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Abstract The current work primarily deals with the synthesis of nitrogen rich carbon dots from
Delonix regia along with characterisation using several analytical techniques for fluorescent sensing
of Fe(III) and cysteine, electrochemical sensing of hydrogen peroxide and DNA binding. The aver-
age particle size of the spherical N-CDs is calculated to be 2.23 nm with a quantum yield of 33.5%.
The SAED pattern from HR-TEM confirms the slight graphitisation of the N-CDs along with the
amorphous carbon core. The synthesised N-CDs served as an efficient turn off sensor for Fe(I1I)
with a detection limit of 5.76 x 107 M and turn on sensor for L-Cysteine with a detection limit
of 3.76 x 10* M. The nature and extent of binding of the N-CDs with ctDNA was evaluated
and the binding constant from the Benesi Hildebrand plot is calculated to be 6.49 (mg/mL)™".
The limit of detection was found to be 71 uM for electrochemical sensing of hydrogen peroxide.
The less cytotoxic and excellent biocompatible nature of the N-CDs have been taken advantage
to image L6 cells and SKMEL cells.
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1. Introduction

Carbon dots belong to a class of carbon nanomaterials with character-
istic optical properties. The synthetic routes and the choice of carbon
precursors play a vital role in the determination of the structure of the
carbon nanomaterials along with the degree of carbonisation and reac-
tion time. Dopants such as nitrogen, sulphur, fluorine, phosphorus and
transition metals effectively alter the electronic structure and energy
levels of carbon dots which directly enhance the photoluminescence
intensity and quantum yield. Versatile carbon dots find applications
in wider fields that are of much practical importance and industrial rel-
evance such as in-vivo and in-vitro imaging of biological cells, photo-
catalysts for water splitting, energy conservation solar cells, drug
designing, drug delivery, fluorescent sensors for the detection of heavy
metals, metals that are of biological significance, amino acids and food
adulterants (Ai et al., 2021; Al-Hashimi et al., 2020; Wang et al., 2022;
Liu et al., 2021). The carbon precursor Delonix regia seeds are a store-
house of fatty acids such as linoleic acid, malvalic acid, sterculic acid,
palmitic acid, myristic acid, oleic acid, stearic acid, amino acids such as
v-methyleneglutamine, trans-3-hydroxy-L-proline, v-
methyleneglutamic acid, sterols such as phytol, sitosterol, carbohy-
drates such as galactomannan and tannins such as propelargonidin
and procyanidin (Modi et al., 2016). These constituents in the seeds
of Delonix regia make it an ideal carbon precursor for the current
study.

Iron is an essential for the optimal functioning of the human body.
Iron serves as a cofactor in multiple heme proteins and non-heme iron-
containing proteins in the human body. Heme proteins involve in oxy-
gen binding and transport, oxygen metabolism, mitochondrial respira-
tion and electron transport whereas non-heme proteins involve in
steroid and DNA synthesis, cell proliferation, drug metabolism and
gene regulation. The deficiency or excess of iron levels result in physi-
ological disorders. Thus, it is necessary to monitor the iron levels in the
human body. Fluorescent detection owing to advantages over other
analytical techniques such as high sensitivity, quick response time,
and simple sample preparation methods has gained popularity with
time (Han et al., 2016; Yiannikourides and Latunde-Dada, 2019).

The study of interaction between DNA and target drug molecules
holds primary importance for diagnostic purposes and for the design
of drugs. An efficient DNA binding drug must have high binding con-
stant (Li et al., 2022). The interaction of DNA with target molecules
may involve external electrostatic binding, intercalation and groove
binding. The binding interactions are studied by analysing the change
in absorbance with respect to the change in concentration of carbon
dots or the concentration of ctDNA with the help of UV—Visible spec-
trophotometer (Gracia et al., 2023).

