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HIGHLIGHTS

» The electrochemical behavior of
Ag@C core-shell nanocomposite
was firstly proposed.

» Ag@C/GC electrode exhibited favor-
able electrocatalytic  properties
towards Trp.

» The good electrocatalysis was due to
the synergistic effect of Ag-core and
C-shell.

» The Ag@C/GC electrode displayed
excellent analytical properties in
determining Trp.
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GRAPHICAL ABSTRACT

Ag@C and Colloidal carbon sphere modified glassy carbon electrodes were prepared. It was clear that
the Ag@C/GCE exhibited enhanced electrocatalytic activity towards Trp, which could result from the
synergistic effect between Ag core and carbon shell. The Ag@C/GCE showed excellent analytical properties
in the determination of Trp.
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ABSTRACT

We here reported a simple electrochemical method for the detection of tryptophan (Trp) based on the
Ag@C modified glassy carbon (Ag@C/GC) electrode. The Ag@C core-shell structured nanoparticles were
synthesized using one-pot hydrothermal method and characterized by scanning electron microscope
(SEM), transmission electron microscope (TEM), and Fourier transform-infrared spectroscopy (FTIR). The
electrochemical behaviors of Trp on Ag@C/GC electrode were investigated and exhibited a direct elec-
trochemical process. The favorable electrochemical properties of Ag@C/GC electrode were attributed to
the synergistic effect of the Ag core and carbon shell. The carbon shell cannot only protect Ag core but
also contribute to the enhanced substrate accessibility and Trp-substrate interactions, while nano-Ag
core can display good electrocatalytic activity to Trp at the same time. Under the optimum experimen-
tal conditions the oxidation peak current was linearly dependent on the Trp concentration in the range
of 1.0 x 10~7 to 1.0 x 10~* M with a detection limit of 4.0 x 10-8 M (S/N=3). In addition, the proposed
electrode was applied for the determination of Trp concentration in real samples and satisfactory results
were obtained. The technique offers enhanced sensitivity and may trigger the possibilities of the Ag@C
nanocomposite towards diverse applications in biosensor and electroanalysis.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

In the last decades, electrochemical techniques have been the
most attractive methods for the determination of amino acids due
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to their favorable properties, such as high sensitivity, accuracy,
easy operation and low cost [1-3]. However, the voltammetric
response of electrochemical process is not satisfactory because
of slow heterogeneous electron transfer at the electrode surface
and consequent high overpotentials of the electrochemical oxi-
dation [4,5]. Therefore, one of main challenges in this field is
to get the suitable materials for electrode modification that will
enhance the direct electron transfer between the electrode and
redox molecule.
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Silver has the highest electrical conductivity among all metals
and is probably the most important material in plasmonics [6].
However, Ag nanostructures are considered to be toxic and insta-
ble [7]. It is well established that applying a coating of different
material can eliminate the reactivity and toxicity of nano-Ag [6,8].
The core-shell heteronanostructure is one of the significant sys-
tems for its enhanced properties from core to shell components
and their synergy, which are promising for potential applica-
tions as electrocatalysts, drug delivery and fluorescent biological
labels [9-12]. Recently, carbonaceous shell has attracted much
attention due to its low preparation cost, chemical activity [13],
and biocompatibility [14]. Carbon coating cannot only increase
the core particle stability with a subsequent increase in catalytic
properties, biocompatibility, and non-toxicity [15-17], but also
allow interface functionalization to load other functional molecules
for bio-analysis. In particular, the synthesis of Ag@C nanoparti-
cles is convenient [18,19] and Ag nanoparticles encapsulated by
carbonaceous shell already exhibit potential applications as plas-
monic photocatalyst [20]. However, the electrocatalytic properties
of Ag@C nanocomposites and its application in electrochemistry
have not been reported yet.

Trp is a vital constituent of proteins and indispensable in human
nutrition for establishing and maintaining a positive nitrogen bal-
ance [21]. Especially, the improper metabolization of Trp can create
awaste product in the brain and cause hallucinations and delusions
[22]. Therefore, it is of great significance to develop a simple, accu-
rate, rapid and inexpensive method for the determination of Trp
and some works have been reported [1,23-28].

