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carbon quantum dots from
biomass as a FRET-based sensing platform for the
selective detection of H2O2 and aspartic acid†

K. Sandeep Raju, Gouri Sankar Das and Kumud Malika Tripathi *

Hydrogen peroxide (H2O2) with strong oxidizing properties and a volatile nature has a potential role in

biological systems and industrial applications. Developing an optical “on–off–on” probe for the efficient

detection of H2O2 is crucial for health, environmental safety, and diagnostic applications. Herein,

sustainable N-doped carbon quantum dots (N-CQDs) were explored as optical probes for the selective

discrimination of H2O2 and aspartic acid in aqueous media based on simple photoluminescence “turn

on” and “turn off” mechanisms. N-CQDs were synthesized from Moringa oleifera (drumstick leaves) used

as both a carbon and nitrogen source. The synergistic effect of N-doping, oxygenous surface functional

groups and structural advantages lead to high selectivity and good sensing performance with a LOD

value of 26.4 mM and 134.2 nM for H2O2 and aspartic acid, respectively. The simple synthesis process

and structural advantage of N-CQDs showed the potential for the detection of reactive oxygen species

and biomolecules with high sensitivity and selectivity in an aqueous medium for diagnostic applications

and human health monitoring.
Sustainability spotlight

The development of environmentally friendly technology for precise detection of biomarkers is essential at a time when environmental sustainability and
human health are of the highest priority. Our research focuses on nature’s resources to build an optical “on–off–on” probe with important diagnostic and
environmental applications. In this approach, N-CQDs were synthesized by using an environmentally friendly process from natural resources Moringa oliefera

(drumstick leaves). N-CQDs have a unique photoluminescent property, which is benecial for the detection of biomarkers and biomolecules by adapting the “PL
turn on” and “PL turn off” mechanism attributed to the presence of oxygen and nitrogenous functional groups. It is essential to detect H2O2 for the early
diagnosis of stress-related diseases accurately without using any sophisticated and costly methods (SDG 3). The use of drumstick leaves as a carbon source for N-
CQD synthesis is an example of a sustainable and responsible approach (SDG 12) (SDG 15). This study is an example of collaborating with scientists, envi-
ronmentalists, healthcare professionals, various eld experts, and interdisciplinary researchers by utilizing N-CQDs to solve various challenges (SDG 17)
together to solve complex problems. The development of an optical probe for sensing H2O2 and aspartic acid is not only a solution for health and environmental
monitoring but also satises multiple Sustainable Development Goals SDG 3, SDG 12, SDG 15, SDG 17 in creating a healthier and more sustainable future for
everyone.
1. Introduction

Changes in lifestyle and personalized medical devices has
increased demands for low-cost biosensors for the real-time
identication and continuous monitoring of biomarkers.1

Recognition of particular biomarkers is spurred by unprece-
dented interest in the early-stage diagnosis of diseases, human
health monitoring, and food safety.2,3 Because of emerging
diseases and pandemics, the healthcare system has experienced
a heightened value of technologies.1 Several new healthcare
programmes and next-generation biomedical technologies
f Petroleum and Energy, Visakhapatnam,

ud20010@gmail.com; kumud@iipe.ac.in

tion (ESI) available. See DOI:

the Royal Society of Chemistry
require handy and miniaturized point-of-care devices.4,5 The
detection of biomarkers has been proven as a valid alternative
for the detection of cancer and other infectious diseases.
Different biomarkers, because of alterations in metabolism, are
present in body uids and exhaled breath, and exhibit potential
opportunities for disease diagnosis.6,7 The accurate identica-
tion and determination of these biomarkers can reveal the
states and stages of a particular disease or individual. Thus,
rapid and real time detection of biomarkers is crucial in
biomedical diagnosis.3

