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Abstract

Carbon Quantum Dots (CQDs) have emerged as highly attractive nanomaterials in recent decades due to their rapid,
cost-effective performance in chemical detection through fluorescence quenching. This study aims to synthesize CQDs
from green tea leaves (GTL-CQDs) and utilize them as sensors for antibiotics. The CQDs were synthesized using a
hydrothermal method at 180 °C for 4 in an oven, followed by purification, and characterization. The synthesized GTL-
CQDs exhibited an average particle size of approximately 10.5 nm. UV-Vis and fluorescence spectroscopy analyses
revealed that the CQDs strongly absorb UV light with a maximum absorption peak at 273 nm, and emit visible light in
the wavelength range of 350 - 550 nm, with an emission peak centered at 430 nm. The CQDs were employed to test their
selectivity toward the detection of various antibiotics, including amoxicillin, cefixime, and ciprofloxacin. The GTL-CQDs
were found to be effective in detecting the selected antibiotics but demonstrated greater selectivity toward cefixime with
a limit of detection (LOD) of 0.11 mg-L™! or equivalent to 243 nM. Sensing application in real samples (tap water and
river water) recoveries 98.90% - 113.35% with RSD < 0.19 confirmed the accuracy of cefixime quantification. The

developed probe enables reliable, sustainable, and efficient on-site detection of cefixime for environmental monitoring.
Keywords: Carbon Quantum Dots (CQDs), Matcha leaves, Green tea leaves, Antibiotics sensor, Quantification

Introduction Among the key features of CQDs, their unique

Carbon quantum dots (CQDs) are a class of zero-
dimensional carbon materials with diameters typically
below 10 nm, which have gained significant popularity
over the past few decades due to their fluorescence
properties [1]. Generally, CQDs are defined as
nanoscale carbon particles exhibiting unique
characteristics, including strong fluorescence, high
chemical stability, and biocompatibility [2-4]. CQDs
were initially discovered as byproducts during the
synthesis of other carbon-based nanomaterials [5,6].
Structurally, CQDs comprise an amorphous or semi-
crystalline carbon core decorated with oxygen-
containing functional groups on their surface, which
impart hydrophilicity and specific chemical reactivity.

optical properties are considered as the most notable [7].
CQDs exhibit unique and remarkable optical properties
that are primarily attributed to their nanoscale
dimensions, carbon core structure, and surface
functional groups [8]. In terms of absorption, CQDs
display strong peaks in the UV to visible light range,
arising from electronic transitions such as 1 — =n*
transitions in C=C bonds and n — =@* transitions in
carbonyl groups [9]. Their fluorescence emission is one
of their most prominent features, with the emission
wavelength being excitation-dependent and exhibiting a
significant Stokes shift [10]. This fluorescence
originates from several mechanisms, including

excitation recombination, surface transitions, and
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structural defects. Additionally, the fluorescence color
of CQDs can be tuned by altering particle size or by
modifying their functional groups; smaller particles tend
to emit blue light, whereas larger particles emit green or
red light. The high fluorescence stability of CQDs
renders them resistant to photobleaching, making them
suitable for repeated applications in bioimaging and
sensing [11]. CQDs are also environmentally sensitive,
with their fluorescence being affected by factors such as
pH or specific metal ions, such as Fe*'/Fe** [12], and
Cd?" [13,14], enabling their use as pH sensors or in
heavy metal detection. Furthermore, CQDs demonstrate
nonlinear optical properties, including 2-photon
absorption, which are relevant for laser technologies and
high-resolution imaging [15]. The combination of
quantum confinement effects, carbon structure, and
functional groups provides exceptional versatility for a
wide range of scientific and technological applications.

The active functional groups on the surface of
CQDs, such as carbonyl (C=0), hydroxyl (—OH), and
carboxyl (—COOH), play a critical role in their ability to
absorb UV light and emit visible light [16]. These
functional groups make CQDs a promising platform for
detecting a wide range of chemical substances. They
enable specific interactions with target molecules
through processes such as metal ion binding, redox
reactions, or the formation of chemical complexes
[17,18]. For instance, CQD fluorescence can be
quenched or enhanced upon interaction with heavy
metal ions such as Fe (III), Hg (II), and Pb (II),
facilitating rapid and sensitive detection of heavy metals
[19-21]. Additionally, CQDs can also detect organic
compounds, such as pesticides, pharmaceuticals, or
hazardous dyes [22], through changes in their
fluorescence properties induced by interactions with
these molecules. This capability makes CQDs highly
relevant for applications in cosmetics [23], food safety,
environmental monitoring, and pharmaceutical analysis,
including the detection of trace antibiotic compounds
[14,24,25].

The detection of trace amounts of antibiotics is
crucial for several interconnected reasons. In the
environment, antibiotics from healthcare, agriculture,
and aquaculture can enter water bodies and soil, leading
to contamination [26]. Even at low concentrations, these
residues can disrupt ecosystems, harming aquatic life

and beneficial soil microorganisms. Over time, such

contamination can result in the accumulation of
antibiotics in the food chain, posing risks to both
wildlife and human health. Public health is another
critical factor [27], trace antibiotic residues in food,
water, and the environment can cause adverse health
effects, including allergic reactions, organ toxicity, and
other long-term complications. Moreover, prolonged
exposure to sub-therapeutic antibiotic levels may
contribute to antimicrobial resistance (AMR) [28]. This
phenomenon, where bacteria evolve to resist antibiotic
treatments, is exacerbated by the presence of even
minimal antibiotic residues in the environment. AMR
represents a significant global health crisis, making
common infections harder to treat and increasing the
risk of severe outcomes [29].

