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A B S T R A C T

Currently, the detection of pesticide is critical for food safety assurance, but it is still challenging due to the
presence of biological interferents from complex food matrix. In this study, we developed an optical anti-in-
terference surface-enhanced Raman scattering (SERS) aptasensor system for trace detection of acetamiprid. 4-
(Mercaptomethyl) benzonitrile (MMBN) containing C^N bond was used as Raman tag to provide a sharp peak
(2227 cm−1) in the Raman-silent spectral window (1800-2800 cm−1) where no Raman signal existed for most of
molecules. Gold nanoparticles (AuNPs) bonded with polyadenine (polyA)-mediated aptamer and Raman tag
(MMBN-AuNPs-aptamer) was synthesized as Raman probe, while the complementary DNA (cDNA) conjugated
with AgNPs-decorated silicon wafer (AgNPs@Si) was used as SERS substrate. As acetamiprid molecule could
specifically combine with aptamer, preventing the formation of MMBN-AuNPs-aptamer-cDNA-AgNPs@Si (ex-
pressed as “Au-AgNPs@Si”) hybrid through DNA sequence linking, Raman signal intensities of MMBN in Au-
AgNPs@Si decreased when the concentration of acetamiprid increased. Under the optimum assay condition, the
proposed method displayed a linear response for acetamiprid detection in the range of 25–250 nM with a low
detection limit of 6.8 nM. Finally, the developed aptasensor was successfully used to determine acetamiprid
content in apple juice. Accordingly, this novel anti-interference SERS aptasensor could be a promising acet-
amiprid sensor for food safety assurance.

1. Introduction

China is the largest apple juice producer and exporter in the world
(Juan et al., 2013). The safety and quality of apple juice are the most
important considerations for manufacturers and consumers. Acet-
amiprid, as a highly efficient broad-spectrum insecticide, has been
commonly used for pest control since 1995 (Renaud et al., 2018).
Considering its wide, frequent and extensive use, acetamiprid would
remain in soil and be washed from farmland into river by rain
(Pramanik et al., 2006; Sanyal et al., 2008). Therefore, acetamiprid
would inevitably accumulate in sprayed food such as apple. Despite its
low toxicity to mammalian, acetamiprid was associated with endocrine
system disruption (Albanito et al., 2008), carcinogenesis (Tchounwou
et al., 2001) and birth defects (Cooper et al., 2007). Therefore, the
selective and sensitive detection of acetamiprid in apple juice is crucial
for human health.

To date, acetamiprid residues was mainly detected based on stan-
dard analytical methods such as high performance liquid chromato-
graphy (HPLC) (Xie et al., 2011), gas chromatography (GC) (Zhang
et al., 2008), mass spectrometry (MS) (Park et al., 2011) and enzyme-
linked immunosorbent assays (ELISA) (Kim et al., 2004). Although
these methods own the distinctive superiority of high accuracy and
sensitivity, they require expensive instruments, trained personnel and
are not suitable for on-site testing. Alternatively, other methods such as
colorimetric (Yang et al., 2015), electrochemical (Rapini et al., 2016),
fluorescent (Jung et al., 2007; Liu et al., 2016) and surface-enhanced
Raman spectroscopy (SERS) combining with nano-biotechnology
(Wang et al., 2010) have been developed for the detection of pesticides
due to the advantages of simplicity, sensitivity and noninvasiveness.
Among these methods, SERS has been proven to be a promising tool for
biomolecules detection in various fields, including living cells imaging
(Cheng et al., 2017; Li et al., 2015a), public security (Jamil et al.,
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2015), food safety (Han et al., 2017), and environmental monitoring
(Fu et al., 2015) by virtue of its intrinstic advantages such as excellent
fingerprint identification, high sensitivity, and less time-consuming
process. Nevertheless, there is still some problems remaining to solve
for practical application, especially for food detection (Li et al., 2015b;
Liu et al., 2011; Zhao et al., 2014). One of the most outstanding one is
the optical interferences caused by spectral stacking between inherent
biomolecules in food organics and the SERS-readout probes (Wang
et al., 2013), which would inevitably impact the detection accuracy
(Sun et al., 2015). Thus, it is still challenging to develop novel Raman
probes resisting to interference from organic biomolecules.

