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ABSTRACT: In this work, a sustainable method was developed for the production
of water-soluble carbon quantum dots employing a green approach. The synthetic
protocol was employed using the microwave pyrolysis technique, while lemon peel
served as a carbon precursor. Fabrication of highly fluorescent lemon-peel-derived
CQDs (LP-CQDs) having inherent nitrogen functionality was validated by X-ray
photoelectron spectroscopy, FTIR, X-ray diffraction, Raman spectroscopic analysis,
and TEM techniques. The average particle size of fabricated LP-CQDs was 4.46
nm. LP-CQDs yielded a remarkable quantum yield of 49.5%, which displayed
excellent salinity, photostability, storage time, conditions, and pH stability. LP-
CQDs displayed encouraging results for tetracycline (TC) detection using a PL turn-off approach. The sensitivity of LP-CQDs
toward TC was seen in a nanomolar range having a detection limit of 50.4 nM. Method validation was comprehensively studied to
ensure the precision of the nanosensor. A complete analysis of different photophysical parameters of LP-CQDs was performed with
TC to gain a deeper understanding of the sensing mechanism. Fabricated LP-CQDs showed fluorescence quenching toward TC,
elucidated by the inner filter effect (IFE) mechanism. The synthesized nanoprobe demonstrated a lesser detection limit with a broad
linear range, enabling facile, cheap, environmentally friendly, and fast detection of TC. Practicality of the detection method was
assessed through analysis of real samples, resulting in satisfactory recovery percentage and relative standard deviation with respect to
the developed probes. Furthermore, LP-CQDs were used as fluorescent inks and to fabricate paper-based fluorescent strips. This
study lays the door for the sensing platform of LP-CQDs toward detection of TC, which may impact the potential role of
environmental sustainability.

■ INTRODUCTION
The emerging science of nanotechnology has substantial
influence on a number of disciplines, including chemistry,
optics, medicine, thermology, and electricity. Recently, nano-
materials research has captivated the interest of scientists and
engineers worldwide.1 Carbon dots have garnered considerable
attention as unique fluorescent zero-dimensional nanomaterial.
Carbon quantum dots (CQDs) have an average diameter of less
than 10 nm and a spherical shape, with carbon networks
arranged by sp2- and sp3-hybridized carbon atoms.2 CQDs are
regarded as excellent nanoprobes for a variety of applications in
optoelectronics, sensors, biomedicines, drug administrations,
catalysis, and biological imaging, due to their outstanding
photostability, highly tunable photoluminescence (PL) prop-
erty, water solubility, compact size, low toxicity, favorable
biocompatibility, electrochemiluminescence capability, and eco-
friendly nature.3

Generally, CQDs have been synthesized using organic
compounds and naturally available precursors, including
biomass. Organic chemicals like glycerol, chitosan, and citric
acid have been used for developing CQDs, but they have certain
limitations such as harsh reaction conditions, requirements for
postsurface passivation/modification, high cost, and toxicity.4,5

Therefore, it is desirable to use affordable, facile, and ecologically
benign methods to synthesize CQDs using biomass waste as a

precursor. Also, transforming biomass into high-value products
serves a dual purpose: effectively managing solid waste disposal
and alleviating escalating resource, environmental, and energy
challenges. Natural biomass inherently possesses a substantial
amount of oxygen, carbon, and heteroatoms such as nitrogen
(N) and sulfur (S), which impart self-passivation or self-doping
properties to CQDs. The abundant presence of various
functional oxygenic groups like hydroxyl, alkyl, epoxide,
carboxyl, and carbonyl on the biomass-derived CQD surface
contributes to their remarkable water-soluble characteristics.6

Citrus limon, commonly known as lemon, is the most significant
citrus fruit in the world, serving both culinary and nonculinary
purposes.7 However, once the juice is extracted, the peels are
frequently discarded away and allowed to biodegrade, which
potentially pollutes air by forming dust.8 Therefore, it is essential
to research low-cost strategies for transforming lemon peel into
value-added products. Remarkably, the lemon peels are rich in
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proteins and fibers, which can serve as a potential carbon source
for synthesizing CQDs. Tyagi et al. synthesized CQDs using
lemon peel via a hydrothermal method with a quantum yield of
14%. They used synthesized CQDs for the detection of Cr6+.8 Su
et al. fabricated CQDs from dried lemon peels through the
hydrothermal method with 11% quantum yield for the detection
of carmine.9 Vadia et al. used lemon peels for the synthesis of
carbon dots for the detection of Fe3+ and propiconazole
pesticide using a turn off−on mechanism with a quantum yield
of 32%. However, the limitation found in the literature of lemon
peel-derived CQDs is achieving high quantum yield.
Tetracycline (TC), a broad-spectrum antibiotic with excellent

