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g r a p h i c a l a b s t r a c t
� We report a double amplification
strategy for the ultrasensitive detec-
tion of biotoxin.

� Exonuclease III -assisted efficient
recycling is utilized for signal
amplification.

� Core-satellite assembly produced
numerous “hot spots” effectively en-
hances the SERS signals.

� The detection OTA in red wine is
demonstrated with the RSD of 6.08
e8.61%.

� The limit of detection of the proposed
sensor is 0.83 fg mL�1 (S/N ¼ 3) for
OTA.
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In this work, core-satellite assemblies and exonuclease assisted double amplification strategy is developed
to produce surface-enhanced Raman scattering (SERS) biosensor towards ultrasensitive detection of bio-
toxin. In the presence of target molecules, the exonuclease III (Exo III) assisted efficient recycling ampli-
fication provides an excellent pathway for the fabrication of core-satellite SERS sensor. Briefly, the
proposed strategy includes the following double amplifications: (i) Exo III induced target-related signal
amplification; (ii) core-satellite assemblies assisted formation of SERS “hot-spots” induced signal ampli-
fication. To show the applicability of the suggested strategy, the detection of ochratoxin A (OTA), one of the
most toxic and widely distributed biotoxin, is demonstrated as an example. The results show that the limit
of detection (LOD) of OTA is 0.83 fg mL�1 (S/N ¼ 3). On the basis of the DNA aptamer induced specific
target recognition, hence our sensing strategy is easy to be expended to the ultrasensitive detection of
other targets, e.g., DNAs, RNAs, and other molecules that have corresponding DNA aptamers.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction Ganbold Erdene-Ochir et al. [30] proposed a method for detecting
Surface-enhanced Raman scattering (SERS) is a surface-sensitive
science, it can vastly enhance the Raman signal of analytes adsor-
bed or located at close to metallic nanostructures [1]. SERS based
detection strategies have received significant attention because of
its vast advantages including rapid detection time, high accuracy,
sensitivity, and selectivity. The enhancement of SERS signals is
mainly due to the excitation of localized surface plasmon resonance
(LSPR) via the amplified local electromagnetic (EM) field effect
[2e4]. Notably, the enhanced SERS enhancement factors (EF) were
observed in “hot spot” areas of the junction between the two
nanostructured particles [5e8]. It has already proved that powerful
coupled plasmonic assemblies have shown a strong electromag-
netic “hot spots”, which yielded extraordinary EF in SERS based
detections [9e13]. For instance, a SERS sensor based detection of
AFB1 was proposed using heterogeneous gold nanostar core-silver
nanoparticle satellite assemblies [14]. The SERS signal was
enhanced through the formation of gold (Au) nanostar core-silver
(Ag) nanoparticle satellite assemblies. When AFB1 was intro-
duced into the system, the Ag satellitewas then removed gradually;
as a result, the SERS signals were decreased with respect to the
concentration of AFB1. Besides, Ag NPs pyramids of DNA-driven
self-assembly could be changed due the formation of a shorter
gap distance of Ag NPs, which produced tremendous “hot spots”
while introducing target molecules [15]. This powerful SERS tech-
nique potentially used to detect biomolecules or toxins as low as
attomolar (aM) for clinical and food safety applications.

Exonuclease III (Exo III) is a key exodeoxyribonuclease enzy-
matic substance. It can selectively catalyze the progressive removal
of one strand with either 30 a blunt or overhang end in the duplex
DNA. In addition, Exo III has no effect on double-stranded DNA at 3’
overhangs of the DNA sequence of four or more bases. Typically,
this foreseeable selectivity of Exo III makes the intact DNA strand to
be recycled as target sequence in exonuclease reaction [16]. Further,
it can be used as a valid catalytic element for amplified DNA
detection, which resulting in prominent enhancement of detectable
signals with high sensitivity, and selectivity.

