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ABSTRACT: A novel biosensor platform was developed for detection

of microRNAs (miRNAs) based on graphene quantum dots (GQDs) ¢ é ¢ § ¢
and pyrene-functionalized molecular beacon probes (py-MBs). Pyrene Q 0 'R TR '3(
i . . 0¥ CSe $¢5 K
was introduced to trigger specifically fluorescence resonance energy , Z. $, & SEET (5 €9 ¢ /::‘:Jered
transfer (FRET) between GQDs and fluorescent dyes labeled on py- - Q;\- T NN . § w =
MBs, and the unique fluorescent intensity change produced a novel \- % Targets Wi
signal for detection of the target. The platform realized detection of S,
miRNAs in a wide range from 0.1 nM to 200 nM with great Fluorescent intensity change | _ oF
discrimination abilities, as well as multidetection of different kinds of — N\

miRNAs, which paved a brand new way for miRNA detection based on

GQDs.
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1. INTRODUCTION

It is of great importance to develop rapid, simple, sensitive, and
selective biosensors for detection of proteins, nucleic acids, and
other small molecules."”” Molecular beacons (MBs) are
elaborately designed stem-loop-structured oligonucleotides
dual-labeled by a fluorophore and a quencher, which could
be used as fluorescent probes for biomolecular detection with
high sensitivity and excellent specificity.”* MBs had explored
wide applications in molecular biological studies, pathogen
detection, and biomedical diagnostics.”® Graphene quantum
dots (GQDs) are nanometer-sized graphene fragments, where
electronic transport is confined in all three spatial dimen-
sions.”” Because of the unique properties, GQDs have attracted
great attentions in a wide range of new applications.” In
particular, GQDs have shown promising prospects in
bioimaging and biodetection fields due to their outstanding
fluorescence performances.'”'' In recent years, GQD-based
fluorescent sensors have been widely studied. For example, it is
first reported that GQDs could be used for Fe’" detection on
the basis of the selective fluorescence quenching ability of
GQDs to Fe** Through luminescence resonance energy
transfer (LRET) between graphene and GQDs, human
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immunoglobulin G (IgG) could be detected via a novel
signaling transduction strategy.'” It is well-known that graphene
and its derivatives (such as graphene oxide) have wide
applications in small molecular detection, especially in building
“signal-on” fluorescent biosensors for analysis of nucleic acid
molecules.”>™"* Although GQDs and graphene have similar
hexagonal honeycomb lattice structures made of carbon atoms,
there is not much research work utilizing GQDs to build
fluorescent sensing platforms for detection of small nucleic acid
molecules (especially DNA or miRNA). We assumed that
because of instinct, small size, and electronegativity of GQDs, it
might be difficult for small nucleic acid molecules (NAs) to
combine through 7z—n stacking interaction between the
aromatic ring structures of nucleobases and the hexagonal
cells of GQDs like they did with graphene, which greatly
limited their applications.

Herein, we demonstrated a novel fluorescence biosensor
platform based on graphene quantum dots (GQDs) and
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Figure 1. Schematic illustration of the novel biosensor platform based on FRET changes between graphene quantum dots and pyrene-functionalized

molecular beacon probes for detection of miRNAs.
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Figure 2. (A) Fluorescent spectrum illustrated the detection strategy of our biosensor platform. Fluorescent curves of GQDs (1.0 ug mL™", blue
trace), the Cy3-labeled py-MB s probe alone (300 nM, green trace), py-MB 55 probe,and DNA; targets without GQDs (orange trace), GQDs and
py-MB s probe biosensor system (red trace) and after incubation with DNA, s, target (black trace). (B) Fluorescence spectra of the biosensor after
incubation with various concentrations of miR-155 (0, 0.1, 1, 10, 25, 50, 100, 150, and 200 nM), measured with excitation wavelength of 400 nm.
(C) Linear relationship between the relative fluorescence signal change AF, ((F, — Fq) /F,) and the concentration of miR-15$ target.

pyrene-functionalized molecular beacon probes (py-MBs). We
took advantage of excellent fluorescence performance of GQDs,
instinct base pairing specificity of MBs and unique fluorescence
resonance energy transfer (FRET) from GQDs to fluorescent
dyes labeled on py-MBs to realize qualitative and quantitative
analysis of miRNAs. To the best of our knowledge, it is the first
time that a GQD-based FRET biosensor platform was designed
for detection of miRNAs. During our design, pyrene was
introduced to guarantee the significant FRET between GQDs
and fluorescent dyes labeled on MBs, generating an increased
fluorescence signal. The hybridization between target miRNA
and the loop structure of py-MBs then resulted in opening of
the hairpin structures, forming more rigid duplexes structures,
which significantly hindered the FRET and thus decreased the
fluorescence signal of the fluorescent dyes. The fluorescent
intensity changes of the dyes labeled on py-MBs produced a
novel strategy for rapid analysis of miRNA targets. The novel
platform exhibited good performance in quantitative detection
of miRNA targets with great sensitivity and selectivity.
Meanwhile, through choosing proper fluorescent dyes and
changing the loop sequences of py-MBs, we realized
simultaneously multidetection of different miRNAs.
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2. RESULTS AND DISCUSSION

