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Abstract Silver nanoparticles coat polyquercetin (Qu) and
multi-walled carbon nanotube (MWCNT) complex films
were prepared using an electrochemical coupling strategy
on platinum electrode (Ag/Qu/MWCNT/Ch/Pt). The new
composite material was characterized by means of field
emission scanning electron microscopy, X-ray photoelec-
tron spectroscopy spectra, X-ray diffraction, and electro-
chemical techniques, which confirmed that polyquercetin
plays an important role to obtain a great deal of uniformly
dispersed silver nanoparticles and MWCNT complex film
with a diameter of 10±6 nm. The resulting Ag/Qu/
MWCNT/Ch/Pt electrode shows a significant electrocatal-
ysis for the redox of cysteine (CysH). The stripping
chronopotentiometric analysis of CysH has been success-
fully used with a satisfying effect. A linear range of 1×
10−10 to 9×10−8 M was obtained with a detection limit of
3×10−11 M (3σ) and sensitivity of 35 µA/nM. The films
were also robust, surviving up to 100 consecutive cyclic
voltammograms and sonication.
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Introduction

Cysteine (CysH) is a physiologically active substance
which always exists in many kinds of protein and natural
substances. It plays an important role in biological systems
including protein synthesis, detoxification, and metabolism
[1, 2]. It has been used widely in the food, cosmetic, and
medical industries [3]. The studies that focused on the
electrochemical behaviors and sensitive detection of CysH
are significant from the viewpoints of theory and practical
application. The electrochemical oxidation of CysH on
various electrodes including graphite [2], platinum, and
gold, especially silver, have been reported [4–9]. The
adsorption of CysH at silver (Ag) electrode [7–9] involved
the scheme of Ag (s) + CysH (ac) → Ag–Cys (ad) + H+

(ac) + e−. However, the high oxidation potential of CysH at
these electrodes causes the formation of surface oxide with
slow heterogeneous electron transfer, resulting in a dramat-
ic decrease in electrochemical activity. Some improvements
have been achieved by modifying the electrode with
enzyme [3, 10], metal complexes [10–18], and organic
compounds [19–22], but the stability of such modified
electrodes was not satisfaction [12]. Recently, nanometal
[23], MWCNT [24–26], and their complex modified
electrodes [27] have attracted an increasing attention to
improve the electrocatalysis. Chen J.H. successfully used
nano-platinum/MWCNT modified electrode in CysH de-
tection; the complex electrode displayed a better stability
and reproducibility compared with only nano-platinum or
MWCNT electrode [24, 27], but there is possibility in the
improvement of sensitivity and detection limit.

In a previous work, we have investigated the preparation
of highly dispersed nano-Ag/polyrutin coat–paraffin-im-
pregnated graphite electrode. The studies showed that Ag+

was gradually chelated with polyrutin film at 4′-oxo-5′-OH
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and 5-OH-4-oxo sites accompanying adsorption [28]. Here,
we used quercetin, the homolog of rutin, fabricated nano-
Ag, polyquercetin, and MWCNT complex modified plati-
num electrode (Ag/Qu/MWCNT/Ch/Pt) to develop a
sensitive sensor for CysH. The electrochemical behavior
of CysH was investigated in detail.

Experimental

Apparatus

All electrochemical experiments were performed with a
LK98BII computer electric chemistry analysis system
(Lanlike, Tianjin, China). A conventional three-electrode
electrochemical system was used for all electrochemical
experiments, which consisted of a working electrode, a
twisted platinum wire counter electrode, and a reference
electrode. A platinum electrode with geometric diameter of
0.4 mm was used as the basal working electrode. Water
used in all experiments was double-distilled with a quartz
apparatus. Field emission scanning electron microscopy
(FE-SEM) image was obtained on a JSM-600 field
emission scanning electron microanalyzer (JEOL, Japan).
X-ray photoelectron spectroscopy (XPS) spectra were
recorded by using an ESCALAB MK2 spectrometer (Vg
Corporation, UK) with an Mg-Alpha X-ray radiation as the
source for excitation. X-ray diffraction (XRD) data of the
sample were collected using a Rigaku D/MAX-rB diffrac-
tometer with CuKα radiation.

Chemicals and solutions

MWCNT with diameters of 10–30 nm and lengths of 1–
10 µm were purchased from Sun Nanotech Co., Ltd. of
China, and were synthesized by catalytic decomposition of
CH4 on a NiMgO catalyst [28]. CysH and Qu were
purchased from Xinxing Chemical Reagent Institute
(Shanghai, China); solutions of CysH were prepared in
0.1-M PBS (pH 3.0). Phosphate-buffered saline solutions
(0.1 M PBS) of different pH were prepared by mixing four
stock solutions of 0.1 M H3PO4, KH2PO4, K2HPO4, and
K3PO4. All aqueous solutions were prepared in doubly
distilled deionized water. High-purity nitrogen was used for
deaeration. All experiments were performed at room
temperature.

