Analytical and Bioanalytical Chemistry (2018) 410:7671-7678
https://doi.org/10.1007/500216-018-1381-3

RESEARCH PAPER

@ CrossMark

A novel electrochemical aptasensor based on gold electrode decorated
Ag@Au core-shell nanopatrticles for sulfamethazine determination

Baoshan He' - Ming Li'

Received: 11 July 2018 /Revised: 15 August 2018 /Accepted: 14 September 2018 /Published online: 29 October 2018
© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract

In this paper, an electrochemical aptasensor based on gold electrode (AuE)-modified Ag@ Au core-shell nanoparticles was
prepared. The surface of AuE was modified with Ag@ Au core-shell nanoparticles to elevate APT binding sites and accelerate
electron transfer properties between the electrode and ferrocene (Fc). When SM, existed, the aptamer conformation would
change and the response current intensity would increase because the Fc was pulled closer to the electrode surface.
Subsequently, through a series of conditional optimization analysis, the optimal values of volume of Ag@ Au core-shell, APT
concentration, APT incubation time, and SM, incubation time were 9 ul, 0.2 umol/L, 75 min, and 40 min, respectively. Under
optimum conditions, the results of differential pulse voltammetry experiments showed that the linear relationship was good in the
range of 0.1~50 ng/mL, AI' (uA) = 1.145C (ng/mL) + 54.666, R* =0.964, with a detection limit of 0.033 ng/mL. The spiked
recovery for SM, in the pork samples was 92.6~101.0% and the relative standard deviation (RSD) was 2.7~4.1%, which

indicated that the proposed aptasensor exhibited desirable performance in actual sample analysis.
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Introduction

Sulfonamides (SAs), a kind of antibacterial agents, possess the
structure of p-aminophenylsulfonamide (Scheme 1), which
have a significant effect in killing bacteria and treating dis-
eases [1-3]. However, due to the nonstandard use of sulfon-
amides drugs in the prevention and treatment process, many
animal-derived foods often have residual problems of such
drugs. The excessive residues in food can do harm to human
health. For example, it will destroy the balance of normal
bacteria of the body and contribute to the problem of patho-
genic bacteria resistance [4]. And when the amount of sulfon-
amide drug residual in the body reaches a certain level, it can
also cause teratogenesis, carcinogenesis, and mutagenesis [5].
At present, many countries have set the maximum residue
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limit of sulfonamides at 100 pg/kg, such as Canada, the
USA, and China [6-8].

Numerous methods have been employed to detect sulfon-
amides in food such as high-performance liquid chromatogra-
phy (HPLC) [9-11], gas chromatography mass spectrometry
(GC-MS) [12, 13], liquid chromatography tandem mass spec-
trometry (LC-MS/MS) [4, 14, 15], and capillary electrophore-
sis mass spectrometry (CE-MS) [16, 17]. These methods have
been proved to be appropriate and sensitive for SAs detection.
Despite all this, some of them are expensive, tedious prepara-
tion time and require professionals to operate, which are diffi-
cult to meet the need of on-the-spot detection [18].

In recent years, a novel detection method of electrochemi-
cal aptasensor is developed, which is also based on the prin-
ciple of antigen-antibody binding [19]. This method has great
potential in the detection of veterinary drug residue with the
advantages of easy to operate, less time to analyze, and other
advantages of concern [20]. However, there is a common
problem with high detection limit. The unique properties of
nanomaterials have provided extensive approach for improv-
ing the sensitivity of electrochemical aptasensor [21, 22]. A
class of nanoparticles, such as Ag, Au, and Pt, were of interest
because of their excellent physical and chemical features and
were in wide use [23, 24]. Especially, bimetallic nanoparticles
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Scheme 1 Chemical structure of sulfonamides

show synergistic effect and behave better electrocatalytic ac-
tivity than the single metal nanoparticles with the same ele-
ments [25, 26]. Ezat et al. [27] have studied aptasensor con-
structed by Ag@ Au core-shell nanoparticles using E. coli, and
found that the nanocomposites have high biocompatibility and
chemical stability. Li et al. [28] prepared a label-free electro-
chemical immunosensor using Au@Pd/Ag yolk-bimetallic
shell nanoparticles and amination graphene, which presented
a relatively wide linear range and low detection limit.

