrochemical methods (from
the past three years), our sensor possessed a wider linear range,
and a considerably lower limit of detection compared with oth-
er electrochemical sensors (Table 1). Although, the LOD value
is not as good as that of NiMnO@pr-GO/GCE [11], the present
study possesses a wider linear range.
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Figure 5: DPV characterization of metronidazole at different concentrations: i.e., 0, 2x10-6, 8x10-6, 8x10-5, 2x10-4,
4x10-4, 8x10-4, 2x10-3, 4x10-3, 8x10-3, 2x10-2, 4x10-2, and 8x10-2 mg mL-1. Inset: calibration curve and peak cur-
rents of poly(L-cys)/rGO-AgNPs/GCE in KCI (0.1 mol L-1) and the magnifying superposed DPV i-Epc curves for low
concentrations (0, 2x10-6, 8x10-6, 8x10-5, 2x10-4, 4x10-4, 8x10-4 mg mL-1). upper inset: the linear regression equation

between concentration of metronidazole and Ipc. Bottom inset: the larger version of curves in lower concentrations

Table 1: Comparison of the present method and other reported electrochemicalmethods for determination of metronidazole in recent three years

Limit of de-
[Electrochemi- Linear rang- i
Electrochemical sensors & tection(nmol Reference
calmethods es (umol L)
L
0.005-0.1,
CuCo0204/N-CNTs/MIP/GCE DPV 0.48 [8] Wang et al, 2019
0.1-100
NiMnO@pr-GO/GCE DPV 0.1-234 0.09 [11] Vivekanandan et al. 2020
0.1-45,
NSP-PC/GCE LSV 13 [12] Yalikun et al., 2019
50-350
CS-PC BPE/GCE DPV 0.01-465 9 [13] Ranganathan et al. 2019
PrV/SCN/GCE Amperometry 0.001-2444 0.8 [14] Kokulnathan and Chen 2019
ZIF-67C@rGO/GCE DPV 0.5-1000 50 [15] Chen et al. 2019
0-gCN/GCE DPV 0.01-2060 5 [36] Kesavan et al. 2021
C60-rGO-NF/SPE SWV 0.5-34.0 35 [37] Materdn et al. 2021
poly(L-Cys)/rGO-AgNPs/GCE DPV 0.012-460 2.3 This work
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Reproducibility, repeatability, stability and interference

The practical application of poly(L-cys)/rGO-AgNPs/
GCE was estimated using reproducibility, repeatability, stability
and interference measurements. The relative standard deviation
(RSD) of cathodic peak currents, for five successive tests was 1.5
% in metronidazole solution. After the bare GCE was polished
and modified three times respectively, the RSD was 4.6%. The
sensors also possessed a detection capability of 87% after 14 days
storage at 4 °C. Potential interfering molecules in real samples
were evaluated to assess the anti-interference ability of the mod-
ified electrode. The tolerance limit was < 10% of the relative er-
ror, in 200-fold concentrations of Al3+, Fe3+, Zn2+, NO3-, and
SO42-, and in 100-fold concentrations of glucose, ascorbic acid,

citric acid and sucrose.
Sample application

To test sensor applicability in real samples, a standard
addition method was used to detect metronidazole in milk. Spe-
cifically, the samples did not require complicated pretreatment,
such as centrifuged and filtered, but only needed to be diluted
with KCl solution (0.1 mol L-1) (1:1). The appropriate amount of
metronidazole stock solution was added into the above dilution
and measured. As shown in Table 2, the recoveries were ranged
from 88.4% to 106.8% with RSD below 5.1%.

Table 2: Recovery of the determination of MNZ in milk samples (n=>5)

Spiked (ug L') | Found (ug L") | Recovery (%) |RSD (%)

50 442 88.4 4.8

100 94.5 94.5 5.1

1000 106.8 106.8 34
Conclusions

In this study, a highly sensitive electrochemical sensor
based on poly(L-cys)/rGO-AgNPs modified GCE was developed
for rapid detection of MNZ with a LOD value of 0.4 ng mL-1
in milk sample. The recovery was ranged from 88.4% to 106.8%
with RSD below 5.1% for the determination of MNZ in milk

samples.

However, the limitation of stability of the nanocompos-
ites on the electrode remains to be resolved. In the future, the
formation of chemical bonds between the electrode surface and
rGO can be explored to improve the limitation of stability to in-
crease the service life of the electrochemical sensors and increase

the sensitivity. In addition, the sensor reported here demonstrat-

ed high potential for MNZ residue determination in biological
matrix applications, and could be expanded to other target ana-

lytes.
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