Hydrogen peroxide (H2O2) is a well-recognized reactive
oxygen species (ROS), which is associated with cell damage and
many other biological activities in living beings.8 H2O2 is
a short-lived by-product of several metabolic processes, such as
cholesterol oxidase, glucose oxidase, choline oxidase, and so
on.9,10 The availability of H2O2 in the human body induces
RSC Sustainability, 2024, 2, 223–232 | 223
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various oxidative stresses, such as high active oxidation of
deoxyribonucleic acid (DNA), proteins, ribonucleic acid (RNA),
and membrane lipids.11,12 However, several studies have sug-
gested that H2O2 plays a vital role in pathological and physio-
logical processes as an emerging biomarker for the detection of
various human diseases and diagnosis of pathological condi-
tions.13 The various intercellular concentrations of H2O2 are
more effective for biological functions, and detecting H2O2

concentration is challenging. Accurate detection of H2O2

concentration is crucial for identifying and monitoring
diseases, including tumour growth, Alzheimer’s disease,
cancer, neurological disorders, and other oxidative stress-
related diseases.8,14,15 Thus, the development of an efficient
analytical technique for the accurate and low-cost determina-
tion of H2O2 is indispensable to conduct clinical diagnoses.

Aspartic acid is a major excitatory neurotransmitter with
wide applications in food, medicine and chemicals. Aspartic
acid has two isomeric forms, D and L; only the L form shows
bioactive properties and may function as a neurotransmitter. L-
aspartic acid is an essential proteinogenic amino acid that
generates another new amino acid in living organisms.16–18

Several studies have concluded that a particular level of aspartic
acid could not show harmful effects on the human body.19

However excessive or insufficient amounts of aspartic acid may
cause various diseases such as stroke, epilepsy, mental imbal-
ance, chronic fatigue syndrome, and other severe conditions.20

Aspartic acid content is a crucial potential indicator for the
monitoring of physical health.21,22 Therefore the detection and
quantication of L-aspartic acid with high selectivity and
sensitivity provides a strategy to diagnose and monitor some
diseases in the early stages.

A number of nano-and micro-technology based biosensors
have been developed as diagnostic platforms to detect
biomarkers.2 The integration of nanotechnology in biomolec-
ular sensing exhibits potential advantages in contrast to tradi-
tional techniques such as low-detection limits, label free
detection, real time and quick analysis, and signicantly
decreased sample sizes.23 The unique structural characteristics
of nanomaterials with high recognition ability of biomolecules
offer advanced tools for bioanalysis and further development of
biosensors.24 Nanomaterials-based optical sensors technology
offers considerable potential for the detection and discrimina-
tion of various low-molecular weight biomolecules because of
their excellent selectivity, high sensitivity, quick response,
mobile capabilities and simple operational processes.25

Nanomaterial-based biosensors are emerging as the fastest
growing segment in the healthcare industry.5 In particular,
a number of uorescent nanomaterials, such as colloidal
nanoparticles, metal oxides, noble metal nanoparticles, dye-
doped materials, metal organic frameworks (MOF) and nano
carbons have been investigated as optical sensors for the
selective detection of biomolecules.23,26 Nanomaterials with
good optical properties and optical stability are quite successful
in biomedical sensing applications. However, most of the
nanomaterials except nano-carbons suffer photodecomposition
and photo blinking with potential hazards and high costs.27,28

While nano-carbons do not suffer from low photo stability, they
224 | RSC Sustainability, 2024, 2, 223–232
do exhibit limitations such as low quantum yield, complex
synthesis protocols, and associated environmental concerns
and toxicity. In light of these challenges, green synthesized
nano-carbons with better biocompatibility and photo-stability
are currently being explored in the domain of optical sensors
to achieve desirable biomolecular sensing technology.

Carbon quantum dots (CQDs) represent a novel class of
nanostructured carbon-based zero-dimensional (0D) uores-
cent materials used in bio-sensing applications supporting high
aqueous solubility, biocompatibility, tunable uorescence
emission, low toxicity, photo response, high photostability, and
excellent optoelectronic properties.29,30 CQDs are p-conjugated
spherical nanostructures having size less than 10 nm with
quantum connement and crystalline structure.23 CQDs have
been used in a number of diagnostic, biosensing and biological
imaging applications.24,31 The tunable emissions of CQDs with
unique characteristic emissions over a broad spectrum and
narrow absorption exhibit signicant potential for the fabrica-
tion of uorescence resonance energy transfer (FRET) or
quenching mechanism based biosensors.24 In addition, ease of
functionalization, high aqueous solubility and size-controlled
synthesis from a variety of green precursors combine to make
CQDs one of the research hotspots in FRET-based biosensors.32