Preparation of Ag/Qu/MWCNT/Ch/Pt electrode

The 10 mg MWCNT were dispersed in 10 ml of mixed acid
solution of nitric acid and perchlorate acid (7:3). The mixed
solution was ultrasonically agitated for 7 h. The MWCNT
were washed with doubly distilled water to a neutral pH, then

washed with acetone and dried in air. About 2.5 mg of mixed
acid-treated MWCNTwas dispersed in 10 ml of acetone with
the aid of ultrasonic agitation to give 0.25 mg ml−1 black
suspension.

Prior to this experiment, Pt electrode was polished with fine
emery paper (grain size 4,000) and 0.03 µmAl2O3 powders to
obtain a mirror surface. Then it was rinsed with doubly
distilled water and sonicated in ethanol and doubly distilled
water for 5 min, respectively. After cleaning, the Pt electrode
was pretreated using cyclic voltammetry (CV) in solution of
1.0×10−3 M choline (HOCH2CH2N

+(CH3)3)/0.01 M LiClO4

to obtain a film with positive charge (Ch/Pt) [29].
Some mixed acid-treated MWCNTsolution were cast onto

the surface of Ch/Pt by electrostatic adsorption (MWCNT/Ch/
Pt). After the solvent acetone was evaporated, Qu was
polymerized on the MWCNT/Ch/Pt using the CV method in
a solution of 1×10−3 M Qu/0.1 M PBS (pH 7.0; Qu/
MWCNT/Ch/Pt). Some Ag+ was chelated or absorbed on
the surface of Qu/MWCNT/Ch/Pt immersed in a solution of
1.0×10−3 M AgNO3/0.1 M LiNO3 in 30 min, then, the
complex was reduced in blank 0.1 M LiNO3. The modified
electrode was denoted as Ag/Qu/MWCNT/Ch/Pt and stored
in doubly distilled water at 4 °C.

Results and discussion

The characteristics of Ag/Qu/MWCNT/Ch nanocomposite

Figure 1 shows FE-SEM images of Ag/MWCNT/Ch/Pt
(Fig. 1a), Ag/Qu/MWCNT/Ch/Pt made by directly electro-
depositing in 1.0×10−3 M AgNO3/0.1 M LiNO3 (Fig. 1b)
and by immersing in 1.0×10−3 M AgNO3/0.1 M LiNO3 for
30 min, then, reducing in blank 0.1 M LiNO3 (Fig. 1c). In
absence of Qu by direct electrodeposition, numerous larger
dendritic clusters can be seen with a strong aggregate effect
in 3-dimensional globules (Fig. 1a). It is relative to an
advantageous effect of MWCNT with carboxylic acid and
carboxylate groups towards the deposition of Ag+ and
resulting in spontaneous formation of Ag nanoparticles on
MWCNT. However, as shown in Fig. 1b, a great deal of
uniformly dispersed island structures can be seen with a
diameter of 50±30 nm on the surface of Qu/MWCNT/Ch/Pt
by directly electrodepositing because the polyquercetin can
chelate (absorb) Ag+ and result in a slow mass transition.
Furthermore, after the Qu/MWCNT/Ch/Pt was immersed in
1.0×10−3 M AgNO3/0.1 M LiNO3 in 30 min to chelate
(absorb) Ag+, the complex was reduced in blank 0.1 M
LiNO3; a much better effect can be readily seen with a
diameter of 10±6 nm. Therefore, these illustrate that the
polyquercetin plays an important role to obtain the uniformly
dispersed nanocomposite; the result is very significant for
practical application. The processes can be seen in Scheme 1.
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The XRD of the nanocomposite formed by indirect
electrodepositing was investigated and is shown in Fig. 2.
The MWCNTs showed a typical peak of (002) reflection of
MWCNT or graphite at 26.34 °C. The major diffraction

peaks of Ag nanoparticles at 37.2 °C and 44. 2 °C can be
assigned to (111), (200) reflection of fcc phase of Ag. The
size of 10±6 nm was derived according to Scherrer formula
formed. It illustrates that Qu can improve the surface
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Scheme 1 Synthesis of nano-silver coat polyquercetin and multi-walled carbon nanotube complex films

Fig. 1 FE-SEM of
Ag/MWCNT/Ch (a), Ag/Qu/
MWCNT/Ch made by directly
electrodepositing in 1.0×10−3 M
AgNO3/0.1 M LiNO3 (b), and
by immersing in 1.0×10−3 M
AgNO3/0.1 M LiNO3 for
30 min, then, reducing in blank
0.1 M LiNO3 (c)
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morphology and diminish the nano-Ag size [28]. XPS
measurements confirmed the presence of Ag on the Ag/Qu/
MWCNT/Ch/Pt after electrochemical immobilization. The
Ag (3d5/2) and Ag (3d3/2) peaks are present at 368.6 and
374.6 eV, respectively (Fig. 2, inset).