Recently, Hu et al. (2018) and Wei et al. (2014) reported that alkyne
or nitrile (that is, C^C or C^N) moiety displayed distinct and sharp
Raman scattering peaks in the Raman-silent spectral window
(1800–2800 cm−1) (Yamakoshi et al. 2011, 2012), where no Raman
signals exist for most biomolecules. Owing to its minimal optical in-
terferences and super sensitivity, alkyne and nitrile have been utilized
in screening and identification of small molecules such as proteins,
antigens, fatty acids and thymidine analogues in living cells, coupling
with SERS spectroscopy (Ando et al., 2016; Chen et al., 2016; Zhang
et al., 2018). Moreover, based on the cysteine (C)–Ag+-C and thymi-
dine (T)-Hg2+-T coordination, Zeng et al. (2016) succeeded in heavy-
metal ions detection impervious to spectral interferences in organic
pollutants by employing alkyne-derivatives as Raman tags. However,
these alkyne/nitrile-functionalized Raman tags have not been applied
to detect pesticide molecule in complex food organic media.

In this work, we designed a nitrile-functionalized aptasensor for
optical anti-interference detection of acetamiprid. As illustrated in
Scheme 1, the aptasensor system was designed based on AuNPs linked
with aptamer and Raman tag (MMBN-AuNPs-aptamer), as well as
AgNPs@Si substrates conjugated with cDNA (cDNA-AgNPs@Si). By
utilizing the specific molecular interaction between acetamiprid and
aptamer, AuNPs with Raman tag cannot be connected with AgNPs@Si
substrate through DNA sequence linking. Consequently, Raman in-
tensity of MMBN on substrate linearly reduced with the addition of
acetamiprid. Hence the Raman intensity of MMBN on Au-AgNPs@Si
were inversely proportional to the amount of acetamiprid. There are
two typical advantages for our SERS aptasensor: First, the utilization of
MMBN as Raman tag could avoid spectral stacking interferences in
presence of other organics; Second, by using polyA-mediated aptamer,
the monovalent DNA-gold nanoparticles (mDNA-AuNP) can be formed
in a facile and purification-free way, which offers a better control of
monovalent DNA assembly on AuNPs surface compared to the func-
tionalization of thiolated DNA onto AuNPs (Wang et al., 2014; Yao
et al., 2015).

2. Materials and methods

2.1. Chemicals and reagents

Acetone, sulphuric acid (H2SO4) (99%), hydrogen peroxide (H2O2),
hydrofluoric acid (HF) (40%), silver nitrate (AgNO3), chlorauric acid
(HAuCl4) and trisodium citrate were purchased from Sinopharm
Chemical Reagent Co., Ltd (China). 4-(Mercaptomethyl) benzonitrile
(MMBN) was obtained from Sigma-Aldrich (USA). Acetamiprid, imi-
dacloprid, dichlorvos, phoxim, malathion and profenofos were pur-
chased from Aladdin Chemistry Co., Ltd. A phosphate-doped (p-type)
silicon wafer (ρ=0.01–0.02Ω cm) was purchased from Shunsheng
Electronic Technology Co., Ltd (China). Other reagents were all ana-
lytical grade and applied as received without further purification.

DNA oligonucleotide of the acetamiprid-binding aptamer (5′-
AAAAA AAAAA AAAAA AAAAA AAAAA AAAAA AAAAA AAAAA
AAAAA AAAAA AAAAA AAAAA AAAAA AAAAA AAAAA AAAAA
AAAAA AAAAA AAAAA AAAAA AAAAA AAAAA AAAAA AAAAA
CTGAC ACCAT ATTAT GAAGA -3′) and the complementary DNA
(cDNA) (5′- (SH) - (CH2)6 - TCTTC ATAAT ATGGT GTCAG - 3′) were
synthesized and purified by Sangon Biotechnology (Shanghai, China).
Double-distilled water was used in all experiments.

2.2. Apparatus

The field emission scanning electron microscopy (SEM) (JSM-
7001F, JEOL Ltd, Tokyo, Japan) setting at 15.0 kV acceleration voltage
was used for characterization of as-prepared AgNPs@Si substrate and
Au-AgNPs@Si. An attached energy-dispersive X-ray (EDX) spectroscopy
facility in the SEM was applied to chemical composition analysis. High
resolution transmission electron microscope (JEM-2100, JEOL Ltd.,
Tokyo, Japan) (TEM) was conducted with the operation voltage at
200 kV to observe the morphology of AuNPs. The SERS analysis was
performed on a confocal laser-Raman spectrometer (DXR, Thermo
Fisher Ltd, USA) equipment with excitation of 532 nm. The wave-
number accuracy of the instrument is less than 2 cm−1.