Regulatory compliance and food safety further
underscore the need for detecting trace antibiotics.
Governments and international bodies enforce stringent
limits on antibiotic residues in food and other
consumables to protect consumers and ensure fair trade
practices [30]. Accurate monitoring enables producers
to meet these regulations and fosters trust in food and
water supplies. Overall, efficient detection methods,
such as sensors based on CQDs, are crucial tools for
protecting ecosystems, safeguarding public health, and
mitigating the spread of AMR. In this work, the
detection of 3 commonly administered antibiotics,
including amoxicillin, cefixime, and ciprofloxacin were
conducted wusing a relatively low-cost UV-Vis
spectrophotometer to avoid the higher laboratory costs
associated with the wuse of a fluorescence

spectrophotometer.

Materials and methods

Chemicals and green tea leaves sample

Deionized water, ethanol (96%), amoxicillin,
cefixime, ciprofloxacin, NaCl, NaNOs;, and CH;COOH
were purchased from a local pharmacy of the city of
Banda Aceh, Aceh Province, Indonesia. All chemicals
unless previously stated were used as received without
further purification. The green tea leaves were obtained
from Gayo Highland, Central Aceh Regency at the
coordinate: 4°34'52.8"N 96°53'10.8"E.

Green tea leaves extraction
Green tea extraction using ethanol via maceration

was conducted to isolate bioactive compounds and was
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performed according to Ngoc et al. [31] with slight
modification. Fifty g of dried green tea leaves were
accurately weighed and ground into a fine powder using
a mortar and pestle. This step aimed to increase the
surface area for efficient interaction between the plant
material and the solvent. Ethanol (96%) was used to
extract both polar and semi-polar compounds from the
green tea. The maceration process was performed by
immersing the powdered green tea in a 1:10 (w/v) ratio
of the ethanol solution in a 500 mL conical flask. The
flask was sealed and kept at ambient temperature (25 +
2 °C) for 48 h to ensure adequate extraction. During this
period, the mixture was stirred intermittently every 6 - 8
h to enhance solvent penetration and facilitate the
dissolution of phytochemicals. Following the
maceration period, the mixture was filtered using filter
paper and a funnel to separate the liquid extract from the
plant residue. The filtrate was then concentrated using a
rotary evaporator at 40 = 2 °C under reduced pressure,
which removed the ethanol and yielded a semi-solid
extract rich in bioactive constituents. The final
concentrated extract was transferred into an amber glass
container and stored at 4 °C to preserve its chemical
stability. This extract was prepared for further analysis
and synthesis of GTL-CQDs.

Synthesis of GTL-CQDs

GTL-CQDs were prepared by thermal
decomposition [32] with minor modifications. To
prepare the GTL solution, 20 mL of deionized water was
mixed with 1 g of concentrated GTL extract in a
hydrothermal autoclave. The solution was heated at a
constant temperature of 180 °C for 4 h. The resulting
brownish liquid was then allowed to cool naturally to
ambient temperature overnight. The products were then
centrifuged at 2,000 rpm for 60 min, filtered using filter
paper, diluted in deionized water, and the GTL-CQDs
were filtered using a 0.22 pm membrane filter to obtain
a homogeneous particle size. Further work and analysis
were performed using the diluted GTL-CQDs.

Morphology and particle size analysis using
HRTEM

The morphology and particle size of the
synthesized CQDs were analyzed using high-resolution
transmission electron microscopy (HRTEM). To
prepare the sample, a dilute aqueous dispersion of CQDs

(approximately 0.5 - 1.0 mg/mL) was sonicated for 10 -
15 min to ensure uniform dispersion and minimize
aggregation. A small volume of the solution (around 5
pL) was drop-cast onto a 300-mesh copper grid coated
with a carbon support film, followed by air drying at
room temperature for 12 - 24 h. The dried grid was then
inserted into the HRTEM instrument and examined
under an accelerating voltage of 200 kV. High-
resolution images were captured to observe the particle
morphology, distribution, and lattice structures. Particle
size measurements were conducted using image analysis
software, where diameters of at least 100 individual
nanoparticles were measured to determine the average
size and distribution. Lattice fringes observed in the
HRTEM images were used to estimate the interplanar
spacing (d-spacing), providing information on the
crystallinity and graphitic nature of the CQDs. This
method allowed for a detailed assessment of the
nanostructure, confirming the successful synthesis of

well-dispersed, nanoscale carbon dots.

