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g r a p h i c a l a b s t r a c t
� A highly sensitive fluorescence
biosensor was developed based on
OTA-induced detachable nanoladders
and GO.

� It integrates the advantages of apta-
meric recognition of the target and
the selective quenching effects pro-
vided by GO.

� The presented method achieved
great improvements by simply add-
ing two mismatched bases to probes.

� This pioneering biosensor is sensi-
tive, specific, rapid, enzyme-free and
cost-effective and can be applied in
red wine samples.
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a b s t r a c t

A highly sensitive fluorescence turn-off biosensor for the detection of ochratoxin A (OTA) was developed
based on graphene oxide (GO) and an aptamer-induced detachable nanoladders. In this assay, two types
of ssDNA (H1 and H2) were involved in the assembly of the DNA nanoladders, in which H1 was labeled
with fluorophore, and H2 was the OTA binding aptamer. Self-assembly of the DNA nanoladders with the
addition of GO weakened its adsorption and the fluorescence intensity remained strong. In the presence
of OTA, the aptamer was specifically recognized and an aptamer-OTA complex was formed, leading to the
detached of DNA nanoladders. With the addition of GO, the released H1 was adsorbed on the GO surface,
thus efficiently quenching the fluorescence signal (turning off). The detection limit of OTA in this assay
was 4.59 nM. To improve the sensitivity of this strategy, we creatively developed an alternative strategy
to replace the sturdy nanoladders with frail nanoladders. More precisely, the sequences of H1 had
mismatched bases, which, when hybridized with H2 could be used to create long non-perfect comple-
mentary nanoladders. For the mismatched bases-based frail nanoladders, it was easier for OTA to bind its
aptamer sequence, thus enabling a more thorough and faster detachment of the nanoladders, along with
a greater degree of fluorescence quenching. The detection limit for OTA was estimated to be 0.1 nM. The
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biosensors we developed were sensitive, specific, enzyme-free, cost-effective and can be applied in red
wine samples spiked with known concentration of OTA.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Innovative nanomaterials, such as carbon nanostructures, DNA
nanostructures and metal nanoparticles, have enabled bio-
functionalization with physical and chemical effects [1e3]. These
nanomaterials can be used as carriers or tracers [4], electronic
conductors [5], and optical emitters [6] to develop stabilized
recognition probes and amplified detection signals. The
nanomaterials-based biosensor offers new tools for the selective,
rapid and cost-effective detection of a wide variety of targets in
food safety, both clinical and environmental [7].

Graphene is a flat, two-dimensional, single-layered, and
honeycomb-shaped carbon nanomaterial with extraordinary elec-
tronic, optical, and surface properties [8,9]. To improve its solubility
inwater, graphene is oxidized to graphene oxide (GO) [9]. The large
surface of GO, which contains several functional groups and do-
mains, makes it an ideal platform for GOenucleic acid interactions.
GO is known to preferentially interact with ssDNA over dsDNA on
its surface [10]. The exposed aromatic rings holding sp2 electrons
have been suggested to contribute to the p-p stacking between
ssDNA and aromatic groups of GO [11]. However, when ssDNA
hybridizes with its complementary DNA to form dsDNA, the p-p
stacking between the aromatic groups of dsDNA and GO is signif-
icantly weakened, because of the inadequate sp2 electrons available
to the dsDNA aromatic groups. This reliance on the interaction
between GO and DNA, has greatly motivated the development of
GO-based fluorescence resonance energy transfer (FRET) bio-
sensors. The critical effect of FRET is that it allows GO to quench the
fluorescence near its surface [12,13]. Compared to organic
quenchers, GO has shown a greater quenching efficiency than a
variety of fluorophores, with advantages such as low background
and high signal-to-noise ratio, amongst others, derived from the
nanomaterial itself [14]. These advantages have encouraged pene-
trating research of GO and its wide applications for biosensors [15],
drug-delivery [16], and live imaging [17].