To realize efficient FRET, we elaborately designed our py-MBs
with 5" modification of pyrene and 3’ modification of selected
fluorescent dyes (Cy3 or CyS in our work), leaving the
sequence of the loop structures completely complementary to
the miRNA targets. Pyrene is a well-known aromatic hydro-
carbon with unique photophysical properties. It is reported that
pyrene can be represented as a fragment of a graphene sheet,
which could form a flat binding mode with graphene due to the
n—n stacking interaction.'™"" Considering of the structure
similarity between graphene and GQDs, we believed that
pyrene could also strongly attach on the surface of GQDs by
m—n stacking interactions. Therefore, the introduction of
pyrene would ensure that the py-MBs and GQDs were close
enough to trigger FRET, generating an increased fluorescence
signal of dyes labeled on probes. Upon the hybridization of the
loop structure of py-MBs with the target miRNAs, the hairpin
structures of py-MBs were opened and formed more rigid
duplexes structures. The distance between the GQDs and
fluorescent dyes increased which significantly hindered the
FRET and decreased the fluorescence signal of the fluorescent
dyes. The fluorescent intensity changes of fluorescent dyes
produced a novel signal for detection of miRNA targets (as
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Figure 3. (A) Fluorescence intensity changes of different miRNAs (with a final concentration of 200 nM for miR-15S and 1 M for miR-21, miR-
210, and miR-196a). (B) Fluorescent spectra of multiple detection for miR-155 and miR-210 (with a final concentration of 200 nM each). (C)
Representative fingerprint-like spectrum for the detection of different kind of miRNAs.

shown in Figure 1). Moreover, because of the intrinsic merits of
MB probes (including predictable design, reproducibility of
synthesis, and simplicity of modification) and the FRET signal
transduction strategy of our design, the detection platform
could be extended for detection of many other targets by
changing the loop sequences of our probes, such as aptamers,
DNAaymes, peptides, and metal ions."”

We first synthesized the GQDs as previous reported.”” From
Figure S1, we could see that the height of the synthesized
GQDs was about 0.6—2 nm, suggesting 1—3 layers of graphene,
and the diameters of GQDs were mainly distributed in a narrow
range from 2 to 5 nm. Then, in order to characterize the FRET
design, we incubated GQDs (with a final fixed concentration of
1.0 ug mL™") with a series of Cy3 labeled py-MB,s probes
(with different concentrations from 100 nM to 500 nM) to
investigate the FRET efficacy. Through the typical excitation
and emission spectra of Cy3 labeled py-MB 5 probes shown in
Figure S3A, we could see that the optimal excitation wavelength
of Cy3 was ~550 nm, while excitation of 400 nm could not
cause much emission of Cy3 comparing with 550 nm. As
shown in Figure S2A, comparing to py-MBs themselves, an
obvious fluorescent increase in the emission of labeled Cy3
(567 nm) under the excitation wavelength of GQDs (400 nm)
was observed, which indicated that GQDs and the py-MBs
were close proximity to generate FRET via the introduction of
pyrene. Through calculation of the relative fluorescent intensity
changes (AF) of Cy3, we found that 1.0 ug mL™" of GQDs and
300 nM of py-MB; system has the highest AF (Figure S2B).
Therefore, they were chosen as the optimal concentrations and
used in further experiments.

We then evaluated the feasibility of combining the GQDs
and py-MBs as a fluorescent biosensor platform for miRNA
detection by using a DNA oligonucleotide (DNA ;¢;) as a
model system, whose sequence was the same with miR-155.
Seen from Figure 2A, we observed an obvious increase of the
fluorescent intensity of Cy3 (~95% fluorescence augment) and
a slight decrease of GQDs, which was due to the energy transfer
from the photoexcited donor GQDs to the acceptor Cy3,
causing the strong emission of Cy3 under the excitation
wavelength of GQDs (400 nm). Meanwhile, the fluorescent
intensity of Cy3 did not change much while there was only py-
MB probe and DNA target, which indicated that GQDs, as
photoexcited donors were essential to construct the detection
platform. However, after adding DNA, s, targets (200 nM), an
obvious decrease in the fluorescent intensity of Cy3 and a slight
recovery of the fluorescence of GQDs were observed, which
indicated that the hybridization between the probe and DNA 5
led to the conformation change of the probes, which
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significantly hindered FRET, resulting in 77% fluorescence
decrease of Cy3. Therefore, we believed that our strategy was
successful and this special fluorescent intensity change could be
used for miRNA detection.