sterilization, disinfection efficiency, antimicrobial activity, and
low toxicity, is a cost-effective option. It is extensively utilized in
animal husbandry to effectively combat various bacteria that
cause diseases including rickettsia, chlamydia, and mycoplas-
ma.10 However, improper use of TC in veterinary medication
along with food products has led to its presence in common food
such as milk, meat, and honey.11 This causes a major risk to
human health including liver damage, visual problems, bacterial
resistance, and human tooth problems.12 Due to these side
effects, numerous analytical techniques, including enzyme-
linked immunosorbent assays,13 capillary electrophoresis,14

electrochemical studies,15 high-performance liquid chromatog-
raphy (HPLC),16 and other various techniques have been
developed to identify TC antibiotics. Nevertheless, these
techniques necessitate time-consuming sample preparation
stages, costly equipment, and professional operators, becoming
considerable hurdles for real detection.
To overcome these disadvantages, a fluorescence-based

technique has gained attention as a viable alternative for the
quantification and detection of TCs. These methods offer
operational convenience, affordability, real-time detection
capabilities, high sensitivity and selectivity, and fast analysis
time.2,3,17,18 Liu et al. synthesized blue emissive europium-
doped CQDs using carbonization, using them for TC detection
with a 0.3 μM limit of detection.19 Fan et al. fabricated S, N-
doped CQDs for the detection of TC antibiotics with a 0.56
μmol/L detection limit in the range of 1.88−60 μmol/L.20
Wang et al. prepared N-CQDs with a quantum yield of 10.97%
from ethylenediamine and glucose for the detection of TC

antibiotics such as chlortetracycline, oxytetracycline, and TC
with 0.117, 0.265, and 0.344 μM, respectively.11 Qi et al. utilized
rice residue and glycine as biomass precursors for fabrication of
N-doped CQDs using the hydrothermal method, which was
used for the detection of Fe3+ and TC.21 Zhang and Fan
fabricated Ce−N-codoped CQDs with low cytotoxicity for TC
residues and bioimaging with the detection limit of 0.25 μM.22
John et al. utilized Ruta graveolens leaves for the preparation of
CQDs with an 18% quantum yield. The probe was used for the
electrochemical sensing of TC.23

In this paper, biomass-derived CQDs were synthesized as a
fluorescent nanoprobe from dried peels of C. limon, abbreviated
as LP-CQDs. The synthesis methodology was purely main-
tained in green protocol without the usage of any chemicals with
high quantum yield (49.5%). The fluorescent nanoprobe with
inherent nitrogen was sustainable, simple, and inexpensive. The
formation of LP-CQDs was stable and displayed excellent
selectivity toward TC. Therefore, it was utilized as an efficacious
probe for quantitative detection of TC in real samples of river,
tap water, and tablet. The outcome of the present study
possesses special aspects and offers many advantages compared
to earlier literature studies: (i) The synthesis of LP-CQDs
utilizes a readily available and eco-friendly biowaste with
reduced time requirement; (ii) the synthesis was done without
the incorporation of any harsh chemicals and complex
techniques; (iii) high quantum yield was observed with
nanomolar-level detection of TC; and (iv) the sensor is free
from metallic components, enabling its safe application across
various fields without any adverse effects.

■ MATERIALS AND METHODS
Lemon peels were taken from a local juice shop in Patiala, India.
Tetracycline hydrochloride was procured from Sigma-Aldrich
and used as such. Dialysis Membrane-110 was acquired from
HiMedia Laboratories Private Limited. The chemicals essential
to making solutions of metal ions and other analytes were
bought from Loba Chemie. Deionized (D.I.) water was used for
experiments.
Synthesis of Lemon Peel-Carbon Quantum Dots (LP-

CQDs). First, lemon peels were thoroughly cleaned with D.I.