In this paper, we combined Ag@ Au core-shell nanoparti-
cles as a sensing platform and thiolated aptamer as a recogni-
tion element to construct sensitive aptasensors. Ag@ Au core-
shell nanoparticles were modified on the AuE surface to in-
crease the effective electrode surface as an immobilization
platform for thiolated aptamers and increase electrode sensi-
tivity. The detection mechanism of SM, was based on current
signal produced by Fc before and after incubation. The result-
ed showed that the MCH/APT/Ag@ Au/AuE had good stabil-
ity, high sensitivity, and good repeatability in the detection of
SM, samples.

Experimental
Materials

The experiment involved three sulfonamides (SAs), sulfa-
methazine (SM,), sulfapyridine (SPD), and sulfanilamide
(SHZ) were bought from Aladdin Industrial Co., Ltd.
(Shanghai, China). Erythromycin (EM) was purchased from
TCL (Shanghai) Development Co., Ltd. Chloroauric acid
(HAuCly3H,0), 6-mercapto-1-hexanol (MCH), tris (2-
carboxyethyl) phosphine (TCEP), nitrofurantoin (NIT), and
tris (hydroxymethyl) aminomethane (TRIS) were obtained
from yuanye Bio-Technology Co., Ltd. (Shanghai, China).
All chemical reagents were used without further processing
and purification. Double-distilled water was used throughout
the experiment. Ferricyanide ([Fe(CN)6]37/ 47y was used as
electron transfer mediator. Tris-HCI1 buffer solution
(10 mmol/L, 1 mmol/L EDTA, pH 7.4) was used as electrolyte
in the electrochemical process. And, the standard SM, solu-
tion was prepared with a Tris-HCI buffer solution.
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Oligonucleotide designed in this experiment was synthe-
sized by Sangon Biotech Co., Ltd. (Shanghai, China). The
aptamer probe sequence is listed as follows: 5S'SH-TTA GCT
TAT GCG TTG GCC GGG ATA AGG ATC CAG CCG TTG
TAG ATT TGC GTT CTA ACT CTC-Fc3' (APT). Ten milli-
molar of TCEP solution was prepared by adding 0.0143 g of
TCEP to 5 mL of Tris-HCI. The preparation method was to
add 17 pL of TCEP solution to per OD primer and made it
into 100 umol/L stock solution. Different concentrations of
APT were diluted with Tris-HCI buffer solution and stored at
—20°C.

Instruments and measurements

Scanning electron microscope (SEM) was performed using
JSM-6700F (Japan Electron Company) operated at
10.00 kV. The UV-vis absorption spectra were collected using
a UV-6100s double beam spectrophotometer (Mapada,
China). The KQ3200E ultrasonic cleaner was supplied by
Kunshan Ultrasonic Instrument Company. Cyclic voltamme-
try (CV), electrochemical impedance spectroscopy (EIS), and
differential pulse voltammogram (DPV) were carried out in a
conventional three-electrode system on a CHI660E electro-
chemical workstation (Shanghai Chen Hua Instrument
Company, China). The modified AuE was used as working
electrode, an Ag/AgCl electrode as the reference electrode and
Pt wire as the counter electrode. All electrochemical experi-
ments were carried out at 25+ 0.5 °C.

Preparation of Ag@Au core-shell nanoparticles

Ag@Au core-shell nanoparticles were synthesized ac-
cording to seed growth method [29, 30]. First, Ag NPs
were prepared via the citrate reduction method [31, 32].
For this purpose, 25 mL of 1 mmol/L AgNOs; solution
was placed in a 50-mL round flask and stirred with
heating at 100 °C in a water bath till reflux achieving.
Subsequently, 0.5 mL of a 3.4x 107> mmol/L aqueous
solution of trisodium citrate was added to the above
AgNO; solution, and after about 30 min of refluxing, it
changed from yellow to gray-yellow. Then, centrifuged
at 4000 rpm for 30 min, the upper part of dispersion
turned transparent yellow. The solution containing Ag
NPs was removed with one-time straw and used as core
particles. Finally, HAuCl;-:3H,O (5 mL, 0.0831 mmol/L)
and trisodium citrate (5 mL, 0.8446 mmol/L) were syn-
chronously introduced to refluxing Ag NPs dispersion.
After boiling for 30 min, the yellow solution turned from
yellow to slightly orange because of the coating of Au
onto the Ag core. The prepared nanoparticles were stored
in the refrigerator for further experiments.
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Fabrication of electrochemical aptasensor