Recently, researches showed that the changes of miRNAs
expression levels were associated with the tumor burden and
malignant progression,”’ which demonstrated that miRNAs
could play a very important role in the diagnosis of various
cancers, such as lung cancer, pancreatic cancer.”” So far,
miRNAs have become clinically important biomarkers for early
cancer diagnostic and prognostic processes.”” Based on the
above research, we then explored the platform as a sensitive
biosensor for miRNA analysis. As illustrated in Figure 2B, the
fluorescence intensity of Cy3 labeled on py-MB s decreased
with the addition of miR-155 in a concentration-dependent
way, which was mainly due to large amount of the duplex
structures formed by the probes and miRNAs, thus hindered
the FRET. The linear relationship between the relative
fluorescence intensity change AF, ((F, — F,)/F,) and the
concentration of miR-155 was shown in Figure 2C, where Fj is
the fluorescence intensity of the Cy3 dye before hybridization
with miRNA, and F is the corresponding fluorescence intensity
after hybridization with different concentrations of miR-15S.
The linear equation was y = 0.00159x + 0.03097 with R* =
0.9865, which indicated that this method had a broad linear
range from 0.1 to 200 nM with a detection limit of 100 pM (>3
standard deviations).

Next, we investigated the specificity of this biosensor, where
four kinds of miRNA, including perfectly complementary target
(miR-155) and three kinds of other miRNA (miR-21, miR-210,
and miR-196a) were employed. As shown in Figure 3A, there
were not obvious relative fluorescence intensity changes of
other miRNAs comparing to the target miR-155, even with S
times higher concentration (1 §M/200 nM). These results
indicated that this novel fluorescent biosensor exhibited high
selectivity toward different miRNA targets.

Multiple biomarker detection has been proved quite valuable
for the early detection of cancer.”* Toward this goal, we
designed two different probes (py-MBs; and py-MB,,)
labeled with Cy3 and CyS for simultaneous detection of miR-
155 and miR-210 respectively, where the selected two dyes and
GQDs could trigger significant cascade FRET. The cascade
FRET process was as followings: under the excitation
wavelength of 400 nm, GQDs were excited and given emission
wavelengths which could excite Cy3 dyes to give emission
wavelengths used for exciting CyS dyes. In the multiple
detection system, GQDs acted as donors for two dyes (Cy3,
CyS), and Cy3 acted as acceptors of GQDs but also as donors
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for CyS. Meanwhile, as shown in Figure S3B, the optimal
excitation wavelength of CyS was ~650 nm, while excitation of
400 nm could not cause much emission of CyS. When the
targets were added, the hybrid of duplex structures between
probes and the targets formed, which caused fluorescence
intensity changes of the dyes labeled on the corresponding
probes and revealed the presence of the target. As shown in
Figure 3B, when the target miR-155 existed, the fluorescence
intensity of Cy3 labeled on the py-MB,s probe significantly
decreased, and meanwhile the intensity of CyS$ slightly reduced.
We ascribed that to the dual function of Cy3, who acted as
acceptors for GQDs and donors for CyS. When the target miR-
210 existed, the strong hybridization interaction between py-
MB,,, and miR-210 caused the fluorescence intensity of CyS
decreasing significantly. Meanwhile, when the two targets
coexisted at the same time, the fluorescent intensities of both
Cy3 and CyS decreased greatly. Therefore, as shown in Figure
3C, different targets resulted in differential fingerprint-like
spectra, through which we obtained unique AF, ((F, — F,)/Fy)
patterns with unique fingerprint features that could be
employed for discrimination of miRNAs, and also for multiple
detection.

3. CONCLUSION

In this work, we have demonstrated a novel fluorescent
biosensor platform based on GQDs and py-MBs, which could
be used for quantitative detection of miRNAs. The platform
was elaborately designed, where pyrene and fluorescent dye
dual labeled MBs were employed to strongly adsorb on the
surface of GQDs via 7—7 interactions, triggering FRET and
generating fluorescent intensity changes as signals for target
miRNA detection. This biosensor platform exhibited high
specificity, good stability, and wide detection range (from 0.1
nM to 200 nM) with a lower detection limit of 100 pM.
Moreover, considering of the large flexibility and high
programmability of our platform, it opened a new gate for
small nucleic acid molecular detection based on GQDs, even
multiple detection. Therefore, we hope that the novel biosensor
could provide new opportunities for early detection of cancer
related biomarkers and for clinical diagnosis.
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