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Chiral Shell Core—Satellite Nanostructures for
Ultrasensitive Detection of Mycotoxin

Jiarong Cai, Changlong Hao, Maozhong Sun, Wei Ma,* Chuanlai Xu, and Hua Kuang*

Herein, the design of a DNA-based chiral biosensor is described utilizing

the self-assembly of shell core—gold (Au) satellite nanostructures for the
detection of mycotoxin, ochratoxin A (OTA). The assembly of core—satellite
nanostructures based on OTA-aptamer binding exhibits a strong chiral signal
with an intense circular dichroism (CD) peak. The integrity of the assembly
of core—satellite nanostructures is limited to some extent in the presence of
different levels of OTA. Correspondingly, the chiral intensity of assembly is
weakened with increasing OTA concentrations, allowing quantitative deter-
mination of the target. The developed chiral sensor shows an excellent linear
relationship between the CD signal and concentrations of OTA in the range of
0.1-5 pg mL™" with a limit of detection as low as 0.037 pg mL™". The effective-
ness of the biosensor in a sample of red wine is verified and a good recovery
rate is obtained. These results suggest that the strategy has great potential

for practical application.

1. Introduction

Ochratoxin A (OTA) is a foodborne mycotoxin that exhibits
potential carcinogenicity, immunosuppression, and hepatox-
icity, and it has been the focus of food safety testing.'! The
mycotoxins are produced in response to the improper storage of
foodstuffs and contaminates food, such as cacao, cereals, fruits,
dried fruits, beer, and wine.[**! Traditional analytical methods,
for example, high-performance liquid chromatography,® gas
chromatography combined with mass spectrometry,’! and the
enzyme-linked immunosorbent assay (ELISA),B1% require
sophisticated instruments, complex sample preparation steps,
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and trained staff.112l Although excep-
tional progress has been achieved in
electrochemical™ and polymerase chain
reaction methods,"*]  the complex
preprocessing steps and severe matrix
disturbances involved largely limit the
sensitivity of OTA detection in actual sam-
ples. To effectively quantify the occurrence
of OTA in food contaminated with low
levels of this mycotoxin, the development
of a practical method for OTA detection is
desirable.

Self-assembled  nanosuperstructures
have become a focus of attention due
to their delicate, innovative, structurally
well-defined, and unique optical proper-
ties.'617] Several studies have reported
the  synthesis,'®1%  mechanisms,!20-21]
catalytic,?? and detection[?3] properties of
self-assembled structures. At present, the
fluorescence characteristics of simple self-assembled nano-
structures, such as nanoclustersi?! and magnetic probes, 2>l
are used for biotoxin testing. However, the stability, dispers-
ibility, and biocompatibility of fluorescent dyes and granules
limit their practical application.’”28] The surface-enhanced
Raman scattering (SERS) properties of nanomaterials, such as
nanostars,??! core-shell nanocubes,?**! and nanocapsulesi*2
are used as signals for biosensors, also. However, signal sensi-
tivity still needs to be improved.

In our previous work, we found that, due to the dipole-dipole
interaction between particles during the assembly of self-assem-
bled nanosuperstructures, a strong chiral signal is produced at
the position of the surface plasmon resonance peak.?*l Already
described chiral superstructures include nanotweezers** and
nanotubes.?> The features of the assembly of such structures
can be used for high-sensitivity detection of biological sam-
ples, with only minor interference from the matrix. Up to now,
simple self-assembled nanostructures, such as dimers, 337 pyr-
amids,*¥ and propeller-like nanoscale assemblies®) have been
used in highly sensitive biological assays. However, these rela-
tively simple self-assembled nanostructures have weak circular
dichroism (CD) peaks.***! In order to improve the sensitivity
of the detection, a superstructure with a high CD signal is nec-
essary to be fabricated.

Here, we have developed a DNA-based self-assembled core—
satellite superstructure comprised of shell (24.8 nm * 4.2 nm)
and gold (Au) NPs (15 nm + 3 nm) as a chiral biosensor to
achieve rapid and highly sensitive detection of OTA. As illus-
trated in Scheme 1, shell and Au nanoparticle (NP) surfaces
were coupled to aptamers of OTA and their complementary
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Scheme 1. Schematic representation of OTA detection based on chiral signal of shell core-Au satellite superstructures.

sequences, respectively. In the absence of OTA, the high-
yielding shell core-Au satellite structures elicited a strong
chiral signal. In the presence of OTA, meanwhile, the coupling
degree of the structure decreased with increasing OTA concen-
tration and the chiral signal was weakened.