Scheme 1. Fabrication of LP-CQDs from Citrus limon Peels
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water and oven-dried at 90 °C, followed by grinding in a mixer.
The powder was carbonized at 200 °C for 2 h in amuffle furnace.
The collected black powder was dispersed in D.I. water,
sonicated for 1 h, and transferred to a vial, which was retained for
heating for 5 min at 150 °C (300 W) under microwave
irradiation. Collected solution was filtered with a 0.22 μm
syringe filter and then kept in a dialysis bag (1 day) to obtain
light-brown-colored LP-CQDs (Scheme 1).
Sample-Solution Formulation. Standard solutions (1

mM) of different metal cations (Co2+, Fe3+, Zn2+, Al3+, Cr3+,
Cu2+, Ni2+, Hg2+, Fe2+) and analytes (amoxicillin (AC),
ofloxacin (OFX), ascorbic acid (AA), ciprofloxacin (CPX),
TC, nitrobenzene (NB), levofloxacin (LF), streptomycin
(SPM), chlortetracycline (CTC), and thiamethoxam (TM))
were prepared in D.I. water for the selectivity experiments of
prepared LP-CQDs. 20 μL of LP-CQDs in 2 mL of D.I. water
along with 0.1 mM of the analyte solution was pipetted in a
cuvette, and emission spectra were measured. The sensitivity
was studied using stock solution of 1 μΜ of TC.
Real-Sample Analysis. To inspect the utility of the

developed sensing system, the study was carried out with real
samples (river water and tap water). The water sample was
collected from the Bhakra River in Patiala. The collected
samples were subjected to filtration using nylon filters before the
analysis using nylon filters having a pore size of 0.45 μm.
Following the addition of specific concentrations of TC

(spiking) to the samples, LP-CQDs were added. The
fluorescence studies were carried out at 330 nm.
Measurement of Quantum Yield.Quantum yield (QY) is

vital for analyzing properties of fluorescent materials. The QY of
LP-CQDs in the presence of TC was recorded with quinine
sulfate24 solution as reference (ϕR= 0.546) using eq 1:

= × × ×
A
A

(Abs)
(Abs)S R

S

R

R

S

S
2

R
2

(1)

“ϕs” and “ϕR” denote theQY of LP-CQDs and quinine sulfate,
respectively. “η”, “Abs”, and “A” refer to the refractive index,
absorbance, and integral area of PL emission, respectively. The
subscripts “R” and “S” represent reference and sample,
respectively.

■ RESULTS AND DISCUSSION
Characterizations. TEM was used to examine the

morphology and size of the fabricated LP-CQDs. Figure 1a,b
displays the nearly spherical particles with monodispersity. The
inset of Figure 1a illustrates the particle size histogram ranging
from 2 to 7 nm, having a particle size of 4.46 nm. Lattice fringes
of 0.36 nm resemble the (002) graphitic plane (Figure 1b
inset).25 The hydrodynamic particle size was calculated to be
∼52 nm using DLS data (Supporting Figure S1a). Figure 1c
depicts the XRD of LP-CQDs with a diffraction peak at 2θ =
24.5° indexing to the C(002) plane.25 The d-spacing was

Figure 1. (a) TEM image of LP-CQDs with the inset representing the size distribution histogram. (b) TEM image with the inset showing lattice
spacing. (c) XRD spectrum and (d) FTIR spectrum of LP-CQDs.
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determined by using Bragg’s equation (nλ = 2dsin θ), which is
consistent with the HR-TEM results. The FTIR spectra in
Figure 1d show a broad peak at 3200−3400 cm−1, which
corresponds to the O−H/N−H stretching vibrations. A minor
band appears at 2976 cm−1 signifying C−H stretching vibration,
and signals at 1732 and 1626 cm−1 are attributed to C�O and
C�C stretching vibrations, respectively. Signals at 1467 cm−1

resemble C−N stretching. Peaks at 1266 and 1159 cm−1 confirm
the C−O stretching. The peak at 1088 cm−1 is attributed to C�
C bending vibrations.26 The occurrence of the hydrophilic
functionalities on LP-CQDs, as obtained from FTIR analysis,
signifies the reason for excellent water solubility.23 The zeta
potential was −17. 5 mV affirms the abundance of negatively
charged functional groups on LP-CQDs (Figure S1b).27