Chemical analysis using FTIR

FTIR spectroscopy (Shimadzu IR-Prestige 21)
was employed to identify the functional groups present
in both the green tea leaf (GTL) extract and the
synthesized GTL-CQDs. Prior to analysis, the dried
GTL extract and freeze-dried CQDs powder were finely
ground and mixed with spectroscopic-grade KBr in an
approximate ratio of 1:100 (w/w). The mixtures were
then pressed into thin, transparent pellets using a
hydraulic press under vacuum. The FTIR spectra were
recorded using a Bruker Tensor 27 spectrometer in the
range of 4,000 - 400 cm™ with a resolution of 4 cm™,
and each spectrum was averaged over 32 scans to
improve signal-to-noise ratio. The spectra of the GTL
extract were used to identify the original phytochemical
functional groups, such as hydroxyl, carbonyl, and
aromatic moieties, while the spectra of GTL-CQDs
provided insight into the surface chemistry of the carbon
dots, highlighting any chemical modifications or
retention of functional groups from the precursor.
Comparative analysis of both spectra allowed for the
evaluation of chemical transformations occurring during
the carbonization and passivation processes, particularly
the formation of oxygen- and nitrogen-containing
surface functionalities that are critical for the solubility

and photoluminescence behavior of the CQDs.
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Optical stability of GTL-CQDs

To evaluate the optical stability of the GTL-CQDs,
2 sets of experiments were conducted: pH-dependent
stability and photostability under prolonged light
exposure. For the pH-dependent analysis, a series of
GTL-CQDs aqueous solutions were adjusted to pH
values ranging from 2 to 11 using 0.1 M HCl and 0.1 M
NaOH. Each solution was allowed to equilibrate for 30
min at room temperature before recording its UV-Vis
absorption spectrum using a Shimadzu UV-2,600
spectrophotometer in the wavelength range of 200 - 800
nm. For photostability testing, 2 identical GTL-CQDs
solutions (pH = 7) were prepared and placed in quartz
cuvettes; one was exposed to continuous UV irradiation
at 295 nm using a UV transilluminator (power = 8§ W)
and the other was exposed to ambient sunlight under
clear sky conditions. Both exposures were carried out
for a total of 8 hours. At 1-hour intervals, aliquots were
withdrawn and their UV-Vis absorbance spectra were
recorded immediately without dilution. The stability
was evaluated by monitoring changes in absorbance
intensity, particularly at the characteristic absorption
peak around 270 nm, which is indicative of m—m*
transitions in aromatic domains. A minimal change in
absorbance over time was taken to indicate high optical
stability, while a significant decrease or spectral shift
was interpreted as photodegradation or structural
transformation of the CQDs under light exposure or

extreme pH conditions.

Preparation of antibiotic samples

Each tablet of amoxicillin, cefixime, and
ciprofloxacin was dissolved in 100 mL of ethanol to
prepare the stock solutions. These stock solutions were
subsequently diluted to obtain a concentration of 100
mg-L™! for each antibiotic. Further serial dilutions were
carried out to achieve concentrations suitable for sensing
experiments. After repeated trials to determine the
optimal concentration range for sensor performance
using GTL-CQDs, the ideal working concentrations
were established as follows: 0.5 - 4 mg-L! for
amoxicillin, 0.15 - 1.2 mg-L™! for cefixime, and 1.5 - 11

mg-L™! for ciprofloxacin.

Antibiotic sensing characteristics of GTL-
CQDs

To evaluate the selectivity of the antibiotic sensor,
5 mL of a diluted CQDs solution with an absorbance
below 1.0 a.u was prepared. Subsequently, varying
concentrations of each antibiotic solution were added to
the CQDs solution, and absorbance measurements were
performed over the wavelength range of 200 - 800 nm.
A gradual decrease in absorbance intensity at 273 nm
with increasing antibiotic concentration indicated an
interaction and confirmed the sensing capability of the
CQDs.

Feasibility test and recovery analysis in real
water samples

The feasibility of the proposed CQD-based sensor
for antibiotic detection in real samples was evaluated
using tap water and spiked environmental water
samples. Tap water was collected from the laboratory
supply, while environmental water samples (river water)
were collected in clean polyethylene bottles from the
following coordinate: 5°34'18.8"N 95°21'37.3"E, and
filtered through a 0.45 pm membrane filter to remove
suspended particulates. All samples were stored at 4 °C
and analyzed within 24 h. Prior to analysis, the pH of the
samples was adjusted to the optimal sensing pH
determined in the selectivity study. Serial concentrations
(10 - 50 mg L") of cefixime were spiked into the water
samples within the linear detection range of the CQD
sensor. Unspiked samples were analyzed in parallel as
blank controls to assess matrix interference.

For spectrometric measurements, an aliquot of
CQD solution was mixed with the spiked or unspiked
water sample in a ratio of 1:1 and incubated for an
optimized interaction time at ambient temperature. The
UV Vis spectra were recorded under 273 nm, and the
absorbance intensity change (AA or A/Ag) was used to
quantify the antibiotic concentration based on the
calibration curve obtained in deionized water. The

recovery percentage was calculated using the Eq. (1).

(Cspikea=Cunspiked) . 1) (1

Recovery (%) = o
a e

All measurements were performed in triplicate,
and the results were reported as mean recovery =+
standard deviation (SD).
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Results and discussion

The CQDs were successfully synthesized from
green tea leaves through a simple and environmentally
friendly hydrothermal method. The obtained CQDs
were subsequently characterized using various
techniques to determine their morphological and optical
properties. HRTEM analysis revealed a uniform particle

size distribution at the nanometer-scale with nearly

4 6 8 10 12 14 16 18 20 22 24 26
Particle Size (nm)

Figure 1 TEM images of GTL-CQDs with different magnifications (a) 10,000x (c) 50,000x and (b) the inset of particle
size distribution.