2. Results and Discussion

2.1. Structural and Optical Characterization of Shell
Core—Au Satellite

The Au NPs were synthesized using sodium citrate reduc-
tion. As shown in Figure S1A (Supporting Information), the
pellets had a good morphology and were evenly dispersed in
the aqueous phase. The particle sizes of Au NPs and single-
stranded DNA-modified Au NPs were characterized by dynamic
light scattering (DLS) (Figure S1B, Supporting Information).
The result shows that the Au NPs modified with DNA were
larger than the naked Au NPs, indicating that DNA was success-
fully incorporated onto the surface of Au NPs. The preparation
of the shell NPs, meanwhile, consisted of two steps. First, an
Au-Ag alloyed hollow sphere was formed via a galvanic replace-
ment reaction between Ag NPs and HAuCl, as the AuCly/Au
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redox pair possesses a higher standard reduction potential
than the Ag*/Ag redox pair,*?! and then a thin layer of Au was
deposited onto the surface of the hollow sphere by reducing
HAuCl, with ascorbic acid. Figure S2A (Supporting Informa-
tion) shows transmission electron microscopy (TEM) images
obtained from a sample of shell NPs. It can be observed that
the particles are hollow and have a thin layer of gold on their
outer layers. The DLS data (Figure S2B, Supporting Informa-
tion) showed that the oligonucleotides were successfully incor-
porated onto the surface of shell NPs. We counted the size of
the shell NPs in 100 TEM images and found that shell NPs vary
in size, with a statistical result of 24.8 nm + 4.2 nm, which is
inconsistent with a wide range of DLS data. We considered the
surface roughness of the shell NPs, which is not the standard
sphere, as the reason for the wider size distribution. The diam-
eter of the core-satellite structures was measured (Figure S3,
Supporting Information), which revealed that the size of the
particles was about 80 nm. The DLS data showed that a small
amount of unsuccessfully assembled NPs was to be found in
the satellite solution. The size of the satellite structures was sig-
nificantly larger than the size of the shell or Au NPs, indicating
successful assembly. We also provided TEM images of a mix-
ture of modified and unmodified complementary DNA shell
and Au NPs for 12 h (Figure S4, Supporting Information). This
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Figure 1. Representative TEM images of shell core—Au satellite superstructures at different incubation times, A) 0.5 h, B) 3 h, C) 6 h, D) 9 h, E) 12 h,
and F) 15 h. The insets show TEM images of Individual representative nanostructures at a higher magnification (scale bar was 50 nm).

result demonstrates that the DNA successfully bound to the NP
surface, consistent with the results of the DLS.

The self-assembly of the core—satellite structures was carried
out by mixing the prepared DNA-modified shell and Au NPs
at a molar ratio of 1:8. The degree of assembly varied with the
incubation times as shown in Figure 1. With increasing time,
the number of Au NPs coupled to the surface of a single shell
NP increased gradually and became saturated after 12 h. No
significant difference was observed between 12 and 15 h, indi-
cating that the particles were fully coupled after 12 h. In view of
this, we used 12 h as the incubation time. Representative TEM
image of high-yield shell core-Au satellite superstructures is
shown in Figure S5 (Supporting Information). The changes in
optical properties after different incubation times were deter-
mined (Figure 2). During 0-15 h of incubation, the position of
the CD peak did not change, but the intensity of the CD signal
gradually increased and then stabilized. We can conclude that
the intensity of the bands produced depends mainly on the
number of Au NPs coupled to the shell NPs. The higher the
number of Au NPs adsorbed on the surface of the shell NPs,
the stronger the CD signal. This conclusion can explain the
observation that the CD signals no longer changed after 12 h,
since the surface of the shell NPs was completely covered by
Au NPs after 12 h, the CD signal no longer increased. There
was no significant difference between UV-vis spectra from
different time points. It's true that aggregation of NPs can
produce redshift absorption peak, and the stronger the force
between the NPs, the more obvious redshift. Whereas no sig-
nificant changes in the UV-vis spectra were observed, we
believe this is due to the existence of a certain distance between
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the DNA-coupled Au and shell NPs that does not result in an
efficient absorption spectrum shift. Conversely, a CD signal
can produce a significant change in signal intensity with no
change in absorption. This is due to the fact that long-range
coupling can produce chiral signals, which is consistent with
our previous findings.'** The surface electrical field distri-
bution maps for shell NP, Au NP, and core—satellite assembly
are shown in Figure 2C-E. With the integration of a gap in
single-shell NPs (E-field 11 V m™), the surrounded Au NPs on
shell NPs (shell-satellite assemblies) gave rise to the strongest
E-field of 29 V m™. The electric field for NPs (15 nm) assem-
bled around Au NPs (25 nm) was 17 V m™!, which was due to
an enhancement of the electric field by Au NP-Au NP gap junc-
tions. The combination of core-shell Au NPs (integrated gaps)
and core—satellite assemblies (Au NPs—Au NPs junctions) gave
rise to the highest hot spot enhancement. After 12 h of incu-
bation, the obtained complete core—satellite superstructure had
a high yield which reached about 85% (statistical analysis of
up to 100 TEM images). Only a small number of Au NPs scat-
tered in the solution. Statistical analysis of the percentage of Au
NPs surrounding the shell NPs at different incubation times
is shown in Figure 3. The production statistics show that the
assembly of the core-satellite structure is a dynamic process,
and that, as indicated above, 12 h are necessary for the process
of dynamic assembly to reach saturation point.