Fungi play an extensive role in decomposition of fruits, vege-
tables, and food materials due to their pathogenic nature to the
harvested products. Ochratoxin A (OTA), a well-known extremely
toxic mycotoxins, produced by Aspergillus and Penicillium fungi
species, has received tremendous attention in health and food
safety [17,18]. OTA contaminates wide variety of agricultural
products such as rice, wheat, maize, coffee, and peanut, which
outcomes severe health issues through food chain process
including hepatotoxic, nephrotoxic, teratogenic, neurotoxic, and
immuno-toxic problems [19e24]. The International Agency for
Research on Cancer (IARC) has classified OTA as group 2B of
possible human carcinogen [25]. European Commission also regu-
lates limits for OTA in food products such as roasted coffee
(5 mg kg�1), dried fruits (10 mg kg�1), raw cereal grains (5 mg kg�1),
andwines (2 mg kg�1) [26]. Thus, the ultrasensitive detection of OTA
in food matrix is of great significance in clinical and health view-
points. Over the past few years, a lot of methods have been
exploited to detect accurate concentration of OTA. In particular,
traditional OTA detection methods include liquid chromatography
combined with mass spectrometry (LC-MS), high-performance
liquid chromatography (HPLC), and antibody based techniques
have been reported, though these methods are time-consuming,
expensive and depend on the skilled worker for its operations
[27e29]. Most of the reported methods for detecting biotoxin using
the SERS technology have involved corresponding aptamers.
Aptamer is used to solve the problem of SERS detection selectivity.
OTA based on the different absorption resolution of OTA aptamer
labeled with Cy5 Raman reporter molecules. The aptamer is easily
absorbed on the surface of Ag nanoparticles, which generates a
strong SERS signal. In the presence of OTA, this binding is hindered
and the SERS signal is weakened to achieve the purpose of
detecting OTA. Zhao Yuan et al. [31] embedded Raman reporter
molecules into the Ag @ Au CS NPs, and the aptamer of the biotoxin
molecule was connected to the surface of Ag @ Au CS NPs. When
there is no target, the aptamer is complementary paired with cDNA
on the surface of the magnetic bead, and there is still a SERS signal
after washing; when the target is present, the target binds to the
aptamer, and Ag @ Au CS NPs is separated from the magnetic beads.
The SERS signal weakened after washing. Song dan et al. [32] also
used a similar method by combining Fe3O4 @ Au magnetic nano-
particles and Au-DTNB@ Ag nanoprobes under the pairing action of
the biotoxin aptamer and its complementary strand, and then
adding the target to separate them, which causes the SER signal to
weaken.

In this study, we report core-satellite assemblies and exonu-
clease assisted double amplification strategy for high selective and
ultrasensitive SERS detection of OTA. The core-satellite nano-
structures are constructed taking DNA as the linker, thus the
aptamer would bind with OTA and cause efficient Exo III recycling
amplification process. In particular, the concentration of OTA de-
termines effective formation of core-satellite assemblies via
reducing the gap length of the Au NPs, which results in enhanced
SERS signals for detecting OTA. On account of the experimental
outcomes, we propose that the core-satellite structures and Exo III
assisted double amplification strategy based sensing platform is
considered as potential tool for clinical and food safety applications.

2. Material and methods

2.1. Reagents and materials

All oligonucleotides sequences were as follows (>97%, Shanghai
Sangon Biotechnology Co., Ltd):

aptamer:50-GAT CGG GTG TGG GTG GCG TAA AGG GAG CAT CGG
ACA-3’.