Hydrogen peroxide holds primary significance as it is of prime
importance in many food processing and clinical industries. Certain
reports also claim the cytotoxic nature of hydrogen peroxide and
demand the systematic removal by action of enzymes such as thiore-
doxin, peroxidase and catalase. Another aspect of caution is that
hydrogen peroxide easily forms hydroxyl radicals on exposure to UV
light thereby leading to oxidative stress, atherosclerosis, myocardial
infarction, Alzheimer’s disease and DNA damage. Thus, selective
and sensitive detection of hydrogen peroxide holds much relevance.
High sensitivity, fast response time, and simple operational procedures
draw huge research interests for the design of electrochemical sensors
(Ma et al., 2020; Rahmati et al., 2020; Mohammad et al., 2020;
Gowthaman et al., 2019).

The current work mainly focuses on the synthesis of N-CDs from
the seeds of Delonix regia via hydrothermal treatment and systematic
characterisation with different analytical techniques. The potential
applications of the synthesised N-CDs as fluorescent sensors to detect
Fe(III) and L-cysteine, as DNA binding agents, as electrochemical sen-
sors for the detection of hydrogen peroxide and as biomarkers for bio-
logical cells are explored.

2. Experimental

2.1. Materials and methods

(NHy),Fe(S04),-6H,O (SRL Chem, 99.9%), CoCl,-6H,O
(SRL Chem, 99.0%), ZnCl, (E. Merck, >95.0%), Cd(NOs),-
-4H,0 (Spectrum chemicals, 99.0%), NiCl,-6H,O (SRL chem,
99.0%), anhydrous FeCl; (>99.9%), anhydrous CrCl;
(99.9%), HgCl, (>99.5%), CuSO4-6H,O (>98.0%), and Pb
(NO3), (299.0%) were procured from Sigma Aldrich and used
without further purification for metal sensing studies. Quinine
sulphate (99.0%) for quantum yield measurement was
obtained from Sigma Aldrich. Nitrogen dopant, ethylene dia-
mine (99.5%) was purchased from SRL Chem and ctDNA for
DNA binding studies was purchased from Sigma Aldrich and
used without further purification. Disodium hydrogen phos-
phate (>99.0%) and sodium dihydrogen phosphate
(>99.0%) were purchased from Sigma Aldrich for the prepara-
tion of phosphate buffer. Hydrogen peroxide (30%, Emparta
grade), sodium chloride (Emparta grade, 99.0%) and Tris
HCI (99.0%) were procured from Merck and used as received.
HCI (0.1 M) and NaOH (0.1 M) solutions were used for pH
adjustments. The entire course of the work was carried out
with double distilled water.

2.2. Synthesis of N-CDs

The synthesis of N-CDs was carried out as follows; the seeds
of Delonix regia were collected in bulk from the same tree
from a local area in Tuticorin, Tamilnadu, India and finely
powdered. The powder (0.4 g) along with 0.5 mL of ethylene
diamine to a total volume of 30 mL was taken in a Teflon
lined stainless steel autoclave of 50 mL capacity and the reac-
tion was carried out at 180 °C for 6 h (Xu et al., 2015). The
contents of the autoclave once naturally cooled were filtered
with a Whatman filter paper No.l (11 pum pore size). Cellu-
lose nitrate membrane filter of 0.22 pum pore size was used
for further purification and the resultant N-CDs were stored
at 4 °C for further studies.

2.3. Characterisation of N-CDs

The optical and electronic properties of the synthesised N-CDs
were analysed with the help of JASCO V-650 spectrophotome-
ter and JASCO FP-8300 spectrofluorometer. Shimadzu FT-IR
spectrophotometer in the range 400-4000 cm ™! was used to
record the ATR-FTIR spectrum of the N-CDs. A drop of
the synthesised N-CDs coated on the copper grid was let to
air dry and HR-TEM analysis was carried out with Tecnai
G2, F30 at an acceleration voltage of 200 kV. The elemental
constituents of the N-CDs were analysed with the help of Bru-
ker Nano, GmbH, D-12489 at an accelerating voltage of
30 kV. Electrochemical measurements were carried out with
CHI 650C electrochemical workstation. Horiba scientific
XploRa PLUS Raman microscope was used to record the
Raman spectrum of the synthesised N-CDs. Cytotoxic studies
were proceeded with the aid of a Labomed TCM-400 tissue
culture microscope.
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2.4. Calculation of quantum yield

