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An ultrasensitive biosensing platform for DNA and ochratoxin A (OTA) detection is constructed based on the
luminescence quenching ability of fullerenol quantum dots (FOQDs) for the first time. As the surface of
FOQDs is largely covered by hydroxyl groups, stable colloidal suspension of FOQDS in aqueous solution
can be obtained, which is very advantageous for application in biosensing compared to nano-Cegq.
FOQDs can effectively quench the fluorescence of dyes with different emission wavelengths that are
tagged to bioprobes to an extent of more than 87% in aqueous buffer solution through a PET
mechanism. Moreover, the nonspecific quenching of the fluorescent dyes (not bound to bioprobes)
caused by FOQDs is negligible, so the background signal is extremely low which is beneficial for
improving the detection sensitivity. Based on the m—m stacking interaction between FOQDs and
bioprobes, such as single-stranded (ss) DNA and aptamers, a nucleic acid assay with a detection of limit
of 15 pM and a highly sensitive OTA assay with a detection limit of 5 pg mL™! in grape juice samples are
developed through the simple “mix and measure” protocol based on luminescence quenching-and-
recovery. This is the first demonstration of constructing biosensors utilizing the luminescence quenching
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Carbon nanostructures, such as two-dimensional graphene and
its derivatives,' one-dimensional carbon nanotubes (CNTs)*
and zero-dimensional carbon dots'®"” have attracted increasing
attention in biosensing and biological related studies due to
their unique electronic and optical properties. In the last
decade, the luminescence quenching ability of carbon nano-
structures has been extensively studied and various kinds of
biosensing platforms have been constructed accordingly,'®>
with which the single-stranded DNA (ssDNA) or polypeptide
probes are generally assembled onto carbon nanostructures via
-7 stacking interactions.*** In recent years, several biosens-
ing platforms have been constructed based on the
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promising potential of FOQDs in biosensing.

luminescence quenching ability of nano-Cs, towards fluores-
cent dyes and the m-m stacking interaction between single-
stranded DNA (ssDNA) and nano-Ce,.>> However, their rela-
tively poor dispersibility in aqueous solution has restricted their
wide use in biosensing applications. Fullerenols, also named
polyhydroxylated fullerenes, are the main derivative of fuller-
enes with good water-solubility and excellent biocompati-
bility.”**° They have attracted great attention in recent years and
can work as antioxidative agents,*"** free radical scavengers,****
drug delivery vehicle®**® and so forth. Most recently, Yang et al.
reported that the intrinsic fluorescence of serum proteins
(bovine serum albumin (BSA) and y-globulins) could be effec-
tively quenched by fullerenol through a dynamic mechanism,
which was used to characterize the fullerenol-protein interac-
tions.*”” However, its applicability in biosensing is relatively
unexplored. Inspired by the above findings, we expect that
fullerenol quantum dots (FOQDs) could be used in other
potential label-free nanoplatforms for homogeneous biosens-
ing with wide applications.

We herein propose a novel and effective homogeneous
fluorescent biosensing platform based on the luminescence
quenching ability of FOQDs towards different fluorescent dyes
for the first time. As an initial trial, a sSSDNA chain was used as
the probe for DNA detection. As shown in Scheme 1, the FAM

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic illustration of the DNA biosensor based on
fluorescence quenching ability of FOQDs towards FAM-ssDNA
through m—m stacking interaction between ssDNA and FOQDs.

attached ssDNA (FAM-ssDNA) is spontaneously assembled onto
FOQDs by 17 stacking interaction, resulting in the lumines-
cence quenching of FAM caused by FOQDs. The hybridization
reaction between the probe ssDNA and its complementary
target sSDNA results in the formation of a double-stranded DNA
(ds-DNA) with helical structure, in which conformation the
exposure of nucleobases to FOQDs is greatly reduced. As
a consequence, the m-7 stacking interaction between FAM-
ssDNA and FOQDs is largely weakened and the distance
between FAM and FOQDs is enlarged. Under this circumstance,
the luminescence of FAM is expected to be recovered, which is
linearly related to the concentration of target ssDNA and
enables the quantification of target ssDNA.