Figure 1 presents a HR-TEM image of GTL-
CQDs at different magnifications. The micrograph
reveals a substantial number of discrete, quasi-spherical
nanoparticles, uniformly dispersed across the supporting
carbon grid. The particles exhibit strong contrast against
the background, indicating well-defined, dense
carbonaceous structures with high electron density. This
morphology is characteristic of CQDs and supports the
successful formation of carbon-based nanostructures.
The scale bar of 100 nm suggests that the individual
particles are within the nanometer range, primarily
between 5 and 20 nm in diameter. Furthermore, the
images suggest minimal visible agglomeration, which
implies good dispersibility and colloidal stability traits
commonly attributed to the surface functional groups
introduced during green synthesis using phytochemicals
such as polyphenols, catechins, and flavonoids from
green tea leaves [33]. These bioactive molecules can act
as both carbon sources and natural passivating agents,
contributing to the uniformity and stability of the CQDs
[34].

spherical shapes. The UV-Vis spectrum exhibited a
characteristic absorption band in the ultraviolet region,
indicative of m-m* transitions of aromatic C=C bonds,
while fluorescence (FL) spectroscopy demonstrated
strong and stable emission in the visible range,
confirming the potential of these CQDs for applications
in various fields.

Figure 1(b) illustrates the particle size distribution
histogram, obtained by measuring the diameters of a
statistically significant number of individual CQDs from
the TEM image. The data show a Gaussian-like
distribution with a peak (mode) centered around 8§ - 10
nm, which represents the most frequently occurring size
class. The particle sizes range broadly from
approximately 4 to 21 nm, indicating a relatively narrow
but not monodisperse size distribution. The slight
asymmetry in the distribution tail suggests the presence
of a small number of larger particles, which is common
in biomaterial-derived nanostructures due to the
inherent variability in natural precursors [35].
Importantly, the use of green tea as a precursor
introduces eco-friendly, low-cost, and non-toxic
advantages, aligning with the principles of green
chemistry [36-38]. The abundant phytochemicals
present in green tea likely play multiple roles in the
synthesis process: Acting as reducing agents, carbon
donors, and surface passivators [39,40]. This integrated
role not only simplifies the synthetic route - requiring

fewer external reagents or stabilizers - but also
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contributes to the observed monodispersity and colloidal
stability of the resulting CQDs.

Furthermore, the average particle size below 10 nm
(Figure 1(b)) is particularly advantageous for several
applications. In bioimaging and biosensing, smaller
CQDs typically exhibit stronger fluorescence, higher
surface-to-volume ratios, and better tissue permeability

(a)

Fluorescent

Excitation Absorbance

273 nm Emission
430 nm

Wavelength (nm)

T
250 300 350 400 450 500 550 600

[41-43]. In addition, the presence of surface functional
groups originating from green tea (e.g., hydroxyl,
carboxyl, or amine groups) enhances the solubility in
aqueous media and provides accessible sites for
chemical functionalization, enabling their use in
targeted drug delivery [17,44], metal ion sensing, or
environmental pollutant detection [45,46].

1(b) —— GTL-CQDs|

Eg =4.01eV

T T T T T 1 T
10 15 20 25 3.0 35 40 45 50

Energy (eV)

Figure 2 (a) Absorbance and fluorescent intensity of GTL-CQDs (the inset image of GTL-CQDs observed under UV
light at 365 nm), (b) indirect energy band gap of the GTL-CQDs estimated using Tauc plot.

The optical properties of GTL-CQDs were
analyzed using a UV-Vis spectrophotometer where the
absorbance was measured over the wavelength range of
200 to 600 nm, and a fluorescence spectrophotometer at
different excitation wavelengths from 250 to 400 nm
with 10 nm increments. CQDs typically exhibit
excellent UV absorbance within the range of 200 - 300
nm, attributed to chromophores with double bonds, such
as C=C and C=0 [47,48]. The GTL-CQDs synthesized
in this study showed a maximum absorption peak at a
wavelength of 273 nm and an emission peak at 430 nm,
as indicated by the UV-Vis spectrum and the
fluorescence spectrum presented in Figure 2(a). The
optical characterization of GTL-CQDs revealed their
strong UV absorption and blue fluorescence emission,
characteristic features of CQDs. These properties stem
from their inherent carbon-based structure and surface

functional groups, which enable electronic transitions
and efficient fluorescence [18,49]. The UV absorption
at 273 nm and the fluorescence emission at 430 nm
observed in GTL-CQDs are direct consequences of their
quantum-confined energy band gap of 4.01 eV, as
depicted in Figure 2(b). Because GTL-CQDs are
nanoscale, their electrons and holes occupy discrete
energy levels rather than continuous bands. The gap
between the valence and conduction levels corresponds
to the energy of UV light around 273 nm, which they
effectively absorb through m—a* and n—n*
transitions involving C=C and C=0O chromophores
[1,50]. When these excited electrons relax back to lower
energy states, they emit blue light as depicted in the inset
photo of Figure 2(a).
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Figure 3 (a) excitation-dependent FL spectra of GTL-CQDs, and (b) normalized FL intensity confirming the emission

peak shift due to varied excitation wavelength.