Biomass is widely accepted as a natural alternative of
expensive and chemical based precursors for the green
synthesis of CQDs. In addition, the transformation of biomass
into CQDs realizes the reasonable disposal of solid waste into
value added products for sustainable development.33,34 Various
techniques have been used for the synthesis of CQDs such as
microwave-assisted carbonization, electrochemical, pyrolysis,
ultrasound, and hydrothermal synthesis.35–38 The hydrothermal
method is one of the efficient thermochemical processes for the
synthesis of CQDs from biomass because of its simplicity, cost-
effectiveness, and one-step synthesis protocol.39 Furthermore
the uorescence emission and quantum yield of CQDs can be
easily tailored by appropriate heteroatom doping. Incorporation
of heteroatoms such as boron, nitrogen, silicon, phosphorus,
and sulphur can signicantly enhance the optical properties
and quantum yield.40 Among all the heteroatoms, nitrogen can
efficiently interact with carbon atoms to form a strong covalent
bond and t well into the lattice position in CQDs. The carbon
and nitrogen atoms have similar atomic sizes and appear
nearest to each other in the periodic table.41 Nitrogen-doped
CQDs (N-CQDs) produce energy states that can absorb excited
electrons and increase the electron density and uorescence
properties.42

Herein, N-CQDs were synthesized by a facile, one-step and
green process using drumstick leaves as a precursor for both
carbon and nitrogen. The as-synthesized CQDs without any
further surface passivation or composite fabrication were
explored as a FRET based sensor for the discrimination of H2O2

and aspartic acid with high sensitivity and selectivity. The
intensity of the uorescence emissions of CQDs was efficiently
quenched by the successive addition of H2O2. The calculated
detection limit for H2O2 was 26.4 mM. The restoration in
quenched uorescence intensity of CQDs was observed by the
selective accumulation of aspartic acid with a LOD of 134.2 nM.
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3su00343d


Paper RSC Sustainability

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
N

ov
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 1
0:

10
:2

6 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
The N-CQDs have been successfully used as an “on–off–on”
uorescence probe for the selective determination of H2O2 and
aspartic acid, suggesting its practical application in biomedical
diagnosis.

2. Experimental section
2.1 Materials

Laboratory-grade chemicals were used in all the experiments
without any further treatment. H2O2 and other biomolecules
such as L-aspartic acid, L-valine, citric acid, oxalic acid, trypto-
phan, dextrose, sucrose, glucose, malic acid, methionine,
maltose, glutamic acid, arabinose, and xylose were purchased
from Merck India. DI water was used to prepare all aqueous
solutions until stated.

2.2 Synthesis of N-CQDs

N-CQDs were synthesized through a very simple, one-step
process using Moringa oleifera (drumstick leaves) as a carbon
and nitrogen source. Drumstick leaves were collected and
washed with distilled water for the removal of dust. The
drumstick leaves were crushed using a kitchen mixture grinder
and transferred into a hydrothermal autoclave reactor. Aer-
wards the hydrothermal reactor was heated at 180 °C for 24 h.
Aer 24 hours of heating, the hydrothermal reactor was allowed
to cool down naturally at ambient conditions. The nal solution
was collected through ltration using 0.22 mm lter paper and
used as is without any further treatment. For reproducibility,
drumstick leaves were collected from at least six diverse states
of India.

2.3 Procedure for spectrophotometric determination of
H2O2 and aspartic acid

The uorescence-based sensing behaviour of N-CQDs were
investigated in the presence of common reactive species (reac-
tive oxygen species) H2O2 and L-aspartic acid at room temper-
ature in an aqueous solution. For selectivity, 125 mL of N-CQDs
were added to 100 mL of water, initially selectivity was per-
formed between H2O2 and water. A 5 mL of different concen-
trations of H2O2 were added into 2mL of an aqueous solution of
N-CQDs, and PL spectra were monitored at a 380 nm excitation
wavelength and an inlet and outlet slit of 1.5 nm aer 5 min
incubation. The PL intensity of the as-synthesized N-CQDs was
“turned off” by adding H2O2 to the system.

