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Ochratoxin A (OTA) is a highly toxic food contaminant and is harmful to human beings. Herein, a ratio-
metric electrochemical aptasensor based on a DNA tetrahedral nanomaterial (NTH) was developed in
combination with the signal tag of a zirconium metal—-organic framework (UiO-66) for the detection of
OTA. In the sensor, UiO-66 and a [Fe(CN)g>~/4~ electrolyte solution were used as the signal probe and
the internal reference probe, respectively. In the presence of OTA, the OTA aptamer was released from
the electrode due to the specific binding of OTA. Thus, signal probe P1 labeled-UiO-66 was captured on
the electrode surface by hybridization with DNA NTH. Since signal probe P1 labeled-UiO-66 was close to
the electrode, it leads to an increased signal current of UiO-66 at +0.9 V. As the conductivity of the

modified electrode decreased, the current signal of [Fe(CN)gl* 4~

at +0.2 V also decreased. The proposed

ratiometric electrochemical aptasensor could effectively eliminate external environmental influences and
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could avoid electrochemical background signals. The aptasensor demonstrated high specificity for OTA,
and achieved a good linear range of 1 pg mL™-100 ng mL™* with a detection limit of 330 fg mL™%. The
developed electrochemical aptamer biosensor effectively detected OTA in corn kernel samples, verifying

rsc.li/analyst its practical application for the determination of OTA in actual samples.
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1. Introduction

Ochratoxin A (OTA) is a kind of mycotoxin mainly produced by
Aspergillus and Penicillium.® OTA is highly toxic and widely
distributed in a broad array of agricultural commodities glob-
ally, including wheat, corn, rice, coffee, peanuts, legumes, and
vegetables and their processed products such as wine, beer,
animal feed, and vegetable oils.>* Eventually, its spread
through the food chain causes harm to animals and humans,
especially, nephrotoxicity, hepatotoxicity, mutagenicity, and
immunosuppression.>® Moreover, OTA has also been categor-
ized by the IARC (International Agency for Research on
Cancer) as a possible human carcinogen (Group 2B).
Considering the ubiquitous presence of OTA as an ultra-low
residue in edible foods along with its potential to cause high
morbidity and severe toxicity, the development of a rapid and
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sensitive strategy for OTA detection is currently needed to
avoid the risk of OTA consumption and to ensure food safety.
The current analytical methods to detect OTA include
enzyme-linked immunosorbent assay (ELISA),® thin-layer
chromatography (TLC),” surface-enhanced Raman scattering
(SERS)," and fluorescence analysis.'' Besides having advan-
tages, these methods are limited by expensive and laborious
processes, costly equipment, or proneness to false-positive
results. To overcome such limitations of traditional analytical
techniques, various sensors have been proposed to detect
OTA.">'* Among them, electrochemical aptasensors are widely
used due to their low cost, low detection limit, rapid analysis
and portability."*'® Aptamers are single-stranded DNA or
RNA oligonucleotides with specific binding to various bio-
molecules, and have the unique advantages of simple syn-
thesis, easy storage, high selectivity and affinity over anti-
bodies. They are very suitable to be used as biorecognition
elements for the detection of OTA.*”™*° To date, most electro-
chemical aptasensors mainly rely on a single response signal
to quantify OTA analytes. Although the experimental pro-
cedures of these methods are simple and easy to detect, some
environmental conditions and operational factors may affect
the detection results.”>*" To address this problem, the combi-
nation of a ratiometric strategy with an electrochemical sensor

This journal is © The Royal Society of Chemistry 2022
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has been considered a feasible approach.>>>® Ratiometric
electrochemical sensors quantitatively analyze the target by
using the ratio of two signals (the ratio of non-absolute values)
and effectively eliminate the environmental interference by
exploiting a built-in calibration function. Hence, the reliability
and accuracy of the analysis are improved.>**

Metal-organic frameworks (MOFs) are ordered network
structures formed by the combination of organic bridging
ligands and inorganic metal ions.”® Numerous studies have
demonstrated significant advantages of MOFs in sensing,”
gas storage,”® and catalysis® ascribed to their porous structure
and large specific surface area. However, many MOFs suffer
from various instabilities, which can be overcome by combin-
ing MOFs with metal (Ag, Au, etc.) nanoparticles (NPs).*%*!
The present work employed zirconium (Zr) MOFs, viz. UiO-66,
as the signal label and the results showed that the MOFs could
show an excellent electrochemical activity. The electrochemical
current signal of UiO-66 was strong, stable, and detectable
without the procedure of acid dissolution and preconcentration.