CD and UV-vis spectra were determined for assembled
shell core-Au satellite superstructures and other constituent
materials (Figure 4). It is worth noting that only the assembled
core—satellite structure had a chiral signal. We recently dis-
covered that there is a small dihedral angle between the core
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Figure 2. A) CD and B) UV-vis spectra for assembled shell core-Au satellite superstructures at different incubation times. And surface electrical field
distribution maps for C) shell NP, D) Au core—Au satellite assembly, and E) shell core—Au satellite assembly, respectively.

and satellite NPs.[**] The asymmetric dipole-dipole interaction
between nanoparticles causes the core-satellite structure to
produce a strong chiral signal.

In order to verify the special optical characteristics of the
assembly structure, we measured the SERS signal of the core—
satellite superstructure (Figure S6, Supporting Information);
this analysis revealed that the assembly has a relatively strong
SERS signal. We attribute the enhancement of the assembly

Figure 3. Statistical analysis of the percentage of the number of Au NPs
surrounding the shell NPs at different incubation times.
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signal to an increase in the number of hot spots between shell
and Au NPs.[* This interpretation is consistent with the results
of the CD signal enhancement.

It is worth mentioning that there are several biosen-
sors based on SERS labels embedded core-shell nanostruc-
tures.#748] These methods utilize SERS properties of the core—
shell or shell nanostructure and achieve good detection sensi-
tivity. In this text, a label-free detection method was developed.
Compared with other methods, this biosensor has a lower
detection limit, which is a more sensitive detection method,
indicating that the biosensor has a greater possibility of prac-
tical application.

2.2. Construction of the Chiral Sensor for OTA Detection

The OTA detection sensor based on the chiral signal of the
core—satellite structure was established and the detection prin-
ciple of the development strategy is elucidated in Scheme 1. The
aptamer-modified shell NPs combined with Au NPs to form a
core—satellite structure in the absence of OTA. When OTA was
present, it was bound by aptamer, resulting in a decrease in the
area that could be conjugated to Au NPs. Correspondingly, the
number of Au NPs on the surface of the shell NPs was reduced
and the CD signal of the assembly was weakened. We used this
feature of the core—satellite superstructure to establish a real-
time, sensitive OTA detection chiral sensor.

TEM images, CD, and UV-vis signals were obtained for the
core-satellite assembly structure in the presence of different
concentrations of OTA (0, 0.1, 0.2, 0.5, 1, 2, and 5 pg mL™). It
can be observed from the TEM images (Figure 5A-G) that the
number of Au NPs on the surface of the shell NPs decreased
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Figure 4. A) CD and B) UV-vis spectra for assembled shell core-Au satellite superstructures and other constituent materials.

with increasing OTA concentration. Correspondingly, the abso-
lute value of the CD signal of the superstructure (Figure 6A)
also decreased with increasing target concentration. This phe-
nomenon is in line with our expectations. An enlarged view of
the core-satellite structure is shown in Figure 5H. There was a
good linear relationship of R? = 0.9975 between the CD signal
of the established detection sensor and the concentration of
OTA in the range of 0.1-5 pg mL, with a limit of detection
(LOD) of as low as 0.037 pg mL™! (Figure 6B). Comparison
with the literature (Table S1, Supporting Information) shows
that the LOD value of the chiral OTA detection sensor based on
a core-satellite structure is markedly lower than that of other

OTA detection methods. The UV-vis signals of the assembly
reactions containing different concentrations of OTA is shown
in Figure S7 (Supporting Information).