For the calculation of quantum yield, quinine sulphate in
0.1 M H,SO,4 was chosen as a standard. The quantum yield
of quinine sulphate at 360 nm was reported to be 0.54
(n = 1.33) (Atchudan et al., 2018). The absorbance at wave-
length 360 nm was kept under 0.1 for the concentrations stud-
ied, to minimise the interference of reabsorption. The quantum
yield was calculated using Eq.1 (Hoan et al., 2019):
my n

¢—¢mxm—ﬂ><% (1)
where, the subscripts x and st represent NCD sample and stan-
dard respectively, ¢ represents the quantum yield, m is the
slope of the plot of emission intensity Vs absorbance and n
is the refractive index.

2.5. Fluorescence sensing of Fe(Ill)

The surface functional groups on the N-CDs exhibit certain
degree of coordination towards different transition metal ions.
The extent of coordination varies with different metal ions and
this is observed to have a direct impact on the emission inten-
sity of N-CDs. The selective coordination of different metal
ions such as Cu(Il), Zn(II), Cd(II), Cr(Ill), Fe(Il), Fe(IIl),
Co(II), Ni(Il), Hg(I) and Pb(II) towards the surface func-
tional groups of the synthesised N-CDs and its impact on
the emission intensity was monitored. The metal ions at con-
centration of 8 x 10* M were added to the synthesised N-
CDs in the ratio 4:1. The total volume was maintained at
1 mL and the spectra were recorded at 360 nm excitation wave-
length after 2 min. The spectral measurements were recorded
at pH 7, as the maximum emission of the synthesised N-CDs
was observed at neutral pH.

2.6. Turn on fluorescence sensing of L-cysteine

The fluorescence revival studies were carried out in the pres-
ence of different amino acids such as L-arginine, L-cysteine,
L-glycine, L-isoleucine, L-tyrosine and L-valine. The reaction
mixture contained the synthesised N-CDs along with Fe(III)
and amino acids in the volume ratio of 1:4:4 to a total volume
of 2 mL. Of the studied amino acids, L-cysteine enhanced the
emission intensity to a comparatively higher extent and there-
fore a turn on fluorescent sensor for L-cysteine was developed.
The same procedure was repeated for different concentrations
of L-cysteine and the limit of detection was calculated from
Stern Volmer plot.

2.7. ctDNA binding studies

The extent of interaction between ctDNA and the synthesised
N-CDs was studied with the help of UV-Visible spectropho-
tometer. The DNA solution was prepared by sonicating
10 mg of ctDNA along with 10 mL of 5 mM TrisHCI and
50 mM NacCl for 1 min. 30 such cycles were carried out for
homogeneity (Gracia et al., 2022). The ratio of absorbance
at 260 nm and 280 nm A,g0/Asg Was 1.86, which indicated
that the prepared DNA solution was free from other impurities

(Jhonsi et al., 2018). For future use, the DNA stock solution
was kept in a refrigerator.

The absorption measurements were done with constant
ctDNA concentration and varied concentrations of the synthe-
sised N-CDs to a total volume of 1 mL. pH 7 was maintained
throughout the experiment. The absorption spectra were
recorded after a uniform mixing period of 30 s. The binding
constant was calculated from Benesi Hildebrand plot.

2.8. Electrochemical sensing of hydrogen peroxide

2.8.1. Fabrication of the N-CDs onto the GCE

The glassy carbon electrode was first cleaned thoroughly with
emery paper and rinsed with double distilled water. The N-
CDs modified glassy carbon electrode was fabricated by self-
assembling the N-CDs for three hours which served as a work-
ing electrode. Michael’s addition of amine groups to the dou-
ble bonds on the glassy carbon electrode is responsible for the
attachment of N-CDs to the GCE (Gowthaman et al., 2017).
Platinum wire served as the counter electrode whereas KCl sat-
urated Ag/AgCl served as the reference electrode. The electro-
catalytic activity of the synthesised N-CDs was first monitored
with CV at a scan rate of 0.05 V/s. The modified glassy carbon
electrode was then used for the sensing of hydrogen peroxide
(Zhang et al., 2016).