To obtain a stable electrochemical aptamer biosensor, it is
essential to assemble a stable substrate on the electrode
surface. For instance, tetrahedral and other DNA nano-
structures are often assembled on the electrode surface
through one-step thermal denaturation.’*** Among them, the
DNA nanotetrahedron (NTH) with a spatial structure has a
stable and rigid structure that can precisely locate the orien-
tation of the probe and obliterate the non-specific binding of
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DNA and target on the substrate.**** Ultimately, 3D DNA NTH
facilitates the efficient recognition of the target to improve the
precision and accuracy of the detection method.*® The electri-
cal conductivity of sensing platforms can be improved by
exploiting MXene materials, which are characterized by the
convenience of functionalization, hydrophilicity, and high
electrical conductivity and capacity.®”*® The electrical conduc-
tivity of MXene materials can be further tuned by embedding
them with noble metal nanoparticles, such as gold (Au) and
silver (Ag).”° Furthermore, the thiol group (-SH) at the bottom
of DNA NTH can be stably connected to MXene through the
Au-S bond. Therefore, the combination of Au NPs@MXene
and DNA NTH could be significant to develop a biosensing
platform with high sensitivity and stability.

In the proposed strategy, a ratiometric electrochemical apta-
sensor was designed by exploiting UiO-66 as signal tags and
MXene as a sensing platform for the determination of OTA
(Scheme 1). MXene enhanced the immobilization amount of
DNA NTH, and the use of aptamer-incorporated DNA NTH as a
recognition element enabled higher accessibility and control
over spatial orientation. We employed UiO-66 as the signal
probe (UiO-66-SP) and K;Fe(CN)s/K,Fe(CN)g in the electrolyte
solution as the internal reference probe ([Fe(CN)s]>”/*"-IR). In
the presence of the target OTA, the OTA aptamer specifically
bound to OTA and subsequently dissociated from the DNA
NTA tip. The signal probe of strand DNA P1 could be bound to
the top of DNA NTH; thus, the increased current signal of
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Scheme 1 Fabrication and detection principle of the electrochemical aptamer biosensor for OTA detection.
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UiO-66 could be detected by differential pulse voltammetry
(DPV), while the current of K;Fe(CN)y/K,Fe(CN)e as the internal
reference probe was decreased. Thus, the ratio response of
Iyio-s6-sp/I[re(cn) J-—1r Was adopted for the quantitative ana-
lysis of OTA. The limit of detection (LOD) was obtained as 330
fg mL™". These results highlighted the potential of the devel-
oped electrochemical aptasensor as a simple, sensitive, econ-
omical, fast, and stable system with a low LOD for the determi-
nation of OTA in corn kernel samples. The results were also
aligned to those achieved from commercial ELISA.

2. Experimental section
2.1 Materials and apparatus

Zirconium chloride (ZrCl,) and 2-aminoterephthalic acid were
obtained from McLean Reagent Co., Ltd (Shanghai, China).
OTA was provided by Sigma-Aldrich (USA). Corn kernels were
purchased from a local Walmart supermarket (Yunnan,
China). MXene was obtained from Forsman Technology
Beijing Co., Ltd (Beijing, China). DNA sequences were supplied
by Sangon Biotech Co., Ltd (Shanghai, China) (see Table S1 in
the ESIT for sequences).

Electrochemical experiments, including cyclic voltammetry
(CV), electrochemical impedance spectroscopy (EIS) and differ-
ential pulse voltammetry (DPV), were carried out on a
CHI650E workstation (CHI Instruments Inc., Chenhua Corp.,
China) by using a conventional three-electrode system with a
glassy carbon (GC) electrode as the working electrode, plati-
num wire as the auxiliary electrode and a saturated calomel
electrode as the reference electrode. CV and EIS experiments
were performed in 0.1 M KCl solution containing 5 mM [Fe
(CN)6]>*~. DPV experiments were conducted in Tris-HCI
buffer (pH 7.4) containing 0.25 mM K;Fe(CN)g/K,Fe(CN)s. The
sweep range was from 0 V to 1.2 V with a pulse amplitude of
0.05 V and a pulse period of 0.2 s.

