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Abstract

A simple and efficient ultrasonication-assisted liquid exfoliation method is proposed to produce PtS, nanosheets on a large scale
and improve their dispersion in aqueous solution by surface polyethylene glycol modification. The interaction of polyethylene
glycol-modified PtS, (PEG-PtS,) nanosheets with fluorescent labeled DNA and the fluorescence quenching mechanism using
FAM-labeled hpv16e6 gene fragment as a probe was investigated. The excitation and emission wavelengths were 468 and
517 nm, respectively. The fluorescence quenching mechanism of PEG-PtS, nanosheets for double-stranded DNA (dsDNA)
might stem from the static quenching effect. Based on the difference in fluorescence quenching capability of PEG-PtS, nano-
sheets in fluorescent probe tagged single-stranded DNA (ssDNA) and dsDNA, a mix-and-detect method was proposed for
determination of DNA. Without the need for probe immobilization and tedious washing steps, the genotyping of human
papillomavirus (HPV) was easily achieved. The limit of detection was calculated to 0.44 nM, showing a good linear range
within 0.05-10 nM. We believe this biosensor provides opportunities to develop a simple and low-cost strategy for molecular
diagnostics.
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Introduction

To perform high-sensitive and low-cost nucleic acid analysis,
great progress has been made in the development of signal am-
plification and detection methods [1], in which nanomaterials
have been widely used in ultra-sensitive DNA detection [2, 3].
Human papillomavirus (HPV) infection and sustained expres-
sion have an important causal relationship with cervical cancer,
so HPV can be used as a biomarker for early screening of cer-
vical cancer [4]. Currently, at least 100 types of HPV have been
identified. Even though most HPV infections clear spontaneous-
ly and appear uninjurious to humans, continued infection with
high-risk HPV (especially type 16) can lead to anal cancer,
cervical cancer, vaginal cancer, and so on [4, 5]. Because
HPV cannot be effectively cultured and serological tests have
poor clinical performance, the diagnosis of HPV infection is
almost completely dependent on molecular tools [6].
Therefore, it would be beneficial to develop an HPV genotyping
method with high sensitivity and simplicity [1]. Recently, fluo-
rescent DNA assay has aroused great interest and been widely
exploited for various researches and applications [7].
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Two-dimensional (2D) transition metal dichalcogenides
(TMDCs) are the most promising nanomaterials for the ad-
vancement of electronics in the future. In recent years, for ex-
ample, MoS, [8, 9], WS, [8, 10], and TaS, [10], have received
increasing research interests [11]. Compared with bulk counter-
parts, these TMDC sheets have the characteristics of 2D mor-
phology and ultra-thin thickness, and they have many unusual
physical, chemical, and electronic properties, so they have mul-
tifarious applications [11]. These 2D nanostructures, due to
their chemical and electronic activity, show great potential in
the fields of opto-electronic/electronics [11, 12],
electrocatalysis [13], sensors [14, 15], and energy storage
[16]. The 10-group metal-based TMDCs, which have the ad-
vantages of large adjustable band gap, high air stability, and
good electrical conductivity, have attracted great interest recent-
ly [17]. A representative example of this family is PtS,, which
can be synthesized in one step by directly selenizing (or
sulfuring) the Pt thin film [17]. Using low-cost ultrasound liquid
exfoliation method, Tsang et al. had produced PtS, microflakes
and PtS, nanosheets successively [18, 19]. Similar to most met-
al sulfide compounds, PtS, nanosheets can be modified on the
lamellar structure surface through non-covalent action, which

Scheme 1 Schematic illustration
of PEG-PtS, nanosheet-based
fluorescence biosensor for human
papillomavirus genotyping

Probe DNA
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can improve the dispersibility of 2D nanosheet materials [20].
As far as we know, there is no report of using PtS, or surface-
modified PtS, nanosheets as sensing biosensors.