2.8.2. Hydrogen peroxide sensing

For the electrochemical sensing of hydrogen peroxide, various
concentrations of hydrogen peroxide were added to 5 mL
phosphate buffer of pH 7.2. The change in current was
recorded in Differential Pulse Voltammetry (DPV). The DPV
measurements were done with a pulse width, amplitude, sam-
pling width and pulse period of 0.06 s, 0.05 V, 0.02 s and
0.5 s respectively.

2.9. Cell viability assay

The synthesised N-CDs were first prepared in DMEM media
(100 mg/mL) for the evaluation of their cytotoxic effects on
the SKMEL cell line (Human Skin Cancer) and L6 cell line
(Rat Skeletal Muscle). Further dilutions were carried out
and seeds were sown into the wells containing the cultivated
cells at final concentrations of 6.25 ug, 12.5 pg, 25 pg, 50 pg,
and 100 pg. With untreated wells acting as the control, the
absorbance at 570 nm was measured.

2.10. Bio-imaging

The characteristic tendency of the synthesised N-CDs to exhi-
bit fluorescence was extended to image SKMEL and L6 cell
lines. The cells were grown in Dulbecco’s Modified Eagles
Medium (DMEM-Himedia), which was enhanced with a
10% heat inactivated Fetal Bovine Serum (FBS) containing
Penicillin (100 pg/mL), Amphotericin B (2.5 pg/mL) and
Streptomycin (100 pg/mL) and a 1% antibiotic cocktail. Fluo-
rescence microscopy was used to image the synthesised N-CDs
after an hour of incubation with the pre-treated cells at 550 nm
excitation wavelength.
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3. Results and discussions

3.1. Characterisation of the synthesised N-CDs

The optical and electronic properties of the synthesized N-CDs
were characterized with the help of UV-Visible spectroscopy
and fluorescence spectroscopy. The absorption peaks are
strongly dependent on the synthetic procedure and the surface
functional groups of the N-CDs. Fig. la represents the UV-
Visible spectrum of the synthesized N-CDs. The peaks at
274 nm and 338 nm correspond to m-n* and n-m* electronic
transitions respectively (Kaur and Verma, 2022). The m-n*
transition is ascribed to the aromatic sp> domains and the n-
n* transition arises due to the presence of heteroatom rich
functional groups on the surface of the synthesized N-CDs.
The synthesis of carbon dots involves carbonization, dehydra-
tion and polymerization steps that occur during the course of
the hydrothermal treatment leading to the formation of a car-
bon core with surface functional groups that are responsible
for the m-n* and n-n* electronic transitions. Photolumines-
cence is a characteristic trait of the carbon dots and the synthe-
sized N-CDs exhibit excitation dependent emission as
represented in Fig. 1b. On variation of excitation wavelength
from 300 to 360 nm, a gradual increase in emission intensity
is observed, which is further followed by a mild decrease in
intensity accompanied by a slight red shift. The maximum exci-
tation wavelength corresponds to 360 nm with the emission
maximum corresponding to 444 nm. The exact mechanism of
the photoluminescence is still ambiguous due to the diverse
and complex structure of the carbon dots (Zhi et al., 2019).
However, presence of different particle sizes, surface energy
states, defects, band gap transitions related to conjugated ©
domains, quantum size effect and energy transfer are all attrib-
uted to the excitation dependent emission nature of the synthe-
sized N-CDs (Zhu et al., 2015; Shen et al., 2018; Nair et al.,
2020). The emissive properties of N-CDs from each batch of
synthesis showed the same intensity within an error of 2%.
Quantum yield is another parameter that quantifies efficiency
of the carbon dots. Doping with heteroatoms in particular is
found to enhance the quantum yield and overall efficiency of
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the carbon dots. Nitrogen with similar size to that of carbon
is found to be an effective dopant among the other dopants
such as sulphur, phosphorus, boron and other metals. The flu-
orescence intensity of N-CDs is 84% higher than that of
undoped CDs. Also, the quantum yield of N-CDs is calculated
to be 33.5% whereas the quantum yield of undoped carbon
dots is 12.9% (Atchudan et al., 2021). Thus the overall effi-
ciency of the CDs enhances on nitrogen doping.