DNA nanostructures are nanoscale molecular structures con-
structed primarily from synthetic DNA [18,19], and commonly
formed by self-assembly of DNA driven by entropy [20]. Compared
with GO and other nanomaterials, DNA nanostructures have some
unique advantages, like their ease of design and the predictability
of their geometric structures [21,22]. With the aid of computer
design and simulation, diverse engineered DNA nanostructures
have been fabricated, such as DNA tile nanostructures, DNA origami
and brick nanostructures, three-dimensional DNA nanostructures,
DNA machines, and DNA supramolecular nanostructures [23].
Nanoladders are essentially DNA sandwich structures which are a
simple DNA nanostructure. The preparation of the DNA nanoladder
is a simple and efficient process, generally performed at a constant
temperature and without enzymes. A typical supersandwich usu-
ally involves two types of ssDNAwith alternating units to produce a
large quantity of long dsDNA nanostructures. DNA nanostructures
have various capabilities, such as their use as templates for the
further assembly of other nanomaterials, and the sensitive molec-
ular detection and amplification of molecular recognition events
[24]. DNA nanostructures are equipped to detect targets beyond
nucleic acids, including small molecules, proteins and cells, which
makes them highly demanded and one of the most interesting
subjects in the field of biosensors. Although much progress has
been achieved in specific nucleic acid detection based on DNA
nanostructures, there are still numerous challenges in detecting
non-nucleic acid targets.

Aptamers are selected single-strand oligonucleotides (DNA or
RNA) isolated from random-sequence libraries by an in vitro elec-
tion process. They boast high specificity to a variety of targets. By
using aptamers as probes, we can extend the targeting field of GO-
based biosensors from DNA to ions, small molecules, and proteins
[25]. Furthermore, using aptamers as a type of probe fabricated by
DNA nanoladders, the detachment of the preformed DNA nano-
ladders can be applied in the detection of specific non-nucleic acid
targets.

Ochratoxin A (OTA) is a fungal-derived food toxin which can
cause a number of acute and chronic toxic effects to humans and
animals [26]. In previous research, we have developed a biosensor
based on DNA nanoladders supported by TeHg (II)eT and were
used for Hg (II) trapping and signal translation [27]. In this study, a
simple DNA nanostructure (DNA nanoladder) was introduced to
recognize OTA. DNA nanoladders contained multiple OTA-binding
sites and fluorescence-labeled probes on each of its long con-
catemers. Self-assembly of the DNA nanoladders with the addition
of GO weakened its adsorption and the fluorescence intensity
remained strong. However, the presence of OTA induced detach-
ment of the nanoladders and fluorescence-labeled probes were
released, adsorbed on the GO surface, and efficiently quenched
(turned off). In this approach, a reliable detection limit of 4.59 nM
for OTA was achieved. To further improve the sensitivity and ac-
curacy of this biosensor, a novel fluorescence turn-off biosensor
based on mismatching nanoladders was developed. With mis-
matched bases, the nanoladders were frail and easier to detach.
Using this method, the detection limit of OTA was successfully
decreased to 0.1 nM. In the future, this optical biosensor can be
used for the detection of disease-related small molecular targets,
and it further offers numerous other practical applications in
biotechnology and life science.

2. Materials and methods

2.1. Chemical reagent

The GO aqueous solution was purchased from Nanjing XFNANO
Materials Tech Co., Ltd. Ochratoxin A (OTA) was extracted by our
laboratory, and the results of the high-performance liquid chro-
matography (HPLC)measured its concentration at 17.686mM. All of
the nucleic acids used in this work were synthesized by KareBay
Biochem Inc., and lyophilized nucleic acids were dissolved in
distilled water before use. The DNA sequences are listed in Table S1
and Table S3. All other reagents were of analytical grade and used
without further purification or modification. DNA markers were
purchased from Tiangen Biotechnology Co., Ltd. The ultrapure
water used throughout was prepared via the Millipore Milli-XQ
system (Millipore).

2.2. DNA sequences for nanoladders

All the synthetic DNA sequences, as listed in Table S1, were
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commercially synthesized at KareBay Biochem Inc. The 5’ of H1
were labeled with a ROX fluorophore, while those of H2 were the
aptamers of OTA. Alternating units of H1 and H2 were successively
hybridized to each other, resulting in a long set of DNA nano-
ladderes. The complementary section between H1 and H2 is
highlighted in the same color in Table S1.