cDNA:50-ATG CTC CCT TTA CGC CAC CCA ACG GGT -3’.
DNA-1:50-TAA CAG GAT TCG CAC GTC GTC GTG GCG TAA AGG

GAG CAT-3’.
DNA-2:50-GAC GAC GTG CGA ATC CTG AAT GCG-30

DNA-S1:50eSHeAAA AAA CGC ATT CAG GAT-3’.
DNA-S2:50-TCG CAC GTC GTCeSHe3’.
Gold (III) chloride trihydrate (HAuCl4$4H2O,99.9%) and so-

dium chloride (NaCl, >99.8%) were purchased from Sinopharm
Chem. Re. Co., Ltd (Shanghai, China). Potassium chloride (KCl,
99.5%), magnesium chloride hexahydrate (MgCl2$6H2O,99%), so-
dium citrate (Na3C6H5O7$2H2O,99.8%), (3-aminopropyl)triethox-
ysilane (C9H23NO3Si,98%), mercaptosuccinic acid (C4H6O4S, 98%,
MSA), N-(3-dimethylaminopropyl)-N0-ethylcarbodiimide hydro-
chloride (C8H17N3$HCl, 98%), DL-dithiothreitol (DTT, 99%), and
tris(hydroxymethyl)aminomethane hydrochloride (Tris HCl, 99%)
were obtained from Aladdin Company (Shanghai, China). mPEG-
COOH (Mw z 2000) was purchased from Xi’an ruixi Biological
Technology Co., Ltd. Exonuclease III (Exo III) was obtained from
Thermo Scientific Co., Ltd (Shanghai, China). The toxins used in
the selective experiment, as well as OTA, were purchased from
Sigma-Aldrich Chemical Co., Ltd. All other chemicals used in this
work were analytical grade and used directly without further
purification. All the experimental solutions were prepared from
Milli-Q water (18.2 MU cm�1).
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2.2. Synthesis of Au NPs

Au NPs were prepared on the basis of the modified Frens
method [33,34]. Briefly, HAuCl4 aqueous solution (100 mL
0.25 mM) was heated to 100 �C for 30 min under severe agitation.
Then sodium citrate solution (10 mL 1%) was added into the boiling
solution under continuous stirring. Color of the solution was
changed to ruby red after 20 min. This indicates the formation of
25 nm sized Au NPs and the above solution was stored at 4 �C for
further experimental use.

100 nm quasispherical Au NPs were prepared according to
previous report [35]. The Au nanoseeds were synthesized by Frens
method [33]. Next, HAuCl4 aqueous solution (50 mL 0.25 mM) was
heated to boiling with stirring. Then sodium citrate solution
(1.75 mL 1%) was rapidly added to the above solution. The color of
the solution changed to wine red, indicating the formation of Au
nanoseeds, which was used for the further experiments. An
aqueous solution containing HAuCl4 (50mL) and Au nanoseeds was
stirred constantly, and thenMSAwas added. The above obtained Au
NPs were used for the preparation of SERS substrates.

2.3. Preparation of SERS nanotag

Au NPs were modified with DNA-S2 at a molar ratio of 100:1,
and the mixture was incubated overnight in 10 mM Tris-HCl buffer
(10 mM MgCl2, 50 mM NaCl and 10 mM KCl; pH 7.4) at 37 �C, and
1MNaCl solutionwas gradually added to an ultimate concentration
of 0.1 M. Then themix was centrifuged (8000 rpm, 20min), and the
pellet was re-suspended in Tris-HCl buffer (10 mM). Raman re-
porter R6G, with a ultimate concentration of 100 mM, was dissolved
in aqueous solution, added to Au NPs-DNA-S2 conjugates and
incubated overnight at 37 �C. Afterwards, the mixture was washed
by centrifuging (8000 rpm, 20min) and re-dissolved in 10mM Tris-
HCl buffer.

2.4. Exo III -assisted cycling amplification

All oligonucleotides were denatured at 90 �C for 10 min and
stored at 4 �C. The aptamer (0.2 mM) and different concentrations of
OTA were mixed in 10 mM Tris-HCl buffer (10 mM MgCl2, 50 mM
NaCl and 10 mM KCl; pH 7.4) at 37 �C for 1.5 h. After the reaction,
cDNA (0.2 mM), dsDNA (DNA-1 was hybridized with DNA-2) and 20
U Exo III were added into the above solution at 37 �C for 2 h. Finally,
the solution was heated to 80 �C 10 min to stop the reaction.