Fig. 2 represents the FT-IR spectrum of the synthesised N-
CDs. The spectrum reveals the presence of abundant polar sur-
face functional groups, which enhance the hydrophilic nature
of the synthesised N-CDs. The vibrational bands at
3478 cm~' and 1640 cm™! correspond to —OH stretching and
C = O stretching respectively. Bands at 2306 cm™!,
1384 cm™! and 1143 em™' correspond to C-H stretching, C-
N/N-H stretching and C-O stretching vibrations respectively.
The bands observed at 1086 cm™" and 611 cm™" are associated
with C-H bending (Zulfajri et al., 2019; Han et al., 2019;
Edison et al., 2020).

The morphology and particle size of the synthesised N-CDs
are analysed with the help of HR-TEM. The HR-TEM images
of the synthesised N-CDs are represented in Fig. 3. The syn-
thesised N-CDs are spherical with an average particle size of
about 2.23 nm. Lattice fringes are visible clearly as in
Fig. 3b. The SAED pattern confirms the slight crystalline nat-
ure of the synthesised N-CDs (Liu et al., 2017; Pal et al., 2018).

Fig. 4 represents the EDX spectrum of the synthesised
NCDs. Energy dispersive X-ray Analysis (EDX) aids in con-
firming the constituent elements of the synthesised NCDs.
The elemental constituents of NCDs are carbon (44.57%),
nitrogen (27.43%) and oxygen (28.00%). This confirms the
successful doping of nitrogen into the carbon dots that
accounts for the increased efficiency of the NCDs.

Raman studies provide vital information with respect to the
composition and structure of compounds. Fig. 5 represents the
Raman spectrum of the synthesised NCDs. Bands at
1342 cm ™" and 1544 cm™! correspond to D band and G band
respectively. The broad peak at 1438 cm™' corresponds to the
amorphous carbon present on the surface of the synthesised N-
CDs (Shimodaira and Masui, 2002; Li et al., 2020; Ye et al.,
2019). The surface defects on the synthesised N-CDs are the

b
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(a) Absorption spectrum of N-CDs and (b) Fluorescence spectra of the N-CDs at various excitation wavelengths.
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the deprotonated functional groups at higher pH result in the
formation of an anionic layer on the surface of the synthesised
604 N-CDs. This disrupts the origin of fluorescence thereby
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Fig. 5 Raman spectrum of the synthesised NCDs.

result of nitrogen doping (Wu et al., 2018). The G band con-
tributes to the in-plane vibrations of sp? hybridisation of the
synthesised N-CDs and the D band corresponds to the sp’
hybridised carbon. The ratio of Ip/Ig corresponds to the sp*/
sp? carbon ratio and it is calculated to be 0.68. The decrease
in ratio indicates coexistence of both sp> and sp? carbon atoms
with slight graphitic nature (Chandrasekaran et al., 2020). This
substantiates the existence of amorphous nature of the carbon
dots with slight graphitisation from HR-TEM.

The emission intensity of the synthesised N-CDs at differ-
ent pH were analysed as represented in Fig. 6a. It is observed
that the synthesised N-CDs are sensitive to pH and maximum
fluorescence intensity is observed at neutral pH. The protona-
tion and deprotonation of the functional groups are the rea-
sons for the change in emission intensity at both acidic and
basic conditions. At lower pH values, protonation of func-
tional groups occurs which results in intramolecular hydrogen
bonding. This leads to the aggregation of N-CDs accompanied
by the loss of fluorescence intensity. The negative charges from

sised N-CDs potential probes for imaging and other biological
applications.

On continuous irradiation with Xenon lamp for about
60 min, the emission intensity of the synthesised N-CDs is
found to remain constant with no evident change as depicted
in Fig. 6b. The synthesised N-CDs exhibited excellent stability
and resistance to photobleaching for a period of six months
without any decrease in the emission intensity when stored at
4 °C.