Herein, for the first time, we reported a simple and homoge-
neous assay format for DNA determination by using the PEG-
PtS, nanosheet-based fluorogenic nanoprobes. PtS, is a kind of
TMDC s, and the weak van der Waals force makes it easier to be
exfoliated into nanosheets by an ultrasonication-assisted liquid
exfoliation (USLE) method. The as-fabricated PtS, nanosheets
were further modified by polyethylene glycol (PEG) to improve
its dispersity in water. Without the need for immobilization of
DNA fluorescent probe and tedious washing process, the
dsDNA after hybridization could be directly distinguished in
the presence of PtS, nanosheets. The sensitivity and selectivity
of DNA fluorescence biosensor were evaluated and successful-
ly demonstrated for the determination of HPV16 genotype.

Result and discussion

The proposed mix-and-detect strategy is schematically
depicted in Scheme 1. PtS, was exfoliated into nanosheets

DSPE-PEG-OCH,

*

Target DNA
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by an USLE method and further modified by PEG to improve
its dispersity in water. In presence of PEG-PtS, nanosheets,
the fluorescent intensity of tagged double-stranded DNA
(dsDNA) after hybridization was dramatically decreased due
to fluorescence quenching. Therefore, a fluorescence biosen-
sor for DNA determination was constructed.

In our experiments, PtS, nanosheets were synthesized from
the layered bulk PtS, by an USLE method. As-made PtS,
nanosheets, although well dispersed in water, would precipitate
and accumulate within 20 min. In order to improve the solubil-
ity of PtS, nanosheet, a distearoyl phosphoethanolamine-
PEG2000 (DSPE-PEG-OCHj3) was thus synthesized and used
to modify the surface of PtS, nanosheets through the Pt-S bond.

The as-fabricated PEG-PtS, nanosheets displayed a plate-
shaped nanostructures (Fig. 1a, b). As shown in the image
snapped by area electron diffraction under the high-
resolution transmission electron microscopy (Fig. 1¢), the ma-
terial exhibited a sixfold symmetry, indicating the hexagonal
single crystallinity. The X-ray photoelectron spectroscopy
(XPS) Pt 4f core-level spectrum (Fig. 1d) revealed two peaks
at 75.6 eV and 72.3 eV, which attributed to the doublet Pt 4f5/
2 and Pt 4f 7/2, respectively. The peaks of 164.2 eV and
162.3 eV in the XPS S 2p core-level spectrum (Fig. le)

b
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correspond to the S 2p 1/2 and S 2p 3/2 orbits of divalent
sulfide ions (S*7). The peak at 168.9 eV was corresponding
to the SO,

In order to evaluate the fluorescence quenching ability of
PEG-PtS, nanosheets to the dye-labeled ssDNA/dsDNA, the
fluorescent spectra upon evenly mixing the fluorescent probe
and the synthesized PEG-PtS, nanosheets in the liquid phase
were recorded. In this study, we used HPV16 genotype as
target DNA, and designed sequences of FAM-labeled
ssDNA probe (P) as well as the target DNA (T), respectively
(Table S1). As shown in Fig. 2a, in the absence of PEG-PtS,
nanosheets, strong fluorescence emission (black curve) was
observed for the ssDNA probe (P), and the fluorescence in-
tensity was decreased (red curve) after the addition of PEG-
PtS; nanosheets. With the formation of dsDNA (P/T duplex)
by hybridization of an equal amount of probe (P) with target
DNA (T), the quenching fluorescence of probe (P) was further
decreased in the presence of PEG-PtS, (green curve in Fig.
2a). These results indicated that PEG-PtS, nanosheets can
quench the fluorescence of ssDNA and dsDNA.

Based on the aforementioned results, we deduced that the
PEG-PtS, nanosheets have the potential as novel materials for
DNA quantitative fluorescence determination. Subsequently,
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Fig. 1 Characterization of PEG-PtS, nanosheets. a SEM image, b, ¢ TEM images (the inset is the corresponding selected area electron diffraction