Electrochemical behaviors of CysH at Ag/Qu/MWCNT/Ch/Pt

As shown in Fig. 3, from 1.4 → −0.4 V, Pt electrode (a)
shows two reduction peaks (−0.20 and 0.10 V) and one
oxidation peak (0.75 V) corresponding to hydrogen and
oxygen adsorbed on Pt, respectively [30]. MWCNT/Ch/Pt
(b) displays a pair of peaks of oxygen adsorbed on
MWCNT (0.12/0.22 V) [29]. Qu/MWCNT/Ch/Pt (c) gives
same peaks to Pt electrode. However, Ag/Qu/MWCNT/Ch/
Pt (d) gives one new reduction peak at 0.04 V and three
new oxidation peaks at 0.12, 0.23, 0.50 except above peaks,
which could match to the process of Ag→Ag2O→AgO
[31, 32]. The surface area of Ag/Qu/MWCNT/Ch/Pt can be
evaluated as 0.456 cm2 from charge current; all the Ag
anode peak surface area is 0.043 µC. From Faraday law, a
surface concentration (Γ) of the Ag was calculated as 9.4×
10−8 M/cm2. According to the facts, the modification can
be suggested in Scheme 1. The Pt electrode was pretreated
in a solution of choline (+) to adsorb MWCNT (−); after
quercetin was polymerized on the MWCNT/Ch/Pt to
chelate or absorb Ag+, the complex with Ag+ was reduced
to obtain silver nanoparticles/polyquercetin (Qu)/multi-
walled carbon nanotube complex films (Ag/Qu/MWCNT/
Ch/Pt).

Figure 4 shows the CVs of 1.0×10−4 M CysH (curve b)
at bare Pt (A), MWCNT/Ch/Pt (B), and Ag/Qu/MWCNT/
Ch/Pt (C), respectively. All the curves (a) have been
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discussed in Fig. 3 matching to the electrodes in blank PBS.
The oxidation current of CysH (0.85 V) is decreasing
dramatically because the active sites of Pt are blocked by
adsorption of reaction products including cystine acid and
cysteic acid at bare Pt electrode (Fig. 4a, curve b) [27, 29, 33].
On the MWCNT/Ch/Pt electrode (Fig. 4b, curve b), this
problem can be reduced successfully by using a low
potential at about 0.46 V. It was confirmed that the oxidation
current of CysH decreased very little in the 2nd cycle and
remains almost unchanged from the 2nd to the 10th cycle in
the potential range of −0.5 to 0.7 V (not shown). But the

sensitivity and detection limits still can be improved. As
shown in the Fig. 4c, in the presence of CysH (curve b), all
the peaks are observed to be obviously increase at Ag/Qu/
MWCNT/Ch/Pt with slightly negative shift in potential
compared with in absence of CysH (curve a). The increase
of the peak's current at −0.30 and 0.13 V are significantly
stronger than that at other electrodes. Moreover, the CVs of
1.0×10−4 M CysH at Ch/Pt, Ag/Pt, and Qu/MWCNT/Ch/Pt
were also performed in the same conditions; the results were
summarized in Table 1. The present data prove that
MWCNT/Ch/Pt, Ag/Pt, and Ag/Qu/MWCNT/Ch/Pt shows
significant increase by degrees effect towards the redox of
CysH. Therefore, the Ag/Qu/MWCNT/Ch/Pt electrode
shows an excellent electrocatalysis towards the redox of
CysH. The processes probably involve alternative process; a
vital one is desorption/adsorption of CysH at Ag/Qu/
MWCNT/Ch/Pt accompanying the production of Ag+, the
partially unsaturated d-orbital of Ag atom surface could
absorb and thereby stabilize free radical intermediate of the
oxidation products of CysH. The Ag nanoparticles can
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Table 1 The response of 1.0×10−4 M cysteine at different electrodes

Sample/
electrode

Pt Ch/Pt Ag/Pt MWCNT/
Ch/Pt

Qu/MWCNT/
Ch/Pt

Ag/Qu/
MWCNT/Ch/Pt

Reduction peak
current (µA)

1.25 1.26 85.25 2.14 1.11 165.45

Rate (electrode/
Pt)

1.0 68.2 1.6 0.8 132.3

Table 2 Determination limits of CysH at different modified electrodes

Modification Limits
(μM)

Reference

Poly(3,4-ethylenedioxythiophene)/SPE 0.03 [22]

Ru-complex/GCE 1 [16]

N,N-ethylenebis oxovanadium/GCE 170 [17]

Bi-powder/CPE 0.3 [18]

Co-tetra-2-mercaptopyrimidylphthalocyanine/
GCE

1.5 [14]

MWCNT/GCE 5.4 [24]

Mercury-doped/Ag/GCE 0.1 [23]

Pt/MWCNT/CPE 0.3 [27]

Ag/Qu/MWCNT/Ch/Pt 0.00003 This work

GCE Glassy carbon electrode, CPE carbon paste electrode, SPE
screen-printed electrode
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further oxidize the oxidation products of CysH at a low
potential. The other is relative to cooperation of MWCNT
towards the redox of CysH.