The fluorescence analysis of GTL-CQDs with
excitation wavelengths ranging from 250 to 400 nm
reveals excitation-dependent fluorescence, with a
maximum emission at an excitation wavelength of 330
nm (Figure 3(a)). The variation in the excitation
wavelength also causes the emission peak to shift to
longer wavelengths as the excitation wavelength
increases (Figure 3(b)). This common phenomenon of
CQDs arises from several factors, including the
distribution of particle sizes, surface states, structural
defects, and the efficiency of energy transfer [51,52].
Smaller particles with larger band gaps emit light at
shorter wavelengths, while larger particles emit at
longer wavelengths [53]. Surface functional groups such
as C=0, —OH, —COOH

and introduce localized

electronic states that interact differently depending on
the excitation energy, resulting in varied emission
intensities and wavelengths [54,55]. Structural defects,
such as irregularities in the carbon lattice or the
incorporation of heteroatoms, create additional energy
levels that contribute to wavelength-specific emissions
[56]. Furthermore, lower-energy excitations may only
activate specific to distinct

transitions, leading

fluorescence outputs compared to higher-energy

excitations. These excitation-dependent properties
highlight the complexity of the electronic structure of
GTL-CQDs and expand their potential for applications
in multicolor fluorescence detection, bioimaging, and
optical technologies, where tunable light emission is

crucial [57].
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Figure 4 FTIR spectra of GT-Extract and the GTL-CQDs.
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The FTIR spectra of the GTL extract and GTL-
CQDs in Figure 4 reveal significant insights into the
chemical transformations that occur during the
carbonization process and the functional groups retained
on the CQD surface. A broad and intense absorption
band observed around 3,200 - 3,500 cm™ in both spectra
corresponds to the O-H stretching vibrations of
hydroxyl groups and possible N—H stretching from
amine-containing compounds [58]. This peak remains
broad and pronounced in the CQD spectrum, indicating
the retention of polar functional groups such as
hydroxyls and amines, which contribute to the
hydrophilicity and dispersibility of the carbon dots in
aqueous media [59]. In the region of 2,800 - 3,000 cm ™,
both spectra exhibit weak bands associated with
aliphatic C-H stretching vibrations from —CH: and —
CHs groups. However, these bands are slightly reduced
in intensity in the CQDs spectrum, suggesting partial
degradation of long-chain aliphatic structures during the
synthesis [60]. A notable peak near 1,700 cm ™ is evident
in both spectra, assigned to the C=O stretching
vibrations of carbonyl or carboxyl groups. In the CQDs,
this peak becomes more defined and slightly shifted,
indicating the formation or enrichment of carboxylic
acid functionalities, likely as a result of oxidative
cleavage of polyphenols and other oxygenated
compounds in the GTL extract.

The region from 1,500 to 1,650 cm™ in the GTL
extract shows multiple absorptions attributed to
aromatic C=C stretching vibrations and amide bonds,
possibly arising from polyphenolic structures and
protein residues. In the CQDs, the peaks in this region
are attenuated or altered, which is consistent with the
partial breakdown and restructuring of aromatic rings
and nitrogen-containing
hydrothermal treatment [61,62]. Meanwhile, the
presence of peaks in the range of 1,000 - 1,300 cm™ in

compounds during

both samples corresponds to C—O and C—N stretching

vibrations, reflecting the presence of alcohols, ethers,
and amines. These functional groups persist in the
CQDs, supporting the incorporation of oxygen- and
nitrogen-containing moieties on the particle surface
[63]. In the fingerprint region below 1,000 cm™, the
GTL extract displays a series of complex, sharp peaks
typical of various phytochemical skeletons, including
flavonoids and alkaloids. In contrast, the CQDs
spectrum is smoother and less complex in this region,
which may be attributed to the decomposition of
complex biomolecules and the formation of more
uniform carbonaceous frameworks during carbon dot
synthesis [64]. Overall, the FTIR analysis confirms that
while the GTL-CQDs retain several surface
functionalities inherited from the precursor, including
hydroxyl, carbonyl, and amine groups, the carbonization
process also introduces structural simplification and
new functional groups essential for the optical and

chemical properties of the CQDs.

Optical stability of GTL-CQDs

The optical stability of GTL-CQDs was evaluated
under varying pH conditions and exposure to UV light
and sunlight over an extended period. In solutions with
different pH values, the GTL-CQDs exhibited notable
changes in their UV-Vis absorption spectra as the pH
increased, while maintaining excellent stability under
acidic conditions. On the other hand, when subjected to
UV light at 295 nm for 8 h, the absorbance intensity in
the UV region (250 - 300 nm) remained relatively
unchanged, showcasing their ~ photostability.
Furthermore, exposure to direct sunlight for 8 h did not
result in a significant reduction in absorbance intensity,
reflecting their excellent resistance to photodegradation.
These findings highlight the robust structural and
chemical properties of GTL-CQDs, making them
suitable for applications requiring high optical stability

under diverse environmental conditions.
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Figure 5 (a) pH-dependent UV-Vis spectra of GTL-CQDs, (b) absorbance of GTL-CQDs after being exposed to UV
(365 nm) at different durations, (c) pH-dependent absorbance of GTL-CQDs at the maximum peak (273 nm), and (d)

the UV-Vis spectra of GTL-CQDs after sunlight exposure.