Transmission electron microscopy (TEM) images were
taken using a JEM 2100 (Nippon Electronics Co., Ltd Japan).
X-ray diffraction (XRD) spectra were measured using a TTRIII
(Nippon Science Corporation, Japan). X-ray photoelectron spec-
troscopy (XPS) was performed on a K-Alpha+ (Thermo Fisher
Scientific, USA). Infrared (IR) spectra were measured using an
iS10 (Nicholas, USA).

2.2. Preparation of DNA NTH

The four strands of DNA NTH were connected by annealing.
Tetra-OTA, Tetra X, Tetra-Y, and Tetra-Z were first centrifuged
for 1 min and then dissolved in a buffer solution (pH 8.0,
10 mM Tris-HCl and 25 mM MgCl,). Next, the four DNA
strands were mixed, annealed at 100 °C for 3 minutes, and
finally placed at 4 °C. The final concentration is 2.5 pM.

2.3 Synthesis of Au NPs

Au NPs were prepared according to the previously reported lit-
erature.*® Briefly, 100 mL of water and 1 mL of HAuCl,-4H,O
(1 w%) were heated with stirring in a reaction vessel. When the
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solution boiled, 3.5 mL of trisodium citrate (1 w%) solution
was quickly poured. After reacting for a while, when the mix-
tures turned wine red, they were cooled to room temperature
and the obtained Au NPs were stored at 4 °C.

2.4 Synthesis of Au NPs@UiO-66

UiO-66 was synthesized by following the method reported in
the literature.*" In short, weighed amounts of ZrCl, (0.0543 g)
and 2-aminoterephthalic acid (0.0422 g) were mixed in 3 mL of
DMF. Following ultrasonication for 0.5 h, the mixture was
allowed to react for 24 h at 120 °C. The resulting solution was
refluxed with DMF at 50 °C for 20 h. Finally, the obtained pre-
cipitate was washed with DMF and absolute ethanol several
times, dried at 80 °C, and stored after sealing.

Next, Au NPs were slowly dropped in a dispersion of UiO-66
(50 mg) in water (25 mL) under continuous stirring for 20 h.
After centrifugation at 5000 rpm, the precipitate was washed
thrice with water, dried under vacuum at 60 °C, and stored for
further use.

2.5 Signal probe P1-labeled Au NPs@UiO-66

A dispersion of 20 mg of the Au NPs@UiO-66 complex in
500 pL of water was reacted with EDC (200 mM, 400 pL) and
NHS (200 mM, 400 pL) for 30 min. After centrifugation, the
precipitate was dispersed in 300 pL of water in which 100 pL of
streptavidin (SA, 1 mg L™') was subsequently added and
shaken for 5 h at 4 °C. With the help of EDC and NHS activa-
tors, the amino group of Au NPs@UiO-66 can be combined
with the carboxyl group of SA to form SA modified Au
NPs@UiO-66. Subsequently, 250 pL of P1 (10 pM) was added to
the above mixture and reacted for 2 h. After that, 1 mL of
2-mercaptoethanol (MCH, 10%) was added and reacted at 4 °C
for 30 minutes. Finally, the mixed solution was centrifuged at
10000 rpm and the obtained precipitate was washed twice
with buffer, dissolved with 500 pL of water, and stored at 4 °C.
The final concentration is 0.04 mg mL™".

2.6 Synthesis of Au NPs@MXene

20 mg of MXene was first dispersed in 50 mL of water; then
600 pL of HAuCl,-4H,0 (1 w%) was added to the dispersion
and stirred for 20 min. After centrifugation at 5000 rpm for
20 min, the precipitate was vacuum-dried and the as-obtained
Au NPs@MXene was dispersed in water at a concentration of
5 mg mL™" for further use.*

2.7 Preparation of corn sample solution

First, 5 g of corn granules were weighed and dissolved in
10 mL of methanol solution (90% v/v). Then, the mixture was
sealed and stirred at room temperature for 30 min. Next, the
mixture was filtered through a filter membrane with a pore
size of 0.22 pm. The collected filtrate was diluted with distilled
water at a ratio of 1: 20, and stored at 4 °C for later use.

