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The integrating of high fluorescent quenching capability of two-dimensional nanomaterials with dye-labelled
ssDNA as nanoprobes has attracted increasing interest for biosensing applications. However, this absolute in-
tensity-dependent single fluorescent signal may be influenced by target concentration-independent factors. To
overcome this challenge, a ratiometric nanoprobe was developed by utilizing green fluorescent phenyl-doped
carbon nitride (PDCN) nanosheets as an internal reference and quenching platform. 5-carboxy-X-rhodamine-
labelled anti-adenosine aptamer was used as a signal probe. PDCN nanosheets quenched the fluorescence of the
absorbed signal probe while kept their own fluorescence constantly. Upon addition of adenosine, the formation
of adenosine-aptamer complexes led to desorption of the signal probe from the surface of PDCN nanosheets,
resulted in the fluorescent recovery of the signal probe. The ratio of the fluorescent enhancement of the signal
probe to the inherent fluorescence of PDCN nanosheets was used to quantitatively measure adenosine. The limit
of detection for adenosine was 6.86 uM. Finally, the ratiometric nanoprobe was applied to determine adenosine

in serum samples.

1. Introduction

With the increasing demand for disease diagnosis and therapies,
fluorescent biosensors become powerful tools to monitor biological
analytes, such as metal ions, nucleic acid, protein, and small biomole-
cules (Hu et al., 2017). Generally, the molecular recognition element
and the signal transduction element are two important components in
biosensors (Liu et al., 2015). Functional single-stranded DNA (ssDNA)
probes are often used as molecular recognition elements due to their
high chemical stability, excellent recognition ability, cost-effective
synthesis, easy modification (Liu et al., 2009). Two-dimensional (2D)
nanomaterials have emerged as promising nanoquenchers in fluor-
escent biosensors due to their unique properties such as large specific
surface area, good biocompatibility, highly fluorescent quenching
capabilities (Zhu et al., 2015; Anichini et al., 2018). Furthermore, 2D
nanomaterials usually exhibit much stronger interactions with ssDNA
than double-stranded DNA (dsDNA) (Mo et al., 2017). Hence, dye-la-
belled ssDNA probes/aptamers can be absorbed on the surface of 2D
nanomaterials, resulting in the fluorescent quenching based on the
mechanism such as fluorescence resonance energy transfer (FRET),
photo-induced electron transfer (PET) and so on (Tian et al., 2017).
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While in the presence of complementary ssDNA strands or target mo-
lecules to hybrid with the ssDNA probes or to change the configuration
of aptamers, the resulting dsDNA duplexes or aptamer-target complexes
desorb from the surface of 2D nanomaterials and the dye's fluorescence
is recovered. Graphene and graphene oxide are the typical 2D nano-
material for biosensing through the assembly of ssDNA probes onto
their surface via st-;t stacking and hydrophobic interactions between
nucleobases and basal plane of graphene (Lu et al., 2009; Loh et al.,
2010; Wang et al., 2010; Y. Wang et al., 2013; Wang et al., 2014; Wang
et al., 2017). Graphene-like layered nanomaterials such as graphdiyne
(Wang et al., 2016), graphitic carbon nitride (g-C3N4) (G.B. Wang et al.,
2013; Liao et al.,, 2014), transition metal dichalcogenides (TMDCs)
(e.g., MoS,, WS,, WSe,, TiS,, TaS,) (Zhu et al., 2013; Xi et al., 2014;
Song et al., 2018; Sun et al., 2017; Zhang et al., 2015), ternary chal-
cogenides (e.g., Ta;NiSs, Ta;NiSes) (Tan et al., 2015), transition metal
oxides (e.g., MnO,) (Yuan et al., 2017; Cai et al., 2015) exhibit similar
physisorption and fluorescent quenching abilities, and have also been
applied in fluorescent biosensing system. Although great progresses
have been made in 2D nanomaterials-based fluorescent biosensors,
target concentration based on the absolute intensity acquisition from a
single signal may be influenced by the change of the probe
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concentration, instrumentation variables such as fluctuation of the light
source or detector, or environmental factors in complex samples
(Huang et al., 2018; Chen et al., 2018)