An XPS analysis was conducted to determine the surface
composition and oxidation states of LP-CQDs. The survey
spectrum in Figure 2a shows the peaks at 284.5, 400.1, and 532.2
eV allocated to C (78.96%), N (5.67%), and O (15.37%),
respectively.28 C 1s (Figure 2b) high-resolution spectra showed
three peaks at 284.7, 286.2, and 288.2 eV ascribed to C−C/C�
C, C−O/C−N, and C�O/C�N groups, respectively. O 1s

spectra exhibited peaks at 531.3, 532.6, and 534.0 eV
conforming to C�O, C−O, andC−OH/C−O−C, respectively
(Figure 2c).23 N 1s spectra (Figure 2d) showed peaks at 397.8
and 400.3 eV corresponding to pyridinic and pyrrolic N,
respectively,29 while a strong peak was seen at 406.8, which is
due to existence of −NO3.30 The occurrence of these functional
groups indicates the hydrophilicity on the LP-CQD surface,
which aligns with FTIR results.
Raman spectra (Figure 3a) of LP-CQDs displayed two broad

peaks at 1368 and 1574 cm−1 representing D (sp3-hybridized
disordered D) and G (sp2-hybridized graphitic G) bands,
respectively, with an ID/IG band intensity of 0.86.23 The
observed ID/IG ratio is less than 1, signifying the well-graphitized
carbon components.23 Raman results confirmed the existence of
both sp2 carbon (G) with defective sp3 carbons (D) within LP-
CQDs.3

Optical Studies of LP-CQDs. UV−vis absorption spectra
were employed, in conjunction with fluorescence emission
spectra, to investigate the optical properties. Figure 3b shows a
shoulder band at around 272 and 320 nm, which are assigned to
π−π* transitions of sp2 C�C bonds and n−π* transitions of

Figure 2. (a) Survey graph of LP-CQDs. High-resolution spectra of (b) C 1s, (c) O 1s, and (d) N 1s of LP-CQDs.

Figure 3. (a) Raman spectrum of LP-CQDs, and (b) UV−vis. absorption spectra with inset showing LP-CQDs in UV and Visible light, and (c)
excitation and emission spectra of LP-CQDs.
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C�O of LP-CQDs.31 The LP-CQDs emit a strong emissive
green fluorescence upon UV-light irradiation (365 nm), while
light-brown fluorescence under visible light is seen, as depicted
in the inset of Figure 3b. This fluorescence emission of LP-
CQDs is believed to be a result of radiative recombination
between holes and electrons, which occurs due to photoinduced
charge separation and surface site trapping.32 By employing eq 1,
the fluorescence QY of LP-CQDs was 49.5%. For studying

fluorescence behavior, the excitation and emission spectra were
recorded, as illustrated in Figure 3c. Upon excitation of 330 nm,
LP-CQDs showed the maximum PL emission intensity at 445
nm.
The fluorescence emission spectra at different excitation

wavelengths were studied, as shown in Figure 4a. A bath-
ochromic shift was observed in the emission wavelengths from
400 to 498 nm upon changing λex. The excitation-dependent

Figure 4. (a) PL emission spectra of LP-CQDs under various excitation wavelengths, (b) The influence of pH (2−13) on PL emission behavior of LP-
CQDs, (c) impact of irradiation time (in min), and (d) Effect of storage time (in days) on the fluorescence emission of LP-CQDs.

Figure 5. (a) Change in fluorescence intensity of LP-CQDs with the change in concentrations of TC. (b) Stern−Volmer plot of LP-CQDs. (c) Linear
relation between fluorescence response (F0 − F/F0) and different concentrations of TC with the inset image showing the TC structure. (d) B−H plot
of TC with LP-CQDs.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c05424
ACS Omega 2023, 8, 36449−36459

36453

https://pubs.acs.org/doi/10.1021/acsomega.3c05424?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05424?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05424?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05424?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05424?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05424?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05424?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05424?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05424?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


emission observed in LP-CQDs can be attributed to factors such
as the quantum confinement effect, presence of sp2 aromatic
domains, surface edge defects, and variations in size. These
factors influence the fluorescence excitation energy.33