2.5. Fabrication of the core-satellite sensor and SERS detection of
OTA

We have prepared the SERS substrate according to the previ-
ously reported procedure [36,37]. Silicon (Si) substrate
(5 mm � 5 mm) was pretreated using piranha solution (30% H2O2
mixed with concentrated H2SO4 at 1:3) at 60 �C for 15 min. After
washing with water, the cleaned Si substrate was submersed into a
10% ethanolic APTES solution for 2 h. The substrate was washed
with ethanol, and water for three times, respectively, and dried at
60 �C for 2 h. The substrate was subsequently immersed into
100 nm Au NPs solution for 12 h. After careful washing with water,
the substrate was treated with 0.1 M aqueous solution of EDC and
1% PEG-COOH aqueous solution for 6 h, and the excess amino
groups were reacted to prevent non-specific adsorption of Au NPs
on the Si substrate. Next, DNA-S1 in Tris-HCl (10 mM) solution was
added to DTT to activate the thiol-modified DNA-S1. The above
PEG-COOH treated AuNPs modified substrate was immersed in
DNA-S1 solution at room temperature overnight and washed with
Tris-HCl (10 mM) to reduce non-specific interaction between Au
NPs and DNA-S1. The obtained Si substrate was modified with Au
NP-DNA-S1. Finally, the above substrate was stored in Tris-HCl so-
lution (10 mM) at 4 �C.

The previously prepared SERS nanotag was added to the afore-
mentioned Exo III amplified solution and kept at 37 �C for 2 h. After
the hybridization process, the mixture was centrifuged (8000 rpm,
20 min), and the pellet was re-suspended in 10 mM Tris-HCl buffer.
The SERS substratemodifiedwith Au NPs-DNA-S1was immersed in
the above solution and kept at 37 �C for 4 h, and then fully hy-
bridized to form core-satellite assemblies. Then carefully washed
with water and dried for the final SERS detection analysis. The SERS
measurement sample was scanned for 10 s with 633 nm laser 10%
total laser power (the Renishaw in Via-Reflex micro-Raman spec-
trometer, 22.5 mW). At least 10 spots of the same sample were
taken, and the averaged value of the spectra was taken for
conclusive analysis.

After optimization testing, the OTA detection was performed
under optimum conditions. A series of different concentrations OTA
standard solutions were prepared to study the relationship be-
tween the OTA concentration and the SERS analysis intensity for
ensuring the potential detection of OTA.

3. Results and discussion

3.1. Principle of sensor

Scheme 1 describes the principle of the proposed SERS sensor.
Core-satellite assemblies were fabricated based on a DNA-driven
self-assembly method. The large-size core Au NP was modified
with DNA-S1 immobilized on a Si wafer. On the other side, Raman
reporter molecule attached Au NP satellites were modified with
DNA-S2. Firstly, OTAwas added to completely react with the excess
aptamer, and then cDNAwas added with the same concentration as
the aptamer. When introducing OTA into the sensing platform, the
cDNA prefers to form the aptamer-OTA complex. In order to
improve the binding efficiency of OTA and aptamer, OTA and the
excess aptamer react first, and then cDNA was added to react with
the remaining aptamer. Because the initial concentration of cDNA
and the initial concentration of aptamer in the system are equal and
can form double-stranded DNA, after the cDNA reacting with the
remaining aptamer, the remaining cDNA can indicate the concen-
tration of OTA and trigger the next reaction. Therefore, one part of
cDNA hybridized with the remaining aptamer, and the other part of
cDNA partly hybridized with dsDNA results in the formation of 30

overhang end of the specific recognition site of Exo III. Then Exo III
digests cDNA-dsDNA from the 30-end of DNA-1, thus releasing
cDNA and DNA-2. The released cDNA involves subsequent cycles,
which giving rise to the formation of DNA-2. In the process of
forming the core-satellite assemblies, a sandwich hybridization
strategy was applied. DNA-2 is the linker of core-satellite assem-
blies, and the SERS intensity is direct proportional to the quantity of
satellite Au NPs around the core Au NPs that resulted in significant
increase of SERS responses with respect to the concentrations of
OTA in the proposed system.