Encouragingly, besides the strong affinity toward ssDNA via -1t
interactions and fluorescent quenching ability toward fluorescent dyes
via PET (G.B. Wang et al., 2013; Liao et al., 2014), g-C3N4 nanoma-
terials also possess excellent fluorescent property originating from the
high-degree condensation of the tri-s-triazine units (Yang et al., 2015).
g-C3N4 nanosheets or quantum dots, which are prepared by exfoliating
from their bulk through mechanical or chemical methods, exhibit high
quantum yields and stability, good biocompatibility, low toxicity,
making them great potential applications in biosensing and bioimaging
(Tang et al., 2013; Zhang et al., 2013; X.L. Zhang et al., 2014; X.D.
Zhang et al., 2014; Liu et al., 2016). Unfortunately, due to the large
bandgap (~ 2.7 eV) most g-C3N4 nanomaterials emit near ultraviolet-
blue fluorescence (Song et al., 2016), which is apt to interfere by bio-
logical self-fluorescence (Wu et al., 2016). Recently, Jingsan Xu's group
(Cui et al., 2016) and our group (Song et al., 2017) developed different
methods to synthesize phenyl-doped g-CsN, (PDCN) nanomaterials
with strong green fluorescence, which render them more apposite
candidates for fluorescent biosensing. Herein we develop a ratiometric
nanoprobe by utilizing PDCN nanosheets as an internal reference and
quenching platform. As shown in Scheme 1, a dye-labelled aptamer is
adsorbed on the surface of PDCN nanosheets and its fluorescence is
quenched, while the fluorescence of PDCN nanosheets is almost un-
changed. Upon addition of the target, the formation of the target-ap-
tamer complexes results in the recovery of dye's fluorescence. The
target concentration-dependent fluorescent signal can be normalized by
the inherent fluorescence of PDCN nanosheets. Thus, a ratiometric
fluorescent biosensor is achieved, which can facilitate more accurate
and reliable quantitation of the target (Huang et al., 2018). Adenosine
plays an important role in multiple physiological activities and is also
considered as a possible biomarker for cancer. Sensitive, accurate and
reliable detection of adenosine is of great significance for clinical dis-
ease diagnosis and treatment (Hashemian et al., 2016; Shi et al., 2018).
Although the aptasensors based on time-resolution luminescence (Li
et al., 2012), electrochemistry (Yan et al., 2011), Raman (Xu et al.,
2015) and the fluorescence quenching of other nanomaterials (He et al.,
2010; Luo et al., 2012; Fu et al., 2013; Zhu et al., 2013) have been
reported for the detection of adenosine, the ratiometric fluorescent
aptasensor for adenosine has not been reported yet. Therefore, adeno-
sine is chosen as a model target to verify the 2D nanomaterials-based
ratiometric biosensing strategy.

340 nm

® v ROX-aptamer adenosine

Scheme 1. The ratiometric biosensing strategy for adenosine by using PDCN
nanosheets as an internal reference and quenching platform.
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2. Experimental section
2.1. Reagents and materials

HPLC-purified carboxy-X-rhodamine (ROX)-labelled anti-adenosine
aptamer (5-ROX-AAC CTG GGG GAG TAT TGC GGA GGA AGGT-3’,
ROX-aptamer), adenosine, guanosine, cytimidine, uridine, thymidine
and ascorbic acid were purchased from Shanghai Sangon biological
engineering technology and service Co., Ltd. Cysteine, glycine and
phenylalanine were purchased from Shanghai Kangda amino acid fac-
tory. Human serum albumin (HSA) was purchased from Shanghai
Yuanye Bio-Technology Co., Ltd. Urea, trimesic acid and all other
chemicals were analytical grade and purchased from Sigma-Aldrich.
Tris-HCI buffer (20 mM, pH 7.4, 100 mM NacCl, 5 mM KCl, 5 mM MgCl,)
was used as the buffer solution for biosensing. Ultrapure water
(18.2M€Q cm) was purified by a Millipore system and used throughout
the experiment.

2.2. Characterization

Transmission electron microscopy (TEM) images were obtained by
an FEI Tecnai G2F20 transmission electron microscope. Before mea-
surement, the dispersion solution of PDCN nanosheets was deposited on
a carbon film supported by copper grids. X-ray photoelectron spectro-
scopy (XPS) data were collected by a Thermo Scientific ESCALAB 250
with an Al Ka source (1486.6eV). X-ray diffraction (XRD) patterns
were characterized by a Bruker D8 advance diffractometer with Cu Kal
radiation (A = 1.5406 /o\). Fourier transform infrared (FT-IR) spectra
were recorded on a Nicolet 6700 FT-IR spectrometer using a KBr pellet,
scanning from 4000 to 400 cm ™! at room temperature. Dynamic light
scattering data (DLS) were corrected by a Malvern Zetasizer Nano-2s
laser particle size and zeta potential analyzer. An atomic force micro-
scopy (AFM) image was obtained on a Bruker Nanoscope IIID scanning
probe microscopy system. Fluorescence spectra were measured by a
Hitachi F4600 spectrofluorometer.