2.3. Synthesis of AgNPs@Si substrate

The process of AgNPs deposition on silicon wafer (AgNPs@Si) was
carried out according to previous literatures (Dao et al., 2016; Haldar
et al., 2014). At first, a Si wafer was cleaned with acetone by ultrasound
for 10min to remove grease, and rinsed with double-distilled water.
The wafer was then cleaned with H2SO4–H2O2 (3:1, v/v) for 30min and
washed by double-distilled water. Next, the cleaned wafer was im-
mersed in HF (5%) solution for 30min to form the H-terminated Si

Scheme 1. Illustration of the fabrication process of aptasensor and mechanism for acetamiprid detection.
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wafer covered by Si–H bonds. The modified Si wafer was immediately
placed into the freshly prepared AgNO3 solution with concentration of
5, 10, 20, 30, 40 and 50mM for 90 s, producing AgNPs-deposited Si
wafer (AgNPs@Si). Finally, the resultant AgNPs@Si substrate was dried
with a gentle flow of nitrogen. The SERS performance of theses pre-
pared AgNPs@Si substrates were featured by the enhancement factor
(EF) value through incubating substrates with MMBN for 2 h. In detail,
the EF value was calculated using the following equation (Zhu et al.,
2015):

=
×

×

I N
I N

EF SERS bulk

bulk SERS (1)

Where, ISERS and Ibulk were the intensity of the same Raman peak for the
SERS and bulk Raman spectra, respectively. Nbulk was the number of
bulk molecules probed in a bulk sample, and NSERS was the number of
molecules absorbed on the AgNPs@Si substrate.

2.4. Synthesis of AuNPs

AuNPs with the diameters of approximately 13 nm was synthesized
by the citrate reduction methods (Grabar et al., 1995). Briefly, 100mL
of 1mM boiling HAuCl4 solution contained in 500mL round-bottom
flask was vigorously stirred. 10mL of 60mM sodium citrate was rapidly
added into the vortexed solution and the condenser was quickly
equipped. The color of the solution changed from pale yellow to bur-
gundy. The system was allowed to remain boiling for another 20min
and then cooled to room temperature. The prepared AuNPs solution
was stored at 4 °C in the refrigerator.

2.5. Establishment of acetamiprid SERS aptasensor system

The first step of establishing the acetamiprid SERS aptasensor
system was to prepare the cDNA-AgNPs@Si substrate. The AgNPs de-
posited in previous prepared AgNPs@Si substrate as core nanoparticles
were incubated with cDNA of different concentrations (250, 500, 750,
1000 and 1250 nM) in 10mM phosphate-buffer saline (PBS) solution
(pH 7.2) for 16 h. The substrate was then washed with 10mM PBS
solution (pH 7.2) three times and subsequently used as DNA anchoring.

The second step was to prepare the MMBN-AuNPs-aptamer mixture.
1 mL AuNPs solution was mixed with 10 μL MMBN of different con-
centrations (1, 2, 5 and 10mM) to obtain AuNPs-MMBN solution. Then,
20 μL acetamiprid-binding aptamer of different concentrations (50,
100, 200, 300 and 400 nM) and AuNPs-MMBN solution were mixed and
shaken for 1min to obtain MMBN-AuNPs-aptamer hybrid. After that,
citrate-HCl buffer (500mM, pH 3.1) was quickly added to the above-
mentioned solution to obtain a final citrate concentration of 10mM,
and then incubated for 60min (Yao et al., 2015). Next, the excess ap-
tamer was removed by centrifugation (12000 rpm, 15min, 4 °C). The
resultant solution was re-dissolved into 1mL PBS solution and then was
mixed with 20 μL acetamiprid solution of various concentration
through shaking for 60min. In a control experiment, 20 μL of ultrapure
water was used in place of acetamiprid solution.