As a novel biosensor, its stability is an important parameter
in practical applications. Here, we investigated the effects of the
different salt concentration and the experimental results are
shown in Figure S8 (Supporting Information). There was no
obvious change in color after addition of 0-30 x 1073 M sodium
chloride. However, significant aggregation of the nanostruc-
tures occurred after the addition of 40 x 10~ M sodium chloride.
To further elucidate the stability, we measured the nanostruc-
tured CD signal with addition of 0-30 X 103 m sodium chloride

Figure 5. Representative TEM images of shell core-Au satellite superstructures with different assembly levels by adding various concentrations of
OTA, A) 0 pg mL™", B) 0.1 pg mL™", C) 0.2 pg mL™", D) 0.5 pg mL™", E) 1 pg mL™", F) 2 pg mL™", and G) 5 pg mL™", respectively. H) Enlarged image of

shell core—Au satellite superstructures.
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Figure 6. A) CD spectra of shell core-Au satellite superstructures responded to different concentrations of OTA (0, 0.1, 0.2, 0.5, 1, 2, or 5 pg mL™).

B) Plot of CD (521 nm) versus the different concentrations of OTA.

solution. As shown in Figure S8A (Supporting Information),
there was no significant change in the CD signal, further dem-
onstrating the stability of the nanostructures.

2.3. Specificity and Selectivity for the OTA Chiral Sensor

In order to verify the specificity and selectivity of the developed
OTA sensor assay method, five other mycotoxins, namely ochra-
toxin B (OTB), fumonisin (FB), aflatoxin M1 (AFM1), aflatoxin
B1 (AFB1), and deoxynivalenol (DON) were used. These myco-
toxins (all at a concentration of 5 ng mL™) and OTA (5 pg mL™)
were incubated with DNA-modified NPs, respectively, and
a control group without target was included. After 12 h of
assembly, the CD signal intensity of the solutions was meas-
ured to determine whether the added mycotoxins had an effect
on the assembly of the superstructure. The experimental results
(Figure 7) showed that the CD signal after the addition of the

45
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— —
OTA Control OTB FB AFM1 AFB1 DON
Figure 7. CD intensity (521 nm) of shell core-Au satellite superstructures
responded to OTA (5 pg mL™"), OTB (5 ng mL™"), FB (5 ng mL™"), AFM1
(5 ng mL™), AFB1 (5 ng mL™"), and DON (5 ng mL™"). Control experi-
ment without target was performed.
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OTA target was significantly lower than the signals obtained
after addition of the other targets. Moreover, there was no sig-
nificant difference between the signal obtained for the other
mycotoxin targets and that obtained for the control group, indi-
cating that the OTA chiral sensor has excellent specificity and
selectivity among the different mycotoxins. To further confirm
the specificity, we increased the amount of above five myco-
toxins to 5 ng mL™! and found no response, further confirming
the experiment result.

2.4. Feasibility and Applicability of the OTA Chiral Sensor

To determine the feasibility and applicability of this developed
biosensor, the recovery ratio of OTA in red wine samples was
analyzed using an addition method. The red wine samples
were processed according to a previously described method.*”!
Briefly, 0.1, 0.5, or 2 pg mL™! OTA were added to the red wine
samples which were validated as OTA-negative using ELISA
(Figure S9, Supporting Information). Comparison of the
absorbance values of red wine samples at different dilutions
with the standard curve of OTA was used to verify that the red
wine samples were initially negative for OTA. A satisfactory
recovery rate of 96%-104% was achieved (Table 1), and at the
appropriate sample concentration, the matrix interference was
negligible, indicating the practical feasibility of the established
detection method.

3. Conclusion

In conclusion, we have here described the development of a
DNA-based OTA detection sensor based on core—satellite super-
structural chiral signals. The developed strategy can success-
fully detect OTA in samples in the range of 0.1-5 pg mL™! with
an LOD as low as 0.037 pg mL™. Testing of the sensor with
different mycotoxins shows that the sensor possesses excel-
lent selectivity for OTA. Thus, this chiral sensor represents a
practical, highly sensitive, highly selective, and real-time OTA
residual detection method. It can be used for the testing of

(6 of 8) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Verify the recovery of OTA in the red wine sample.

Sample Spiked concentration Detected concentration, Recovery [%]
[pg mL] mean® + SD®) [pg mL™|
Red wine 0.1 0.096 +0.0016 96
0.5 0.518 £0.0130 104
2 1.924 +0.0181 96

AThe mean of three independent experiments; ®’SD: Standard deviation.

red wine samples and showed an excellent recovery rate. This
method represents a new tool for the detection of low level con-
tamination with residues.