Stripping chronopotentiometric analysis

The effect of accumulation potential (E) towards CysH
(0.13 V) was investigated at Ag/Qu/MWCNT/Ch/Pt and
shown in Fig. 5a. The concentration of Ag+ is increasing
with the positive shift of accumulation potential. The peak
current is low at E<−0.5 V due to a little production of Ag+;
the response is slowly increasing in −0.6 V<E<0.25 V and
considerable increase in 0.25 V<E<0.60 V. It reaches the
largest in 0.5≤E≤0.60 V, implying an optimum accumula-
tion potential. But, the response is decreasing at E>0.6 V;
the reason could be relative to the superfluous and fast
production of Ag+ can form insoluble salt with CysH [9].

The effect of accumulation time towards CysH (0.13 V)
was investigated at Ag/Qu/MWCNT/Ch/Pt at 0.5 V. As
shown in Fig. 5b, the peak current (0.13 V) is quickly
increasing with the delay of time, then, reaches a flat roof at
time >60 s, implying an adsorption balance. The optimal
accumulation time is 60 s (response time). Moreover, the
response of CysH (0.13 V) was investigated with the
variety of pH. The peak potential only shows slight
negative shift with the increase of pH. The reduction peak
at −0.3 V and oxidation peak at 0.13 V are stronger at pH 3
and pH 2, and all the peaks can be well separated at pH 3,
thus, the suitable pH value is 3.0.

As a comparison, the only Ag electrode is investigated
towards the redox of CysH, too. The peak current rate
(about 0.13 V) of Ag electrode is 1.5 in the presence and
absence of 0.1 mM CysH. The rate is 2.9 at Ag/Qu/
MWCNT/Ch/Pt in a same situation. It illustrated that the
Ag/Qu/MWCNT/Ch/Pt shows a much better electrocatal-
ysis towards CysH.

As shown in Fig. 6, on the optimal conditions, the peak
currents at 0.13 V show a good linearity in a concentration
range of 1×10−10–5×10−7 M (i(µA)=26.7+1.3 C (M), R=
0.9941; LOD=3×10−11 M (3σ); SOD, 1.3%, n=5; sensi-
tivity, 15 µA/nM; inset). The peak at −0.30 displays a good
linear increase in the concentration ranges of 1×10−10 to
9×10−8 M (i(µA)=68.9+5.0 C (M), R=0.9931; LOD=1×
10−11 M (3σ); SOD, 1.1%, n=5; sensitivity, 35 µA/nM).
Moreover, in comparison with the results of Table 2, their
detection limits are 1.5, 1, 170, 0.3, 0.03, 0.1, 5.4, and
0.3 µM, respectively; therefore, the present electrode shows
the lowest detection limit. Moreover, it is notable that the
films were also robust, surviving up to 100 consecutive
cyclic voltammograms and sonication.

The interference effects of 18 amino acids including
glycine, alanine, valine, leucine, isoleucine, serine, threo-
nine, tyrosine tryptophan, methionine, asparagines, gluta-

mine, glutamic acid, lysine, aspartic acid, arginine,
phenylalanine, histidine, and proline to the determination
of CysH were investigated due to coexistence in biological
samples. The results show that any one (100 times content)
of the 18 amino acids did not interfere determination of
CysH except 20 times tyrosine and 20 times tryptophan (the
peaks at about 0.6 V). It is worth mentioning that the
presence of 2, 5, 10, 10, 10, 20, and 5 times content of
glutathione, homocysteine, dopamine, norepinephrine,
adrenalin, ascorbic acid, and uric acid positively interferes
the determination, respectively.

Conclusion

In summary, we have demonstrated a method to prepare
uniformly dispersed nano-silver and MWCNT coat plati-
num electrode (Ag/Qu/MWCVT/Ch/Pt). The electrode is
advantageous for sensing of CysH compared with bare Pt,
MWCNT/Pt, and Ag electrodes with satisfactory results.
The method is simple and easy to control. Therefore, the
approach may be useful for the synthesis of other hybrid
metal/MWCNTs complex.
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