In the fabrication process of the aptasensor (Fig. 1), a gold
electrode was carefully polished by electric polishing machine
with 0.05 pm Al,O; powder till mirror surface producing,
sonicated in absolute ethanol and double-distilled water for
5 min. Next, the electrode was activated by piranha solution
(3:1 H,SO4 98%: H,O, 25%) for 30 min. After washing with
double-distilled water, 10 uL. of Ag@ Au core-shell nanopar-
ticles solution was dropped onto the AuE surface and dried
under infrared light. Three microliters of 0.5 umol/L aptamer
was dropwise added onto the modified electrode and was
incubated 1 h at 37 °C. Subsequently, 2 uL of 0.01 mmol/L
MCH solution was dropped onto the surface of AuE and was
incubated 1 h at 37 °C to eliminate the nonspecific adsorption
sites. Ultimately, un-immobilized APT was removed by rins-
ing with double-distilled water. The fabricated MCH/APT/
Ag@Au/AuE was stored at 4 °C when not in use. The detec-
tion principle was on the basis of the change of current signal

of DPV in Tris-HCI buffer solution before and after incubation
of SM,. After the formation of APT-SM, complex, the ferro-
cene modified on the aptamer was pulled closer to the elec-
trode surface and sped up the electron transfer rate.

Result and discussion

Assessment of the Ag@Au core-shell nanoparticle
structure

Figure 2a shows the UV-vis absorption spectra of Ag NPs,
Ag@Au core-shell, and Au NPs. The peak wavelengths oc-
curred at 425, 457.2, and 524.5 nm for Ag NPs, Ag@Au
core-shell, Au NPs, respectively, which were consistent with
the references [31, 33]. And, SEM was utilized to characterize
Ag@Au core-shell nanoparticles. As presented in Fig. 2b, the
morphological features of Ag@Au core-shell nanoparticles
were uniform in shape and quasi-spherical, which were

Fig. 1 Schematic illustration of
the electrochemical aptasensor
fabrication
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Fig. 2 (a) UV-vis absorption spectra of Ag NPs, Ag@Au core-shell, and Au NPs. (b) The SEM image of Ag@ Au core-shell nanoparticles. (¢) EDS

elemental analysis spectrum of Ag@ Au core-shell

consistent with the results of previous literatures [34]. Beyond
that, the EDS measurement of Ag@ Au core-shell nanoparticles
showed that the prepared sample consisted of Au and Ag atoms
(Fig. 2c). Therefore, Ag@Au core-shell nanoparticles were
successfully prepared

Electrochemical characterization of proposed
aptasensor

Figure 3 describes typical electrochemical impedance spec-
troscopy (EIS) obtained at the bare AuE (a), Ag@Au core-
shell/AuE (b), APT/Ag@ Au core-shell/AuE (c), MCH/APT/
Ag@Au core-shell/AuE (d), and SM,/MCH/APT/Ag@Au
core-shell/AuE (e) in 5 mmol/L [Fe(CN)g]> 7 containing
0.1 mmol/LL KCL. The diameter of the small semicircle of the
nyquist plots corresponded to the magnitude of the electron
transfer resistance (Ret). As shown in Fig. 3, the Nyquist
diameter of [Fe(CN)é]Z’*/ 4 on Ag@Au core-shell/AuE (b)
(Ret=30.83 ) was lower than that observed on bare AuE
(a) (Ret=282.39 ), indicating Ag@Au core-shell could im-
prove electrode conductivity. But, after APT immobilized on
Ag@ Au core-shell/AuE surface (c¢), the Ret of electrode was
increased (Ret=58.40 2). It was due to the strong electrostat-
ic repulsion interaction between nucleotide bases of aptamer
and [Fe(CN)s]>"* [35]. In order to occupy extra binding sites
on the AuE surface, the MCH was dropped on the electrode
surface and the Ret of electrode increased further (curve d,
Ret=215.00 ). And after the incubation of aptamer with
SM,, the Ret increased to 345.10 . The reasonable
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explanation was that after the specific binding with SM,, the
conformation of the aptamer changed, blocking the electron
transfer efficiency.