4. Experimental Section

Preparation of Au NPs: Au NPs (15 £ 3 nm) were prepared as described
previously.*?l Briefly, 5 mL of a 10 X 10~* m aqueous HAuCl,-3H,0 solution
was mixed with 195 mL deionized (DI) water, and the mixture was heated
to boiling. Next, 4.8 mL of a 1% (by weight) sodium citrate solution was
added followed by rigorous stirring, and the solution was maintained
at boiling temperature for 20 min until the color of the boiling solution
changed to a brilliant red. The average particle diameter determined
by TEM was 15 = 3 nm. In order to ensure the stability of Au NPs in
high ionic intensity solutions, bis(p-sulfonatophenyl)phenylphosphine
dihydrate dipotassium salt was incorporated onto the surface of NPs.%
Finally, Au NPs were concentrated tenfold and stored at 4 °C.

Preparation of Shell NPs. (1) Synthesis of Ag NPs: Ag NPs (25 £ 3 nm)
were synthesized according to a previously described method.B'! Briefly,
5 mL poly (N-vinyl-2-pyrrolidone (PVP); 1% by weight), 0.6 mL fresh
NaBH, (0.1 m), and 0.6 mL sodium citrate (1% by weight) solution
were mixed with 20 mL ice cold water. The mixture was placed in
an ice bath and stirred. Then, a solution of 5 mL 1% PVP and 5 mL
10 x 107 m AgNOj; solution were simultaneously injected into the
previously prepared mixture at a rate of 30 mL h™' using two constant-
flow pumps. The reaction solution was kept at 80 °C for 3 h to remove
the unreacted NaBH,. The bright yellow solution was cooled to room
temperature and then stored at 4 °C.

(2) Synthesis of Shell NPs: Preparation of shell NPs was carried
out using a galvanic replacement reaction.’2%3 Typically, 1 mL of the
prepared Ag NP solution was concentrated tenfold and resuspended in
10 x 1073 wm tris-HCl buffer with pH 7.4. Excessive CI~ in the tris-HCl
buffer can dissolve AgCl through a coordinated reaction. Therefore,
6 uL of a 10 x 1073 M HAuCl, solution and 8 uL of a 10 x 103 m ascorbic
acid (Vc) solution were added to the Ag NP solution followed by gentle
shaking for 10 s. The solution was centrifuged at 7500 rpm for 10 min
and the resulting pellets were resuspended in tris-HCl buffer for later
use.

Preparation of Single-Stranded DNA-Modified Shell/Au NPs: Single-
stranded DNA-modified NPs were prepared with reference to the
previous article.?4% Specifically, OTA aptamer was added to shell NP
solution at a final concentration of 3 x 107 m. After 2 h, 1 uL of 5 m
NaCl was added dropwise until a final concentration of 0.3 m NaCl was
reached. Afterward, the mixture was allowed to stand for 12 h to complete
the functionalization of single-stranded DNA. After completion of DNA
coupling, the solution was centrifuged at 7500 rpm for 10 min, washed
three times, and resuspended in tris-HCl buffer. OTA complementary
aptamer was added at a molar ratio of 1:50 to the concentrated Au
NPs at a final concentration of 500 x 107° m. After that, incubation
was carried out at 37 °C for 12 h to complete the coupling. The DNA-
functionalized Au NPs were centrifuged at 10 000 rpm for 10 min,
washed three times, and dissolved in tris-HCl buffer. Functionalized NPs
were then PEGylated with the addition of a 5 kDa poly(ethylene glycol)
(PEG) solution to the mixture at a ratio of 1000 PEG molecules per NP
in the mixture. PEGylation was performed by incubation at 37 °C for
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2 h followed by three washes by centrifugation to remove the excess
PEG. After the last wash, NPs were resuspended in tris-HCl buffer.l®!

Preparation of the OTA-Based Chiral Sensor: Shell NP aptamer and the
complementary Au NP were combined at a molar ratio of 1:8, thoroughly
mixed, and then different concentrations of OTA standard solution
(0,0.1,0.2,0.5,1,2, 5 pg mL™") were added to the reaction. The solution
was incubated for 12 h at 37 °C for core—satellite assembly.

Determination of OTA in Red Wine Samples: In order to verify the
feasibility and applicability of the developed method, we determined the
concentration of OTA in samples of red wine. To this end, 0.1 g of PVP
was added to 10 mL of OTA-negative red wine samples to remove the
precipitate. After filtration, the filtrate was adjusted to pH 7.2 and diluted
tenfold for detection.l'” Shell NP aptamer, complementary Au NP, and
different concentrations of OTA standard were mixed with the red wine
samples, using CD signal for determination.
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from the author.
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