2.8 Preparation and measurement of aptamer sensors

The GC electrodes were first polished with 1.5 pm, 0.5 pm, and
50 nm alumina slurries, respectively, and then ultrasonically

This journal is © The Royal Society of Chemistry 2022
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treated with HNOj;, ethanol, and water in sequence.** Next,
10 pL of Au NPs@MXene (5 mg mL™") mixed with chitosan
solution at a ratio of 1:1 was dropped on the electrode and
dried. After that, the electrode was incubated with 10 pL of
DNA NTH (2.5 pM) at 37 °C overnight. Subsequently, the
resulting electrode was blocked with 1% MCH for 10 min and
rinsed with buffer. Then, 10 puL of OTA aptamer (2.5 pM) was
placed onto the electrode surface for reaction for 2 h at 37 °C.
Afterward, the electrode was further incubated with 10 pL of
OTA at 37 °C for 2 h. Finally, 10 pL of P1 labeled-Au
NPs@UiO-66 (0.04 mg mL™") was added to the modified elec-
trode for 1 h. The desired sensor was produced.

3. Results and discussion
3.1. Design strategy

Scheme 1 shows the principle of the proposed ratiometric
electrochemical aptasensor. The terminal of DNA NTH could
hybrid with OTA aptamers or P1. The decoration of Au
NPs@MZXene onto the GC electrode was followed by the assem-
bling of DNA NTH to form the stable substrate. OTA aptamers
were then hybridized with the terminal of DNA NTH. At this
point, P1 could not approach DNA NTH. The highly specific
binding of OTA could enable the release of OTA aptamers.
Thus, the signal tag P1 labeled-UiO-66 was immobilized by
hybridization with the tip of DNA NTH. Being close to the elec-
trode, signal probe P1 labeled-UiO-66 led to an increased
signal current of UiO-66 at +0.9 V. On the other hand, a
decrease in the conductivity of the modified electrode was
associated with a reduction in the current signal of K;Fe(CN)y/
K,Fe(CN)g at +0.2 V. Therefore, a ratiometric electrochemical
aptasensor was successfully constructed for the detection of
OTA.

The feasibility of the experimental design was verified
through a series of control experiments. Upon the addition of
P1 labeled-UiO-66, Fig. 1A shows a low electrochemical signal of
UiO-66 at +0.9 V in the absence of Tetra-OTA (curve a) or OTA
(curve b). The current signal of K;Fe(CN)s/K,Fe(CN)s as the
internal reference probe was relatively high. Contrarily, when
OTA aptamer/Tetra-OTA/OTA were both present (curve c), the
detected electrochemical signal for UiO-66 increased, while the
current signal of KsFe(CN)s/K Fe(CN)s decreased. In the
absence of the OTA aptamer, P1 labeled-UiO-66 could directly
bind with the terminal of DNA NTH. Therefore, a phenomenon
(curve d) slightly higher than the curve ¢ was observed. These
control experiments thereby validated the feasibility of the
experimental scheme. Fig. 1B is a histogram of the results of
control experiments highlighting the experimental convenience
for more intuitive observation. In order to further verify the
advantages of designed DNA NTH, single-stranded DNA Tetra
OTA 2 (without forming DNA NTH structures, the Tetra OTA 2
sequence is detailed in Table S1}) was designed. Compared
with DNA NTH, from Fig. S1,} it can be seen that the gap
between the target and the blank obtained by DNA NTH was
larger than that of the single-stranded DNA Tetra OTA. Because

This journal is © The Royal Society of Chemistry 2022

View Article Online

Paper

A 25 B ?‘-‘5
—d 3

20 —C “’§4

:EIS @3
E ;2

— 10 b EZ

5 a $l

s e

0/ Zo

00 02 04 06 08 10
Potential (V)