Optimization of analytical conditions

To find out the optimal amount of Ag@ Au core-shell nano-
particles modified on AuE, the DPV response of six different
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Fig. 3 EIS of different electrodes recorded in 5 mmol/L [Fe(CN)g]> "+
containing 0.1 mol/L KCI ((a) bare AuE; (b) Ag@ Au core-shell/AuE; (c)

APT/Ag@Au core-shell/AuE; (d) MCH/APT/Ag@Au core-shell/AuE;
(e) SMo/MCH/APT/Ag@ Au core-shell/AuE)
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Fig. 4 Optimization of analytical conditions ((a) volume of Ag@Au core-shell; (b) SM, APT concentration; (¢) APT incubation time; (d) SM,
incubation time)

modification amounts (1, 3, 5, 7,9, 11 uL) on the electrode in
5 mmol/L [Fe(CN)y]? A (containing 0.1 mol/L KCI) solution
was investigated. Figure 4a presents the current signal gradu-
ally increased with the amount of Ag@ Au core-shell modified
on AuE until 9 uLL when the current tended to peak. Thus, the

Current / pA

optimum amount of Ag@ Au core-shell modified on electrode

was 9 pL.

Meantime, the aptamer concentration, aptamer incubation
time, and target incubation time are also important parameters
affecting the property of electrochemical aptasensor. For this
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Fig.5 (a) DPVresponse of the proposed aptasensor for varying SM, concentration (0, 0.1, 1.0, 10.0, 20.0, 30.0, 40.0, 50.0 ng/mL). (b) Calibration curve
of DPV peak currents for different SM, concentrations
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Table 1 Comparison of the analytical performance of the proposed aptasensor with other analytical methods for the detection of SM,

Method Linear range LOD References
Enzyme-linked aptamer assay 0.1-10 ng/mL 0.05 ng/mL [36]
Electroanalytical assay 1.0-500 pumol/L 0.16 wmol/L [37]
High-performance liquid chromatography-chemiluminescence 1.8-25 pug/mL 1.50 ug/mL 9]
Electrochemical aptasensor 0.1-50 ng/mL 0.033 ng/mL This work

purpose, CV was used to measure the changes of current re-
sponse (AJ) in a 5 mmol/L [Fe(CN)¢]** (containing
0.1 mol/L KCI) solution before and after incubation of SM,
to optimize the experimental parameters. As shown in Fig. 4b,
AI gradually increased when the concentration was from 0.05
t0 0.2 umol/L and tended to the maximum at the concentration
0.2 wmol/L and decreased in the higher concentration, sug-
gesting that APT immobilized on the electrode was saturated.
The effect of APT incubation time had been studied (Fig. 4c).
It could be seen, Al reached a maximum at 75 min.
Furthermore, incubation time of aptamer in SM, solution
would directly determine the number of APT-SM, complexes.
Different incubation times (10, 20, 30, 40, 50 min) of MCH/
APT/Ag@ Au/AuE in SM, solution were investigated. From
Fig. 4d, when the target was incubated for 40 min, the surface
of the electrode was saturated and the change of current re-
sponse tended to a maximum. Hence, the optimal values of
APT concentration, APT incubation time, and SM, incubation
time were 0.2 umol/L, 75 min, and 40 min, respectively.

Evaluation of electrochemical aptasensor

We assessed the electrochemical aptasensor response to dif-
ferent SM, concentrations by using DPV in Tris-HCI buffer
solution. Figure 5a shows the changes of current response
(Ar) increased gradually with increment of SM, concentra-
tion. Figure 5b indicates that the A/’ was proportional to SM,
concentration range from 0.1 to 50 ng/mL. The linear regres-
sion equation was Al' (LA) = 1.145C (ng/mL) + 54.666 (R*=
0.964, n = 3) with the limit detection (LOD) of 0.033 ng/mL.
It could be seen that the aptasensor possessed an excellent
sensitivity. The reasonable explanation was that the aptamer
conformation would change when the SM, existed, and the Fc
was pulled closer to the electrode surface, which accelerated
electron transport. Besides, the analytical performance of our
method for the detection of SM, was compared with that of
some earlier reported methods (Table 1), demonstrating the
superiority of the proposed strategy in this work.