Figure 5 illustrates the results of the stability test of
CQDs against changes in the environmental pH of the
solution, as well as the optical stability of GTL-CQDs
under UV light and sunlight exposure for O - 8 h. The
UV-Vis spectra in Figure 5a show that the solvent’s pH
affects the UV absorption by GTL-CQDs, with
relatively higher UV absorption observed at low pH
levels (2 - 6) as illustrated in Figure 5c. The UV
absorption decreases as the pH of the solution increases.
CQDs often exhibit stronger UV absorption at lower pH
levels primarily due to changes in their surface
chemistry and electronic structure [65]. At low pH,
acidic conditions lead to the protonation of surface
functional groups such as carboxyl (—COOH), hydroxyl
(—OH), and amino (—NH>). This protonation alters the
electronic environment of the CQDs, enhancing their
ability to absorb UV light [66]. The protonated groups

create new pathways for electronic transitions, including
n — ¥ and n — 7* transitions, thereby increasing the
efficiency of UV absorption. Additionally, protonation
can reduce the bandgap of CQDs, modifying their
energy levels to favor stronger absorption in the UV
region. Furthermore, lower pH can influence the
aggregation behavior of CQDs [67]. Acidic conditions
reduce the electrostatic repulsion between particles,

enabling them to approach one another and form

aggregates. This aggregation can intensify UV
absorption due to the increased interaction of light with
closely packed particles. Simultaneously, the

stabilization of surface defects or functional groups
under acidic conditions can quench non-radiative
recombination pathways, leading to more effective
absorption in the UV spectrum [68].
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The GTL-CQDs were found to be optically stable
when exposed to UV light and natural sunlight up to 8 h
during daylight. The UV-Vis measurements revealed
negligible changes in the UV absorption capability of
the CQDs after exposure to UV light at a wavelength of
295 nm for 8 h. The absorbance intensity in the UV
region, specifically in the wavelength range of 250 - 300
nm, remained relatively stable without any notable
decrease, as shown in Figure 5(b). Similarly, the
durability of the GTL-CQDs under sunlight exposure
demonstrated excellent stability, with no significant
reduction in absorbance intensity observed after
continuous exposure to sunlight for 8 h, as shown in
Figure 5(d). The stability of GTL-CQDs, under
prolonged UV and sunlight exposure, is primarily due to
their robust carbon core structure, which resists
photodegradation [69]. Functional groups such as
hydroxyl (—OH) and carboxyl (—~COOH) on the CQD
surface act as a passivating layer, shielding the material
from oxidative and photochemical damage [60].
Additionally, CQDs efficiently dissipate absorbed UV
energy through fluorescence emission or non-radiative
processes, preventing energy buildup that could lead to
structural damage [70]. Their nanoscale size and
quantum confinement effects further enhance optical
stability, while their high thermal and chemical
resilience ensures consistent performance under varying

environmental conditions [71-73].

Antibiotic-sensing properties of GTL-CQDs

In recent years, CQDs have attracted considerable
interest as versatile nanomaterials for chemical sensing,
particularly due to their ease of synthesis,
biocompatibility, surface tunability, and strong optical
responses [74,75]. Their application in antibiotic
detection has become increasingly important given the
widespread occurrence of pharmaceutical residues in
environmental and clinical settings. In this study, GTL-
CQDs were utilized in sensing selected antibiotics.
Unlike many previous studies that rely on expensive
fluorescence spectroscopy, this research employed a
low-cost UV-Vis spectroscopy to monitor the
interactions between CQDs and selected antibiotics -

amoxicillin, cefixime, and ciprofloxacin. The sensing

mechanism was based on a measurable decrease in the
UV-Vis absorption peak of the CQDs at 273 nm, which
diminished progressively with increasing concentrations
of the antibiotics. This spectral change provides a
straightforward and sensitive approach for quantifying
these pharmaceutical compounds. This subsection
presents the detailed data and analytical evaluation of
the green tea leaf-derived CQDs in detecting each
antibiotic.

The absorbance reduction measurements of the
CQDs following the addition of antibiotics at varying
concentrations revealed a consistent decreasing trend, as
illustrated in Figures 6(a) - 6(c). Several rounds of trial
and error were conducted to determine the ideal
absorbance condition of the CQDs for evaluating their
interactions with each antibiotic. As a result, the
antibiotic concentrations used in this study differ from
one another to ensure the accuracy of the measurements.
The concentration ranges employed were 0.5 - 4 mg-L™
for amoxicillin, 0.15 - 1.2 mg-L! for cefixime, and 1.5
- 11 mg-L! for ciprofloxacin. These ranges were
established after repeated experiments showed that the
amount of antibiotic added influenced the absorbance of
CQDs to different extents, depending on the specific
antibiotic used. Figure 6(d) compares the normalized
absorbance response of the sensing system toward target
antibiotics in the presence of common ionic
interferences (NaCl, NaNOs, and CH;:COONa). Overall,
the results clearly demonstrate that simple inorganic
salts exert negligible influence on the absorbance signal,
whereas antibiotics induce a pronounced and
distinguishable response. The 3 ionic species show
normalized absorbance values close to unity, with NaCl
even slightly exceeding the blank. This behavior
indicates that monovalent ions (Na‘, Cl, NOs~ and
CHsCOO") do not significantly interact with the active
sites of the sensing material or perturb its electronic
structure [76]. Their weak electrostatic interactions and
lack of specific coordination capability prevent them
from inducing notable changes in absorbance,
confirming strong resistance of the system to ionic
strength variations commonly encountered in real water