To realize the above design, the commercially available
FOQDs with a diameter of 2 nm (Fig. 1A) were used to develop
a label-free nanoplatform for DNA biosensing. The FT-IR
spectra of FOQDs shown in Fig. 1B indicated the typical
absorptions of fullerenols including an intense broad O-H
band around 3400 cm ' corresponding to -C-O-H, and three
characteristic bands around 1080, 1376 and 1593 cm ™ ' assigned
for C-O, C-O-H and C=C absorption, respectively.*®** XPS
results further confirmed that FOQDs had abundant hydroxyl
groups. As shown in Fig. 1C, C 1s spectrum of FOQDs can be
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Fig.1 (A) TEMimage of the FOQDs. (B) FT-IR spectrum of the FOQDs.
(C) XPS spectra of the C 1s of the FOQDs. (D) EDS spectra of the
FOQDs.
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divided into three peaks. The C 1s binding energies observed for
non-oxygenated carbon is centered at 284.7 eV and those for
mono-oxygenated carbon and di-oxygenated carbon are
centered at 286.6 and 288.3 eV, respectively.*® As depicted in
EDS, a great deal of C elements and O elements were dispersed
on the surface of FOQDs (Fig. 1d). The presence of Na elements
may be ascribed to NaOH which was used to react with fullerene
to synthesize FOQDs.** It was clearly demonstrated that the
surface of FOQDs was largely covered by hydroxyl groups which
rendered a hydrophilic surface reducing the particle-to-particle
interaction and, thus, stable colloidal suspension of FOQDS in
aqueous solution was obtained.

Firstly, the concentration of FAM-ssDNA used in the assay
was optimized. It was observed in Fig. S1A (ESIt) that with the
increasing concentration of FAM-ssDNA, the fluorescence
intensity also increased. Furthermore, at the concentration of
20 nM, FAM-ssDNA exhibited enough fluorescence to be
utilized for construction of this biosensor. Although a higher
concentration of FAM-ssDNA could increase the output fluo-
rescence signal, the high concentration can also compromise
the sensitivity of the biosensor. Therefore, 20 nM FAM-ssDNA
was used in the following experiment. After incubating FAM-
ssDNA with aqueous dispersion of FOQDs in Tris-HCI buffer
(10 mM, 5 mM MgCl,, pH = 7.4), the FAM-ssDNA was absorbed
onto the surface of FOQDs through m-m stacking interaction
and the luminescence quenching phenomenon of FAM was
observed (Fig. 2A). The absorption spectrum of the aqueous
dispersion of FOQDs exhibited negligible absorption in the
visible range (Fig. S1B, ESI}), suggesting that there was no
spectra overlap between the luminescence emission spectra of
FAM and the absorption spectra of FOQDs and thus no FRET
occurred between FAM and FOQDs. As reported by Li et al.,
nano-Cg, could effectively quench the luminescence of FAM
through PET mechanism.” In our present study, we may
suggest that FOQDs, as polyhydroxylated nano-Ce, can also
quench the luminescence of FAM via PET mechanism. A control
experiment showed that the luminescence quenching degree of
fluorescein (without attached ssDNA) caused by FOQDs was
almost negligible compared with that of FAM-ssDNA (Fig. 2B),
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Fig. 2 (A) Luminescence quenching of FAM—-ssDNA (20 nM) in the
presence of various concentrations of FOQDs (0, 0.007, 0.013,
0.017 mg mL™%, 0.034 mg mL™, 0.050 mg mL™%, 0.067 mg mL™%,
0.083 mg mL™Y). (B) Luminescence spectra of fluorescein (20 nM) in
the absence and presence of 0.050 mg mL™2 FOQDs, 20 nM ssDNA,
20 nM target ssDNA, respectively. All experiments were per-formed in
Tris—HCl buffer (10 mM, 5 mM MgCl,, pH = 7.4) under excitation at
480 nm.
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indicating the occurrence of assembling of ssDNA chains onto
FOQDs through m-m stacking interaction which brought FAM
and FOQDs in short range. On the other hand, as the zeta
potential of the FOQDs in our present study was measured to be
—25 mV, the electrostatic interaction between the negatively
charged DNA chains and FOQDs can also be excluded. In the
FAM-FOQDs PET pair, the fluorescence quenching degree was
dependent on the concentration of FOQDs and the quenching
degree up to 87% was achieved in the presence of 0.050 mg
mL~" FOQDs. Besides, the time dependence of the quenching
process showed that the interaction between the ssDNA with the
FOQDs reached equilibrium in only a few minutes (Fig. S2,
ESIY).