In the present work, Ag@C nanocomposite has been synthesized
through hydrothermal method and the resulting nanocomposite
can be used as a new modified electrode material. The Ag@C/GC
electrode demonstrates favorable electrocatalytic activities in the
oxidation towards Trp, thereby the concentrations of Trp in real
samples are determined and the satisfying results are obtained.

2. Experimental
2.1. Materials

Trp and other amino acids, ascorbic acid (AA), uric acid (UA)
and dopamine were obtained from Sangon Biotech Co. Ltd. (Shang-
hai, China). Amino acid injection (18 AA, Lot No. 110908M5) was
brought from Anhui Fengyuan Pharmaceutical Co., Ltd., China. A
rat blood serum sample was obtained from Medical College of Soo-
chow University. All other reagents were of analytical grade and
used without further purification. The phosphate buffer solution
(PBS, 0.1 M, pH 2.0) was chosen as the supporting electrolyte and
doubly distilled water was used throughout the experiment.

2.2. Instrumentation

Electrochemical measurements were performed on a CHI611D
electrochemical workstation (Chenhua Instruments Co., Shang-
hai, China). The measurements were based on a conventional
three-electrode system, which includes the Ag@C/GC electrode as
working electrode, a platinum electrode as auxiliary electrode,
and a saturated calomel electrode (SCE) as reference electrode,
respectively. All measurements were carried out in PBS at room
temperature (25 + 2 °C). Electrochemical impedance spectroscopy
(EIS) was performed on a RST5000 electrochemical workstation
(Suzhou Risetest Instrument Co. Ltd., China) in a background solu-
tion of 0.1 M KCl containing 1.0 x 10-3 M [Fe(CN)g]3—/4-.

The Ag@C core-shell nanocomposites were characterized
by scanning electron microscope (SEM, Hitachi s-4700), TEM

(FEI Tecnai G20, an acceleration voltage of 200 kV), and FTIR spec-
troscopy (Prostar LC240).

2.3. Procedures

Ag@C nanocomposites were synthesized by hydrothermal
method [18]. 4g of glucose was dissolved in 38 mL of doubly
distilled water. Next 2 mL of AgNO3 aqueous solution (0.03 M)
was dropwise added into the above-mentioned solution under
vigorous stirring. The mixture was stirred for another 10 min
and then transferred to a Teflon-lined autoclave (50 mL in vol-
ume) and hydrothermally treated at 180 °C for 4 h. After reaction,
the autoclave was cooled to room temperature. The suspen-
sion was centrifuged at 6000 revolutions per minute (rpm) for
20min and the resulting products cleaned by four cycles of
centrifugation/washing/re-dispersion in water and in ethanol. Col-
loidal carbon sphere (CCS) was prepared following a similar
procedure in the absence of AgNOs. Finally, the as prepared prod-
ucts were dried at 60 °C overnight.

Before coating, GC electrode (3 mm in diameter) was polished
using 1.0-, 0.3- and 0.05-p.m alumina slurries in sequence, washed
with doubly distilled water and ethanol. The electrode was pre-
treated electrochemically in 1.0M H,SO4 aqueous solution by
potential cycling ranged from —1.0 to 1.0V at a scan rate of
50mV s~! until a stable cyclic voltammogram was obtained. After
that, 10 L of Ag@C ethanol suspension was dropped on the pre-
treated GC electrode surface and dried at room temperature to form
Ag@C modified GC electrode. For comparison, the CCS/GC electrode
was also prepared with the same procedure.