2.3. Preparation of PDCN nanosheets

PDCN powder was prepared according to our previous work (Song
et al., 2017). Specially, 10 g urea and 0.01 g trimesic acid were dis-
solved in 15 mL distilled water and the solution was evaporated to dry.
Then, the mixture was placed in an alumina crucible with a cover and
heated to 500 °C for 2h at a heating rate of 5°Cmin ' under nitrogen
gas phenomenon. After cooling to room temperature, the yellow
powder was ultrasonicated in water for 10 h. The mixture solution was
centrifuged at 5000 rpm for 5min twice to remove the unexfoliated
particles. The concentration of PDCN nanosheets dispersion was de-
termined to be 0.4 mgmL ™.

2.4. Ratiometric biosensing for adenosine

12yl ROX-aptamer (1uM) and adenosine with different con-
centration were incubated in 308 uL Tris-HCI buffer (20 mM, pH 7.4)
for 30 min. Then, 80 pL. PDCN nanosheets (0.4 mg mL™ 1Y) was added
and the mixture was further incubated at 37 °C for 10 min. The fluor-
escent spectra of the mixture was measured by the excitation wave-
length at 580 nm with emission scan range from 590 nm to 800 nm for
ROX, while the excitation wavelength at 340 nm with emission scan
range from 360 nm to 600 nm for PDCN nanosheets.

3. Results and discussion
3.1. Characterization of PDCN nanosheets

The morphology of PDCN nanosheets was characterized by AFM
(Fig. 1AB) and TEM images (Fig. S1). The thickness of PDCN nanosheets
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Fig. 1. AFM image (A), height profile (B), FT-IR spectrum (C) of PDCN nanosheets and XRD patterns (D) of PDCN powder and PDCN nanosheets.

is about 6 nm and the size is about 130 nm. From the DLS data (Fig. S2),
the most probable dynamic diameter and the zeta potential of PDCN
nanosheets were about 150 nm and —35mV, respectively, indicating
the good stability and dispersion of PDCN nanosheets. The chemical
composition of PDCN nanosheets was investigated by XPS and FT-IR
spectra. As shown in Fig. S3A, besides the O1s peak due to the surface
absorbed H,O (Song et al., 2017). PDCN nanosheets show two main
peaks of carbon and nitrogen elements. The Cls XPS spectrum (Fig.
S3B) can be deconvoluted into two peaks with the binding energies of
287.8 eV and 284.6 eV. The peak of 287.8 eV can be assigned to the sp2-
bonded carbon (C-C-N). Another peak of 284.6 eV is ascribed to stan-
dard reference carbon (C-C) (Zhang et al., 2013). The N 1s core-level
spectrum (Fig. S3C) can be deconvoluted into three peaks with the
binding energies at 398.1, 399.2 and 400.6 eV. The strongest N 1s peak
at 398.1eV is assigned to the sp2-bonded nitrogen in N-containing
aromatic rings (CN =C), whereas the weak peak at 399.2 eV is usually
attributed to the tertiary nitrogen N(C); groups. The peak at 400.6 eV
indicates the presence of amino groups (C-N-H) (Lin and Wang, 2013).
FT-IR spectrum (Fig. 1C) of PDCN nanosheets features the characteristic
vibration peak of triazine units at 810 cm ~ %, typical stretching modes of
aromatic heterocycles of g-C3N4 at 1200-1600 cm ™, and stretching
modes of -NH, and -OH groups at 3000-3600 cm ™! (Lin and Wang,
2013). As shown in Fig. 1D, the strong XRD peak at 27.4° in bulk PDCN
is originated from the interlayer diffraction of graphitic-like structures,
corresponding to an interlayer distance of d = 0.326 nm. Noticeably,
the intensity of this peak for PDCN nanosheets is sharply decreased,
suggesting the few-layered structure after successful exfoliation. The
low angle diffraction peak at 13.3° (d = 0.663 nm), which is derived
from the in-planar repeated tri-s-triazine units, becomes less pro-
nounced for the nanosheets because of the simultaneously decreased
planar size of the carbon nitride layers after exfoliation (Ma et al.,
2014).
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3.2. Fluorescent quenching property and mechanism of PDCN nanosheets