We then investigated the performance of this FAM-DNA-
FOQDs PET system for homogeneous DNA sensing. Before the
introduction of FOQDs into the solution of FAM-ssDNA,
different concentrations of complementary target sSDNA were
added first to form double helix structure by hybridization. The
recovery time and temperature were optimized for better assay
performance. The time dependence of the recovery process
showed that the maximum recovery was observed at 60 min
(Fig. S3A, ESIt). And the temperature for maximum recovery
was obtained at 25 °C (Fig. S3B, ESIt). As expected, the fluo-
rescence of FAM was restored in a complementary target SSDNA-
concentration dependent manner, which was shown in Fig. 3A.
It was explained that the formation of dsDNA with double-
helical structure decreased the exposure of nucleic acid bases
of ssDNA to FOQDs and thus weakened the m-m stacking
interaction between ssDNA and FOQDs. In this way, the
distance between FAM-ssDNA and FOQDs was enlarged to
block the PET from FAM to FOQDs and the fluorescence
recovery of FAM was observed. The relative fluorescence inten-
sity ((F — Fy)/Fo, where F and F, represent the emission intensity
in the presence and absence of complementary target ssDNA,
respectively) was linearly related to complementary target
ssDNA concentration in the range from 0.05 nmol L™ to 20
nmol L ?, with the detection limit of 15 pM (calculated as the
concentration corresponding to three times of the standard
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Fig. 3 (A) The fluorescence recovery trend line in accordance with
different concentrations of target ssDNA (0.05, 0.2, 1, 5, 10, 20, 50, 80,
100, 200 nM). Fq represents the fluorescence intensity in the absence
of target ssDNA. (B) The linear relationship between the fluorescence
recovery (at 520 nm) and the concentration of target ssDNA within the
range from 0.05-20 nM, data were presented as average £SD from
three independent measurements. Experiments were conducted in
the presence of 20 nM FAM-ssDNA and 0.05 mg mL™* FOQDs in Tris—
HCl buffer (10 mM, 5 mM MgCl,, pH 7.4) under excitation at 480 nm.
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deviation of the background signal from seven independent
measurements) (Fig. 3B). Compared with DNA biosensing
platform using other carbon nanostructures, such as graphene
oxide (100 pM)* and nano-Cg, (25 pM),> the sensitivity of the
present sensor is significantly improved. Besides such an
impressive sensitivity, the biosensing platform also offered
pronounced specificity, that is, unambiguous discrimination
between different sequences. As illustrated in Fig. S4 (ESI),} the
biosensor showed distinctly differed response towards the
single-base mismatched target ssDNA and double-base mis-
matched target ssDNA under identical assay conditions, which
caused negligible alteration of the FAM emission as compared
to complementary target sSDNA.