3. Results and discussion
3.1. Characterization of the Ag@C nanocomposites

The detailed structure of the Ag@C nanocomposites revealed by
SEM, TEM and FTIR is shown in Fig. 1A-D. SEM micrographs show
that the spherical particles are the primary product for the colloidal
carbon (Fig. 1A) and hybrid Ag@C composite (Fig. 1B) samples. Both
samples have similar particle size from 200nm to 400 nm. TEM
image shown in Fig. 1C clearly demonstrates the core/shell struc-
ture of Ag@C nanocomposite, which has the Ag core with diameters
in the range of 50-80nm and carbon shell with thickness about
100 nm. Fig. 1D shows the FTIR spectra of the Ag@C and CCS, which
can clearly identify the functional groups present after hydrother-
mal treatment. The signature peaks at about 1710 and 1620 cm™!
correspond to C=0 and C=C vibrations, respectively, which results
from the aromatization of glucose during the hydrothermal treat-
ment. The absorption band ranging from 1000cm~! to 1300 cm™!
is ascribed to the C—OH stretching and OH bending vibrations,
which suggests the existence of large numbers of residual hydroxyl
groups. Partially dehydrated residues in which reductive OH and
CHO are covalently bonded to the carbon frameworks improve the
hydrophilicity and stability of the nanospheres in aqueous systems,
and greatly widen their potential applications in biochemistry,
diagnostics, and drug delivery [19]. These functional groups out-
side can enhance the immobility of the Ag@C composites on the GC
electrode and increase the absorption to the polar molecules.

3.2. Voltammetric response of Trp on Ag@C/GC electrodes

The electrochemical behaviors of Ag@C/GC electrode are evalu-
ated using cyclic voltammogram (CV) to investigate their response
to Trp. Fig. 2A presents the CVs of bare GC (a), CCS/GC (b) and
Ag@C/GC (c) electrodes in PBS with and without 1.0 x 10~4 M Trp
at a scan rate of 50mV s~!. It can be seen that no peak can be found
in the absence of Trp for all electrodes (dot lines). On the other
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Fig. 1. SEM micrographs of (A) colloidal carbon sphere and (B) Ag@C nanoparticles, (C) TEM image and (D) FTIR of the Ag@C nanocomposite.

hand, one stable oxidation peak occurs in the potential range of
0.4-1.1V with the introduction of Trp (solid lines), which reveals
that the electrocatalytic activities is not from the electrode mate-
rials but Trp and Trp undergoes an irreversible redox process at
the electrodes. In the case of the bare GC electrode, the oxidation
peak of Trp is about +0.797V (a). However, the oxidation peak is
absent by the modification of CCS and the background current of
the CCS/GC electrode increases (b). The phenomena show that the
CCS could suppress the electrocatalysis effect of the electrode to
Trp but increase the surface roughness. It should be noted that the
oxidation peak shifts to +0.876 V using the Ag@C/GC electrode and
the oxidation peak current is much higher (4.5-fold) than that of
the bare GC electrode (c). The amplified signal can be attributed to
the following factors. Firstly, charged functional groups outside the
Ag@C could easily adsorb and accumulate Trp on the electrode sur-
face via the electrostatic interaction, providing opportunities for
enhanced substrate accessibility and Trp-substrate interactions.
Secondly, the carbon shell can protect the nano-Ag core and make
the system stable. Finally, nano-Ag core can maintain its excellent
catalytic performance in the Ag@C system [20] and the high elec-
trical conductivity of silver would favor the transfer of electrons.
Therefore, it is expected that the Ag@C/GC electrode could exhibit
an efficient electrocatalytic response towards Trp.

The EIS is an efficient tool to probe the features of surface-
modified electrode. The electron transfer resistance of the
electrochemical reaction, Re;, corresponds to the semicircle

diameter of the Nyquist plot of —Z” against Z' and it reveals the
electron transfer kinetics of the redox electrochemical probe at the
electrode interface. Fig. 2B shows impedance spectra on a bare GC
electrode (a), a CCS/GC electrode (b) and an Ag@C/GC (c) electrode,
respectively. It can be seen that the Re; of the CCS/GC electrode
(curve b) is much larger than that of the bare GC electrode (curve
a), indicating that the CCS could self-assemble on the electrode
surface and hindered the electron transfer from the redox probe,
[Fe(CN)s]3~/4-, to the electrode surface. On the other hand, Re; of
the Ag@C/GC electrode (curve c) significantly decreases compared
to the CCS/GC electrode (curve b), attributing to the excellent con-
ductivity of nano-Ag core.

