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Agricultural waste poses a significant challenge and opportunity for sustainable nanotechnology. This study

presents a novel, eco-friendly, and cost-effective green synthesis of copper quantum dots (CuQDs) utilizing

pumpkin waste extract. Our mechanistic investigations using LC-MS revealed a three-phase process

(reduction, nucleation, and stabilization) driven by synergistic phytochemical interactions, providing key

insights into CuQDs formation. The synthesized CuQDs exhibit rich optical properties, including strong
fluorescence emission and a narrow size distribution (4 + 0.4 nm). These CuQDs demonstrated

significant catalytic efficiency, achieving 90% degradation of crystal violet and 96% of methylene blue

within 3 min, alongside notable antioxidant activity. These functionalities are directly correlated with the

elucidated mechanistic insights, where phytochemicals not only facilitate synthesis but also impart
inherent bioactivity. Furthermore, CuQDs exhibited robust tissue-specific accumulation and bright
fluorescence in zebrafish embryos, highlighting their potential for real-time bioimaging. Biocompatibility
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assessments confirmed minimal toxicity, with normal embryonic development and hatching rates, and

environmental safety was validated through seed germination experiments. This green synthesis method
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1. Introduction

The management of agricultural waste has become a pressing
global concern due to the increasing volume of by-products
generated from food production and processing. These
wastes, often rich in bioactive compounds such as polyphenols,
proteins, unsaturated fatty acids, minerals, and vitamins,
represent an underutilized resource with immense potential for
sustainable applications in nanotechnology and environmental
remediation."” For instance, pumpkin waste, with its abun-
dance of bioactive compounds, acts as an effective reducing,
capping, and stabilizing agent in the synthesis of functional
nanomaterials.>* In this context, the development of green
synthesis methods using agricultural waste has emerged as
a promising strategy to address both waste management and
resource recovery challenges.

Quantum dots (QDs) have gained significant attention due to
their unique properties, such as ultra-small size (2-10 nm),
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offers a superior, sustainable alternative to conventional approaches by eliminating toxic chemicals and
energy-intensive processes, thereby advancing environmentally responsible nanomaterial production.

tunable fluorescence, and quantum confinement effects, which
enable precise control over their electronic and optical behav-
iors. Unlike conventional nanoparticles (NPs), QDs exhibit
superior luminescence properties, including narrow emission
spectra, high photostability, and wide absorption spectra,
making them ideal for applications in catalysis, biomedicine,
and environmental remediation.>® Furthermore, their large
surface-to-volume ratio enhances their efficiency in antioxidant
and catalytic applications, surpassing the capabilities of tradi-
tional NPs.” Copper, in particular, is an attractive material for
QDs synthesis due to its cost-effectiveness, natural abundance,
and excellent catalytic/antioxidant properties, aligning with the
goals of sustainable nanotechnology. Its recognition as gener-
ally recognized as safe (GRAS) and its biocompatibility further
support its use in applications such as active packaging and
contaminant degradation, ensuring minimal toxicity and
regulatory compliance.®

Unlike conventional synthesis methods, which often rely on
toxic chemicals, high energy consumption, and complex
procedures, green synthesis approaches utilizing plant-based
extracts offer a sustainable, cost-effective, and eco-friendly
alternative.>'* In the field of bioimaging, QDs have become
indispensable due to their tunable fluorescence, photostability,
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and biocompatibility, enabling real-time, high-resolution visu-
alization of cellular and molecular processes. However, the
toxicity and environmental impact of conventional QDs, such as
those based on cadmium, have limited their widespread use.
CuQDs, with their low toxicity and excellent optical properties,
present a compelling alternative for bioimaging applications.™

Earlier plant-based QDs had narrow scope. One study used
a root extract to make CuQDs around 22.68 nm wide and tested
only antibacterial effects.”” Another article used a one-pot
hydrothermal method to make carbon quantum dots (CQDs)
from waste shells and noted tunable fluorescence and good
biocompatibility for bioimaging.”* In contrast, our work uses
pumpkin waste and reveals the formation mechanism. LC-MS
showed a three stages mechanism including reduction, nucle-
ation and stabilization, driven by phenolic acids, flavonoids and
nitrogen compounds. CuQDs are about 4 nm across and emit
bright fluorescence. They degrade crystal violet (CV) and
methylene blue (MB) quickly, scavenge free radicals, and
produce clear, multi-color images in zebrafish embryos without
toxicity. By explaining the mechanism and demonstrating
multi-dye degradation, antioxidant activity and in vivo imaging,
this study shows that waste-derived CuQDs can be versatile
nanomaterials rather than single-use agents.

2. Materials and methods
2.1 Reagents/materials

Fresh giant pumpkins (Cucurbita moschata) were obtained from
Huazhong Agriculture University supermarket, Main Campus,
Wuhan, China. Copper sulfate pentahydrate (CuSO,-5H,0,
99.99%) was purchased from Sigma-Aldrich. Ascorbic acid was
procured by SCR Co., Ltd (China). LLC. MB was purchased from
Tianxin Chemical Co., Ltd, Tianjin, China, while CV was ob-
tained from Biosharp-China. NaOH, HCI, and 1,1-diphenyl-2-
picrylhydrazyl (DPPH) were sourced from Shanghai Macklin
Biochemical Chemical Co. Ltd (Shanghai, China). Methanol
and ethanol were purchased from SCR Co., Ltd (China).
Zebrafish embryos (Danio rerio) of the AB strain were obtained
from (Zebrafish Research Service Center, Wuhan, China) and
maintained in compliance with institutional ethical guidelines
for animal care. The Hank's solution was purchase from
Shanghai Fisher Biotechnology Co (China). All chemicals and
materials used in this study were of analytical grade. Ultrapure
water was obtained from (Milli-Q Plus, Millipore Inc., Bedford,
MA, USA). All chemicals were used directly without further
purification. Clean and oven-dried glassware was used in the
synthesis of CuQDs. All solvents used for LC-MS analysis were of
LC-MS grade (Sigma-Aldrich, Germany).

