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N-Doped graphene quantum dots (N-GQDs) as
fluorescent probes for detection of UV induced
DNA damage
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UVinduced DNA damage can lead to the development of skin cancer, skin aging and cell death. In this
study, we fabricated a fluorescence-based biosensor that can be applied to the detection of DNA
damage caused by UV radiation with the help of nitrogen doped graphene quantum dots (N-
GQDs) as the probe material. In this paper, N-GQDs with good fluorescence efficiency have been
synthesized by the hydrothermal method and were used as a fluorescent probe for the detection
of UV damaged DNA. The fluorescence intensity of N-GQDs was quenched by the static
quenching of UV damaged DNA through the formation of a N-GQD/UV damaged DNA complex.
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Accepted 5th August 2022 Moreover, the effects of different values of pH, NaCl and glucose on analytical performances of
the sensor were also studied. Thus, using a fluorescence based approach, we demonstrated

DOI 10.1035/d2ra04462¢ a quite simple, rapid, and inexpensive biosensor for the detection of DNA damage caused by UV
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1 Introduction

DNA damage refers to chemical or physical changes to DNA in
cells, which can affect the interpretation and transmission of
genetic information." DNA damage is classified into four types:
single-base alteration (depurination, deamination and alkyl-
ation), double-base alterations (pyrimidine dimers), strand
breaks (single and double strand breaks) and cross-linking of
DNA.> All these types of damage are caused by various
endogenous and exogenous agents such as reactive oxygen
species, free radicals, infrared radiations, ultraviolet (UV)
radiations, X-rays, crosslinking and alkylating agents.* UV
radiation is a leading exogenous agent to the integrity of DNA,*
which is classified into three groups on the basis of wavelength
range: UV-C (190-290 nm), UV-B (290-320 nm) and UV-A (320-
400 nm).* Fortunately, all organisms have DNA damage
response (DDR) mechanism™® that detects and repairs the
damage in DNA by using certain repair pathways like
mismatch repair (MMR), homologous recombination (HR),
non-homologous end joining (NHE]), nucleotide excision
repair (NER) and base excision repair (BER).>” Nucleotide
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excision repair (NER) is the only system responsible for
removal of the most dangerous UV induced photo-lesions in
DNA of human. If there are any defects in NER system, as in
Xeroderma Pigmentosum disease (XP), Cockayne, trichothio-
dystrophy (TTD), cerebro-oculofacio-skeletal (COFS), and UV
sensitive syndrome (UVsS),*® it can't detect and repair UV
induced photo-lesions in DNA.

In case of defects in NER system, enzyme linked immuno-
sorbent assay (ELISA), low cytometry, radioimmunoassay
(RIA), alkaline gel electrophoresis by T4 endonuclease V, mass
spectrometry, near-infrared spectroscopy, atomic force
microscopy (AFM) and fluorescent sensor have been used for
detection of photo-dimmers in DNA."™ Among these
methods, fluorescent sensor has gained great interest due to
rapid analysis, low cost, highest sensitivity, good selectivity,
relatively simple equipment and simple operation which
overcome the disadvantages of other techniques such as
tedious, time consuming and multistep process, and special
instrumentation. To date, carbon dots have been used for the
detection of UV induced DNA damage.

The fluorescent probes, graphene quantum dots (GQDs),
have received more attention in sensing applications due to
their low cytotoxicity, high aqueous dispersibility, high pho-
tostability, good biocompatibility,'”® unique electronic prop-
erties, low preparation cost and fluorescence properties.'®
Moreover, they can be easily doped with hetero-atoms like
nitrogen, boron, and phosphorous, in order to improve their
quantum yield and fluorescence efficiency. In this context,
nitrogen (N) doping is accounted to be highly useful in
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changing the intrinsic properties of GQDs."”*® Nitrogen doped
graphene quantum dots (N-GQDs) are broadly used in fluo-
rescence sensors to detect metal ions, small organic mole-
cules, non-metal ions and biological macromolecules.
Several protocols, including electrochemical,*® chemical vapor
deposition,> hydrothermal,**?* oxidative ultra-sonication
and microwave-assisted hydrothermal methods® have been
used for the synthesis of N-GQDs. Among many synthesis
methods of N-GQDs, the hydrothermal synthesis is the most
popular, simple and low cost.

Herein, highly fluorescent N-GQDs were prepared by hydro-
thermal method and were characterized by FT-IR, XRD, UV-Vis
and fluorescence spectrophotometer to explore their charac-
teristics. The intercalative and electrostatic interactions were
established between ds-DNA and N-GQDs, which played
a significant role in the detection of UV damaged ds-DNA. The
effects of pH, glucose, NaCl on stability of fluorescence
biosensor were further explored.