The final step was to prepare the Au-AgNPs@Si substrate. The
prepared cDNA-AgNPs@Si substrate was immersed into the MMBN-
AuNPs-aptamer mixture solution with different acetamiprid con-
centrations, and the mixture was incubated for 8 h. During this in-
cubation process, if AuNPs with aptamer successfully captured acet-
amiprid, they would fail to connect with cDNA-AgNPs@Si substrate.
Otherwise, MMBN-AuNPs-aptamer would bond with cDNA on the
AgNPs@Si substrate to form the hybrid (“Au-AgNPs@Si”). Afterwards,
the Au-AgNPs@Si substrate was washed with 10mM PBS solution to
remove the unconnected MMBN-AuNPs-aptamer, and then applied to
perform the Raman intensity test. The Raman spectra in the wavelength
range of 25–3558 cm−1 were recorded using Raman spectroscopy with
a laser of 532 nm as excitation source and a power of 5mW. The ac-
quisition time was 1 s and the slit aperture was 50 μm. The other

interferons were detected with the same method. SERS spectra and the
intensities at 2227 cm−1 (I2227 cm-1) were recorded. Meanwhile, the
blank substrate (I2227 cm-1)0 without acetamiprid was recorded, and the
value of △I = (I2227 cm-1)0 - (I2227 cm-1) was calculated.

2.6. Procedures for acetamiprid analysis in apple juice samples

The practical application of this proposed method for acetamiprid
detection was evaluated by determining the recovery of experiment
with standard addition method in apple juice samples. Fresh apple juice
sample was prepared according to a previous literature with a slight
simplification (Feng et al. (2017)). Briefly, 10 g apple tissue was suffi-
ciently minced using a homogenizer with 10mL water to produce apple
juice. The obtained apple juice was filtered with a Whatman filter
paper, and filtrate was centrifugated at 10000 rpm for 15min. Finally,
liquid supernatant was filtered through a 0.22 μm membrane syringe
filter, and spiked with acetamiprid standard solution, resulting in arti-
ficial contamination at concentrations of 50, 100, 150 and 200 nM,
respectively. The obtained apple juice samples were analyzed subse-
quently.

3. Results and discussion

3.1. Synthesis and characteristic of AgNPs@Si substrate

In this study, MMBN was used as a critical molecule to develop the
suitable Raman tag with specific and stable signals, due to the following
two reasons: First, nitrile group conjugating to aromatic ring could
produce strong Raman signal because aromatic ring possesses relatively
large Raman scattering cross section.; second, thiol group had high
affinity to Au, which could ensure the successful connection of nitrile
group with AuNPs. A previous literature showed that MMBN has been
chosen as an excellent biomarker for protein imaging on the surface of
cells, indicating its superiority of optical anti-interference in the pre-
sence of complex biomolecules (Kennedy et al., 2010). As shown in
Fig. 1A, a prominent peak of Raman shift at ∼2227 cm−1 could be
observed owing to the stretch of C^N bond. The sharp peak band at
∼1601 cm−1 is assigned to the symmetric in-plane aromatic ring de-
formation, while the doublet at ∼1221 cm−1 and ∼1174 cm−1 is from
the aromatic ring C–H deformation (Tay et al., 2010).

To test the optical anti-interference capability of nitrile, a compar-
ison between MMBN and three conventional Raman tag molecules,
namely malachite green (MG), methyl orange (MO) and rhodamine B
(RB), was performed. Fig. S1A shows the Raman spectra of MG, MO, RB
and MMBN. A number of peaks of these three conventional Raman tag
molecules could be observed beyond the Raman-silent spectral window,
and severely overlapped each other, while the nitrile in the MMBN
displayed a distinct and sharp Raman scattering peak at 2227 cm−1. To
simplify the experiments, RB was selected as a representative of con-
ventional Raman tags in the optical anti-interference ability test. As
shown in Fig. S1B, when RB and the other three molecules (MG, MO
and MMBN) were employed as the Raman tag (5 μM) and the organic
interferences, respectively, the characteristic bands of RB (521, 621,
1280, 1358, 1509 and 1649 cm−1) were severely masked by the peaks
of MG, MO and MMBN. Meanwhile, this masking effect was aggravated
with the increasing concentrations of the other interferences. The si-
milar experimental phenomenon was also observed in a previous study
(Zeng et al., 2016). By contrast, the characteristic peak (2227 cm−1) of
MMBN which served as the Raman tag remained highly distinguishable
and stable in the presence of other interferences (RB, MG and MO) (Fig.
S1C). The above results indicated that the MMBN molecule with nitrile
was superior to the conventional Raman tags in terms of their optical
anti-interference capabilities.