2.2 Green synthesis of CuQDs

Fresh pumpkin was thoroughly washed several times with
distilled water. To prepare the pumpkin waste extract, the peels
were removed, cut into 1-2 cm? pieces, and dried under a fan for
two days. The peels were then minced into powder. Ten grams
of the obtained peels powder with 50 g of seeds and pulp were
minced using a mixer, added to 500 mL of ultrapure water, and
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heated in a water bath at 60 °C under a magnetic stirrer at
650 rpm for 120 min. The extract was filtered through Whatman
No. 1 filter paper (11 um pore size), and the filtrate was stored at
4 °C. The resulting filtrate solution 50 mL was then treated with
an aqueous solution of freshly prepared 1 mL of 0.1 M copper
sulfate in a water bath at 50 °C a magnetic stirrer at 650 rpm.
Qualitatively, the synthesis of the CuQDs was verified by
observing the color transformation of the solution from orange
to light brown with constant stirring at 50 °C. Next the resultant
solution was centrifuged at 8000 rpm for 10 min and the
supernatant was collected.

Prior to employing the protocols for synthesis and applica-
tions, an optimization procedure was conducted to determine
the most effective parameters for the green synthesis of CuQDs.
The optimization focused on key variables, including the
quantity of pumpkin waste extract, copper sulfate concentra-
tion, pH, incubation temperature, and reaction time, as these
factors influence the size, stability, and functionality of the
synthesized CuQDs. Various amounts of pumpkin waste extract
were tested to determine the optimal concentration for efficient
reduction and capping of copper ions. Different concentrations
of copper sulfate were also evaluated, with the most effective
concentration. The pH ranges from 4 to 8 was studied, to find
the most suitable pH value for facilitating the reduction of Cu®*
ions while maintaining the stability of the CuQDs. Temperature
tests were carried out between 40-80 °C. The reaction time was
varied between 1 and 3 hours to find the best results in terms of
the reduction of copper ions and achieving high-quality CuQDs
with narrow size distribution.

2.3 Characterization of CuQDs

The optical properties of the CuQDs were analyzed using a UV-
visible spectrophotometer (Genesys 150, Thermo Scientific,
USA) in the range of 200-800 nm. Fluorescence spectra were
recorded using an F-4600 fluorescence spectrophotometer
(Hitachi, Tokyo, Japan) at an excitation wavelength of 380 nm,
with additional measurements taken across excitation wave-
lengths of 300-480 nm.

Fourier Transform Infrared (FTIR) spectroscopy (Thermo
Scientific Nicolet iS50 spectrometer) was employed to identify
functional groups in the pumpkin waste extract and CuQDs,
with spectra recorded in the range of 400-4000 cm ‘. The
morphology and particle size of the CuQDs were examined
using transmission electron microscopy (TEM, JEOL 3010 UHR,
operating at 100 kV). High-resolution images and selected area
electron diffraction (SAED) patterns were obtained using a JEM-
2100 microscope (JEOL, Japan) at an accelerating voltage of 200
kv. The stability of the CuQDs was assessed by measuring their
zeta potential. Surface composition and structural analysis were
performed using X-ray photoelectron spectroscopy (XPS, VG
ESCALAB 220i-XL).

The quantum yield (QY) of the sample was determined using
rhodamine in ethanol as a standard. Spectroscopic data for the
sample and the standard were collected, and the integrated area
under the emission spectrum was computed using numerical
integration. The QY was calculated as: @ = @y x (I/I) X (n/7s0).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Where: ¢ = QY of the sample, &; = QY of the standard, I =
integrated intensity of the sample, I, = integrated intensity of
the standard, n = refractive index of the sample. 7 = Refractive
index of the standard, where QY of the standard is 0.95 for
rhodamine.

2.4 Catalytic activity for dye degradation of CuQDs

The catalytic activity of the CuQDs was evaluated by studying
their catalytic effect on the degradation of organic dyes,
specifically MB and CV. For each dye, 30 mL of 100 mg L' MB
and 30 mL of 100 mg L~ CV were separately prepared in 100 mL
conical flasks. A mixture containing 30 mL of MB and 30 mL of
CV (1:1 ratio) was also prepared for further evaluation of
CuQDs' ability to degrade a mixture of these two dyes. To begin
the reaction, 1 mL of the synthesized CuQDs solution (100 pg
mL ") was added to each dye solution, followed by hand
shaking to ensure proper mixing. The control experiments were
conducted using only the dye solutions without CuQDs.

The degradation process of MB and CV was studied over a pH
range of 3-11, which was adjusted using 0.01 M NaOH and HCl
solutions. The treated dye solutions were monitored for their
absorbance at 200-700 nm using a UV-Vis spectrophotometer,
and the absorbance measurements were taken every 15 min.
The degradation efficiency was quantified by calculating the
degradation ratio using the formula: Ratio of degradation = (4,
— AJ)/A,. Where A, is the initial absorbance and 4; is the final
absorbance.

2.5 Enhancement of catalytic effect by addition of NaBH,

The catalytic effect of CuQDs on dye degradation was enhanced
by the addition of sodium borohydride (NaBH,). To each dye
solution (30 mL of MB or CV at 100 mg L"), 0.5 mL of 0.5 mg
mL ™' NaBH, was added to facilitate the reduction process.
Afterward, 1 mL of the synthesized CuQDs solution (100 pg
mL ") was introduced to the mixture, and the solution was
shaken to ensure uniform distribution of the CuQDs and
NaBH,.