Sensing of L-aspartic acid was done by interaction of various
biomolecules such as L-aspartic acid, L-valine, citric acid, oxalic
acid, tryptophan, dextrose, sucrose, glucose, malic acid,
methionine, maltose, glutamic acid, arabinose, and xylose in
10 mL solution with H2O2/N-CQDs solution; among all the
biomolecules L-aspartic acid shows the maximum PL regain. A
10 mM aqueous L-aspartic acid solution was added to the N-
CQDs/H2O2 system in aliquots.

2.4 Instrumentation

Transmission electron microscopy (TEM) and high-resolution
TEM (HRTEM) images were taken using a Tecnai G2 at an
© 2024 The Author(s). Published by the Royal Society of Chemistry
operating voltage of 200 kV. Samples were prepared by drop
casting of N-CQDs over the surface of a carbon coated copper
grid and drying in a vacuum oven at 30 °C for 15 h. The Fourier
transform infrared (FT-IR) spectrum was obtained by using
a Bruker Alpha II, FT-IR spectrometer. UV absorption spectra
were recorded using a LABINDIA UV 3200 UV/VIS spectropho-
tometer. An ESCA+ Omicron Nanotechnology (Oxford Instru-
ments) instrument was used for the XPS analysis with an Al KaX-
ray source. Fluorescence spectra of N-CQDs were obtained by
using Horiba uoromax-4 with an inlet and exit slit of 1.5 nm.
3. Results and discussions

The surface rich N-CQDs were synthesized using a one-step and
facile hydrothermal process. Fig. 1 describes the synthesis
procedure of N-CQDs, in which moringa oleifera (drumstick
leaves) are used both as a carbon and as a nitrogen precursor.
The formation of N-CQDs involves a series of reactions such as
fragmentations of molecules, dehydration, pyrolysis, polymeri-
zation to carbon clusters and aromatization followed by surface
functionalization through carbonization.33 The N-CQDs were
collected by ltration with 0.22 mm lter paper. As-synthesized
N-CQDs without any further treatment such as surface
passivation/composite fabrication or integration of a photore-
ceptor was used for the development of an “on–off–on” probe
for the detection of H2O2 by uorescence quenching and L-
aspartic acid by uorescence recovering, as shown in Fig. 1.
3.1 Characterization of N-CQDs

The size, shape, and morphology of the as-synthesized N-CQDs
were examined through high-resolution transmission electron
micrographic (HR-TEM) measurements. The TEM images of N-
CQDs in Fig. 2a–c show a monodisperse and spherical shape.
The N-CQD appeared with a limited distribution of size, which
was evaluated from the statistical calculation as shown in
Fig. 2d, which indicates that the as-synthesized N-CQDs have an
average diameter of 2–3 nm. The HR-TEM images of N-CQDs
show the crystal structure (inside the sphere) and the amor-
phous structure (surface of the sphere) in Fig. 2e and f. The
lattice distance of 0.28 nm (Fig. 2f, as shown by white lines),
which is near to the regular graphite (100) plane conrms the
crystalline nature of N-CQDs.43

The FT-IR spectral analysis was utilized to characterize the
surface oxygenated and nitrogenous functional groups on N-
CQDs, as shown in Fig. 3a. The vibrations for N–H and O–H
stretching appear at ∼3000–3500 cm−1.44 The characteristic
doublet for C–H vibration is observed at ∼2927 and
∼2858 cm−1.45 The intense peak at 1627 cm−1 attributed to the
combined vibrations of C]N and C]O bonds. The C–N, C]C,
and C–O bonds show stretching vibrations peaks at
∼1398 cm−1, ∼1302 cm−1, and ∼1098 cm−1, respectively.46,47