Immobilization of nanoparticles on solid substrates, such as silicon
or glass support, could improve the reproducibility of Raman spectrum
through reducing the random movement and aggregation of metal
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nanoparticles caused by other interferences (Zhu et al., 2015). There-
fore, the AgNPs was fabricated on the Si wafer substrate. The AgNPs@Si
substrate was synthesized through in situ growth of AgNPs on silicon
wafers according to the HF-etching method (Haldar et al., 2014). The
influence of AgNO3 solution concentration on the SERS performance of
AgNPs@Si substrates and the morphology of silver nanoparticle on Si
wafer was investigated. Fig. 1A shows the Raman signals of MMBN
collected from six different SERS substrates prepared at different con-
centration of AgNO3, while Fig. 1B–D presents the SEM images of
AgNPs prepared with the increase of AgNO3 concentration (10, 40 and
50mM). At a low concentration of AgNO3 (10mM), the SERS intensity
was weak (Fig. 1A). Meanwhile, the formed AgNPs had relatively small
size (diameters less than 50 nm) and sparse distribution on silicon wafer
(Fig. 1B). This was probably because on the surface of Si wafer, Ag+

was firstly reduced to Ag forming silver agglomerates, but the crystal
nuclei growth on the surface of silver agglomerates was too slow to
form large sliver nanoparticles due to the low concentration of AgNO3

(Wu et al., 2017). When elevating the concentration of AgNO3 to
40mM, AgNPs with large diameters and relatively spherical particle
morphology were obtained (see Fig. 1C). The corresponding SERS in-
tensity exhibited the highest value, indicating that the optimal AgNO3

concentration was 40mM to obtain an effective AgNPs@Si substrate. At
a higher AgNO3 concentration (50mM), the Ag particles were fused
onto the growing AgNPs surfaces (Fig. 1D), causing the stacking of
these nanoparticles and the formation of irregular polygon silver na-
noparticles. As a result, the corresponding Raman intensity decreased
(Fig. 1A), implying the reducing of hot-spots on the AgNPs@Si sub-
strate at such a high AgNO3 concentration. Furthermore, the AgNPs@Si
substrate prepared with 40mM of AgNO3 obtained the highest en-
hancement factor (EF) value of 5.08×105, which indicated that the

Raman signal of MMBN was greatly amplified by the AgNPs@Si sub-
strate. Hence, 40mM was selected as the reasonable concentration of
AgNO3 solution to synthesize the AgNPs@Si substrate.

Subsequently, the resultant AgNPs@Si substrate was bonded with
cDNA, and then incubated with aptamer to form the Au–AgNP@Si
hybrid for acetamiprid detection.

3.2. Characterization of Au-AgNPs@Si hybrid

Firstly, the synthesized AuNPs were characterized by using UV–Vis
spectra and TEM. As shown in Fig. S2A, a typical UV–Vis absorption
peak appeared at ∼520 nm, indicating the formation of AuNPs. The
prepared AuNPs exhibited spherical structure (Fig. S2B), with an
average diameter of 12.25 ± 1.25 nm (Fig. S2C) (calculated by 100
particles).

Then, the successful binding of MMBN on the surface of AuNPs was
validated by Raman spectra shown in Fig. S3. As expected, the resultant
AuNPs-MMBN exhibited distinct SERS signal of MMBN, while it did not
appear in pure AuNPs.

Finally, as illustrated in Scheme 1, the AuNP-MMBN-aptamer could
self-assemble with cDNA-AgNPs@Si substrate through hybridization
between acetamiprid-binding aptamer and cDNA, to form Au-AgNPs@
Si substrate. The low-magnification SEM images in Fig. 2A showed that
the whole AgNPs were covered with a great number of AuNPs, in-
dicating the successful fabrication of Au-AgNPs@Si substrate. This was
also confirmed by the EDX spectroscopy that both Au and Ag elements
co-existed in the hybrid structure (Fig. 2B). It is well known that SERS
intensities are affected by the size of nanoparticles, so the use of 13 nm
gold nanoparticles instead of ∼300 nm silver nanoparticles as SERS
substrate may result in a poorer enhancement effect (Li et al., 2017).