2.3. Apparatus

The agarose gel electrophoresis images were visualized in a
BioDoc-It Imaging System (UVP, USA). The circular dichroisms (CD)
were detected using a Chirascan™-plus CD Spectrometer (Applied
Photophysics, UK). The fluorescence images were acquired on a
Nikon Eclipse Ti-E inverted microscope (Nikon, UK). The fluores-
cence intensities were monitored by a CFX96 real-time PCR ther-
mocycler (Bio-Rad) in the ROX channel at 20 �C. The fluorescence
spectra were collected using a Cary Eclipse Fluorescence Spectro-
photometer (Agilent Technologies, Inc.).

2.4. Gel electrophoresis

First, 1 mM H1 was incubated with 1 mM H2 in a 10mM Tris-HCl
buffer containing 1mM MgCl2$6H2O (pH 7.4) for 30min at 37 �C to
produce the nanoladders. Subsequently, the formed nanoladders
were the detached in the presence of 100 mM OTA at 37 �C for 2 h.
Finally, the OTA-induced detachment product was analyzed using a
2% agarose gel. 1 g of agarose was adding to 50mL of 1� TAE buffer
(40mM tris acetate, 2.0mM Na2EDTA, pH 8.0), and then mixed
with 0.5 mL ethidium bromide (EB) (Tiangen Biotechnology Co.,
Ltd.) to dye the gel. The agarose gel with samples was run at 130 V
for 25min in 1� TAE buffer and then photographed by a BioDoc-It
Imaging System (CA, USA).

2.5. Fluorescence turn-off biosensor for the detection of OTA

First, 150 nM ROX-labeled H1 was incubated with 150 nM H2 in
a 10mM Tris-HCl buffer containing 1mM MgCl2$6H2O (pH 7.4) at
37 �C for 30min to form the nanoladders. Different concentrations
of OTA were then introduced into the nanoladders at 37 �C for 2 h.
The OTA was observed to recognize the aptamer probes of the
nanoladders and inducing the detachment of the nanoladders.
Next, 15mg/L GO was added by incubation with the assembly
(negative control group) and detachment (test group) systems at
room temperature for 5min. Finally, the fluorescence intensities
were monitored by means of a CFX96 real-time PCR thermocycler
in the ROX channel at 20 �C. The fluorescence spectra were
collected using a Cary Eclipse Fluorescence Spectrophotometer. The
excitation wavelength was determined to be 587 nm and the
emission wavelength was monitored from 595 nm to 680 nm.

3. Results and discussion

3.1. The principle of the fluorescence turn-off biosensor

Two types of ssDNA (H1 and H2) were involved in the produc-
tion of a large quantity of long dsDNA nanostructures with peri-
odical units, termed as DNA nanoladders (Scheme 1a). In the DNA
nanoladders, H1 was labeled with a ROX fluorophore, and H2 was
the OTA binding aptamer. Self-assembly of the DNA nanoladders
with the addition of GO weakened its adsorption and the fluores-
cence intensity remained strong. In the presence of OTA, H2 asso-
ciated with OTA formed an aptamer-OTA complex, and the H1 was
thus released.With the addition of GO, the free H1was adsorbed on
the GO surface, and their fluorescence was efficiently quenched
(turned off) (Scheme 1b).
3.2. Feasibility of the OTA-induced detachable nanoladders

Gel electrophoresis was performed to confirm the formation
and detachment of the nanoladders (Fig. 1a). First, H1 was mixed
with H2 in the environmental solution. A ladder of different lengths
of the nanoladders, with the maximum length being ~750 base
pairs, was observed in lane 4, thus suggesting the formation of the
nanoladders. After the addition of OTA, after which only ~100 base
pairs were observed in lane 5, whichmight be the dimer of H1 (lane
2), thus suggesting that the nanoladders were successfully
detachment in the solution.

CD analysis provided further confirmation of the feasibility of
the disassembly of the nanoladders. As shown in Fig. 1b, CD spectra
of the nanoladders were notably different with and without OTA.
The OTA caused a clear right shift in the elliptic around 260 nm and
290 nm. The CD spectrum of H1þH2 had a greatly enhanced pos-
itive band at 290 nm and a greatly enhanced negative band at about
260 nm. It has to be noted that therewas a new peak in the negative
elliptic minimum around 235 nm upon addition of OTA. These re-
sults indicated that the conformation transformation of the nano-
ladders was changed upon the OTA's binding.
3.3. Effect of buffers, probes and GO on the quenching efficiency

Salt ions are an important factor for the highly stable secondary
structures of DNA sequences in biosensors. In this study, five types
of buffer solution were employed (Table S2). The factor of
quenching efficiency was defined as

Quenching efficiency ¼ F0� F
F0

where F0 and F represent the fluorescence intensity in the solution,
with and without GO, respectively.