The peak for the bending mode of C–H bond vibrations
occurred at ∼706 cm−1.48 These results suggested that the as-
synthesized N-CQDs are highly hydrophilic and have a good
dispersibility in aqueous solutions because of the presence of
oxygenated and nitrogenous functional groups.
RSC Sustainability, 2024, 2, 223–232 | 225
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Fig. 1 Schematic representation of synthesis and application of N-CQDs.
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XPS measurements were conducted to conrm the nitrogen
doping, bonding environment and elemental composition of
the N-CQDs. The wide scan XPS spectrum of N-CQDs in Fig. 3b
indicates the presence of three peaks at 285.1, 400.0, and
532.1 eV corresponding to carbon, nitrogen, and oxygen
elements, with 70.26%, 8.36%, and 21.38% atomic percentages,
respectively. The deconvolution of C 1s, N 1s, and O 1s provides
Fig. 2 Structural characterization of N-CQDs. (a–c) TEM images, (d) siz

226 | RSC Sustainability, 2024, 2, 223–232
the appropriate information of the chemical bonding environ-
ment of the elements. The high-resolution C 1s spectrum in
Fig. 3c was deconvoluted into ve peaks at 284.28 eV (C]C),
286.27 eV (C–O), 285.3 eV (C–N, C–C), 287.58 eV (C]O), and
288.53 eV (COO−).48,49 Fig. 3d shows the high-resolution N 1s
spectrum, which was further split into three different peaks at
399.18 eV for pyridinic nitrogen, 400.08 eV for pyrrolic nitrogen
e distribution histogram of N-CQDs, (e) and (f) HR-TEM images.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Structural characterization of N-CQDs. (a) Characterization of functional groups by FTIR spectrum; (b) XPS survey scan; high-resolution
spectra of C 1s (c), N 1s (d), and O 1s (e).
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and 401.18 eV for graphitic nitrogen. The deconvoluted O 1s
spectrum in Fig. 3e shows the three well-dened peaks centered
at 531.28, 532.08, and 533.28 eV which are attributed to the C–O,
C]O, and COO− bonding, respectively.50 The XPS spectra
conrmed the different types of chemical bonding of nitrogen
atoms with carbons suggesting that nitrogen atoms were
successfully incorporated into the graphitic framework of the
CQDs. These XPS examination results concurred with the FT-IR
results.
3.2 Optical properties

UV-vis absorption and uorescence spectroscopic analysis were
performed for the investigation of the N-CQDs optical proper-
ties. The aqueous solution of N-CQDs showed two absorption
peaks at ∼255 and ∼272 nm in the UV-vis absorption spectrum
(Fig. 4a). The absorption peak at∼255 nm occurs because of the
p–p* electronic transition from the domains of sp2 carbons.
The absorption band at ∼272 nm corresponds to the electronic
transition of n-p* attributed to the non-bonding electrons of the
–C]N– and –C]O functional groups of N-CQDs.51 The digital
images of N-CQDs solution in water under the irradiation of
different lights are shown in the inset of Fig. 4a. N-CQDs show
a pale-yellow colour under visible light (Fig. 4a(I)) and
a greenish blue colour was observed under the 365 nm excita-
tion of UV light, as shown in Fig. 4a(II). The PL emissions of N-
CQDs at variable excitation wavelengths (280–640 nm) in 20 nm
increments is shown in Fig. 4b. The PL spectra indicates that
excitation at 360 nm results in maximum emission at 440 nm.
© 2024 The Author(s). Published by the Royal Society of Chemistry
In detail, the PL intensity of N-CQDs changes with excitations.
The PL intensity gradually increased with the change of exci-
tation from 280 to 360 nm and steadily decreased aerwards
from 380 to 640 nm excitation wavelengths. These properties
can be described as being due to the electronegativity of
heteroatoms, quantum connement effects, and presence of
different surface traps on CQDs.45,48 The availability of different
emissive sites with various nitrogenous and oxygenated func-
tional groups on N-CQDs is responsible for the excitation
dependent emissions, which is a characteristic property of
CQDs.52 Fig. 4c shows the back-excitation spectrum of
maximum peak value of 367 nm. The PL quantum yield of the
as-synthesized N-CQDs is 12.5%. The PL stability of N-CQDs
plays a crucial role in potential applications. Fig. 4d shows
the emissions of the as-synthesized N-CQDs as synthesized and
aer three months of storage. The relatively similar PL intensity
indicates the high PL stability of N-CQDs solution even aer
prolonged storage.
3.3 Sensing of H2O2 and L-aspartic acid