matrices [77].
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Figure 6 (a) The UV-Vis spectra of GTL-CQDs with the addition of amoxicillin at different concentration, (b) The UV-
Vis spectra of GTL-CQDs with the addition of cefixime at different concentration, (c) The UV-Vis spectra of GTL-CQDs

with the addition of ciprofloxacin at different concentration, and (d) the normalized absorbance of each antibiotic and

interference substances at similar concentrations.

In contrast, the presence of antibiotics leads to a
clear decrease in normalized absorbance, with cefixime
showing the most pronounced effect, followed by
amoxicillin, while ciprofloxacin exhibits a moderate but
still significant response. This trend suggests selective
interactions between the antibiotics and the sensing
material, likely arising from a combination of hydrogen
bonding, n—m stacking, and possible charge-transfer
interactions involving functional groups such as -NH, —
OH, and aromatic rings present in the antibiotic
molecules. The stronger response observed for cefixime
can be attributed to its more complex molecular

structure and higher affinity toward surface functional

groups, resulting in enhanced absorbance modulation
[78].

After testing various concentration ranges, optimal
conditions were achieved as presented in Figures 7(a) -
7(c). The calculated LOD for amoxicillin, cefixime, and
ciprofloxacin were found to be 0.45, 0.11, and 0.32
mgL !, respectively. These values were corroborated by
the calibration plots in Figure 7, which display a linear
regression  between absorbance and antibiotic
concentration. Notably, the regression plot for cefixime
(Figure 7(b)) demonstrated the highest degree of
linearity with an R? value of 0.9952, surpassing those of
amoxicillin  (R* = 0.94537, Figure 7(a)) and

ciprofloxacin (R? = 0.9712, Figure 7(c)).
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cefixime, and (c) ciprofloxacin.

Recent studies have revealed that CQDs can be
utilized in antibiotic sensing at very low concentrations
[32]. This promising application stems from the unique
photoluminescent properties of carbon quantum dots
(CQDs), which can undergo significant fluorescence
changes—either enhancement or quenching - upon
interaction with specific antibiotic molecules [79].
These interactions are typically driven by mechanisms
such as the inner filter effect (IFE), Forster resonance
energy transfer (FRET), and static or dynamic
quenching, allowing for precise detection of various
antibiotic classes including tetracyclines,
fluoroquinolones, and aminoglycosides [80,81].

Notably, the sensitivity of CQD-based sensors is
instance, a recent

remarkably high. For study

demonstrated that nitrogen-doped CQDs could detect

like

oxytetracycline, and chlorotetracycline with detection

tetracycline antibiotics tetracycline,
limits as low as 5.18, 6.06 and 14 nM, respectively in
complex matrices such as milk and tobacco [82]. In
another example, a dual-mode sensor based on Au-CQD
nanocomposites achieved detection of gentamicin and
kanamycin at approximately 120 - 195 nM, integrating
both fluorescence and colorimetric responses for
enhanced reliability [83]. These findings not only
demonstrate the ultra-sensitive capabilities of CQDs but
also their selectivity, which is often enhanced through
doping (e.g., with nitrogen, sulfur, or phosphorus) or
surface functionalization using polymers or peptides.
The full comparison of various antibiotics detections

and the precursors used in tabulated in Table 1.



Trends Sci. 2026; 23(10): 13254

13 of 20

Table 1 Comparison of CQDs prepared from different precursors for antibiotic detection.

No Precursor Detection method Target antibiotics LOD (nM) Reference
Brown granulated sugar Ratiometric o
1 Amoxicillin 2.39 [84]
and tree leaves fluorescent
Citric acid and .
2 o Lateral flow assay aflatoxin M1 0.21 [85]
polyethyleneimine
Citric acid, zirconium .
) Fluorescence tetracycline and
3 chloride, and ] ) 29 and 16 [86]
e quenching oxytetracycline
ethylenediamine
Ratiometric tetracycline
4 PEI and L-Cys ) 5.92 [87]
fluorescence hydrochloride
Diphenylamine, Eu**, and Tetracycline,
1,2,4,5- Ratiometric oxytetracycline,
5 . . 73.0,51.7 and 54.9 [88]
benzenetetracarboxylic fluorescence and doxycycline
acid (h4btec) hydrochloride
fluorescence,
. spectrophotometric, ) 5.16, 138.08, 560
6 Onion and urea Cefixime [89]
smartphone, and test and 650
strip
Ascorbic acid, uric acid, Absorbance and .
7 Cefadroxil 20 and 4.0 [90]
and glucose fluorescence
Graphene oxide and gold Electro- )
8 ] o Cefixime 7.1 [78]
nanowires polymerization
9 Green tea leaves Spectrophotometric Cefixime 243 This work