In order to validate the universality of the biosensing plat-
form, we then used aptamer as the probe**™** and constructed
another biosensor for OTA detection (Fig. S5, ESIT). As indicated
in Fig. S6 (ESI),T the output fluorescence intensity of TAMRA-
OTA aptamer with a concentration of 40 nM was enough to
develop the OTA biosensor. Similar to the ssDNA probe, the OTA
aptamer was assembled onto the surface of FOQDs due to the
m-1 stacking interaction, resulting in the fluorescence
quenching of TAMRA-labelled OTA aptamer (Fig. S7, ESI}). The
introduction of OTA into the TAMRA-OTA aptamer-FOQDs PET
system, which specifically bound with OTA aptamer accompa-
nied by its conformational change, led to the detachment of
TAMRA-labelled OTA aptamer from the FOQDs. The recovery
time and temperature were also optimized for better assay
performance for OTA detection. The time dependence of the
recovery process showed that the maximum recovery was
observed at 60 min (Fig. S8A, ESIT). And the temperature for
maximum recovery was obtained at 25 °C (Fig. S8B, ESIT). And
the restoration of the fluorescence intensity of TAMRA was
observed (Fig. 4A). The relative fluorescence intensity at 580 nm
was linearly related to OTA concentration within the range from
0.01 to 1 ng mL ™" (Fig. 4B), with a detection limit of 3 pg mL .
The specificity of this fluorescent OTA aptasensor was also
examined. As illustrated in Fig. S9 in the ESI,T it clearly showed
that other mycotoxins including AFB;, FB;, ZEN, DON in the
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Fig. 4 (A) The fluorescence recovery spectra with the addition of
increasing concentration of OTA (0, 0.01 ng mL™%, 0.05 ng mL™%, 0.3
ng mL™%, 0.6 ng mL™, 1 ng mL™Y). (B) The linear relationship between
the fluorescence recovery (at 580 nm) and the concentration of OTA
within the range from 0.01-1 ng mL™?, data were presented as average
+ SD from three independent measurements. Experiments were
conducted in the presence of 40 nM TAMRA-OTA aptamer and 6.7 ug
mL~ FOQDs in Tris—HCl buffer (10 mM, 5 mM KCl, 5 mM CaCl,, pH
8.5) under excitation at 550 nm.
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concentration of 10 ng mL ' caused negligible response
compared with 1 ng mL~"' OTA under the same experimental
procedures by this OTA biosensor, which indicates that our
present aptasensor exhibits excellent selectivity towards OTA.
To prove the applicability of this OTA biosensor in practical
samples, this biosensor was used to detect OTA in grape juice
samples. In this paper, OTA detection was also realized in 100-
fold diluted grape juice sample with Tris-HCI buffer under the
same experimental procedures as that in the aqueous buffer
solution. It can be seen from Fig. S107 that the degree of fluo-
rescence restoration of TAMRA was linear related to the
concentration of OTA in the range from 0.02 to 1 ng mL ™", with
a detection limit of 5 pg mL™". Standard addition experiments
were conducted to examine the feasibility of this OTA biosensor
in practical OTA-free grape juice samples. The satisfactory
recoveries from 94% to 110% and the relative standard devia-
tions (RSDs) were within 1.3-4.2 in Table S1} convincingly
demonstrates that this biosensor based on the luminescence
quenching ability of FOQDs towards TAMRA has great potential
in practical application. To evaluate the reproducibility of the
OTA biosensor, five standard samples containing different
concentrations of OTA (0.03, 0.05, 0.08, 0.2, 0.6 ng mL ') were
prepared by spiking standard OTA into the OTA-free grape juice
samples. As shown in Table S2, the intra-day and inter-day RSD
were less than 4.1% and 4.5% (n = 11), suggesting that this OTA
biosensor had a good reproducibility. Liu et al. have developed
a OTA fluorescence biosensor based on fluorescence energy
transfer (FRET) between a cationic conjugated fluorescent
polymer and FAM with a detection limit of 0.11 ng mL™".** It has
also been reported that OTA detection was realized based on
FRET between quantum dots and MoS, nanosheets with a limit
of detection of 1.0 ng mL~".* Compared to the previously re-
ported OTA aptamer-based biosensors, the sensitivity of the
present biosensor is greatly improved, which shows great
potential to detect lower concentration of OTA in practical
samples.

In conclusion, ultrasensitive biosensing platform based on
the luminescence quenching ability of zero-dimensional
FOQDs was established for the first time. The fluorescence of
FAM and TAMRA can both be effectively quenched under the -
7 stacking interaction between ssDNA/aptamer and FOQDs
which shorten the distance between fluorescent dyes and
FOQDs. And then ultrasensitive detection of biomolecule DNA
and small molecule OTA was realized. This work demonstrates
that FOQDs can be used as prospective fluorescence quenchers
and has extensive applied prospect in bioanalysis in the future.
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