2 Experimental section
2.1 Materials

Citric acid monohydrate was purchased from Fisher Scien-
tific. Urea and hydrochloric acid were purchased from BDH.
Glucose, sodium hydroxide and ds-DNA were purchased from

Sigma-Aldrich. Sodium chloride was purchased from
Daejung.
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2.2 Instruments

The UV-Vis absorption spectroscopy was performed on a Per-
kinElmer Lambda 25 UV-Vis spectrophotometer. The X-ray
powder diffraction (XRD) spectra were recorded using X-ray
diffractometer. The Fourier transform infrared (FTIR) spectra
were recorded on a Thermo Fisher Scientific Nicolet 6700
spectrometer. The photoluminescence (PL) spectroscopy was
carried out on a Carry Eclipse Fluorescence
spectrophotometer.

2.3 Synthesis of N-GQDs

N-Doped GQDs were synthesized by hydrothermal heating of
citric acid and urea as a carbon and nitrogen sources, respec-
tively, following a reported method with minor modifications.*”
Typically, 7.5 mmol of citric acid (1.56 g) and 30 mmol of urea
(1.8 g) were dissolved in 40 mL of de-ionized water, and stirred
for 5 min. The mixture was then transferred into a 50 mL Teflon
lined stainless autoclave and was placed in oven for 11 h at
150 °C. The final product was collected by adding excess of
ethanol into the solution and centrifugation at 10 000 rpm for
15 min. The green precipitates were dried in drying oven at
80 °C for 3 h.

2.4 Damage to DNA by UV in the presence of N-GQDs

4 mL of ds-DNA solution (20 ug mL ™ ") was added into 4 mL of
as-prepared N-GQDs solution (30-fold diluted with de-ionized
water) and placed in UV box equipped with a UV lamps of

\

UV light

\

Ilustration of N-GQDs synthesis and application to detect UV damaged DNA: The fluorescent probes, N-GQDs, were synthesized by

hydrothermal heating of urea and citric acid. N-GQDs were added into DNA solution and placed under UV box for 20 min. The fluorescence
intensity of N-GQDs were quenched by U damaged DNA due to formation of intercalative and electrostatic interactions between them.
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6 W. The fluorescence emission spectra of the solution were
recorded after different intervals of UV irradiation. The
synthesis and application of N-GQDs is illustrated in Fig. 1.

3 Results and discussion
3.1 Characterization of N-GQDs

To explore the optical properties of N-GQDs, UV-visible (UV-Vis)
absorption spectroscopy was carried out. The absorption
spectra of N-GQDs and urea are shown in Fig. 2A. In the
absorption spectra of N-GQDs, two absorption peaks were
observed, centered at about 234 and 345 nm. The peak at
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234 nm indicated the transition of m-m* of aromatic C=C
domain while at 345 nm showed the transition of n-m* of C=N
and C=0."

The FL spectra at different excitation wavelength is shown in
Fig. 2B. The N-GQDs exhibited an excitation-independent FL
behavior. At different excitation wavelengths, only change in peak
intensity was observed, with no shift in peak position. By
increasing excitation wavelengths, the FL intensity of the peaks
was first increased and then decreased. At 340 nm excitation, the
maximum FL intensity was observed. Effect of dilution on fluo-
rescence intensity of N-GQDs was observed at an excitation
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Fig. 2

(A) UV-Vis absorption spectra of (a) N-GQDs and (b) urea, (B) FL spectra of N-GQDs at different excitation wavelengths: (c) 340 nm, (d)

350 nm, (e) 330 nm, (f) 360 nm, (g) 320 nm, (h) 370 nm, (i) 310 nm, (j) 380 nm, (k) 300 nm, (1) 390 nm and (m) 400 nm, (C) FL spectra of N-GQDs at
different dilution folds (from top to bottom): (n) 16-fold, (o) 32-fold, (p) 64-fold, (q) 128-fold, (r) 256-fold and (s) 512 fold, (D) FTIR spectra of (t)