3.2. Characterization of SERS nanotag

As shown in Fig. 1, Au NPs have a diameter of 25 nm (Figs. 1A)
and 100 nm (Fig. 1B), prepared according to previously published
method [33,35]. After modification of DNA-S2, the absorption
spectra of 25 nm Au NPs was red shifted about 4 nm to the pre-
ceding Au NPs (Fig. 1C). It was owing to the refractive index vari-
ation around the surface of Au NPs [38,39]. Scanning electron
microscopy (SEM) analysis displays the existence of 100 nm Au NPs
on the Si substrate (Fig. 1D).



Scheme 1. Schematic illustration showing the working principle of SERS sensor for the detection of OTA.
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3.3. Feasibility validation

In order to verify the feasibility of the SERS sensor, the SERS in-
tensity of the system was further tested. Fig. 2A showed that a
negligible Raman signal of the SERS substrate was detected without
Fig. 1. (A) TEM images of 25 nm Au NPs. (B) TEM images of 100 nm Au NPs. (C) UVevis spec
image displaying the assembly of Au NPs on the Si substrate. (For interpretation of the refe
article.)
the target OTA, which indicates that the core-satellite assemblies
cannot be formed. When OTA was then added into the system, the
noticeable Raman signal of corresponding Raman reporter (R6G)
was observed. The main characteristic peaks of R6G were observed
at 613 cm�1, 771 cm�1, 1182 cm�1, 1362 cm�1, and 1511 cm�1. The
tra obtained for 25 nm Au NPs (C: black line) and Au NP-DNA-S2 (C: red line). (D) SEM
rences to color in this figure legend, the reader is referred to the Web version of this
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peaks at 613 cm�1 corresponds to the CeCeC in-plane vibration of
the R6Gmolecule [40]. The peaks located at 771 cm�1and 1182 cm�1

were attributed to the out-of-plane and in-plane vibrations of CeH
bond. The peaks observed at 1362 cm�1, 1511 cm�1 and 1648 cm�1

can be concerned with the aromatic CeC stretching vibration mode
[41]. The characteristic band of R6G observed at 613 cm�1 served as a
reference quantitative peak to assess the SERS sensitivity. This
showed that the presence of OTA in the sensing platform, undergo
Exo III -assisted recycling amplification, which thus released DNA-2,
from recycling step, and acted as the linker for core-satellite as-
semblies. In the proposed SERS sensor, the Exo III -assisted cycling
amplification for effective formation of core-satellite assemblies. The
process of Exo III -assisted cycling amplification was investigated by
polyacrylamide gel electrophoresis, as shown in Fig. 2B. By
comparing lane H and lane I, it was found that the uppermost band
disappeared after adding Exo III. It was owing to the digestion of
cDNA-dsDNA by Exo III from the 30-end of DNA-1, and releasing
cDNA and DNA-2. Next, the composition of the core-satellite as-
semblywas verified by SEM characterization, as shown in Fig. 2C and
2D. The addition of 25 ng mL�1 OTA into Au NPs displayed initiation
of core-satellite assemblies (Fig. 2C), however well-defined core-
satellite assemblies were formed at higher concentration of OTA
(0.25 mg mL�1; Fig. 2D), indicating that the concentration of OTA is
crucial factor for progress of Au NPs core-satellite assemblies.
3.4. Optimization of the experiment conditions