The sensitive and selective detection of H2O2 was explored by
utilizing FRET based techniques. The PL emission of as
synthesized N-CQDs was turned off (quenched) by the addition
of H2O2, as shown in Fig. 5a. The smooth and gradual drop in PL
emission of N-CQDs by the stepwise addition of H2O2 (0–0.4 M)
was attributed to the interaction between N-CQDs and H2O2.
The PL quenching efficiency of N-CQDs shows a linear corre-
lation with an R2 value of 0.98715 as shown in Fig. 5b. The limit
RSC Sustainability, 2024, 2, 223–232 | 227

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3su00343d


Fig. 4 Optical characterization of N-CQDs. (a) UV-vis spectrum; digital images of N-CQDs in visible light (I) and UV light (II) showing pale yellow
and greenish blue colours respectively; (b) PL spectra; (c) back excitation spectrum; (d) PL intensities of N-CQDs initially and after three months
of storage.
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of detection (LOD) for H2O2 was evaluated using the equation
LOD = 3s/m (where s and m are the standard deviations and
slope of the linear calibration curve).53 The calculated value of
the LOD is 26.4 mM for H2O2 in a neutral aqueous solution. A
comparative analysis of the LOD of N-CQDs for H2O2 is shown
in Table S1.† In a comparative study of N-CQDs, the PL
quenching effect of H2O2 and H2O was shown in inset of Fig. 5a.
The PL intensity was decreased in presence of H2O because of
the dilution effect.

Furthermore, the selective sensing of biomolecules was also
evaluated by the addition of an aqueous solution of an analyte
to the quenched system of the N-CQDs/H2O2. The PL intensity
was selectively restored (“turned on”) by the addition of L-
aspartic acid. Fig. 5c shows the highly selective sensing of L-
aspartic acid compared to various interferences such as oxalic
acid, L-valine, malic acid, arabinose, dextrose, citric acid,
sucrose, tryptophan, glucose, glutamic acid, maltose, rham-
nose, maltose, methionine, and xylose. These results suggested
that the L-aspartic acid has a high tendency to bind with H2O2

and makes N-CQDs accessible. As a result, the PL intensity was
restored. The PL emission intensity of the N-CQDs/H2O2 system
was gradually recovered (“turned on”) by the stepwise addition
of 100 mL of L-aspartic acid (20 mM) in Fig. 5d. A linear plot was
observed for the relative emission. The increase in the PL
228 | RSC Sustainability, 2024, 2, 223–232
intensity of the N-CQDs with the addition of L-aspartic acid at an
excitation wavelength of 360 nm is shown in Fig. 5e. The ob-
tained limit of detection (LOD) was 134.2 nM, which was
calculated by using the equation of 3s/m with a linear correla-
tion value of R2 = 0.93607. A comparative analysis of the LOD of
N-CQDs for H2O2 is shown in Table S2.†
3.4 The uorescence “on–off–on” mechanism