3.3. Influence of scan rate on the voltammertric response of Trp

It has been well established that the electrochemical mechanism
usually can be acquired from the relationship between peak cur-
rent and scan rate. Fig. 3 shows the cyclic vlotammograms of the
Ag@C/GC electrode in the presence of 1.0 x 10~4M Trp in PBS at
different scan rates. As can be seen, the oxidation peak current (I¢)
increases linearly with the square root of the of the scan rates (inset
of Fig. 3), suggesting that the electrocatalytic oxidation reaction
of Trp on the Ag@C/GC electrode is a diffusion-controlled pro-
cess. The linear regression equation is Ipc (WA)=1.1478 — 0.753v1/2
(mVs~1)1/2 with a correlation coefficient of R=0.995. In addition,
the peak potential shifts positively in response to the increase of
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Fig. 2. (A) Cyclic voltammograms of (a) bare GC, (b) CCS/GC and (c) Ag@C/GC elec-
trodes in PBS with (solid line) and without (dot line) 1.0 x 10~4 M Trp. Scan rate,
50mVs~'. (B) Electrochemical impedance spectra of (a) bare GC, (b) CCS/GC and (c)
Ag@C/GC electrodes.

the scan rate. The resulting regression is Epa =0.7954 + 0.0703 log v
(R=0.998). According to Laviron’s equation, the slope is equal to
2.303RT/anyF. As for a totally irreversible electrode process, o can
be assumed as 0.5, and thus the electron transfer number (ny) is
calculated to be 2.06. This result suggests that two electrons are
involved in the oxidation process of Trp at the Ag@C/GC electrode
and the electrochemical reaction equation can be expressed as in
Fig. 4 [26].

3.4. Effect of pH values
The effect of pH on the electrochemical responses of Trp at

Ag@C/GC electrode has been examined with 1.0 x 10~4M Trp in
0.1 M PBS. Plot of peak current against pH over the range of 1.0-8.0

Current/pA
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Fig. 3. Cyclic voltammograms of 1.0 x 10~4 M Trp in PBS on Ag@C/GC electrode at
different scan rates: 20, 50, 80, 110, 140, 170mVs~". (Inset) The oxidation peak
current of Trp vs. the square root of the scan rate.

are shown in Fig. 5. It is clear that a maximum in peak current can
be observed at pH 2.0. However, the oxidation peak current gradu-
ally decreases when the pH increases further from 2.0 to 8.0. It may
be the fact that pH could influence the charge property and charge
density of Trp and Ag@C. As a result, the electrostatic interaction
between Trp and carbon shell increases. Therefore, the pH of 2.0
was chosen for the subsequent analytical experiments.

3.5. Analytical applications

Linear sweep voltammetry (LSV) of Trp on Ag@C/GC electrode at
different concentrations are shown in Fig. 6. As can be seen, the LSV
peak currents increase linearly with Trp concentration. The inset of
Fig. 6 shows the linear calibration curve for the detection of Trp
using Ag@C/GC electrode and the linear range is from 1.0 x 10~/
to 1.0 x 10~* M with a detection of 4.0 x 10~ M (S/N=3). The lin-
earregression equation is expressed as Ipc (WA)=—-0.4725 - 51691C
(M) with a correlation coefficient of 0.998.

Under the optimized experiment conditions described above,
the possible interferences for Trp (1.0 x 10~> M) determination
at the Ag@C/GC electrode have been investigated. Eight essential
amino acids (100 times content), including cysteine, lysine, valine,
leucine, serine, threonine, histidine and isoleucine, have no influ-
ence on the current response for Trp. It is also found that 10-fold
concentration of AA, UA and dopamine cannot interfere with the
determination of Trp at Ag@C/GC electrode. The results suggest the
Ag@C/GC electrode possesses high selectivity for the detection of
Trp.