3.2. Turn off fluorescent sensor

Surface functionalization of carbon dots results in highly selec-
tive binding sites that are very specific to different analytes.
The emission intensity of carbon dots is either quenched or
enhanced as a result of their interaction with the analytes.
The specific interaction between carbon dots and the desired
analyte chosen for the study helps in the design of highly sen-
sitive fluorescent sensors. A range of transition metals were
chosen to analyse the selectivity of the synthesised N-CDs
towards specific metal ions as shown in Fig. 7a. Among the
metal ions chosen for the study, Fe(Ill) is found to quench
the emission intensity of the synthesised N-CDs to a greater
extent, indicating a stronger affinity of the surface functional
groups of NCDs towards Fe(III) (Shah et al., 2019; Deng
et al., 2021). The resultant NCD- Fe(III) complex results in
the transfer of electrons from N-CDs to the empty orbitals
of Fe(III) complex. This leads to the decrease in the emission
intensity (Chen et al., 2017). Also, with the increase in concen-
tration of the Fe(III), the emission intensity of the synthesised
N-CDs kept gradually decreasing as shown in Fig. 7¢c. Linear-
ity in the concentration range of 8 x 10”7 M to 80 x 107 M is
observed from the Stern Volmer plot with a regression coeffi-
cient of 0.99 as shown in Fig. 7d. The detection limit calculated
from Eq. (2) is found to be 5.76 x 107" M. The detection limit
is comparable to existing reports (Atchudan et al., 2018).
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LOD =——
slope

2)
where, o is the standard deviation of blank (n = 10).

FT-IR is used to confirm the coordination between the syn-
thesised NCDs and Fe(III) as given in ESI S1. The interaction
between surface functional groups of N-CDs and Fe(IIl) is
suggested by the clear modifications observed in the vibra-
tional bands of N-CDs and the NCD- Fe(Ill) complex. A
slight shift in the wavenumbers corresponding to hydroxyl
and carbonyl functional groups suggests a possible coordina-
tion of Fe(IlI) with them. The FT-IR spectrum of NCD- Fe
(IIT) complex exhibited additional vibrational bands at
1510 em ™', 1214 ecm ™", 989 cm™', 868 ecm ™', 696 cm™' and
517 em ™" which correspond to symmetrical C-O stretching, —
COOH, Fe-O bending vibration (indicating the substitution
of hydroxyl groups), Fe-O stretching vibration, Fe-C and
NH, modes (Rath et al., 2000; Gladysz et al., 1979;
Kurtikyan and Ford, 2008; Boffi et al., 1997; Carabante
et al., 2009; Kamnev et al., 1999). Thus, FT-IR bands confirm
the stronger coordination of Fe(IIl) to the surface functional
groups resulting in the quenching of emission intensity. The
mechanism of quenching can be predicted with the help of
UV-Visible spectroscopy. No significant shift in absorbance
peaks is observed for both NCDs and NCD- Fe(III) complex
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Fig. 8

as given in ESI S2. This suggests that a nonfluorescent complex
forms in the ground state when the N-CDs and Fe(III) inter-
act, thereby resulting in static quenching. Thus, the strong
interaction of Fe(Ill) with the surface functional groups of
NCDs and the formation of a complex at the ground state
are responsible for the quenching of the emission intensity
(Zu et al., 2017).

3.3. Turn on fluorescent sensor

The favourable redox reaction between the thiol group of L-
cysteine and Fe(III) ions were taken advantage of to design
a turn on fluorescent sensor for L-cysteine. The emission inten-
sity of the NCD- Fe(III) complex in presence of L-cysteine is
observed to be directly proportional to the concentration of
L-cysteine (Gracia et al., 2023). The concentration variations
were made between 8 x 10° M to 2.8 x 10* M as in
Fig. 8a. Linearity is observed in the range 8.0 x 10® M to
40 x 10° M with a regression coefficient of 0.99 as in
Fig. 8b and the limit of detection is calculated to be
3.76 x 10* M.