The same testing procedure as described in the catalytic
activity experiment was followed, with the UV-Vis spectropho-
tometer measuring the absorbance at 200-700 nm every 15 min.
The degradation efficiency was again calculated using the
formula for degradation ratio, allowing a direct comparison of
the catalytic effect with and without NaBH,. The results from
these experiments help highlight the enhanced catalytic activity
when NaBH, is used in conjunction with CuQDs.

2.6 Antioxidant activity of CuQDs

The antioxidant properties of the CuQDs were evaluated using
freshly prepared DPPH as a free-radical model, as described
previously.” Various concentrations (10, 30, 50, 70, and 100 pg
mL ') of pumpkin waste extract and CuQDs were added to 2000
uL of 0.1 mM DPPH solution in absolute methanol with the
addition of distilled water to make a final volume of 3000 pL.
The resultant reaction mixtures were shaken vigorously and
incubated for 30 min at 37 °C in the dark. The control was
prepared by adding 1000 pL distilled water to 2000 pL. DPPH
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solution, and ascorbic acid was used as a positive control. The
transformation of color from violet to yellow was detected
because of its antioxidant potential. The UV-Vis spectrum of the
reaction mixture was recorded at 517 nm.

The inhibition percentage of antioxidant activity was calcu-
lated using the equation: Scavenging activity (%) = (4o — A1/A)
X 100. Here, A, is the absorbance of the DPPH radical and 4, is
the absorbance of the test sample. The tested samples included
CuQDs, pumpkin extract, and ascorbic acid.

2.7 Seed germination assessment of CuQDs

The effect of CuQDs on seed germination was examined using
green gram seeds that had been soaked overnight in CuQDs
solution using the following ratios of CuQDs (10, 30, 50, 80, and
100%) and control in distilled water (without CuQDs). The
seeds were sterilized with 1 mL of 100% ethanol before the
experiment and then submerged in a solution of 3% sodium
hypochlorite for 15 min on Whatman filter paper in a Petri dish,
with a 1 em distance between each seed." The Petri dishes were
placed in the dark in a growth chamber at 25 °C. The plates were
imaged after incubation for seven days at room temperature.
And growth was measured using a millimeter ruler. The seed
germination experiment was repeated three times under iden-
tical conditions to ensure reproducibility. The data presented in
the manuscript represent the average values obtained from
these three independent trials, confirming the reliability and
consistency of the observed results.

2.8 Bioimaging and toxicity

Fluorescence analysis, a cornerstone of bioanalysis, offers high
sensitivity for detecting and tracking biomolecules in complex
biological systems.** Zebrafish (Danio rerio) are commonly used
model as in vivo model systems in the toxicity studies of
nanomaterials. The transparency of the zebrafish body during
the early stages of embryonic development makes it easy to
monitor in vivo transmission, biocompatibility, toxicity, and
fluorescence probes of various NPs.” Wild-type AB strain
zebrafish embryos and larvae were used as in vivo models for
toxicity and imaging studies. Fertilized zebrafish embryos were
collected within 1.5 hours post-fertilization (hpf) and cultured
in Hank's solution at 28 °C under a 14:10 light-dark cycle.
Larvae were maintained in standard laboratory conditions.
CuQDs were introduced to zebrafish eggs via soaking embryos
in CuQDs solution. Animal experiment was conducted in strict
accordance with the animal welfare guidelines of the World
Organization for Animal Health. All procedures were performed
following the Guidelines for the Care and Use of Laboratory
Animals of Huazhong Agricultural University (Wuhan, China)
and were approved by the Hubei Provincial Animal Care and
Use Committee.

Sixty marked Zebrafish eggs were exposed to CuQDs at
varying concentrations (0, 20, 40, 60, 80, and 100 pg mL )
dispersed in Hank's solution. Groups of 10 embryos per
concentration were cultured in 24-well plates and incubated for
up to 120 hours. The embryos were moved to respective wells for
the development of the eyes, tail, and head. For larval imaging
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studies, 5 days post-fertilization (dpf) larvae were soaked in 100
ng mL~" CuQDs solution for 12 hours, followed by washing
thrice with Hank's solution to remove excess particles. Fluo-
rescence imaging was conducted to assess the in vivo distribu-
tion and bioimaging potential of CuQDs. Imaging was
performed using an inverted fluorescence microscope (Nikon
Eclipse Ti-S, Japan). The system was equipped with UV (EX 330-
380 nm, DM 400 nm, BA 410 nm), green (EX 465-495 nm, DM
505 nm, BA 515-555 nm), and red (EX 540-580 nm, DM 595 nm,
BA 600-660 nm) filter cubes. Observations were made at 24, 48,
96, and 120 hpf. Magnifications of 10x and 20x were employed
to capture detailed images of tissue distribution. Fluorescence
intensity and tissue distribution patterns were analyzed using
imaging software. Moreover, the survival and hatching rates
were measured each 24 h time duration to excrete impurity on
the suspension.

2.9 Underlying mechanism of CuQDs green synthesis

Pumpkin extract and CuQDs samples were filtered through
syringe filters (PTFE 13 mm, 0.22 um discs, Kinesis KX, Vernon
Hills, USA) into 2 mL glass vials (Agilent Technologies, Santa
Clara, USA). Samples were analyzed: (1) pumpkin waste extract
and (2) CuQDs synthesized from pumpkin waste extract. LC-MS
analysis was performed using an Agilent 129011 UHPLC system
(Agilent, USA) coupled with an Agilent 6460 triple quadrupole
mass spectrometer (Agilent, USA) in both negative and positive
ionization modes.