Stability Studies. Assessing the stability of LP-CQDs is a
crucial factor to consider before proceeding with further sensing
applications. Influence of pH, storage days, irradiation time,
temperature, and storage conditions was studied on the PL
intensity of LP-CQDs. Figure 4b shows the slight increase in PL
intensity as pH varied from 2 to 7, while a small decrease in PL
intensity is seen as the pH value shifts toward 13. Variation in PL
intensity of LP-CQDs occurred as a result of protonation and
deprotonation of emissive sites on the CQD surface.18,34 The
maximum fluorescence intensity was seen at neutral pH, and
further studies were performed at pH 7 of LP-CQDs. To
evaluate the photostability, LP-CQDs were irradiated with a Xe-
arc lamp up to 90 min and no noticeable change in intensity was
observed (Figure 4c). Additionally, LP-CQDs were subjected to
a storage period of 55 days and PL spectra were periodically
measured. These PL emission spectra showed minimal change
in intensity throughout the duration (Figure 4d). These studies
confirm the remarkable stability of LP-CQDs. The temperature
dependence (20−70 °C) of the fluorescence spectrum of LP-
CQDs at 330 nm excitation is shown in Figure S2a. The PL
intensity of the synthesized LP-CQDs decreases with increase in
temperature as the stability of the complex decreases.35 This
may be attributed to the fact that the nonradiative decay rate
increases with the temperature increase, which led to a decrease
in quantum efficiency along with the PL intensity.36 Also,
synthesized LP-CQDswere stored at room temperature (20 °C)
and in a refrigerator (3 °C) to check the fluorescence stability
and no significant difference in intensity was seen, confirming
the stability of LP-CQDs (Figure S2b).
Method Validation. The method developed was validated

following the guidelines specified in ICHQ2(R1) to ensure its
reliability and accuracy.37

Linearity and Range. In order to assess the sensitivity of the
prepared sensor, the effect of different concentrations of TC
(nM) on the PL intensity of LP-CQDs was examined. Figure 5a
illustrates the gradual quenching of fluorescence intensity of LP-
CQDs when exposed to different concentrations of TC. The
quenching efficiency was evaluated by plotting the graph of F0/F
vs quencher [Q] concentration, following the principles of the
Stern−Volmer equation.38

= + [ ]
F
F

K Q10
SV (2)

KSV signifies the Stern−Volmer quenching constant, F0
represents the PL intensity of LP-CQDs without quencher
(i.e., TC), and F is the intensity with TC. Figure 5b illustrates a
linear correlation among values of F0/F and the concentrations
of TC ranging from 0 to 345 nM through a linear regression
equation:

= [ ] + =F F R/ 0.0066 TC 0.835 ( 0.992)0
2

(3)

The values of the correlation coefficient (R2) approaching
unity in Table 1 indicate the satisfactory linearity of the system.
Limit of Detection (LOD) and Quantification (LOQ).

The detection limit for TC can be computed using 3σ/K, while
the limit of quantification is computed using 10σ/K (Table 1),
where σ denotes standard deviation (intercept) and K signifies
the slope of the linear line. The detection limit calculated from
Figure 5c was 50.4 nM (Table 1). The LOQ value was 168.1 nM.

Table 2 demonstrates that the fabricated sensor demonstrates
high sensitivity toward TC and boasts a lower detection limit
when compared to other sensor systems documented in
literature.

Binding Efficiency. A 1:1 linear Benesi−Hildebrand (B−
H) equation was used to predict the excited-state binding
constant in order to assess the binding interaction among LP-
CQDs and TC.

= +
[ ]F F F F K Q F F

1 1 1
( )0 0 1 0 (4)

F0 and F signify PL intensities in the absence and presence of a
quencher, i.e., TC.Q signifies the quencher's concentration. F1 is
the intensity of 1:1 stoichiometric CQDs-TC. K represents the
binding constant of CQDs with TC. The graph among (1/F0 −
F) versus 1/[Q] shows a linear line withK = 1828 nM−1 andR2 =
0.995 (Figure 5d, Table 1).
Precision Analysis. Three different concentrations and

three replicas of each concentration were used in an experiment
to determine the intraday and interday precisions. The %RSD
value, which was below 2%, indicates that the method exhibits
acceptable precision (Table S1).
Sensing of TC by LP-CQDs. While developing a potent

sensor, it is crucial to thoroughly investigate the parameter of
selectivity. The variation in the PL intensity of the LP-CQDs
with 200 μL of the stock solution (1 mM) with different analytes
was examined. It is clearly observed from Figure 6a that the
maximum fluorescence intensity of LP-CQDs got reduced in the
presence of TC. However, streptomycin (SPM) showed some
quenching in intensity of LP-CQDs possibly due to hydrogen
bond formation with surface groups of LP-CQDs but very less as
compared to TC.44 Fe3+ showed little quenching with LP-
CQDs, which may be due to coordination complex formation