pattern), and d, e XPS spectra of PEG-PtS, nanosheets
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HPV16 target DNA (0-50 nM) and FAM-tagged probe DNA
(10 nM) of different concentrations were hybridized at a tem-
perature of 50 °C, followed by the addition of PEG-PtS, nano-
sheets with a final concentration of 15.0 ug mL ™. After incu-
bation for 10 min, fluorescence measurement was performed
(Fig. 2b, c). Therefore, the concentration of the target DNA
could be quantified by the quenching of the fluorescence in
the mixture of PtS, nanosheets. The determination process
was very facile without the need of immobilization of probe
DNA and tedious washing steps. We further evaluated the
dynamic range and limit of detection (LOD) of the novel
DNA fluorescent biosensor. A good linear relationship was
established in the concentration range between 0.05 and
10 nM, and LOD was calculated as 0.44 nM (inset in Fig.
2d). Compared with recently reported optical methods based
on nanomaterial for HPV determination (Table S2 of ESM),
the LOD in this work was relatively low, but the detection
range was relatively narrow, which was related to the limita-
tion of determination methods. Meanwhile, the response time
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Fig. 2 PEG-PtS, nanosheet-based fluorescence biosensor for DNA de-
termination. a Fluorescence spectra of P (10 nM) and P/T (10 nM) in the
absence and presence of PEG-PtS, nanosheets (final concentration of
15.0 pg mL ). b Fluorescence intensity of P+PEG-PtS, (blue) and
P/T+PEG-PtS; (red) in the presence of PEG-PtS, nanosheets at different
final concentrations of 5, 10, 15, 20, 25, 50, 75, and 100 pg mL™ (P:
10 nM, T: 10 nM). The error bars represented standard deviation of four
parallel experiments. Inset: The fluorescence intensity D-value (Fp —
Fp/r) at 517 nm in presence of PEG-PtS, nanosheets with different final
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Fig. 3 Selectivity of the PEG-PtS, nanosheet-based biosensor in pres-
ence of different HPV types. The excitation and emission wavelengths are
468 and 517 nm, respectively. The error bars represented standard devi-
ation of four parallel experiments

of this work was much shorter than that of other reported
methods with comparable LOD. This mix-and-detect assay
was designed for homogeneous determination of DNA
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concentrations of 5, 10, 15, 20, 25, 50, 75, and 100 pg mL™! (P:10nM, T:
10 nM). ¢ Fluorescence spectra of P in the presence of different concen-
trations of T (0, 0.05, 0.1, 0.25, 0.5, 1, 2.5, 5, 10, 20, 50 nM) with the
addition of PEG-PtS, nanosheets (15 pg mL ). d Calibration plot of
DNA determination. Inset: The linear plot of fluorescence peak intensity
of P vs. the concentration of T with addition of PEG-PtS, nanosheets
(15 ug mL™"). The excitation and emission wavelengths were 468 and
517 nm, respectively. The error bars represented standard deviation of
four parallel experiments
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Table 1
samples

The determination of HPV16 in human genomic DNA

Sample Added (nM) Detected RSD (%) (N =4) Recovery (%)

(M)
1 2 1.96 1.33 98.0
2 4 4.01 332 96.4
3 6 6.11 3.43 102.7
4 8 8.10 2.13 101.3

without the need for probe immobilization and tedious wash-
ing steps.

Selectivity is an important parameter to evaluate the feasibil-
ity of a DNA biosensor. As shown in Fig. 3, by use of HPV16 as
probe DNA, other HPV genotypes (HPV18, HPV33, and
HPV58) with different sequences did not decrease the fluores-
cent intensity compared with the complementary HPV 16 target
sequence, which indicated that PEG-PtS, nanosheet-based fluo-
rescent biosensor is selective for DNA genotyping.

To verify the practical application of the proposed method
in clinical diagnosis, we determine HPV'16 in clinical samples.
The standard addition method was performed for the determi-
nation, in which the real sample was the human genomic
DNA extracted from the clinical samples of cervical scraps.
As shown in Table 1, the recovery rate of HPV16 genotype in
human genomic DNA samples varied from 96.4 to 102.7%,

and the relative standard deviation (RSD) was from 1.33 to
3.43%. The good precision revealed that this method has the
potential for HPV16 determination in clinical DNA samples.