Chromatographic separation was performed on an Agilent
ZORBAX Eclipse Plus C18 column (2.1 x 100 mm, 1.8 pum)
maintained at 40 °C. The mobile phase consisted of (A) 0.1%
formic acid in water and (B) 0.1% formic acid in acetonitrile,
delivered at a flow rate of 0.3 mL min~". The gradient elution
program was set as follows: 0-1 min, 5% B; 1-10 min, 5-95% B;
10-12 min, 95% B; 12-12.1 min, 95-5% B; and 12.1-15 min, 5%
B for column re-equilibration. The injection volume was 5 pL.
Mass spectrometric detection was performed using electrospray
ionization (ESI) in both negative and positive ion modes. The
scan range was set to m/z 50-1500. In negative ion mode, the
capillary voltage and fragmentor voltage were set to 3500 V and
80V, respectively. In positive ion mode, the capillary voltage and
fragmentor voltage were optimized to 4000 V and 100 V,
respectively. The following parameters were common to both
modes: nebulizer gas pressure at 45 psi, drying gas flow rate at
10 L min~" (350 °C), and collision energy at 0 V. Peak detection,
integration, and alignment were performed using Agilent
MassHunter software. Compounds were identified based on
retention time, mass spectral data, and literature reports. For
comparative analysis, percent change in peak area was calcu-
lated as: [(area in sample 2 — area in sample 1)/area in sample 1]
x 100.

3. Results and discussion
3.1 Characterization of CuQDs

3.1.1 UV-Vis absorption spectroscopy. UV-Vis has emerged
as a valuable tool to characterize and validate the synthesis of
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Fig. 1 Physical characterization of the obtained CuQDs. (A) UV-Vis
absorption spectrum of CuQDs from 200 to 800 nm, (B) UV-Vis
absorption spectrum of CuSO,4, pumpkin waste extract, and CuQDs,
(C) fluorescence spectra of CuQDs at excitation 380 nm, With images
of synthesized CuQDs and control (water) under the UV light, (D)
fluorescence spectra of CuQDs at different excitation wavelengths
(300-460 nm).

QDs in aqueous suspensions. The synthesized CuQDs exhibited
a maximum absorption band at 256 nm. As shown in (Fig. 1A),
which corresponds to surface plasmon resonance (SPR).

The blue shift in the curve can be explained by nucleation/
growth of CuQDs within the ‘quantum confinement regime’,
i.e. the absorption band shifted into smaller wavelength
compared to the larger copper nanoparticles (Cu NPs) at 560-
600 nm.>'*"” The strong absorption peak at 256 nm was
attributed to the 7-mt* transition of the aromatic C=C bonds,
consistent with the formation of CuQDs.*® Fig. 1B shows the UV-
Vis absorbance of the CuQDs, pumpkin waste, and CuSo,
within the range of 200 to 500 nm.

The optimized conditions were determined to be 50 mL of
pumpkin waste extract, 1 mL of 0.1 M copper sulfate, pH 6, and
incubation for 2 hours at 50 °C under constant stirring at
650 rpm. These conditions were used in all subsequent exper-
iments to ensure consistency and reproducibility in the
synthesis and application of CuQDs. Our optimized green
synthesis system offers advantages over conventional methods
that usually require harsh chemicals, extreme temperatures,
and complex procedures. Green synthesis methods for QDs
reduce the environmental impact while maintaining or
enhancing the desired optical properties.” This is consistent
with the growing consensus in the field that plant-mediated
QDs synthesis offers a sustainable alternative without compro-
mising the quality and optical properties of the resulting
nanomaterials.>®

3.1.2 Fluorescence analysis. Fluorescence spectroscopy
revealed that CuQDs synthesized from pumpkin waste exhibit
strong, tunable optical properties. When excited at 380 nm (30

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Physical characterization of the obtained CuQDs: (A and B) Typical TEM images of CuQDs at different magnifications; (C) TEM Size
distribution of CuQDs, showing an average size of 4 + 0.4 nm; (D) HRTEM image of CuQDs, clearly displaying the lattice fringes; (E) size

distribution of the CuQDs measured using dynamic light scattering.
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pL CuQDs diluted in 10 mL water), the solution displayed
characteristic sky-blue fluorescence under 365 nm UV light
(Fig. 1C). The emission intensity was concentration-dependent,
and red-shifted from 300 to 460 nm as excitation wavelength
increased, with a corresponding decrease in intensity (Fig. 1D).
The characteristics of the obtained CuQDs were consistent with
those of previously described CuQDs.***

These properties align with the quantum confinement effect,
where smaller particle sizes increase band gap energy, leading
to excitation-dependent emission. Unlike conventional QDs,
these green-synthesized CuQDs require no external passivator;
natural organics in the pumpkin waste enhance fluorescence
stability and suppress non-radiative recombination. Compared
to chemically synthesized QDs, they offer two main advantages:
(i) higher QY, stability, and biocompatibility; and (ii) broad-
spectrum, excitation-tunable emission (300-500 nm), enabling
multicolor bioimaging and multi-target tracking, consistent
with findings by Jing et al..*