Table 1. Methodical Sensing Performance of the Developed
Sensor for TC

parameters TC

linearity range (nM) 0−345
limit of detectiona (nM) 50.4
limit of quantificationb (nM) 168.1
regression equation F0/F = 0.0066 [TC] + 0.835
correlation coefficient 0.992
binding efficacy (nM−1) 1828

aLOD = 3σ/K. bLOQ = 10σ/K; σ denotes the intercept’s standard
deviation, and K is the slope.

Table 2. Comparison of Quantum-Dot-Based Sensing
Systems for TC Detection

sr.
no. sensor’s system linear range detection limit ref.

1 N-CQDs 0−100 μΜ 0.344 μΜ 11
2 CDs 10−400 μΜ 6.0 μΜ 39
3 self-N-doped

CQDs
0.158−40 μΜ 158 nM 40

4 CQDs 1.0−60 μmol·L−1 0.17 μmol·L−1 41
5 N-GQDs 0−60 μΜ 0.21 μmol·L−1 42
6 S, N-CDs 0−60 μΜ 0.25 μΜ 43
7 S, N-CQDs 1.88−60 μmol·L−1 0.56 μmol·L−1 20
8 N-CQDs 0−600 nM 60 nM 23
9 LP-CQDs 0−345 nM 50.4 nM present

work
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(Figure S3).45 Nevertheless, as shown by the interference
investigations, none of these compounds significantly interfered
with the detection of TC (Figure 6b). The selectivity was also
studied under UV-light illumination, and it was seen that LP-
CQDs have high selectivity for TC (Figure 6c). The reason for
the high selectivity toward TC can be attributed to the fact that
TC reacts with carboxyl and hydroxyl groups present on the LP-
CQD surface, leading to quenching.31

Under optimal conditions, a range of TC concentrations (0−
345 nM) were added to determine the linear dynamic range and

sensitivity of LP-CQDs toward TC. As shown in Figure 5a, the
intensity of LP-CQDs gradually decreased with an incremental
rise in TC concentrations. Figure 5b shows the linear response of
F0/Fwith TC concentrations by the regression equation (F0/F =
0.0066 [TC] + 0.835) having a 0.992 correlation coefficient.
The detection limit was calculated to be 50.4 nM (Figure 5c)
within the linear range 0−345 nM, which is significantly lower
than the sensitivity parameters reported in earlier studies (Table
2). The LOQ was calculated to be 168.1 nM. The binding
efficiency plot between (1/F0 − F) vs 1/[Q] shows a linear line

Figure 6. (a) Selectivity studies of LP-CQDs toward different analytes. (b) Interreference study with and without TC with diverse analytes. (c)
Selectivity picture of LP-CQDs containing different analytes in UV-light irradiation.

Figure 7. (a) Overlapping of absorption spectra of TC with excitation spectra of LP-CQDs. (b) Lifetime decay curves of LP-CQDs and LP-CQDs+
TC. (c) UV−vis absorption spectra of LP-CQDs, TC, and LP-CQDs + TC.
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with K = 1828 nM−1, R2 = 0.995 (Figure 5d). Based on the
results, the developed sensor offers rapid and facile detection of
TC.
Quenching Mechanism. The fluorescence intensity of LP-

CQDs got quenched (76.1%) in the presence of TC. The
underlying process of the plausible quenching mechanism was
investigated through a number of experiments. Commonly,
fluorescence quenching can be attributed to five main
mechanisms, namely, the inner filter effect (IFE), dynamic
quenching, static quenching, photoinduced electron transfer
(PET), and Forster energy resonance transfer (FRET).46 First,
optical properties of LP-CQDs and TC were studied to
investigate the possibility of IFE. Figure 7a exhibits the
excitation and emission spectra of LP-CQDs along with the
absorption spectra of TC. Here, the TC had strong absorption
peaks at 274 and 341 nm, which overlap with the excitation
spectra of LP-CQDs. The phenomenon referred to as the IFE
occurs when there is an overlap between the absorption band of
the absorber with the excitation/emission band of the
fluorophore.47 Hence, the fluorescence quenching is attributed
to the IFE. As a result, TCs would absorb the probe’s excitation
light, lowering its fluorescence intensity without affecting its
lifetime.48 Moreover, fluorescence studies of LP-CQDs with and
without TC were performed to validate the quenching
mechanism. The average lifetime values of LP-CQDs were
2.09 and 2.03 ns with the addition of TC, showing minimal
change in the values of average lifetime (Figure 7b, Table 3),
which signifies negligible electron transfer between LP-CQDs
and TC; thus, the mechanism was attributed to the IFE.49,50