s
t]
S
o
o

Fig. 1 (A) Curves and (B) histogram of DPV responses under different
experimental conditions. (a: Tetra X + Tetra Y + Tetra Z + OTA + OTA
aptamer; b: Tetra OTA + Tetra X + Tetra Y + Tetra Z + OTA aptamer; c:
Tetra OTA + Tetra X + Tetra Y + Tetra Z + OTA + OTA aptamer; d: Tetra
OTA + Tetra X + Tetra Y + Tetra Z + OTA). (C) PAGE electropherogram of
DNA marker (band 1), Tetra OTA (band 2), Tetra OTA + Tetra X (band 3),
Tetra OTA + Tetra X + Tetra Y (band 4), and Tetra OTA + Tetra X + Tetra Y
+ Tetra Z (band 5). (D) PAGE electropherogram of OTA aptamer (band 1),
P1 (band 2), DNA NTH + OTA aptamer (band 3), DNA NTH + P1 (band 4),
and DNA NTH + OTA aptamer + OTA (band 5).

DNA NTH can reduce the non-specific binding on the substrate,
and it can also facilitate the efficient recognition of the target.

The DNA assembly process was verified by polyacrylamide
gel electrophoresis (PAGE) experiments. DNA NTH was con-
structed by the self-assembly of four DNA strands (Tetra OTA,
Tetra X, Tetra Y and Tetra Z). In Fig. 1C, band 1 represents the
DNA marker (25-500 bp) while band 2 indicates the fast
migration rate of the single-stranded Tetra OTA. The slower
migration of band 3 than that of band 2 and the slower
migration of band 4 than that of band 3 could be ascribed to
the movement of DNA hindered by the increase of space com-
plexity and molecular weight. When the four single strands
were hybridized together, the lowest mobility in band 5 was
observed. The obvious difference in the band positions indi-
cated the successful synthesis of DNA NTH. The formation of
DNA NTH was further observed by transmission electron
microscopy, and a large number of DNA NTH nanoparticles
could be seen (Fig. S2f). Regarding the assembly results
(Fig. 1D), band 1 and band 2 with much fast migration rates
correspond to the single nucleotide OTA aptamer and P1,
respectively, whereas band 3 represents the hybridization of
the OTA aptamer with the DNA NTH tip. Since the increase of
molecular weight could slow down the rate of DNA movement,
the hybridization of P1 with DNA NTH resulted in a signifi-
cantly lower migration rate of band 4 than that of band 2. The
obvious difference in the band positions indicated that DNA
NTH could efficiently hybridize with the OTA aptamer or P1.
Furthermore, a new band at the same position of the OTA
aptamer in band 5 appeared in the presence of OTA. These
apparent electrophoretic characterization results indicated the
successful experimental design of the present study.
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3.2. Characterization of materials

The TEM analysis exhibited the octahedral morphology of
UiO-66 (Fig. 2A) along with the presence of Au NPs on its
surface (Fig. 2B) accentuating the successful synthesis of the
Au NPs@UiO-66 composites. The XRD pattern of as-prepared
UiO-66 (Fig. 2C) shows two characteristic peaks around 7.34
and 8.48, which is consistent with the literature.*’ Four main
characteristic peaks in the XRD patterns of Au NPs@UiO-66
(Fig. 2C), all of which, are located on the lattice of the face-cen-
tered single cubic crystals of Au. Furthermore, the two absorp-
tion bands at 3470 cm™' and 3382 cm™' correspond to the
asymmetric and symmetric modes of N-H stretching, respectively,
while the stretching vibration of C-N corresponds to the peak at
1255 cm™" (Fig. 2D). Regarding IR spectroscopy, the obtained
results were overall similar to those reported by Abid et al.**

The XPS detection method can characterize the newly
formed chemical bonds inside the synthesized materials. The
XPS spectra of Au NPs@UiO-66 show that the sample com-
prised of Zr, N, O, C, and Au elements, indicating the success-
ful preparation of Au NPs@UiO-66 complexes (Fig. 2E). The
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two peaks of the Zr element at 182.5 eV and 184.9 eV are
characteristic peaks of Zr 3d and Zr 2p, respectively (Fig. 2F).**
The N 1s spectrum is divided into several symmetrical peaks,
of which 398.9 eV and 400.3 eV correspond to the stretching
vibrations of N-C and N-H respectively (Fig. 2G).*> The spec-
tral peak of O 1s appeared at 531.4 eV (Fig. 2H) while the C 1s
spectrum was fitted with two symmetrical component peaks at
284.3 eV and 288.2 eV respectively corresponding to the
—-COO- and C-C functional groups (Fig. S3). Similarly, the Au
spectrum was also divided into two peaks at 81.7 eV and 85.3
eV; the former corresponds to Au 4f7 whereas the latter is
ascribed to Au 4f5 (Fig. 2I).