3.1.3 Morphological and size distribution of CuQDs. The
morphology and size of the CuQDs samples were determined by
TEM. The TEM images of the prepared CuQDs showed spherical
shapes of the biosynthesized CuQDs with a homogenous size
distribution (Fig. 2A and B). The particle size of the CuQDs was
determined using Image] software (V.1.54f, National Institutes
of Health, Bethesda, Maryland, USA). The results are shown in
Fig. 2C. The particle size of the CuQDs was limited to 1-8 nm
and the calculated mean size was 4 + 0.4 nm. Regarding the
particle dispersion state and the absence of any agglomeration
in the obtained figures, it was confirmed that plant organic
surfactants could perform their structure-directing roles effec-
tively. In high-resolution TEM (HRTEM), (small window in
Fig. 2D), the observation further suggests that the CuQDs have
a graphitic crystalline structure with a lattice spacing of
approximately 0.21 nm, which refers to the regular atomic
arrangement and distances within the QDs, reflecting their
crystal structure and influencing their unique properties.
Additionally, we measured the hydrodynamic size of CuQDs in
water by DLS. The intensity distribution showed a single,
narrow peak centered at 10.10 nm (Fig. 2E). Reported sizes are
intensity weighted. This value is larger than the TEM core size of
4 + 0.4 nm, which reflects the ligand shell and hydration layer
around the particles in solution. The distribution showed no
secondary peaks above 100 nm, indicating minimal aggregation
during measurement.

TEM analysis of pumpkin waste-derived CuQDs revealed
uniformly spherical NPs with a narrow size distribution (1-8
nm) and an optimal mean size of 4 + 0.4 nm, ideal for quantum
confinement effects and biological applications.'* HRTEM
analysis confirmed a crystalline, graphitic structure with
a lattice spacing of 0.21 nm, indicating high-quality QDs with
superior optical properties and stability compared to amor-
phous counterparts. Such crystallinity is critical for enhanced
QY and photostability.?” The small, uniform size of these CuQDs
(<10 nm) facilitates effective biological interactions, improved
cellular uptake, and reduced cytotoxicity.>

The QY was calculated as QY = 22.99%. This indicates
a relatively moderate fluorescence emission efficiency, which
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suggests a stable and reasonable QY suitable for certain fluo-
rescence applications. To contextualize this finding, we
compared our QY with values reported in the literature for both
green and chemically synthesized copper-based quantum dots.
One study reported green-synthesized near-infrared copper-
doped carbon dots (Cu-dCDs) with a fluorescence QY of
11.1%.>* This suggests that our CuQDs exhibit a significantly
higher QY compared to some green-synthesized carbon-based
systems. That used oyster shells through a hydrothermal
synthesis method, showed a QY value of 1.4% and the QDs from
palm showed QY value of 2.4%, while the addition of citric acid
resulted in a QY value of 22.1%." For chemically synthesized
systems, Cu : InP/ZnSe/ZnS multishell QDs have been reported
to achieve a photoluminescence QY of 70%.>* This highlights
the potential for very high QY values in more complex, engi-
neered QDs structures.

3.1.4 FTIR spectroscopy. FTIR analysis was performed for
both green-synthesized CuQDs and pumpkin waste extract to
identify functional molecules, as the pumpkin waste extract
possesses functional groups that assist in the CuQDs synthesis
process. FTIR spectra of aqueous extract of pumpkin waste and
green synthesized CuQDs presented a wide absorption band
which shifted from 3277 to 3293 cm ™. This can be attributed to
the hydrogen-bonded O-H groups of alcohols and phenols, as
well as the presence of amines or N-H amide in the pumpkin
extract, which can be attributed to the capping and stabilization
of the QDs.>® The peak at 2925 cm ' indicates the C-H
stretching vibration of phenolic and flavonoid compounds,
suggesting their role in reducing copper (Cu) ions and stabi-
lizing CuQDs.>” CuQDs exhibited a narrow sharp peak around
1623 cm ™, corresponding to the C=0/N-H assignment amide
and amine, indicating the presence of amide linkages essential
for CuQDs stability.? The band at 1532 cm ™ that disappeared in
the QDs corresponds to the C=C stretch in aromatic rings that
are responsible for the capping and stabilization of CuQDs.
Moreover, the peaks at 1369 cm ™" and 1240 cm ™' correspond to
O-H and C-H, respectively, which refer to polyphenols, and
confirm the aromatic group that offers stability.”***

The peaks at 1021 and 1010 cm ™ are assigned to C-O-C and
secondary ~OH of phenolic groups. They may also correspond to
carbonyl stretch vibrations in amide linkages of proteins. The
carbonyl group from amino acid residues and peptides shows
strong binding with copper.?® The bands at 604 and 580 cm™*
correspond to C-H bonds, indicating alkanes and flavo-
noids.?**® However, the observed band at 1123.36 cm ', which
was not present in the pumpkin waste extract sample, corre-
sponded to the obtained CuQDs” (Fig. 3). Table 1 presents the
FTIR spectra of the pumpkin waste and CuQDs, corresponding
to their functional groups.

FTIR analysis of both the green-synthesized CuQDs and
pumpkin waste extract revealed essential information about the
functional groups that play a role in the synthesis and stabili-
zation of CuQDs. A comparison of the FTIR spectra of the
aqueous extract of pumpkin waste and the green-synthesized
CuQDs showed distinct shifts and the presence of specific
absorption bands, highlighting the involvement of various
functional groups in the synthesis process. Overall, the CuQDs

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A): FTIR spectra of pumpkin waste extract and CuQDs. (B): The zeta potential analysis of the obtained CuQDs.

were functionalized with hydroxyl, carboxyl, carbonyl, and
amino groups derived from organic moieties in the pumpkin
waste extract. These groups endow the CuQDs with excellent
water solubility, with no signs of aggregation.