At present, for the determination of real samples, the target
DNA fragment may still need to be amplified by PCR before
determination, not to say single-molecule detection. It was
necessary to select a more suitable fluorescent-labeled probe
on this basis to enhance the signal difference and reduce the
limit of detection.

We further investigated the fluorescence quenching mecha-
nism of the dsDNA in the presence of PEG-PtS, nanosheets.
As summarized from the literature, dynamic quenching effect
(DQE) and static quenching effect (SQE) are two major reasons
for fluorescence quenching. The fluorophore excited state and
the quencher collide and the energy was released by nonradio-
active deactivation in DQE process, while in SQE process, a
nonfluorescent ground-state complex was formed between the
fluorophore and the quencher. The energy absorbed by the
generated complex was exhausted in the nonradioactive man-
ner, and no photon emission was generated during the entire
process [21-23]. Both DQE and SQE were theoretically con-
sistent with the Stern-Volmer equation [23, 24]:

Fo/F =14 Ksy[O]

where F is the fluorescence intensity of only (ss/ds) DNA at
517 nm; F'is the fluorescence intensity of the (ss/ds) DNA with

Fig. 4 a Stern-Volmer equation a b
after the addition of PEG-PtS, 5
nanosheets. b Stern-Volmer 1.44
equation under different tempera- 4-
tures after the addition of PEG- 1.3
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the addition of PEG-PtS, nanosheets; Kgy is the Stern-Volmer
quenching constant; and [Q] is the concentration of PEG-PtS,
nanosheets.

Generally, only one type of quenching mechanism exists in
DQE or SQE when the Stern-Volmer plot is linear. The sys-
tem involved both kinds of quenching mechanism when the
Stern-Volmer plot reveals an upward or downward trend [25,
26]. As displayed in Fig. 4a (red curve), the Stern-Volmer plot
performs an upward trend, indicating the existence of both
DQE and SQE between ssDNA (P) and PEG-PtS,. As shown
in Fig. 4a (black curve), it could found a good linear relation-
ship between dsDNA and the PEG-PtS, concentration, which
revealed that either DQE or SQE existed during the quenching
process. Nevertheless, it was difficult to distinguish DQE and
SQE only by the Stern-Volmer equation. For the sake of clar-
ifying the type of the quenching, we further measured fluores-
cence quenching constants under different temperatures of
293, 303, and 313 K. For the DQE, the constant value of
fluorescence quenching increased with the increment of sys-
tem temperature, while the value has a reversed trend as the
fluorescence quenching constant will decrease with the rise of
temperature in the SQE [27]. In the presence of PtS, nano-
sheets, the Kgy value displayed a decreasing trend with the
increment of temperature (Fig. 4b). As obviously shown in
Fig. 4c, a considerable change of the absorption spectrum of
dsDNA(P/T) occurred by existence of the PEG-PtS,, which
indicates a ground-state complex formation and static
quenching effect in the system. These results indicated that
the mechanism of fluorescence quenching of PEG-PtS,
nanosheet-based fluorescence biosensor for dsDNA might
stem from static quenching effect.

Conclusion

We had successfully prepared PEG-PtS, nanosheets by an
ultrasonication-assisted liquid exfoliation method and en-
hanced its dispersibility in the aqueous solution by pegylation.
PEG-PtS, nanosheets possessed good fluorescence quenching
capability, and thereafter, a novel fluorescent biosensor for
HPV-16 genotyping was successfully developed. This one-
step mix-and-detect assay format is simple and homogeneous,
without the need of probe immobilization and tedious washing
steps. The biosensor showed good sensitivity and selectivity,
with the range between 0.05 and 10 nM and the LOD of
0.44 nM. This assay was also applicable for the clinical sam-
ples with good precision. The fluorescence quenching mech-
anism of PEG-PtS, nanosheet-based fluorescence biosensor
for dsDNA might stem from static quenching effect. Further
study will be focused on the selection of a more suitable
fluorescent-labeled probe to enhance the signal difference
and reduce the limit of detection. We believe this biosensor

@ Springer

provides an opportunity to develop simple, fast, and low-cost
strategy for molecular diagnostics.
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