The concentration of DNA-2 at hybridizationwith DNA-1 plays a
vital role in the performance of the devised SERS sensor. Low
concentration of DNA-2might cause reduced SERS signals, whereas
excess amount of DNA-2might lead to an enhanced SERS signals. As
shown in Fig. 3A, the detected SERS signal increased stage by stage
while increasing the concentrations of DNA-2 in the range from 0.8
to 4.0 mM; at the same time, the concentration of DNA-1 was fixed
on 2.0 mM. Notably, if the concentration of DNA-2 was more than
Fig. 2. (A) SERS spectra obtained for R6G on coreesatellite assemblies without OTA (A: bla
electrophoresis. Line A - DNA-1; Line B - DNA-2; Line C - DNA-1þDNA-2; Line D - OTA apt;
apt þ OTA þ cDNA þ DNA-1 þ DNA-2; Line I - OTA apt þ OTA þ cDNA þ DNA-1þ DNA-2þ
core-satellite assemblies with 25 ng mL�1 OTA. (D) SEM images of Au NPs core-satellite assem
legend, the reader is referred to the Web version of this article.)
3.0 mM, the background signal was enhanced. Therefore, 2.0 mM
DNA-2 was selected for subsequent determination.

The target reaction time closely associated with not only the
formation of OTA-aptamer complex, but also the aptamer hybridi-
zation with cDNA and Exo III -assisted recycle. Fig. 3B showed that
the SERS signals were increased from 30 to 90 min with respect to
the target reaction time, and the reaction time became stable. Thus,
optimal 90minwas selected as reaction time in this work. To access
to the best assembly efficiency, the formation time of the core-
satellite assemblies has also been optimized. As shown in Fig. 3C,
the SERS signals gained gradually with the increasing of the reac-
tion time and leveled out while 4 h of assembly time. Thus, we have
selected 4 h as an optimized condition in this study.

3.5. Detection of OTA

The OTA was detected based on the above optimum conditions.
The characteristic R6G SERS peak appeared at 613 cm�1 served as
reference for the quantitative analysis of OTA. Fig. 4 showed that
SERS spectra of different concentrations of OTAwas recorded using
core-shell satellite assembly substrate. The standard curve was
plotted using SERS intensities at 613 cm�1 against the logarithmic
concentration of OTA in the range of 0.0025 pg mL�1 to
0.25 ngmL�1, the correlation coefficient (R2) of 0.9739 and the limit
of detection (LOD) of OTAwas 0.83 fg mL�1 (S/N ¼ 3). The obtained
LODwas highly comparablewith the other previously reported OTA
sensors as shown in Table 1 [32,42e46]. Such very low LOD of OTA
was achieved mainly because of the excellent Exo III -assisted
recycling amplification strategy, as well as highly SERS activity of
core-satellite assemblies.

3.6. Specificity and uniformity of the SERS sensor

To check into the selectivity of this proposed approach, the
mycotoxins such as AFB1, ZEN and OTB were selected and tested
ck line) and with 0.25 mg mL�1 OTA (A: red line). (B) The image of polyacrylamide gel
Line E � OTA apt þ OTA; Line F - cDNA; Line G - OTA apt þ OTA þ cDNA; Line H - OTA
Eox III; Line J - OTA apt þ cDNA þ DNA-1 þ DNA-2 þ Exo III. (C) SEM images of Au NPs
blies with 0.25 mg mL�1 OTA. (For interpretation of the references to color in this figure



Fig. 3. (A) Optimization of OTA detection: the effect of DNA-2 concentration, (B) reaction time for the assembly of OTA target, (C) and time for the formation of Au NPs core-satellite
assemblies.
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under same experimental conditions. Meanwhile, 0.025 ng mL�1

OTA, the control sample (without any OTA target) and the above
interference mycotoxins (5.0 ng mL�1) were added. As shown in
Fig. 5A, although the concentration of other mycotoxins was about
200-fold higher than OTA, no notable SERS signal of these myco-
toxins were observed. Moreover, when compared with the control,
the presence of OTA was markedly increasing SERS signal, which
verified the high specificity of the proposed Exo III -assisted core-
satellite assembly approach based detection of OTA. To inquire
into the uniformity of the SERS substrate, 10 random sites in the
SERS substrate were selected and detected the Raman signals as
shown in Fig. 5B, the results evidenced that the intensity deviation
was about within 10% that demonstrating the good uniformity of
the core-satellite assembly substrate.
3.7. Application of the SERS sensor to detect OTA in red wine sample