The utilization of the proposed method in real samples is
assessed by the analysis of Trp in amino acid injection and in rat
blood serum using the standard addition method. Before they are
analyzed, the injection sample is diluted 10-fold and the blood
serum is diluted 20-fold with 0.1 M PBS (pH 2.0). The results are
presented in Table 1. As can be seen, the obtained recoveries are
in the range of 97-104%, suggesting that the proposed method is

NH, NH,
| 2e,2H" 0\\\ |
CH,— CH i CHz*T“
| -
N COOH : COOH
H

Fig. 4. Scheme of the electrochemical reaction process for Trp on Ag@C/GC electrode.
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Fig. 6. LSVs recorded on Ag@C/GC electrode in PBS containing different concentra-
tions of Trp (1.0 x 1077, 1.0 x 1076, 1.0 x 1073, 5.0 x 10>, 1.0 x 10~4 M). Scan rate:
50mVs~'. (Inset) Linear relationship between peak current and Trp concentration.

selective for Trp and can be successfully developed for the assay of
Trp in real samples. The specific features of Ag@C/GC electrode for
detecting Trp are listed in Table 2. It can be seen that the Ag@C/GC
electrode exhibits reasonable linear range and lower detection limit
compared with some of previous reports.

3.6. Electrochemical sensor reproducibility and stability

The operational stability of the Ag@C/GC electrode has been
assessed by consecutive measurements of a 1.0 x 10~4 M Trp sam-
ple. The relative standard deviation is 3.9% for 10 measurements.
In addition, five Ag@C/GC electrodes prepared independently but

Table 1
Determination of Trp in pharmaceutical sample and rat blood matrix.
Sample Added (wM)  Founded (uM)*  Recovery (%)
Amino acid injection 0.0 9.9 (£0.1) -
0.3 10.0 (£0.2) 97.3
0.6 10.4 (£0.2) 98.8
1.0 11.4 (£0.1) 103.8
Rat blood serum 0.0 0.0 -
5.0 5.2 (£0.2) 104.0
10.0 15.2 (£0.1) 101.3
15.0 29.6 (+£0.3) 98.7

2 Mean values + standard deviations (n=3).

Table 2
Comparison of electrochemical methods for determining Trp.
Method Detection limit Linear range References
(molL-1) (molL-1)
Ni(Il)/ACDA- 23x10°8 8.5x 1078 to [1]
AuNP-Au 43 %107
B-CD- 5.0x 1077 8.0x 1077 to [23]
MNPs/GCE 3.0x104
AuNP/GCE 8.0x 1078 9.0x 1078 to [24]
5.0x 1073
TiO2/GCE 7.0x 1077 5.0x 1076 to [25]
14x104
4-ABA/GCE 2.0x 1077 1.0x 107 to [26]
1.0x 104
AuNP- 2.5x 1078 5.0x 107 to [27]
MWNT/ITO 9.0x 107>
AuNP-CNT/GCE 1.0x10°8 3.0x 1078 to [28]
2.5x 1076
Ag@C/GCE 4.0x10°8 1.0x 1077 to Present work
1.0x 104
ACDA: 2-amino-1-cyclopentene-1-dithiocarboxylic acid; 3-CD-MNPs:

B-cyclodextrin functionalized Fe;0, magnetic nanoparticles; 4-ABA: poly(4-
aminobenzoic acid).

following the same fabrication protocol is used to determine
1.0 x 1074 M Trp. All five electrodes exhibit similar amperomet-
ric responses and a relative standard deviation is 4.1%. These
experimental results indicate the proposed electrochemical sen-
sor possesses a good reproducibility. The long-term stability of the
Ag@C/GC electrode has also been studied. The Ag@C/GC electrode
retains 93% of its initial activity after 1 month, demonstrating high
stability. The good stability and reproducibility of the Ag@C/GC
electrode could result from the rich functional groups on the sur-
face of carbon shell, which is helpful for the attachment of Ag@C
onto the GC electrode via the electrostatic interaction.

4. Conclusions

We demonstrated that Ag@C could be a potential electrode
modification nanocomposite. The electrochemical experiments
proved that Ag@C/GC electrode not only shows a fast direct electron
transfer but also displays good electrocatalytic response to Trp. The
good electrochemical performance of Ag@C/GC electrode should be
related to the rich functional groups on the carbon shell and the
enhanced electron transfer resulting from nano-silver core. There-
fore, Ag@C might provide a new promising platform for further
study on the direct electrochemistry of other redox bio-molecules.
The method described here is simple, rapid, sensitive and selec-
tive. In addition, the proposed sensor was also employed for the
determination of Trp in the real samples with reproducible results.
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