After addition of ROX-aptamer into the dispersion solution of PDCN
nanosheets, ROX-aptamer was adsorbed on the surface of PDCN na-
nosheets via m-;t stacking and hydrophobic interactions between nu-
cleobases and basal plane of PDCN nanosheets; The most probable
dynamic diameter of PDCN nanosheets was increased to 180 nm and
the zeta potential was decreased to —40mV (Fig. S2) due to the ab-
sorption of ROX-aptamer on the surface of PDCN nanosheets, resulting
in the better stability and dispersion. As shown in Fig. 2A, the disper-
sion solution of PDCN nanosheets emits strong green fluorescence with
the maximal excitation and emission wavelengths at 320nm and
505 nm, respectively. When the excitation wavelength is larger than
400nm, PDCN nanosheets do not fluoresce. Next, the fluorescent
quenching ability of PDCN nanosheets was investigated by mixing
30 nM ROX-aptamer with different concentration of PDCN nanosheets.
90% of ROX fluorescence is quenched with 10 min after addition of
PDCN nanosheets (Fig. S4). As shown in Fig. 2B, the fluorescent in-
tensity of ROX under the excitation of 580 nm was decreased as the
concentration of PDCN nanosheets was increased, which indicated
PDCN nanosheets also possessed strong fluorescent quenching ability
toward ROX. When the concentration of PDCN nanosheets reached
0.1 mgmL ™, the fluorescence of ROX was almost completely quenched
by PDCN nanosheets. However, under the excitation of 340 nm, the
fluorescence of PDCN nanosheets was almost not decreased and there
was almost no emission of ROX (Fig. S5). So, there was no FRET be-
tween PDCN nanosheets and ROX-aptamer. If FRET was present, the
efficiency would be very low. As shown in Scheme 1, the fluorescence
quenching of ROX-aptamer was mainly due to the transfer of the pho-
toexcited electrons from the lowest unoccupied molecular orbital
(LUMO) of ROX to the conductive band (CB) of PDCN nanosheets (G.B.
Wang et al., 2013; Liao et al., 2014). In the presence of adenosine, the
formation of aptamer-adenosine complex might induce ROX-aptamer to
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Fig. 2. Fluorescent spectra of PDCN nanosheets dispersion (A) and fluorescent spectra of 30 nM ROX-aptamer mixed with different concentrations of PDCN na-

nosheets when excited at 580 nm (B).
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Fig. 3. (A) Fluorescent emission spectra of PDCN nanosheets (Apx = 340nm) and ROX-aptamer (Agx = 580nm) after addition of different concentrations of
adenosine; (B) The ratio value of fluorescent intensity ((F-Fo)/Fppcn) as a function of adenosine concentration. Insert of B was the calibration curve for adenosine.
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Fig. 4. Fluorescent enhancement of the biosensor in the presence of 500 uM
adenosine, 1 mM guanosine, 1 mM cytimidine, 1 mM thymine, 1 mM uridine,
1 mM cysteine, 1 mM glycine, 1 mM phenylalanine, 1 mM ascorbic acid, 1 mM
Zn?*,1mM Na*, 1mMK™", 1 mM Mg?*, 50 mg mL~ ' HSA and the mixture of
1 mM guanosine, 1 mM cytimidine, 1 mM thymine, 1 mM uridine and 500 pM
adenosine.

desorb from the surface of PDCN nanosheets, resulting in the fluores-
cence recovery due to the removal of PET process. Therefore, the ra-
tiometric method can be developed by normalizing the fluorescence
intensity of ROX-aptamer by the fluorescence intensity of PDCN na-
nosheets. Therefore, it is possible to design a ratiometric nanoprobe for

biosensing of adenosine by taking advantage of PDCN nanosheets as an
internal reference and quenching platform.

3.3. Optimal biosensing conditions

In order to achieve the best performance of the nanoprobe, the re-
action conditions such as the concentration of PDCN nanosheets, in-
cubation time, buffer pH were optimized by measuring the fluorescent
enhancement (F-Fy) of the signal probe after addition of adenosine,
where Fg and F represented the fluorescent intensity of ROX-aptamer at
620nm in the absence and presence of adenosine, respectively. For
simplicity, only the fluorescent signal of ROX-aptamer was measured.
As shown in Fig. S6A, the fluorescent enhancement reaches the max-
imum at 0.08 mgmL~' PDCN nanosheets. The fluorescent enhance-
ment is increasing with the incubation time for the formation of ade-
nosine-aptamer complexes. As shown in Fig. S6B, when the incubation
time is longer than 30 min, the fluorescent enhancement reached the
plateau. The fluorescent enhancement is increased with the increasing
pH of Tri-HCl buffer but decreased when the pH value is higher than 7.4
(Fig. S6C). Therefore, 0.08 mg mL~! PDCN nanosheets, 30 min in-
cubation time and pH 7.4 of Tris-HCl buffer were chosen for further
experiments. In addition, the photostability of the nanoprobe was also
investigated (Fig. S7); the fluorescence intensities of PDCN nanosheets
and ROX-aptamer almost did not change within continuous excitation
for 30 min, indicating the excellent photostability of the nanoprobe.
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Table 1
Measurement of spiked adenosine in serum samples by this biosensor.