To verify the practicability, the proposed approach was used in
Fig. 4. (A) Raman spectra obtained for different concentration of OTA using Au NPs coreesa
corresponding linear calibration plot obtained by plotting Raman intensity at 613 cm�1 ver
detecting OTA in actual sample, with red wine as a reagent sample,
for the recovery determination for the detection of OTA
(0.25 ng mL�1, 5.0 ng mL�1, and 25.0 ng mL�1). Table 2 showing the
recovery results of OTA detection in redwine samples. The recovery
was within the range of 95.9e105.7%, and the corresponding rela-
tive standard deviation (RSD) was between 6.08e8.61%, demon-
strating that the proposed SERS sensor can be potentially utilized
for detecting OTA in real samples for food safety and clinical
applications.
4. Conclusions

In summary, a high performance SERS sensor is developed
based on core-satellite assemblies and exonuclease assisted
double amplification strategy. The proposed double amplification
strategy consists with the following two aspects: (i) Exo III
induced signal amplification: in the presence of the target mol-
ecules, Exo III could efficiently produce a large amount of linkers
tellite assemblies substrate (curves aeg: 2.50 � 10�3 ng mL�1 to 25 ng mL�1), (B) and
sus logarithmic concentrations of OTA.



Table 1
Comparison of proposed OTA detection with other approaches in terms of dynamic range and LOD.

Method Dynamic rang LOD Ref

Electrochemical 0.001e0.5 ng mL�1 0.26 pg mL�1 Wei and Zhang, 2018
0.1 pg mL�1e10 ng mL�1 39 fg mL�1 Zhang et al., 2018

Colorimetric 0.05e2.0 ng mL�1 0.023 ng mL�1 Lin et al., 2017
Fluorescent 0.08e200 ng mL�1 0.08 ng mL�1 Wu et al., 2018

0.01e50 ng mL�1 0.004 ng mL�1 Shao et al., 2018
SERS 1.20 pg mL�1e3.31 mg mL�1 0.48 pg mL�1 Sony et al., 2018

0.0025 pg mL�1e0.25 ng mL�1 0.83 fg mL�1 This work

Fig. 5. (A) Selectivity towards the detection of OTA using Au NPs coreesatellite assemblies substrate. The concentration of OTA was 0.025 ng mL�1 and the concentration of other
compounds such as OTB, AFB1, ZEN, and control samples were of 5 ng mL�1. (B) Raman spectra were collected at 10 randomly selected spots on the Au NPs coreesatellite assemblies
substrate. The Raman intensity was referenced at 613 cm�1 used for drawing the bar plots. The RSD of the above analysis was about 7.88%.

Table 2
The recovery table showing the detection of OTA in red wine samples (n ¼ 3).

Sample OTA added (ng/mL) Total found (ng/mL) Recovery (%) RSD (%)

1 0.25 0.2395 95.9 6.08
2 5 5.078 101.6 8.61
3 25 26.42 105.7 6.81
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to assemble the core-satellite Au NP nanostructure; (ii) Core-
satellite assemblies induced signal amplification: The formation
of Au NP core-satellite nanostructures would create numerous
SERS “hot-spots”, which would significantly enhance the Raman
signals. The practical usage of the proposed sensing strategy was
demonstrated to detect OTA with the RSDs values of 6.08e8.61%,
and a LOD of 0.83 fg mL�1 (S/N ¼ 3) in red wine. Finally, this
double amplification strategy could be potentially utilized for the
detection of other DNA specific targets, for example, oligonucle-
otides, miRNAs, and other DNA aptamer targeted molecules.
Thus, it could find tremendous potential applications in both
food safety and clinical diagnosis.
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