Fig. 1. (A) SERS spectra of 10−4 M MMBN deposited on six types of AgNP@Si substrate prepared at different concentration of AgNO3. SEM images of AgNP@Si
substrates prepared with AgNO3 solution of (B) 10mM, (C) 40mM and (D) 50mM.
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The experiment results in this study did show that the SERS perfor-
mance of onefold AuNPs was not as good as Au–AgNP@Si (data not
displayed). The high-magnification SEM image (Fig. 2A inset) also re-
vealed that gold nanoparticles with homogeneous morphology ran-
domly clustered on the surface of AgNPs. The clustering of nano-
particles was also responsible for high SERS activity. The nanogaps
between AuNP and AgNP substrate can form hotspots to further en-
hance SERS signal, and the electromagnetic (EM) field distribution can
also be deduced by three-dimensional finite-difference time-domain
(3D-FDTD) simulation (Lumerical FDTD Solution, Inc., Canada). Fig.
S4A-C show the theoretical simulation of EM filed spatial distribution
for AuNP@Si, AgNP@Si and Au–AgNP@Si substrate, respectively. The
plane wave source with the wavelength of 532 nm was selected and
irradiated at normal incidence at the plasmon resonance frequency. As
seen from Fig. S4A and B, the EM enhancement for AgNP was sig-
nificantly higher than that for AuNP. Despite the obvious enhancement
for AgNP, the gaps between adjacent nanoparticles (Au–Ag) provided
more distinct SERS hot spots compared with the surface of bare AgNP
(Fig. S4C). The local EM field enhancement in the gaps between Au–Ag
was resulted from synergistic plasmonic enhancements effect (Cai et al.,
2019). Therefore, these FDTD data essentially indicated that the fab-
ricated Au–AgNP@Si could form excellent EM-field enhancement oc-
curred at the junction of AuNP and AgNP, which made great con-
tribution to superior enhancement of Raman signal.

3.3. Optimization of the Au-AgNPs@Si hybrid

To improve the sensitivity of aptasensor, three key parameters,
namely cDNA concentration during preparation of cDNA-AgNPs@Si
substrate, concentration of Raman tag (MMBN) and aptamer during the
synthesis of AuNP-MMBN-aptamer hybrid, were optimized.

3.3.1. Effects of cDNA concentration
To evaluate the effect of cDNA concentration on SERS performance,

cDNA with different concentrations was incubated with AgNPs@Si
substrate, and then bonded with MMBN-AuNP-aptamer complex. The
resulted peak intensity of each SERS spectrum was an average of 6
measurements. At a certain concentration of MMBN (10mM) and ap-
tamer (300 nM), the Raman intensity of MMBN at ∼2227 cm−1 in-
creased with the increase of cDNA concentration from 250 to 1000 nM,
while it intended to decrease at a cDNA concentration of 1250 nM
(Fig. 3A). The detailed Raman intensities at ∼2227 cm−1 are shown in
Fig. 3B. It can be seen that the Raman intensity of MMBN at a cDNA
concentration of 1000 nM was nearly 5 times as high as that one at a
cDNA concentration of 250 nM. As a consequence, 1000 nM cDNA was
used for further study.

3.3.2. Effects of MMBN concentration
Fig. 3C–D shows that Raman intensity was enhanced with the in-

crease of MMBN concentration and reached a plateau at 10mM.
However, when the concentration of MMBN rose to 15mM, the color of
AuNPs solution turned from wine-red to soft red, accompanied by ob-
vious aggregation of AuNPs. More seriously, the AuNPs aggregation
was largely adhered on the inner wall of tube after centrifugation and
showed faint golden yellow color. The adverse aggregation could be
due to that too much mercapto groups in MMBN reduced the electro-
negativity of AuNPs by replacing the citrate on the surface of AuNPs
(Dong et al., 2017). Therefore, 10mM of MMBN was selected as the
proper reaction medium.