Furthermore, the mechanism was confirmed by the UV−vis
spectra of LP-CQDs, TC, and LP-CQDs + TC. Figure 7c shows
the strengthening of the absorption peak in the presence of TC
with no change in peak positions, signifying that no new
substance was formed from LP-CQDs and TC.10 Scheme 2
shows the plausible detection mechanism.
Real-Sample Analysis. To study the feasibility of the

developed method, the detection of TC in real samples was

done. River water was collected from Bhakra River (Patiala), tap
water was taken from Patiala, and TC tablet (Abbott) was
purchased from a local market. The standard addition method
was followed for the analysis. Table 4 represents the workability

of LP-CQDs toward sensing of TC in river water, tap water, and
tablet dosage. The data indicated a favorable percentage of
recovery and a relative standard deviation (%RSD). The
measured values demonstrated satisfactory precision, affirming
the suitability of the prepared LP-CQDs for effective detection
of TC in real samples.
Application of the Synthesized LP-CQDs as Fluores-

cent Ink. The green synthesis of LP-CQDs from C. limon peels
exhibits intrinsic fluorescence and excellent aqueous stability,
indicating potential for utilization in paper-based devices and
fluorescent ink. The solution of LP-CQDs was used to write the
fluorescent characters (handwritten words and images), as
shown in Figure 8a,b, without the requirement of any sample
pretreatment. Also, a paper-based fluorescence strip was made
using Whatman filter paper. It shows highly green luminescence
under UV-light irradiation (Figure 8c). The disappearance of
green fluorescence was seen in the presence of TC (Figure 8d)
making it more reliable.

Table 3. Fluorescence Lifetime Parameters of LP-CQDs in the Presence of TC

system τ1 (ns) a1 τ2 (ns) a2 τ3 (ns) a3
a<τav> (ns) χ2

LP-CQDs 2.92 0.32 5.61 0.15 0.62 0.53 2.09 0.94
LP-CQDs + TC 1.97 0.28 5.89 0.22 0.38 0.50 2.03 0.93

a<τav> (ns) = τ1a1 + τ2a2 + τ3a3.

Scheme 2. Plausible Mechanism of TC Detection

Table 4. Application of the Fabricated Sensor for TC
Detection in Real Samples (n = 3)

sample spiked (μM) found (μM) recovery (%) RSD (%)

river water 0.5 0.48 96.60 1.26
1 1.02 102 1.29
1.5 1.48 98.66 1.78

tap water 0.5 0.51 102.6 1.12
1 1.02 101.9 1.52
1.5 1.47 98.0 1.40

TC supplement 0.5 0.47 94.80 1.46
1 1.03 103 1.47
1.5 1.49 99.53 1.39
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■ CONCLUSIONS
The present study employed a cost-efficacious and environ-
mentally friendly method to produce highly water-soluble
fluorescent CQDs from lemon peel. Microwave irradiation was
used without the addition of chemical substituents in the
synthesis process. Intrinsic nitrogen-functionalized CQDs have
been obtained without the use of any dopants. The prepared LP-
CQDs are stable and emit green luminescence exhibiting
excitation-dependent emission ranging from 240 to 410 nm. LP-
CQDs act as a nanosensor for the highly sensitive and selective
detection of TCwith 76.1% quenching with a 50.4 nM detection
limit in the concentration range of 0−345 nM. The fluorescence
quenching was accredited to the IFE. Validation of the prepared
sensor was conducted following the recommendations outlined
by ICH. Furthermore, the developed method was successfully
employed to detect TC in real samples, demonstrating
acceptable precision and %RSD values. Also, LP-CQDs were
utilized as fluorescent inks for drawing and writing without any
chemical alteration. It was further successfully used to make a
paper-based fluorescence strip. The present method and
detection strategy offer an affordable, convenient, and
sustainable approach for the detection of TC in diverse
applications.
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