MXene and Au NPs@MXene were also characterized by
XRD and TEM. MXene exhibited a two-dimensional layered
structure (Fig. 3A) with surfaces having a uniform distribution
of Au NPs (Fig. 3B). The XRD analysis results of MXene are
similar to those mentioned in literature reports (Fig. 3C). The
four main characteristic peaks in the XRD spectrum of Au
NPs@MXene are located on the lattice of the face-centered
cubic Au single crystals, and the results further prove the suc-
cessful doping of Au NPs (Fig. 3C).**
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Fig. 2 TEM images of (A) UiO-66 and (B) Au NPs@UiO-66. (C) XRD patterns of UiO-66 and Au NPs@UiO-66. (D) IR spectrum of UiO-66. XPS

spectra of (E) Au NPs@UiO-66, (F) Zr, (G) N 1s, (H) O 1s and (I) Au.
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terns of (a) MXene and (b) Au NPs@MXene.

3.3. Electrochemical characterization of the electrode
modification process

The modified electrode and its stepwise construction were
investigated by EIS and CV in a [Fe(CN)s]*"*~ solution. As
shown in the EIS spectra (Fig. 4A), a small semicircle was
obtained for the bare GC electrode (curve a, R, = 250 Q). After
modified with Au NPs@MXene, the electrode exhibited a
smaller semicircle (curve b, R, = 180 Q) due to the excellent
electrical conductivity of MXene. However, the addition of
DNA NTH to the electrode led to an increase in the resistance
(curve ¢, R = 750 Q) because of the electrostatic repulsion
between [Fe(CN)s**~ and the negative charges on the phos-
phate backbones of DNA NTH.***” Blocking the non-specific
binding sites of the electrodes with MCH also resulted in a
gradual increase in the R, value (curve d, R.. = 940 Q) pertaining
to the hindrance caused in electron transfer by MCH. The R
value further increased following the combination of the OTA
aptamer with the modified electrode surface (curve e, R.. = 1700
Q). However, the introduction of the target OTA relatively
decreased the R value (curve f, R = 1500 ) owing to the dis-
sociation of some aptamer chains. After P1 labeled-Au
NPs@UiO-66 was combined with the modified electrode surface,
the R, value reached the maximum (curve g, R.. = 2200 Q).

The cyclic voltammetric analysis of the assembly process on
the electrode surface (Fig. 4B) exhibited redox peaks with excel-
lent peak shape for the pristine electrode (curve a). The redox
peak current of Au NPs@MXene-coated GC (curve b) was
slightly higher than that of the unmodified GC electrode.
Conversely, the redox peak of the DNA NTH-incubated elec-
trode interface (curve c) decreased in relation to the Au
NPs@MXene-coated electrode. Upon being blocked with MCH,
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Fig. 4 (A) EIS spectra and (B) CV of different electrodes. (a: bare GC, b:
Au NPs@MXene/GC, c: DNA NTH/Au NPs@MXene/GC, d: MCH/DNA
NTH/Au NPs@MXene/GC, e: OTA aptamer/MCH/DNA NTH/Au
NPs@MXene/GC, f: OTA/OTA aptamer/MCH/DNA NTH/Au NPs
@MXene/GC, g: OTA/OTA aptamer/MCH/DNA NTH/Au NPs @MXene/
GC/P1 labeled-Au NPs@UiO-66).
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the redox peak current was significantly suppressed (curve d)
ascribing to the shielding effect of MCH on the active site. The
redox peak current was further reduced when the modified
electrode surface was bound to the OTA aptamer (curve e). As
the addition of the target on the electrode surface could dis-
sociate a part of the aptamer chain, the redox current response
signal increased compared to the peak current of the OTA
aptamer-bound electrode surface (curve f). When the modified
electrode surface was combined with Pi-labeled Au
NPs@UiO-66, the redox peak current reached the lowest
(curve g).