Samples Original (uM) Added (uM) Found (uM, n = 5) mean = SD Recovery (%) RSD (%)

1 67 100 164 = 7 97 4.6

2 67 500 570 = 20 101 3.5

3 67 750 824 + 32 101 3.9

3.4. Ratiometric biosensing of adenosine

The ratiometric nanoprobe for biosensing of adenosine was explored
under the excitation wavelengths of 340nm and 580nm. Fig. 3A
showed the fluorescent spectra of the biosensor on addition of different
concentrations of adenosine. With the increasing concentrations of
adenosine from 0 to 2000 uM the fluorescence of ROX-aptamer is gra-
dually recovered while the fluorescence of PDCN nanosheets is almost
constant. The ratio of the fluorescent enhancement (F-Fy) of ROX-ap-
tamer at 620 nm to the fluorescent intensity of PDCN nanosheets at
505 nm (Fppcy) is increased with the increasing concentration of ade-
nosine (Fig. 3B). The linear range for the detection of adenosine is
10-1000 pM (R? = 0.9935). The limit of detection is 6.86 uM according
to the 30 rule. A comparison with other published aptasensors for
adenosine (Table S1), the sensitivity of this method was comparable to
the time-resolved luminescence method (Li et al., 2012), HCR-based
fluorescence method (Fu et al., 2013), MoS,-based fluorescence (Zhu
et al., 2013), GO-based fluorescence method (He et al., 2010). And this
method also showed a wide linear response range for the detection of
adenosine. The linear range based on the single fluorescence signal of
ROX-aptamer was also constructed (Fig. S8) and covered the range of
50-500 uM (R? = 0.9888). This result indicated the ratiometric fluor-
escence sensor with PDCN nanosheets as the internal reference could
eliminate some concentration-independence errors and broadened the
linear range.

To challenge the anti-interference ability of this biosensor, the
fluorescent enhancements of the signal probe on addition of the ana-
logues of adenosine, amino acids (such as cysteine, glycine, phenyla-
lanine), ascorbic acid, metal ions (such as Zn®*, Na*, K*, Mg®*), HSA
and the mixture of adenosine with its analogues were measured, re-
spectively. As shown in Fig. 4, although the concentrations of these
possible interferents are higher than that of adenosine, the fluorescent
enhancement of these analogues is much lower than that of adenosine.
Furthermore, the mixture of these analogues also do not interfere the
detection of adenosine. Therefore, this biosensor exhibits good se-
lectivity for adenosine.

To demonstrate the potential application of this biosensor for ade-
nosine, human serum samples were 100-fold diluted with Tris-HCIL
buffer (20 mM, pH 7.4) and the protein was removed by centrifugation
at 8000 rpm for 10 min. Different concentrations of adenosine were
spiked and measured by this biosensor. The results were listed in
Table 1. The recoveries are ranged from 97% to 101% and the RSD are
less than 5%, which indicate this biosensor may be potentially applied
for the detection of adenosine in human serum.

4. Conclusion

In this work, green fluorescent PDCN nanosheets were prepared by
copolymerization urea with a small amount of trimesic acid, followed
by ultrasonic exfoliation in water. After the signal probe ROX-labelled
anti-adenosine aptamer is adsorbed on the surface of PDCN nanosheets,
the fluorescence of the signal probe is quenched via the PET mechanism
while the fluorescence of PDCN nanosheets is almost unchanged. On
addition of adenosine, the formation of adenosine-aptamer complexes
results in desorption of the signal probe from the surface of PDCN na-
nosheets and fluorescent recovery of the signal probe. Therefore, a ra-
tiometric biosensor for adenosine in human serum was developed with
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acceptable sensitivity, reproducibility and selectivity by the ratio of
fluorescent enhancement of the signal probe to the fluorescence of
PDCN nanosheets. The introduction of green fluorescent PDCN na-
nosheets as the internal reference can greatly reduce the influence of
target concentration-independent factors in biosensing applications.
Although two emission scans need to be taken due to the different ex-
citation wavelength of PDCN nanosheets and ROX-aptamer, we believe
this ratiometric strategy will expand the general scope of 2D nanoma-
terials-based biosensing applications.
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