© 2025 The Author(s). Published by the Royal Society of Chemistry

3.1.5 Assessment of CuQDs stability. The CuQDs obtained
from aqueous pumpkin waste extracts exhibited high stability.
No sedimentation was found, and no significant changes in
absorbance or fluorescence characteristics were observed.
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Table 1 The FTIR spectra of the pumpkin waste and synthesized CuQDs showed the corresponding functional groups

Pumpkin frequencies CuQDs frequencies

(em™) (em™) Functional group Intensity Assignment

3277.0 3293.0 O-H/N-H stretching Strong Alcohols, phenols, amines

2924.0 2925.0 C-H stretching Variable Aliphatic chains (phenols, flavonoids)

1630.0 1623.0 C=0 stretching/N-H bending Strong Amide I (C=0) and amide II (N-H)

1532.0 — C=C aromatic stretching Variable Aromatic rings (alkenes)

1380.0 1369.0 O-H bending/C-H aromatic Variable Polyphenols

1241.0 1240.0 C-N stretching Variable Aromatic amines

1021.0 1010.0 C-0O-C stretching/-OH bending Strong Glycosidic bonds (carbohydrates)

650.0 604.0 C-H aromatic bending Variable Substituted aromatic compounds
(flavonoids)

579.0 580.0 C-H out-of-plane bending Variable Alkanes

Furthermore, the stability was examined using the zeta poten-
tial. The zeta potential is a key parameter for determining QDs
stability. A relatively high value indicates stronger repulsion
between particles. This repulsion enhances stability over long
storage times. The results of zeta potential measurements
showed a value of —24.8 mV which depicts the high stability of
the synthesized CuQDs (Fig. 3B). The stability of our pumpkin
waste-derived CuQDs represents an advantage over conven-
tional QDs and NPs. Our CuQDs exhibited potential for prac-
tical applications requiring extended shelf life.

QDs with zeta potential values greater than £20 mV typically
exhibit excellent stability due to strong electrostatic repulsion
between particles. Our CuQDs exceed this threshold, demon-
strating superior stability compared to many reported NPs.*®

A recent study published in (2023) highlighted that QDs
synthesized through green methods often exhibit enhanced
stability compared to chemically synthesized counterparts due

A B
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Fig. 4 High-resolution X-ray photoelectron spectroscopy (XPS)
analysis of CuQDs: (A) C 1s, (B) Cu 2p, (C) N 1s and (D) O 1s spectra.
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to the presence of natural stabilizing agents.>® The authors
noted that these CQDs retain high solubility, robust chemical
inertness, facile modification, and good resistance to photo-
bleaching, which aligns perfectly with our observations of
pumpkin waste-derived CuQDs. Furthermore, the long-term
stability of our CuQDs without additional stabilizers repre-
sents a significant economic advantage for large-scale applica-
tions. Developing an effective natural stabilizer or capping
agent to prevent harmful components from leaching out of the
QDs core makes economic sense for large-scale preparative
goals.” Our approach achieves this through the natural
biomolecules present in pumpkin waste, eliminating the need
for expensive synthetic stabilizers. The significant stability of
our pumpkin waste-derived CuQDs makes them suitable for
such applications, offering advantages over less stable
alternatives.

3.1.6 X-ray photoelectron spectroscopy (XPS) analysis. XPS
was used to establish a potent surface-sensitive method for
determining the chemical composition of the CuQDs. The
peaks in the XPS wide-scan spectra for the green-synthesized
CuQDs represent the presence of Cu, C, N, and O (Fig. 4). The
peaks at 285.9, 399.6, 532.4, and 932.3 eV corresponded to C
1s, N 1s, O 1s, and Cu 2p, respectively. The high-resolution XPS
spectrum of C 1s (Fig. 4A) was resolved into four peaks with
binding energies of approximately 284.4, 285.9, 287.3, and
288.7 eV, corresponding to C-C/C=C, C- O/C-N, C-0, and O-
C=0, respectively. The N 1s spectrum in Fig. 4C is fitted with
three peaks at 399.6, 401.4, and 402.4 eV, which are ascribed to
C-N-C, N-H, and N-O bonds, respectively. Deconvolution of
the O 1s peak gives two components at 530.6, and 532.4 eV for
the adsorbed oxygen, C-OH, and C-O-C/C=O (Fig. 4D),
respectively, whereas fitting of the Cu 2p level spectrum in
(Fig. 4B) represents two peaks located at 932.3 and 952.6 €V,
corresponding to 2p;/, and 2p4,, respectively. The 2p;/, binding
energy of copper is commonly analyzed to obtain information
about Cu-NPs and CuQDs surfaces, and the peak appeared at
932.3 eV confirmed the presence of Cu(0) and its oxidized state.”
This peak is classically associated with the presence of Cu NPs
and/or CuQDs.*!

In the current experiment, two peaks were observed at 932.3
and 952.6 eV (Fig. 4B), which were assigned to the binding

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 UV-Vis spectra of (A) crystal violet reduction mediated by
CuQDs at pH =7 for 60 min. (B) Crystal violet (CV) reduction mediated
by CuQDs and NaBH, for 3 min. (C) Methylene blue (MB) reduction by
CuQDs at pH = 7 for 60 min. (D) Methylene blue (MB) reduction
mediated by CuQDs and NaBH, for 3 min. (E) Crystal violet (CV) and
methylene blue (MB) mixture reduction mediated by CuQDs at pH =7
for 60 min. (F) Crystal violet (CV) and methylene blue (MB) mixture
reduction mediated by CuQDs and NaBH, for 3 min.

energies of the 2p3/, and 2py, electrons of CuQDs/Cu(0), and no
significant features for Cu(u) electrons were detected."”