urea, (u) citric acid and (v) N-GQDs, (E) XRD pattern of N-GQDs.
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wavelength of 350 nm by diluting the samples with de-ionized
water. The FL spectra of N-GQDs at different dilutions can be
evidenced in Fig. 2C. It can be seen that the FL intensity of N-
GQDs is decreased by increasing their dilution. The structure
of the N-GQDs was further characterized using FTIR spectra. The
FTIR spectra of N-GQDs aqueous solution, citric acid and urea
are shown in Fig. 2D. The broad absorption band in N-GQDs
spectra at around 3600-3000 cm ™' indicated hydrogen bond
confirming the existence of OH and NH groups in N-GQDs. The
stretching vibrations of C=N and C=C were observed in N-GQDs
spectra at 1630 cm ' and 1570 cm ™', respectively. The strong
absorption band was affected by the conjugation of C=C bond
with other double bond structures. The peak at around 1478-
1636 cm ™' indicated the bending vibration of C-H bond. These
observations revealed that the N-GQDs possess amine, and
hydroxyl functional groups on their surfaces, which facilitates the
homogenous and stable dispersion of N-GQDs in water. The XRD
spectra of the N-GQDs (Fig. 2E) revealed that the diffraction peaks
of graphitic structure appeared in the range of 27-29 26 value.
The smaller size of the N-GQDs resulted in peak broadening as
can be evidenced in the spectra.”®
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3.2 Detection of UV induced DNA damage by N-GQDs

The UV damaged DNA leads to the development of skin cancer
and skin aging.® As can be evidenced from Fig. 3A and B, the
fluorescence intensity of N-GQDs is more quenched by UV
damaged DNA as compare to un-damaged DNA, which indicates
presence of photo-lesions in UV damaged DNA that are main
cause of skin cancer. Such photolesions and individual protein
bases of DNA are more prone to surround the N-GQDs which
eventually results in the quenching of fluorescence properties of
these quantum dots.

Fluorescence quenching of any fluorescent probes can
involve dynamic or static quenching, or their combined
quenching mechanism.*” As can be evidenced from Fig. 3A and
B, UV damaged ds-DNA quenches N-GQDs emission intensity
through static quenching mechanism. The static quenching
mechanism between N-GQDs and UV damaged DNA is
explained by Fig. 3C and D. As can be seen in Fig. 3C, after
interaction with ds-DNA and UV damaged DNA, the absorption
spectra of N-GQDs were changed. These changes in absorption
indicated the occurrence of static quenching due to formation
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(A) FL spectra of (a) DNA, (b) N-GQDs, (c) N-GQDs—-ds-DNA complex and N-GQDs—DNA irradiated under UV for 10, 20, 30, 40, 50, 60,

70, 80, 90, 100, 110, 120, 130, 140, 150, 160, 170, 180, 190, 200, 210 and 220 min, (B) FL spectra of (d) DNA, (e) N-GQDs, (f) N-GQDs-ds-DNA
complex and N-GQDs—-DNA irradiated under UV for 20, 40, 60, 80, 100, 120, 140, 160, 180, 200, 220 and 240 min, (C) the UV-Vis absorption
spectra of (g) N-GQDs, (h) N-GQDs—-ds-DNA complex and (i) N-GQDs—-ds-DNA complex irradiated under UV for 15 min, and (D) FL spectra of N-

GQDs-ds-DNA complex heated at (j) 50 °C and (k) 100 °C for 10 min.
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Fig.4 (A) The FL spectra of (a) N-GQDs, (b) N-GQDs—ds-DNA complex and (c) N-GQDs-ds-DNA complex under 100 min UV radiation at pH 4,
(B) the FL spectra of (d) N-GQDs, (e) N-GQDs—ds-DNA complex and (f) N-GQDs—-ds-DNA complex under 100 min UV radiation at pH 6, (C) the
FL spectra of (g) N-GQDs, (h) N-GQDs-ds-DNA complex and (i) N-GQDs—-ds-DNA complex under 100 min UV radiation at pH 8, (D) the FL
spectra of (j) N-GQDs, (k) N-GQDs—-ds-DNA complex and () N-GQDs—ds-DNA complex under 100 min UV radiation at pH 10, (E) the FL spectra

of (m) N-GQDs, (n) N-GQDs-ds-DNA complex and (o) N-GQDs—ds-DNA complex under 100 min UV radiation at pH 12.

of complex at ground state between ds-DNA and N-GQDs. As the
dynamic quenching only affects the excited state of fluorophore
and absorption spectra does not change.** The effect of
temperature on static quenching is shown in Fig. 3D. By
increasing temperature, the efficiency of static quenching is
decreased because increasing temperature tends to disfavor the
binding interaction that causes static quenching. Efficiency of
static quenching is increased if there is great affinity between N-
GQDs and UV damaged ds-DNA for each other.