Selectivity of electrochemical aptasensor
For an excellent electrochemical aptasensor, selectivity was an

important index. To evaluate the selectivity of the prepared
electrochemical aptasensor, three sulfonamides drugs (50 ng/
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mL SM,, 50 ng/mL SHZ, and 50 ng/mL SPD) with similar
chemical structures were tested. In addition, two antimicro-
bials (50 ng/mL EM, 50 ng/mL NIT) with absolute different
structure were detected using prepared electrochemical
aptasensor. Figure 6 shows the changes of current response
(Ar) of electrochemical aptasensor under optimal experimen-
tal conditions. The prepared aptasensor exhibited a much
higher Al in the present of SM, than other antimicrobials. It
could be concluded that the prepared electrochemical
aptasensor had relatively high selectivity toward SM,.

Reproducibility and stability of electrochemical
aptasensor

To study the reproducibility of the fabricated electrochemical
aptasensor, 10 aptasensors were fabricated for 50 ng/mL SM,
detection. The RSD of 10 parallel tests was below 5%.
Meanwhile, the stability of aptasensor was investigated
through the same batch aptasensors. These aptasensors were
stored at 4 °C in the refrigerator and measured every 1 day.
After 1 week, the RSD of A7’ of these batch aptasensors was
6.28%. The above results confrmed that the prepared
aptasensor possessed good reproducibility and stability.

120

100

80

AP/ pA

40
R . .
SM, SHZ SPD EM NIT

Fig. 6 Selectivity of electrochemical aptasensor against sulfonamides
(black color) and other types of antimicrobials (red color) at 50 ng/mL
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Table 2 Recovery results of
aptasensor for detecting SM, in Sample Added Founded Recovery RSD
real samples(n = 3) (SMp) (ng/mL) (ng/mL) (%) (%, n=3)

5.0 4.63 92.6 4.1

Pork 20.0 19.08 95.4 2.7

30.0 30.33 101.0 35

Analysis of spiked pork samples References

The feasibility of this strategy was also demonstrated by de-
tecting the recoveries of different concentrations (5.0, 20.0,
30.0 ng/mL) of SM; in spiked pork samples. First, 1.0+
0.05 g of chopped pork samples (purchased at a local super-
market) was weighed in three centrifugal tubes. Then, 5 mL of
a methanol-water mixed solution (V:V 1:1) was added, ho-
mogenized for 1 min, centrifuged at 10,000 r/min for 5 min,
and the supernatant was discarded. Two milliliters of 5.0,
20.0, and 30.0 ng/mL of SM, standard solution was added
to the deposit. The mixture was shaken for 1 min, and reacted
at 35 °C for 2 h in an incubator. Next, 2 mL of ethyl acetate
was added separately, shaken for 10 min, and then centrifuged
at 10,000 r/min for 10 min. Finally, the ethyl acetate layer was
collected, dried using N,, and the residue was dissolved in
Tris-HCI buffer solution to a volume of 2 mL. The recovery
for three samples was 92.6~101.0% and the RSD was in the
range of 2.7~4.1%. The results were presented in Table 2,
indicating that the electrochemical aptasensor was successful-
ly applied to detect SM, in pork samples.

Conclusion

In summary, a signal amplification electrochemical aptasensor
based on Ag@Au core-shell nanoparticles was prepared by
layer-by-layer method for the detection of SM,. The constructed
aptasensor showed favorable performance toward SM, detection
due to the superior properties of Ag@Au core-shell including
large surface area to elevate APT binding site, high biocompat-
ibility to immobilize APT, and high conductivity to enhance the
sensitivity of aptasensor. The method provides an efficient strat-
egy for developing electrochemical aptasensor.
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