The quenching efficiency values of H1, the nanoladders, and the
OTA-induced detachment of the nanoladders system were deter-
mined. As shown in Fig. 2a, GO was effective in quenching the
fluorescence signal of H1 in buffer E (~96%). With the addition of
GO, the fluorescence of the nanoladder was mostly retained (~50%),
while the fluorescence of the OTA-induced detachment of nano-
ladder was mostly quenched (~88%). Tris-HCl buffer (buffer E) was
remarkably effective than other four phosphate buffers (buffer A,
buffer B, buffer C and buffer D) in this biosensor. It was likely that
the nanoladders were easier to detach in Tris-HCl buffer than in
phosphate buffers. Compared with the four phosphate buffers, the
types and concentration of ions determined the adsorption ca-
pacity of DNA with GO. For example, the components of buffer B
were identical to those in buffer A, with the exception of the
divalent ions (Mg2þ). Notably, ~87% fluorescence quenching of the
ROX-H1 was observed in buffer B, while the quenching efficiency
appeared to be much lower in buffer A (~57%). This is probably
because the divalent metal ions were much more effective in
screening charges and acting as a bridge to connect two negatively
charged molecules in comparison to the monovalent ones [28,29].
Finally, buffer E (10mM Tris-HCl, 1.0mM MgCl2) was effective in
the OTA assays.

Furthermore, the concentration of GO and the amplification
efficiency of the nanoladders were crucial to the quenching effi-
ciency of nanoladders and the detachment of nanoladders. So the
concentration of H1 and H2 and GO used in this work were
explored to achieve the highest quenching efficiency. As shown in
Fig. 2b, when the concentration of H1 and H2 higher than 50 nM,
the Dquenching efficiency of H1 and nanoladders decreased obvi-
ously as the increase of GO concentration in the range of 15e35mg/
L Dquenching efficiency was calculated as



Scheme 1. Illustration of the biosensor based on GO and detachable nanoladders for OTA detection. a) The assembly of DNA nanoladders. b) OTA induced detachment.
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DQuenching efficiency¼ F0H1� FH1
F0H1

� F0ðH1þ H2Þ � FðH1þ H2Þ
F0ðH1þ H2Þ

where F0 and F represented the fluorescence intensity in the so-
lution with and without GO, respectively.

DQuenching efficiency was defined as the D-value of quenching
efficiency between H1þH2 (dsDNA) and H1 (ssDNA). The larger the
Dquenching efficiency, the greater performance of this sensor.
When the concentration of GO was higher than 21 mg/L, the
quenching efficiency was positively related to the concentration of
H1 and H2. With increasing concentrations of H1/H2, the
Fig. 1. Characterization of the detachment of nanoladders in solution.
quenching efficiency increased significantly. The results prove that
GO at low concentration (15 mg/L) possesses the best quenching
efficiency, of ~50% at the concentration of 150 nM H1 and H2. It is
obvious that the Dquenching efficiency at the concentration of
15 mg/L GO and 150 nM H1 and H2 was the highest. Therefore,
150 nM H1 and H2, with 15 mg/L GO, were employed for analytical
purposes in this work.
3.4. Optimization of the incubation time of nanoladders with OTA

In order to obtain good linearity in a relatively short period of
time, the incubation time of the nanoladders with OTA was opti-
mized. The fluorescence of the nanoladders was quenched effec-
tively (~95%) after incubation of only 5min with OTA (Fig. 3a).
a) Gel electrophoresis images. b) Circular dichroism spectra (CD).