3.3 N-GQDs interaction with ds-DNA

The interaction of N-GQDs with ds-DNA was investigated by
UV-Vis spectroscopy. The absorption spectra of N-GQDs and
N-GQDs-ds-DNA complex before and after irradiation of UV
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were shown in Fig. 3C. In UV-Vis spectroscopy, If a hypo-
chromic effect is observed in the spectrum, it indicate
intercalation type of interaction of object with the DNA while
in case of a hyperchromic effect, the intercalative and elec-
trostatic type of interactions of object with the DNA are
observed.*"*? In the UV-Vis spectrum, two intense bands were
observed (at 234 and 337 nm) for N-GQDs. When they
interact with ds-DNA and UV damaged ds-DNA, hyper-
chromism and hypochromism are observed at 234 and
337 nm, respectively. These changes in the absorption peaks
of N-GQDs confirm the electrostatic and intercalative type of
interaction between UV damaged ds-DNA and N-GQDs
complex.*
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(A) FL spectra of (a) N-GQDs, (b) N-GQDs—DNA complex, (c) N-GQDs—-DNA complex irradiated under UV for 100 min, (d) N-GQDs in the

presence of 27 mM glucose, (e) N-GQDs—-DNA complex in the presence of 27 mM glucose and (f) N-GQDs and DNA complex irradiated under
UV for 100 min in the presence of 27 mM glucose, (B) FL spectra of (g) N-GQDs, (h) N-GQDs—DNA complex, (i) N-GQDs—DNA complex
irradiated under UV for 100 min, (j) N-GQDs in the presence of 125 mM NaCl, (k) N-GQDs—-DNA complex in the presence of 125 mM NaCl and (1)
N-GQDs and DNA complex irradiated under UV for 100 min in the presence 125 mM NaCl.
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3.4 Effect of pH, glucose and NaCl on stability of biosensor

To explore the practical application of this biosensor, the effect
of pH on fluorescence intensity of N-GQDs and on the UV
damage ds-DNA detection process was investigated over the pH
range of 4-12. The result is shown in Fig. 4A-E. The pH was
adjusted using NaOH (1 mol L") and HCI (1 mol L™"). It was
observed that the fluorescence intensity of N-GQDs and its
quenching by ds-DNA is pH dependent. First, the florescent
intensity of N-GQDs increased from pH 4 to 8 followed by
a prominent decrease from pH 8 to 12. The maximum fluores-
cence intensity was observed at pH 8 where N-GQDs could
detect UV damaged ds-DNA more efficiently. In general, the
fluorescence intensity of N-GQDs is stable in a wide range of
pH>* and hence could be useful to detect UV damaged ds-DNA
in wide range pH.

In a control experiment, the fluorescence intensity of N-GQD
was quenched by glucose, which conduced the presence of
glucose in physiological environment could be crucial for
damaged DNA detection. Hence, the effect of glucose on the
fluorescence intensity of N-GQDs and N-GQD-ds-DNA complex
was studied as shown in Fig. 5A.

In the presence of glucose, UV irradiation caused less damage
in ds-DNA which corroborated minor quenching in the fluores-
cence intensity of N-GQDs. In the absence of glucose, the fluo-
rescence quenching was more, as can be evidenced in Fig. 5A.
Moreover, the effect of NaCl on the fluorescence intensity of N-
GQDs and N-GQD-ds-DNA complex were studied as shown in
Fig. 5B. The fluorescence intensity of N-GQDs was slightly
quenched by NaCl solution indicating that N-GQDs were stable
and did not aggregate even under high ionic conditions.”® In the
presence of ionic solution, ds-DNA did not damage under UV
irradiation because sodium ions provided stability to it by
neutralizing the negative change on its backbones. After
neutralization of negative charge on DNA, the repulsive
coulombic interactions between the phosphates was reduced and
DNA molecules remained in their native structure.*

4 Conclusion

In conclusion, we have developed a novel and convenient fluo-
rescence sensor by using N-GQDs to achieve the rapid detection
of UV induced ds-DNA damage. The prepared N-GQDs exhibited
excellent optical properties and wavelength independent FL
behavior. The fluorescence intensity of N-GQDs was quenched
by static quenching of UV damaged DNA through formation of
N-GQDs with individual base proteins of DNA and their pho-
tolesions via intercalative and electrostatic interactions. Based
on this principle, UV damaged DNA can be detected under
different physiological conditions. The present study provides
a simple, fast, and cost-effective fluorescence based DNA
detection method that could further be researched for devel-
opment of other bio-sensing platforms.
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