The exact mechanistic understanding for the uorescence
quenching and restoration of CQDs is not clear. However, some
models have been proposed to explain these properties, such as
an electronic transition in conjugated sp2-domains (C]N and
C]C) and surface defects of N-CQDs.54 The PL properties
observed in N-CQDs are attributed to the presence of variable
surface states including different emissive sites with various
oxygenated and nitrogenous functional groups on the N-CQDs
surface along with charge carrier recombination.55,56 When
electronegative elements (oxygen and nitrogen) are doped into
CQDs, the electrons of higher energy levels of CQDs move
towards themore electronegative elements and in consequence,
emission intensity is enhanced.57,58 The increase in PL intensity
corresponds to the passivation of nitrogenous and oxygenated
groups, such as C–O, COOH, –C]O, ]N–H, and –N–H groups.
The N-CQDs exhibit a nitrogen and oxygen rich surface, which
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Sensing applications of N-CQDs towards H2O2 and aspartic acid. (a) The effect of water and H2O2 on PL emission of N-CQDs. PL intensity
varies with the addition of H2O2. (b) Linear plot of relative intensity with the concentration of H2O2. (c) The addition of biomolecules restored the
quenched PL of N-CQDs with high selectivity towards aspartic acid; (d) effect on the PL intensity of N-CQDs/H2O2 system with the addition of
aspartic acid and (e) linear plot of relative PL intensity with varying concentrations of aspartic acid.
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facilitates the transfer of electrons from N-CQDs to H2O2

assisted by the FRET mechanism and in consequence results in
PL quenching. When H2O2 encounters N-CQDs, the electrons
from the conduction bands of N-CQDs are transferred to the
H2O2 via the FRET mechanism. The electron transfer by FRET
results in a non-radiative recombination of charge carriers and
decrease in PL intensity,59 while the sensitivity towards the H2O2

can be explained by the charge transfer mechanism or surface
absorption. The stable electrostatic interaction occurring
between H2O2 and N-CQDs during either charge transfer or
change in the states electron density of N-CQDs quenches or
© 2024 The Author(s). Published by the Royal Society of Chemistry
“turns off” the PL emission of N-CQDs.60 Also, abundant surface
active sites and functional groups on N-CQDs provide enhanced
interaction between N-CQDs and H2O2, which favours the FRET
based donor–acceptor pair.

When L-aspartic acid was added into such a quenched
system a more stable interaction occurred between H2O2 and L-
aspartic acid because of their strong binding affinity compared
to N-CQDs. L-aspartic acid was easily oxidized in the presence of
the reactive oxygen species (H2O2), thus resulting in restoration
or “turning on” of the PL intensity of N-CQDs.61 The FRET
process is inhibited because of the cleavage of FRET pairs and
RSC Sustainability, 2024, 2, 223–232 | 229
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Fig. 6 The fluorescence “on–off–on” mechanism (a) and (b) cycling stability of N-CQDs.
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the N-CQDs are free, which resulted in an enhancement in
quenched PL intensity or “turn on”. This “turn on” PL intensity
shows good linearity with the increase in concentration of L-
aspartic acid. A comparison of the N-CQDs based optical probes
for the detection of H2O2 and L-aspartic acid with other probes
is shown in Table S1 and S2,† respectively. The applicability and
high reversibility of the as-synthesized N-CQDs for uorescence-
based nano-switching (“on–off–on”) exhibits signicant poten-
tial for practical applications in biomarker and biomolecular
detection. Fig. 6a shows the schematic representation of the PL
“on–off–on” mechanism for the selective and sensitive sensing
of H2O2 and aspartic acid. Fig. 6b shows the visual images of the
cycling stability of N-CQDs for the three cycles of PL “on–off–on”
based detection of H2O2 and aspartic acid. These results sug-
gested that as-synthesized N-CQDs are an efficient uorescence-
based material for the selective sensing of H2O2 and L-aspartic
acid with a uorescence “on–off–on” mechanism.
4. Conclusion

N-doped CQDs were synthesized by taking drumstick leaves as
precursors via a simple hydrothermal process. The N-CQDs with
a uniform morphology and particle size exhibit good photo-
stability, aqueous solubility and FRET process. Based upon
FRET a PL “on–off–on” platform has been developed for the
detection of H2O2 and aspartic acid with good selectivity and
high sensitivity. The PL intensity of N-CQDs was “turned off”
(quenched) in the presence of H2O2, with a LOD 26.4 mM. The
PL intensity of the quenched system of N-CQDs-H2O2 was
selectively regained or “turned on” with a good linear response
by the addition of L-aspartic acid. Furthermore, these N-CQDs
230 | RSC Sustainability, 2024, 2, 223–232
based biosensors exhibit good reversibility and high stability,
which can be extended for practical diagnostic applications.
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