The redox reaction between the L-cysteine and Fe(III)
results in the reduction of Fe(IIT) to Fe(II) with the oxidation
of L-cysteine (Gracia et al., 2023). The FT-IR spectrum of
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(a) The emission spectra of NCD - Fe(III) complex in the presence of different amino acids (b) The bar plot of intensity Vs the

NCD - Fe(IlI) complex in the presence of different amino acids (c) The emission spectra of NCD - Fe(III) complex in the presence of
varying concentrations of L-Cysteine (d) The Stern-Volmer plot of F/F, Vs the concentration of L-Cysteine.
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NCD-Fe(I1I)-cysteine is given in ESI S3. The vibrational
bands at 2886 cm™', 1510 cm™', 1363 em™', 1201 cm™',
703 em™! and 518 em™! correspond to CH,-S asymmetric
stretching vibration, symmetric vibration of COO™ group, C—
C stretching vibration, CH, wagging, C-S stretching vibration
and S-S stretching vibration respectively. (Manivannan et al.,
2018; Chandran et al., 2015; Selvaraju et al., 2007). S-S stretch-
ing vibration corresponding to cystine confirms the oxidation
of cysteine to cystine.

3.4. DNA binding

Drug interactions with DNA are crucial for both therapeutic
and diagnostic purposes. Design and usage of drugs primarily
depend on the binding mechanism, kinetics of binding, and
rate of association and dissociation. Molecules interact with
DNA via non-covalent interactions such as intercalation,
groove binding, covalent binding and external electrostatic
binding (Oliveira et al., 2019). Also intercalative binding
results in hyperchromic or hypochromic effects (Jhonsi et al.,
2018).

From Fig. 9a, it is evident that an increase in absorbance is
observed with the increase in the concentration of the synthe-
sised N-CDs. The extent of interaction between ctDNA and N-
CDs is calculated in terms of binding constant from the
Benesi-Hildebrand equation as shown in Fig. 9b. It is calcu-
lated to be 6.49 (mg/mL)™" which is comparable with the exist-
ing reports (Jhonsi et al., 2018; Gracia et al., 2023). The
hyperchromic effect and slight red shift indicate an intercala-
tive interaction between ctDNA and N-CDs (Zu et al., 2017;
Velammal et al., 2016).

1 1 1
= 3
Aps — Ao Ac— Ao * K(Ac — Ao)[N — CDs] (3)

3.5. Cyclic voltammetry

After self-assembling the synthesised N-CDs [N-CDs/GCE]
for three hours, the CV scans were run in a phosphate buffer
at pH 7. The CV profile of GCE shows a cathodic peak at
—0.75 V with —1.42 x 10> A whereas N-CDs/GCE exhibits

Absorbance

400

300
Wavelength (nm)

"200 500

Fig. 9

1/A-
e

a cathodic peak at —0.78 V with —8.8 x 10 A as shown in
Fig. 10. The increase in current for the N-CDs/GCE confirms
the successful attachment of the N-CDs on the GCE and their
potential electrochemical activity (Bai et al., 2016). The
enhanced current is also attributed to the surface defects pre-
sent on the synthesised N-CDs (Ye et al., 2019).

3.5.1. Electrochemical sensing of hydrogen peroxide

The surface functional groups on the surface of the N-CDs are
responsible for the effective reduction reactions of hydrogen
peroxide as they increase the adsorption energy of hydrogen
peroxide (Fu et al., 2018). Fig. 11a shows the DPV curves of
N-CDs/GCE at different concentrations of hydrogen peroxide.
The current is observed to increase with the increase in concen-
tration of hydrogen peroxide in the range 9.99 uM to 49.8 uM
with a regression coefficient of 0.98 as shown in Fig. 11b. The
limit of detection is calculated to be 71 pM which is compara-
ble with existing reports (Sheng et al., 2017; Gowthaman et al.,
2016). The reduction of hydrogen peroxide with N-CDs/GCE
adopts an adsorption mechanism as given in scheme 1 (Gu
et al., 2020).

The reduction of hydrogen peroxide involves the (i) adsorp-
tion of hydrogen peroxide on the N-CDs/GCE (ii) single elec-
tron transfer in two stages resulting in the formation of two
hydroxyl ions as represented in scheme 1.