Fig. 2. Effect of buffers, probes and GO on the quenching efficiency. a) Effect of buffers. The concentrations of GO and DNA were 15mg/L and 150 nM, respectively. b) Effect of the
concentration of probes and GO.
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However, the fluorescence signal of the nanoladders incubating
with OTA under different time limitations before the addition of GO
(Fig. 3b) was remarkably self-quenched in 5min and then recov-
ered in 2 h. This phenomenon may be related to the distance be-
tween the fluorophore and the OTA. We assumed that the OTA-
induced disassembly was probably a two-step process for the
following reason: Firstly, the OTA recognized its aptamer in the
nanoladders and, owing its aromatic rings, the FRET between the
OTA and ROX quickly quenched the fluorescence within a few mi-
nutes. Secondly, upon the OTA's association with its aptamers to
form the aptamer-OTA complex, triggering the increase in the
fluorescence signal during the incubation time. After 2 h, the
fluorescence had recovered, which suggests that the disassembly of
the nanoladders had reached a dynamic balance. Notably, however,
the fluorescence signal decreased again after 20 h, possibly due to
its lengthy exposure to photobleaching. The effectively OTA-
induced detachment of the nanoladder was confirmed by gel
electrophoresis (Fig. S2), which has shown that a period of 2 h was
employed as the optimal detachment time in this work to ensure
the precision of the experimental results.
3.5. Feasibility of the fluorescence turn-off biosensor

Fig. 4 depicts the fluorescence emission spectra of the biosensor
in response to OTA. According to Fig. 4a, the fluorescence signal
produced by H1 (black curve) was high, however, significant fluo-
rescence quenching was observed after the addition of GO (red
curve). By contrast, when H1 was hybridized with H2, the fluo-
rescence was mostly retained with the addition of GO (blue curve).
However, in the presence of OTA, significant fluorescence
Fig. 3. Effect of the incubation time of nanoladders with OTA. a) The quenching efficiency
fluorescence emission spectra of the nanoladders with OTA under different incubation tim
quenching was observed after GO was added (cyan curve), thus
indicating that the OTA was specifically recognized with the
aptamer, which caused the detachment of nanoladders. The intui-
tive results, displayed in Fig. 4b, confirmed that in the presence of
GO, the fluorescence quenching of H1 was approximately 96%, and
the fluorescence quenching of the nanoladders was approximately
50%. The binding affinity of dsDNA to GO could be attributed to
partial deformation of the double helix on GO and the hydrogen-
bond formation between oxygenous groups of GO and DNA bases
[30]. The OTA was again observed to promote the fluorescence
quenching effectively, by approximately 88%.

3.6. Analytical performance of fluorescence OTA assay

Examination of the relationship between fluorescence quench-
ing efficiency and the amount of OTA revealed a linear relationship
in the concentration range of 50 nMe80 nM, as shown in Fig. 5a
and represented by y¼ 0.86x þ 20.129 (R2¼ 0.9874). The detection
limit for OTA was estimated to be 4.59 nM (LOD¼ 3s/S, where s is
the standard deviation for the blank, S is the slope of calibration
curve). Notably, this biosensor showed higher selectivity toward
the target (OTA) than the other four types of mycotoxins, namely T-
2, DOM, AMF1, and AFB1 (Fig. 5b). The high specificity can be
attributed to the target-specific change in the detachable
nanoladders.

3.7. Feasibility of the more detachable nanoladders

To further improve the sensitivity and accuracy of this biosensor,
we first created a frail detachable nanoladders. It is known that the
of the nanoladders with OTA in different incubation times. b) Before adding GO, the
es.



Fig. 4. a) The fluorescence emission spectra of the fluorescence turn-off biosensor. b) Percentage of fluorescence quenching in OTA assay system.

Fig. 5. The sensitivity and selectivity of the biosensor for OTA detection. Dose-response curves. a) The concentrations of OTA were 0 nM, 10 nM, 50 nM, 60 nM, 70 nM, 80 nM,
100 nM, 200 nM and 300 nM, respectively. b) Selectivity of the fluorescence assay for OTA over T-2, DOM, AFM1 and AFB1 (all at a concentration of 10 mM).
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Tm of a duplex depends on the sequence on the DNA strand in the
duplex [31]. Therefore, the mismatched bases were used to
decrease the Tm of the hybrid formed frail nanoladders. The duplex
structure of the perfectly matched nanoladders was stable and
cannot be easily disassembled by OTA due to its high Tm. For the
mismatched bases-based frail nanoladders with low Tm, it was
easier for the OTA to bind its aptamer sequence, thus enabling a
more thorough and faster detachment of the nanoladders.