The peaks at 530.6 eV and 532.4 eV for O 1s could indicate
the presence of oxygen in the form of metal oxides (e.g., Cu,O)
or hydroxyl/carbonyl groups from the green synthesis process.
The peaks at 284.4 eV, 285.9 eV, 287.3 eV, and 288.7 eV for C 1s
could indicate the presence of various carbon-containing
groups (sp2 carbon, sp3 carbon, carbonyls, carboxyls, etc.)
possibly derived from the organic precursors or capping agents
used in the green synthesis method. The XPS results revealed
that the surface of the oxygen-containing functionalized CuQDs
was possibly associated with carbonyl and hydroxyl functional
groups. Overall, these results were consistent with the FTIR
analysis.

The combination of these peaks suggests that the CuQDs
synthesized using the green method likely consist of metallic
copper or copper oxide cores with surface functionalization
involving organic molecules containing carbon, nitrogen, and
oxygen functional groups. This surface functionalization can

© 2025 The Author(s). Published by the Royal Society of Chemistry
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help stabilize QDs and impart additional properties derived
from the green synthesis method.

3.2 Catalytic activity for dye degradation by green-
synthesized CuQDs

The catalytic activity of the synthesized CuQDs in the reduction
of CV, MB, and their mixtures was studied using UV-Vis spec-
troscopy. Fig. 5A and C show the reduction of CV and MB
mediated by CuQDs at pH 7. Both spectra exhibit a gradual
decrease in the characteristic absorbance peaks of CV (588 nm)
and MB (664 nm) over time, indicating the degradation of both
dyes by CuQDs under neutral pH conditions. As the time pro-
gressed from 15 to 60 min, the degradation became more
pronounced, demonstrating the efficiency of CuQDs in
reducing CV and MB.

In the case of the mixture of CV and MB (Fig. 5E and F), the
reduction in CV appeared to be faster than that in MB. The
absorbance peak corresponding to CV decreased more rapidly
than that of MB, suggesting that CuQDs preferentially degrade
CV over MB. This preferential degradation could be attributed
to differences in dye structure, binding affinity to the CuQDs, or
different reaction kinetics between the two dyes. Table 2 pres-
ents the corresponding degradation ratios of CV, MB, and their
mixture, where CV showed a higher degradation (89.2%) than
MB (60%) after 60 min, and the mixture showed a degradation
of 79% for CV and 55% for MB. These findings suggest that
CuQDs are effective in degrading both CV and MB, with
a notable preference for CV, which could be beneficial in
applications targeting the removal of more toxic dyes, such as
CV, from polluted water sources.” The catalytic capabilities of
our pumpkin waste-derived CuQDs demonstrate advantages
over conventional methods for environmental remediation.
Obtained CuQDs showed effective catalytic activity in the
reduction of CV and MB dyes, with preferential degradation of
CV (89.2%) over MB (60%) after 60 min, and significantly
enhanced degradation rates in the presence of NaBH,.

The preferential degradation of CV over MB by our CuQDs is
particularly noteworthy, as it suggests potential selectivity in
targeting specific pollutants. This selective catalytic activity has
significant implications for wastewater treatment applications
where certain dyes may be more toxic or persistent than others.

Table 2 Degradation ratios of CV, MB, and their mixtures under
different conditions

Degradation

Condition Time consumed ratio (%)
CV at pH 7 (without NaBH,) 60 min 89.2%

CV with NaBH, 3 min 95%

MB at pH 7 (without NaBH,) 60 min 60%

MB with NaBH, 3 min 90%

CV in mixture with NaBH, 3 min 90%

MB in mixture with NaBH, 3 min 96%

CV in mixture without NaBH, 60 min 79%

MB in mixture without 60 min 55%

NaBH,

Nanoscale Adv., 2025, 7, 7705-7725 | 7713
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The preference for CV over MB degradation could be attributed
to differences in molecular structure and interactions with the
catalyst. CV is a triphenylmethane dye with a central carbenium
carbon, which readily accepts electrons and hydrogen, facili-
tating a faster reduction to its leuco form. MB is a phenothia-
zine dye with a more stable heterocyclic structure, requiring
more electrons for reduction and therefore degrading more
slowly. Furthermore, the CuQDs surface is capped with phyto-
chemical groups that impart negative charges. Cationic dyes
adsorb strongly onto negatively charged surfaces.** CV has
a higher positive charge density than MB, leading to stronger
electrostatic attraction to the CuQDs. These factors combine to
accelerate the degradation of CV compared with MB.

A recent study noted that green-synthesized QDs often
exhibit enhanced catalytic activity due to their unique surface
chemistry and high surface-to-volume ratio.*® The authors
highlighted that sustainable synthesis of QDs has several
advantages such as the use of low-cost and non-toxic raw
materials, simple operations, and environmentally friendly
processes, which aligns perfectly with our approach using
pumpkin waste.

The synergistic effect observed between our CuQDs and
NaBH,, resulting in dramatically accelerated degradation rates
(CV: 95%, MB: 90% within 3 min), represents a significant
advancement conventional catalytic systems. This
enhanced catalytic efficiency is particularly valuable for prac-
tical environmental applications where rapid dyes removal is
essential. Furthermore, the formation of leucocrystal violet
(LCV) (286 nm in UV-Vis) which is the reduced, colorless form of
CV and less toxic derivative as reported by several studies.***®
These findings indicate that our CuQDs not only remove dyes
but also transform them into less harmful compounds. This

over
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detoxification capability is particularly valuable compared to
conventional adsorption-based methods that merely transfer
pollutants from one phase to another without reducing their
toxicity. A recent study emphasized that QDs synthesized
through green methods often exhibit enhanced catalytic activity
for environmental remediation applications.” The authors
noted that CQDs synthesized through pyrolysis exhibit excellent
biocompatibility, optical stability, and high QY, which
contributes to their effectiveness in catalytic applications.