3.6. Cytotoxicity

Cytotoxicity is a vital parameter that is to be taken into con-
sideration for in vivo studies as it has direct impact on the dis-
cased as well as normal cells. Cell damage may occur through a
number of ways such as cell membrane destruction, protein
synthesis prevention, inhibition of polydeoxynucleotide elon-
gation and irreversible binding to receptors. To identify the
extent of cell damage, it is necessary for a cheap, ideal and reli-
able cytotoxicity assay. The cytotoxicity assays are based on a
number of functions of the cells such as cell membrane perme-
ability, ATP production, nucleotide uptake activity and
enzyme activity. Of all the cytotoxicity assays known till date,
MTT assay is superior as it is safe and highly reproducible

354(b) R?=0.99
30 4
254 [ ]

© 204

0 ) L) L) )
0 20 40 60 80

1/[NCDs] (mg/mL)”

100 120

(a) Absorption spectra of ct-DNA with the synthesised N-CDs and (b) Benesi-Hildebrand plot for ct-DNA with N-CDs.
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0.000015 sized N-CDs are found to exhibit excellent biocompatibility
Bare GCE with normal L6 cells with cell viability of about 98% whereas
0.000010 Modified GCE the synthesized N-CDs inhibit the SKMEL cells to an extent of
49.77% as given in Fig. 12. The excellent biocompatible nature
0.000005 of the synthesized N-CDs enables them to be suitable probes
for their extension as biomarkers.
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toxic with excellent biocompatibility towards normal cells. Rat
skeletal muscle L6 cell lines and human skin cancer SKMEL
cell lines are chosen to evaluate the cytotoxic effects of the syn-
thesized N-CDs. From the results, it is evident that the synthe-
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Fig. 12 Cytotoxicity evaluation of N-CDs by MTT assay.
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Fig. 11  (a) DPV curves of N-CDs/GCE in the presence of different concentrations of hydrogen peroxide (b) Plot of hydrogen peroxide

reduction peak current Vs the concentration of hydrogen peroxide.
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Schematic representation of the mechanism of electrochemical reduction of hydrogen peroxide with N-CDs/GCE.
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Fig. 13

Fluorescence microscope images (a) L6 cells in the absence of N-CDs, (b) L6 cells in the presence of N-CDs, (¢c) SKMEL cells in

the absence of N-CDs and (d) SKMEL cells in the presence of N-CDs.

3.7. Bioimaging

Carbon dots serve as an excellent fluorescent probe to image
cells in comparison to other fluorescent organic dyes as the
later post hazardous effect on the biological cells. The synthe-
sized N-CDs exhibit bright green fluorescence when incubated
with L6 cells and SKMEL cells for 24 h at 460 nm excitation
wavelength. Excitation wavelength dependent emission is held
responsible for the multicolour emission.

No evident distortion in the morphology and cell death is
observed on internalization of the synthesized N-CDs with
L6 cells as given in Fig. 13b. In case of SKMEL cells, the syn-
thesized N-CDs penetrate much deeper in comparison to the
L6 cells as given in Fig. 13d. The capacity of N-CDs for tar-
geted imaging, resistance to photobleaching, lack of toxicity
to healthy cells and unique affinity for various cellular struc-
tures increases their potential as biosensors and in the field
of targeted drug delivery (Wang et al., 2020; Jorns and
Pappas, 2021).

4. Conclusions

This work highlights a simple, economic and eco-friendly synthesis
of N-CDs from Delonix regia seeds via hydrothermal treatment.
Enhanced optical and electronic properties on nitrogen doping,
morphological attributes and bonding nature of the N-CDs were
confirmed with analytical techniques. Besides, the synthesised N-
CDs turned out to be efficient turn off and turn on fluorescent
sensors for Fe(IIl) and cysteine with appreciable detection limit.
The N-CDs also exhibited intercalative interaction with ctDNA
and functioned as electrochemical sensors for the detection of
hydrogen peroxide, biomarkers to image L6 and SKMEL cells.
Thus, the reported work holds significant practical relevance and
can be extended to real life analysis.
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