As a result, more fluorescence quenching was observed, as was
schematically shown in Fig. 6a. The sequences of H1with a different
number of mismatched bases was listed in Table S3. The formation
of frail nanoladders were confirmed by gel electrophoresis (Fig. S2).
The background signal depended on the amplification efficiency of
the frail nanoladders, the higher the amplification efficiency, the
lower the background. As shown in Fig. S2, the amplification effi-
ciency of the frail nanoladders was too low based on H2-6 and H2-
10, while the amplification efficiency was high based on H2-2. The
quenching effect was decided by the Tm of the frail nanoladders.
The improvement of the mismatched bases resulted in the
decreased of the Tm of the frail nanoladders. On the premise of low
background, the lower Tm, the higher quenching effect. To balance
the background and quenching efficiency, H2-2 based frail nano-
ladders were chose to fabricate the novel biosensor. The formed
frail nanoladders were incubated with OTA under different reaction
times (Fig. S3). Compared to the perfectly matched group, the time
variations of the OTA-induced detachable of the frail nanoladders
were more obvious (lane 10e17). The incubation time of the frail
nanoladders with OTAwas optimized. As shown in Fig. S4, the OTA-
induced disassembly process of the frail nanoladders was similar to
nanoladders incubating with OTA under different time limitations.
A period of 1 h was employed as the optimal detachment time of
the frail nanoladders, which was shorter than the incubation time
of nanoladders with OTA. The effecct of salt ions of the frail nano-
ladders was optimized. As shown in Fig. S5, Tris-HCl buffer (buffer
E) was also remarkably effective than other four phosphate buffers
(buffer A-D) in the biosensor based on frail nanoladders.

As expected, more fluorescence quenching was observed in the
two-base mismatched nanoladders (~85%) than the perfectly
matched nanoladders (~60%), when the concentration of OTA was
10 nM (Fig. 6b). The fluorescence emission spectra further verified
the feasibility of the novel biosensor based on a frail nanoladder
(Fig. 6c). The more intuitive results shown in Fig. S4 provided an
effective comparison. Further elevating with variations of OTA
concentration from 0.1 nM to 100 nM. The amount of OTA revealed
a linear relationship in the concentration range of 1 nMe10 nM,
represented by y¼ 2.91x þ 55.33 (R2¼ 0.9788), as shown in Fig. 6d.
The detection limit for OTA was estimated to be 0.1 nM (LOD¼ 3s/
S, where s is the standard deviation for the blank, S is the slope of
calibration curve), which is lower than those of the sensors previ-
ously reported [32e34].

3.8. Application in wine samples

To confirm if our method can be applied in food samples, three
different concentrations of OTA spiked into wine samples were
monitored. As shown in Table 1, the recovery ratio of spiked wine
samples by our method was 87e114%, which enabled the range
required by Directive 98/53/EC. In addition, this sensitivity is lower
than the standard residue levels regulated by the European Union
(EU) regulations. (2 mg/kg) [35], suggesting the strategy developed



Fig. 6. The feasibility and sensitivity of the novel biosensor based on frail detachable nanoladders and GO. a) Scheme showing the OTA-induced detachment of mismatched
nanoladders (bottom) are easier than perfect matched nanoladders (top), green * represent the mismatch sites. b) The comparison of fluorescence quenching. c) The fluorescence
emission spectra of the novel biosensor. d) Dose-response curves. The concentrations of OTA were 0 nM, 0.1 nM, 1 nM, 2.5 nM, 5 nM, 10 nM, 100 nM, and 200 nM, respectively. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 1
Recovery of OTA from wine samples by the fluorescent method (n¼ 3).

OTA spiked (nM) OTA detected (nM) R.S.D. (%) Recovery (%)

1 1.14 6.15 114
2
5

1.74
5.36

10.11
5.94

87
107.2
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can be reliable as a quantitative method for OTA detection in real
samples.

4. Conclusion

In conclusion, a new method for detection of OTA was pre-
sented, based on GO and the modulation of nanoladders, with an
OTA detection limit of 4.59 nM. To improve the sensitivity of this
strategy, a novel method based on frail detachable nanoladders was
developed, with a detection limit of 0.1 nM. The biosensor has
excellent specificity, which combines aptameric recognition of the
target that induced the conformation change of frail detachable
nanoladders with the selective quenching effects of GO. The
biosensor has been applied for monitoring OTA in red wine sam-
ples. Besides, this biosensor offers great potential for use with other
molecular analytes, and even disease-related molecular targets, as
well as other practical applications in biotechnology and life sci-
ence in the future.
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