The excellent conductivity of Au NPs combined with the
large specific surface area of the MXene film caused the
largest peak current of Au NPs@MXene/GC among all the
modified electrodes. The effective surface areas were calculated
using the Randles-Sevcik equation:

I, = 2.69 x 10°n%2AD"?,V/2C (1)

where I, is the peak current, n is the number of electrons refer-
ring to the redox reaction process (= 1), D represents the
diffusion coefficient (6.7 x 10° em® s7%), v is the scan rate (0.1
V s, and C stands for the concentration of the probe mole-
cule in the solution (2.5 x 107 mol cm™). The calculated
effective surface areas (4) of bare GC and Au NPs@MXene/GC
were 0.2694 and 0.3141 cm® respectively. Thus, the Au
NPs@MXene/GC caused a 1.15-fold increase in the electro-
active surface area of the unmodified bare GC.

3.4. Optimization of the experimental conditions

The measurement conditions including the pH of buffer and
the incubation time of P1 labeled-Au NPs@UiO-66 were opti-
mized and the results are presented in Fig. S4A1 which shows
an increase in the sensor response signal ratio with increasing
incubation time of UiO-66-SP. At an incubation time over
60 min, the ratio of the current response remained stable
implying that the basic assembly of UiO-66-SP was completed
within 60 min. The effect of the pH of buffer on the sensitivity
of the system was further investigated. As displayed in
Fig. S4B, the response-to-signal ratio gradually enhanced with
the increase of pH and reached a maximum at pH 7.5.
Therefore, the pH was chosen 7.5 in the further experiments.

3.5. Response performance of the sensors to OTA

The dual signal ratiometric electrochemical aptasensor was
then used for OTA detection at different concentrations,
demonstrating the potential of the proposed sensor in quanti-
fying analytes. Fig. 5A demonstrates the DPV current responses
of the biosensor to OTA at various concentrations. With the
increase of the OTA concentration, more signal probe
UiO-66 materials were captured on the electrode surface, so
the peak current of UiO-66-SP gradually intensified, while that
of [Fe(CN)e]**"-IR gradually decreased. In addition, it can be
observed from Fig. 5B that the current response ratio Iyio-ss-sp/
Iipe(cn)p-#+-1r has a good relationship with the OTA concen-
tration in the range of 0.001-100 ng mL~". The obtained linear
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Fig. 5 (A) DPV response curve of the sensor to various concentrations
of OTA (ato h: 0, 1 pg mL™%, 10 pg mL™%, 100 pg mL™, 1 ng mL™%, 10 ng
mL™%, 50 ng mL™%, and 100 ng mL™). (B) The current response ratio
value was increased with the enhancement of OTA concentrations. The
inset shows the relationship between the current response ratio and the
logarithmic value of different OTA concentrations. (C) Specificity and (D)
anti-interference of sensors.

equation for OTA detection is Iyio-e6-sp/I[Fe(cn) Jo---1r = 0.54lgc
+2.94 (R* = 0.9859) with a LOD of 330 fg mL™" by the 3¢ rule.
More importantly, it is noteworthy that the detection perform-
ance of the proposed sensor is more sensitive than those of
the previously reported OTA detection methods (Table 1).

3.6. Evaluation of sensor specificity and anti-interference

Since the specificity and anti-interference are essential factors
in evaluating a biosensor, the present study employed ochra-
toxin B (OTB), fumonisin B, (FB,), aflatoxin B; (AFB,), and
zearalenone (ZEN) to assess the specificity of the proposed
ratiometric electrochemical aptasensor. Fig. 5C demonstrates
that despite a substantially higher concentration (10-fold) of
the interfering substances (1000 ng mL™') than that of OTA
(100 ng mL™"), their response current ratio was considerably
smaller than that of OTA. This pattern of the response current
ratio persisted even when the interfering substances and OTA
were mixed in equal amounts to the final concentration com-

Table 1 Performance comparison of different strategies for the detec-
tion of OTA

Method sample Linear range LOD Ref.
SERS 1-1000 pg mL™" 0.61pgmL~" 48
SERS 0.01-50 ng mL™"  8.6pgmL~' 49
Colorimetric 0.05-2.0ng mL™'  0.023 ngmL™" 50
Colorimetric 10-100 mg mL™* 1.15ngmL™" 51
Chemiluminescence 0.0001-1 ng mL™"  0.4pgmL™" 52
Chemiluminescence 0.01-20 ng mL™" 0.041 ng mL™" 53
Electrochemical 0.002-6 ngmL™"  0.002ngmL™" 17
Electrochemical 0.05-50 ng mL™" 0.017 ng mL™" 54
Electrochemical 0.05-100 ng mL™" 10 pg mL™" 43
Electrochemical 0.001-100 ng mL™" 330 fg mL ™" This work
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prising 10-times more interfering substances than OTA
(Fig. 5D). These results indicate only a negligible impact of the
interfering substances on the target detection highlighting the
good specificity and anti-interference properties of the pro-
posed ratio sensor.