3.3.3. Effects of aptamer concentration
It can be seen from in Fig. 3E–F that the Raman intensity first rose

and then declined when aptamer concentration increased up to 400 nM.
The maximum Raman intensity was achieved at the aptamer con-
centration of 200 nM. Hence, the optimal aptamer concentration was
experimentally determined to be 200 nM. According to a previous study
(Yao et al., 2015), the sufficiently long polyA sequence in aptamer
could wrap around the plane surface of AuNP, preventing further ad-
sorption of additional strands. Namely, this polyA-mediated reaction
suggested that the amount of aptamer attached onto AuNPs would
reach saturation and no longer increase, even though the ratio of added
aptamer to AuNPs increased. Hence, this confirmed that the optimal
aptamer concentration was experimentally determined to be 200 nM.

3.4. SERS analysis of the acetamiprid by this aptasensor platform

Under the optimal experimental conditions, the response of apta-
sensor platform to acetamiprid with different concentration were de-
termined. Fig. 4A shows that these was an inversely linear relationship
between acetamiprid concentration and SERS signals intensity. Minus
by the maximum SERS intensity at 2227 cm−1 ((I2227 cm-1) 0) when
there was no acetamiprid, the linear relationship between SERS signal
intensity difference (I2227 cm-1)0 - (I2227 cm-1) (△I) and acetamiprid
concentration was obtained in the range of 25–250 nM (Fig. 4B). The
linearity correlation (R2= 0.981) was displayed in insert of Fig. 4B,
and the limit of detection (LOD) was 6.8 nM at a signal-to-noise ratio of
3. Moreover, the analytical performance of this method was compared
to various published methodologies recently, and the results were listed
in Table 1. It was indicated that the proposed aptasensor possessed
comparable LOD value to the reported methods.

Fig. 2. (A) SEM images and (B) EDX spectroscopy to characterize Au-AgNPs@Si. Inset is the highly magnified SEM images of the Au-AgNPs@Si.
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3.5. Selectivity, reproducibility and stability of the SERS aptasensor

Selectivity is an important property for the feasibility and practic-
ability of the aptasensor platform. The selectivity of our aptasensor to
the acetamiprid against other common pesticides, including imidaclo-
prid, dichlorvos, phoxim, malathion and profenofos, were investigated.
Fig. S5 illustrates that these pesticides did not make an obvious de-
crease of Raman intensity even if their concentration was 100 times as
high as the concentration of acetamiprid under the same detection
condition. This good selectivity of our aptasensor system was attributed
to the specific bonding between the acetamiprid and the aptamer.

The reproducibility was also investigated by applying twenty dif-
ferent samples with the same acetamiprid concentration, and the

corresponding Raman spectra were shown in Fig. S6. The relative
standard deviation (RSD) of the Raman intensity at 2227 cm−1 was
3.47%, demonstrating the good reproducibility.

To investigate the stability of sensor for acetamiprid detection,
AgNPs@Si substrate stored under nitrogen after one week or two weeks
was used to fabricate the aptasensor. Fig. S7 shows that the intensity of
SERS signal had no significant difference. Consequently, the developed
aptasensor system could be a stable platform for the detection of
acetamiprid.

3.6. Analysis of spiked apple juice samples

The content of acetamiprid in apple juice was measured to evaluate

Fig. 3. Optimization of concentration of (A) cDNA, (C) MMBN, and (E) aptamer. SERS intensity detected at 2227 cm−1 for concentration of (B) cDNA, (D) MMBN,
and (F) aptamer.
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the feasibility of this aptasensor for practical applications. Analytical
results in Table S1 shows that the measured recoveries were in the
range of 86.1%–100.3%, and RSD was less than 4.9%, suggesting that
the established aptasensor can be applied to detect acetamiprid in real
food samples.

4. Conclusion

In summary, a novel aptasensor system for acetamiprid detection
has been developed using AuNP-MMBN-aptamer as the Raman probe,
and cDNA-AgNPs@Si as the signal enhancer. The proposed Raman tag
(MMBN) exhibited a highly distinguished, stable and strong signal at
2227 cm−1. The aptasensor exhibited a linear detection range of
25–250 nM with a LOD of 6.8 nM to acetamiprid. Besides, the practic-
ability of this method for acetamiprid detection in apple juice was also
tested, and satisfactory recoveries were obtained. The results suggested
that this developed SERS aptasensor could resist interferences in com-
plex system and had great potential for trace detection of acetamiprid
residues in foods.
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