Moreover, researchers have embraced green
chemistry approaches in synthesizing CQDs, using
biomass waste or simple precursors like citric acid and
urea through hydrothermal methods [91]. This low-cost,
eco-friendly synthesis is not only scalable but also
enhances quantum yield and surface reactivity. CQDs
integrated with other nanostructures including metal-
organic frameworks (MOFs)—have also shown dual-
emission or ratiometric properties, allowing visual or
wavelength-based discrimination between antibiotics.
In practical applications, these CQDs have performed
well in detecting antibiotics in real-world samples like
honey, chicken feed, tap water, and milk, with high
recovery rates (typically 91% - 110%) and excellent
accuracy [92,93].

Despite these advances, the transition of CQD-based
sensors from laboratory settings to real-time, field-
deployable platforms remains a challenge. Issues such
as potential interference from sample matrices,

variability in synthesis, and long-term photostability

need to be addressed. Nonetheless, the future is bright
for CQDs as next-generation sensors in food safety,
environmental monitoring, and clinical diagnostics,
where detecting antibiotics at nanomolar levels is crucial

for managing contamination and antibiotic resistance.

Analysis of Cefixime in real water samples

To verify the practical feasibility of the proposed
GTL-CQDs fluorescent sensing platform beyond
controlled laboratory conditions, its analytical
performance was further evaluated using real water
samples. Environmental water matrices typically
contain diverse dissolved salts, residual disinfectants,
and natural organic matter that can potentially interfere
with fluorescence-based detection through competitive
interactions or signal modulation. Therefore, recovery
studies using spiked tap water and river water samples
were conducted to systematically assess the accuracy,
precision, and matrix tolerance of the GTL-CQDs probe

for cefixime quantification.
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Table 2 Detecting results of cefixime in real water samples using GTL-CQDs (n = 3).

Spiked con. ~ Recovery RSD
Water Sample _ Measured Con. (mg-L™)
(mg-L™) (%) (%)
Tap water 10 9.89 98.90 0.14
20 20.91 104.55 0.13
30 33.21 110.70 0.22
40 45.34 113.35 0.12
50 52.76 105.52 0.17
River water 10 10.12 101.20 0.09
20 20.01 100.05 0.19
30 31.72 105.73 0.07
40 42.53 106.33 0.09
50 49.45 98.90 0.11

The practical applicability of the GTL-CQDs
probe for antibiotics was critically assessed through
recovery studies in spiked tap water and river water
samples (Table 2), which represent matrices of
increasing chemical complexity. Over the examined
concentration range of 10 - 50 mg-L™!, the method
demonstrated reliable quantitative performance in both
matrices, indicating that the fluorescence response of
GTL-CQDs toward cefixime is sufficiently robust for
real-world aqueous environments. For tap water
samples, the close correspondence between measured
and spiked concentrations resulted in recoveries ranging
from 98.90% to 113.35%, confirming acceptable
analytical accuracy. The gradual increase in recovery at
higher cefixime levels (> 30 mg-L') suggests a minor
positive deviation, which may be attributed to enhanced
probe-analyte interactions or cumulative absorbance
amplification at elevated analyte concentrations rather
than  significant  matrix-induced  interference.
Importantly, the remarkably low RSD values (< 0.22%,
n = 3) indicate excellent repeatability and high signal
stability of the GTL-CQDs system, confirming its
suitability for routine quantitative analysis [94].

In river water samples, which contain a more
complex mixture of dissolved ions and natural organic
matter, recoveries remained tightly distributed between
98.90% and 106.33%, with RSD values consistently
below 0.19%. This level of accuracy and precision
demonstrates the strong matrix tolerance of the sensing
platform. The absence of pronounced signal destruction
or enhancement effects suggests that common

interferents present in natural waters do not

competitively interact with the GTL-CQDs surface or
perturb the cefixime-induced absorbance response.
Consequently, these results highlight the inherent
selectivity of GTL-CQDs toward cefixime as a result of
specific surface functional group interactions and
effective electronic coupling between the antibiotic and

the CQD surface functional groups.

Conclusions

The current work has successfully synthesized the
monodisperse CQDs from green tea leaves cultivated in
the Gayo highlands, Province of Aceh, Indonesia. The
GTL-CQDs with an average particle size of 10 = 0.11
nm exhibit notable optical stability when exposed to UV
light up to 8 h and demonstrated excellent stability in
acidic solutions. The evaluation of the sensing
properties against various antibiotics revealed that GTL-
CQDs exhibited selective recognition toward
amoxicillin and cefixime, with notably higher sensitivity
observed for cefixime with LOD of 0.11 mgL™"
Recovery studies in tap and river water confirm that the
GTL-CQDs probe enables accurate, precise, and matrix-
tolerant quantification of cefixime, with recoveries close
to 100% and very low RSDs, demonstrating its
robustness, selectivity, and suitability for reliable

antibiotic detection in real aqueous environments.
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