3.7. Reproducibility of the sensor

The higher stability and accuracy of the ratiometric electro-
chemical sensor were confirmed by evaluating the stability of
the sensor. Repeat the experiment with ten electrodes, then
measure to obtain 20 sets of data. The results show that the
response of the non-ratiometric sensor fluctuated widely, with
an average value of 10.66 pA and an RSD of 43.85% (Fig. 6A).
However, the amplitude of fluctuation reduced significantly in
our designed ratiometric electrochemical sensor which exhibi-
ted an RSD of 3.71%, and an average value of 4.09 (Fig. 6B).
Ratio-based strategies are more reliable than non-ratiometric
methods, are characterized by high stability (Table S27), and
therefore result in more accurate data by reducing background
interference and random errors.

3.8. Determination of the recovery rate and comparison with
commercial enzyme-linked immunosorbent assay (ELISA)

We employed the standard addition method to test the
method accuracy and reliability of the ratiometric electro-
chemical aptasensor by adding three levels of OTA standard
solutions (5.0, 0.5, 0.005 ng mL™"). The results demonstrated
the recoveries ranging from 93.2% to 107.1% (Table S3f).
These results show that the proposed ratiometric biosensor is
suitable for real sample detection.

The detection reliability of the sensor was investigated and
compared with that of a commercial ELISA kit. Fig. 6C displays
that with the increase in the concentrations of OTA, the absor-
bance increased accordingly. The linear equation was y =
0.0611x + 0.1617 (R* = 0.991) in the range from 0.625 to 20 ng

>
=
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Fig. 6 Comparison of reproducibility between (A) non-ratiometric
sensor and (B) ratiometric sensor. (C) UV absorption spectrum and (D)
calibration curve of the ELISA kit for different concentrations of OTA.
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Table 2 Comparison of OTA detection with an ELISA kit in corn
samples

OTA detected Average RSD
Detection method (ng mL™") (ng mL ™) (%)
5.82
ELISA kits 5.88 5.87 0.71
5.90
5.56
This work 5.67 5.61 0.98
5.61

mL ™" (Fig. 6D). It was found that the sensitivity of our strategy
was 4 orders higher than that of ELISA kits. Additionally, the
real corn samples were measured thrice in parallel with an
ELISA kit and the developed sensor. As evident from the
results in Table 2, the developed sensor has the same high
accuracy as that of the commercial ELISA kit. To further verify
the applicability of the sensor, other crop samples including
peanut and melon seeds were also selected for OTA detection.
As shown in Table S4,1 our developed sensor obtained results
were consistent with commercial kits.

4. Conclusions

An ultrasensitive ratiometric electrochemical aptamer biosensor
for the quantitative analysis of OTA was developed by assem-
bling DNA NTH on the working electrode and by the recognition
of OTA with OTA nucleic acid aptamers. The excellent stability
of well-designed tetrahedral DNA could enhance the immobiliz-
ation efficiency and the electrochemical signal response, and
could eventually improve the detection sensitivity. Furthermore,
the ratio-based strategy was introduced which enabled the
sensor to output a stable electrochemical signal and sub-
sequently further improved the reproducibility of the detection.
The detection results of OTA using the sensor were comparable
to those using a commercial ELISA kit. The constructed sensor
could quantitatively determine the content of OTA in real corn
samples effectively in the range of 0.001-100 ng mL™" with out-
standing stability, superior specificity, and higher sensitivity,
and with a detection limit as low as 330 fg mL™". In conclusion,
the proposed electrochemical aptamer biosensor demonstrated
the potential to serve as an economical, green, stable, and
powerful tool for the precise detection of OTA.
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