The effective dyes degradation achieved by our CuQDs
without additional toxic chemicals represents an advantage
over conventional methods that often rely on hazardous
oxidizing agents. Our approach offers a sustainable alternative
for wastewater treatment, utilizing agricultural waste to create
effective catalysts for environmental remediation. This aligns
with the growing emphasis on circular economy approaches in
environmental technology, as highlighted in recent literature.®®

3.3 Enhancement of catalytic activity by addition of NaBH,

The catalytic degradation of CV and MB was significantly
enhanced by the addition of NaBH,. Fig. 5B and D show the
reduction of CV and MB in the presence of NaBH,. In both
cases, the spectra show a rapid decrease in the absorbance
peaks of CV and MB within 3 min after the addition of NaBH,,
indicating that the presence of NaBH, significantly accelerated
the degradation process. The degradation of CV reached 95%
within 3 min when NaBH, was added, compared to 89.2% in the
absence of NaBH,, and the degradation of MB increased from
60% to 90% in the same timeframe. A new absorption peak
appeared at 286 nm during CV degradation, corresponding to
the formation of LCV, a reduced and less toxic derivative of CV.?*
This transformation aligns with previous studies suggesting

Table 3 Comparison of the dye degradation performance of the CuQDs with other Cu-based catalysts

Dye and Experimental Degradation efficiency
Catalyst reductant/oxidant conditions and time Reference
CuQDs CV and MB with NaBH, 100 ug mL ™' CuQDs; 0.5 mg Without NaBH,: CV 89.2% and Present study

mL ™" NaBH,

Biogenic Cu MB with NaBH,

nanoflowers

Redispersible CuO MB with H,0,

NPs UV light; H,0, at 0.5 or 1 mL
CuO/PET MB (photocatalytic) 10 ppm MB; UV lamp (10
nanocomposite W); 500 rpm stirring

CuO NPs with SDS
surfactant

MB with NaBH,

reductant

7714 | Nanoscale Adv., 2025, 7, 7705-7725

MB + NaBH,; CuNFs from F.
benghalensis leaf extract

0.6 mM CuOj; MB 53.5 uM;

Precipitated CuO NPs
modified with sodium
dodecyl sulfate; NaBH,

MB 60% after 60 min; with
NaBH,: CV 95% and MB 90%
in 3 min

MB reduction increased to
72% in 85 min; negligible
reduction without catalyst
With H,0, only: 53.3% MB
reduction in 75 min; CuO +
0.5 mL H,0,: 87.4% MB
reduction in 75 min; CuO +

1 mL H,0,: 99.6% MB
degradation in 75 min

MB removal 56.5% at 5 min
and 77.5% at 10 min; 99%
decolourisation within 30 min

Agarwal et al.,
2016 (ref. 39)

Wang et al.,
2025 (ref. 40)

Suhad et al.,
2021 (ref. 41)

Total degradation of MB Benhadria
achieved in 10 min et al., 2021
(ref. 42)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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that LCV is less toxic than the parent dye and poses fewer
environmental hazards.’” In the mixture of CV and MB, the
presence of NaBH, accelerated the degradation of both dyes
(Fig. 5E and F). The degradation of CV and MB in the mixture
was significantly faster in the presence of NaBH,, with CV and
MB showing degradation ratios of 90% and 96%, respectively,
within 3 min. These results confirm that NaBH, enhances the
degradation rate of both dyes, making the process much more
efficient.

The results in Table 2 show the degradation ratios of CV, MB,
and their mixture with NaBH,. The addition of NaBH, to the
system led to a substantial increase in the degradation rates,
with CV and MB both degraded rapidly within 3 min. The
degradation rates were 95% for CV and 90% for MB, compared
to 89.2% and 60%, respectively, without NaBH,. These results
indicate that NaBH, plays a crucial role in enhancing the cata-
Iytic effect of CuQDs. NaBH, serves as an electron donor,
transferring electrons to the dye molecules, which then interact
with CuQDs, leading to their reduction and decolorization.*
This synergistic effect between CuQDs and NaBH, enhances the
catalytic efficiency, enabling faster dye degradation. These
results support the potential use of CuQDs in environmental
applications, particularly in wastewater treatment, where fast
and efficient removal of toxic dyes is essential. The enhance-
ment of catalytic activity by NaBH, further improves the viability
of CuQDs for practical applications, ensuring faster and more
efficient dyes removal.

The catalytic mechanism could be explained through
a Langmuir-Hinshelwood model. In this model, both the dye
molecules and the NaBH, reductant adsorb onto the surface of
the CuQDs. BH, ions donate electrons to the dye molecules,
and the CuQDs act as electron relays.*® This process lowers the
activation barrier and converts the dye to its leuco form. The
CuQDs remain unchanged after the reaction, functioning as
true catalysts. The catalytic effect is enhanced in the presence of
NaBH,. Without NaBH,, the degradation of CV and MB is
slower. With NaBH,, both dyes are reduced within min. BH,
acts as the electron donor, transferring electrons to the dye
through the CuQDs. A schematic should illustrate this electron
transfer process.

Table 3 compares the catalytic performance of the CuQDs
with previously reported Cu-based catalysts. It lists the dye
tested, the reaction conditions, the degradation efficiency, the
time required, and the rate constants. This table shows that
most Cu-based catalysts require tens of min to reduce MB or CV
and often achieve lower degradation efficiency. By contrast, the
current study's pumpkin-waste CuQDs, in combination with
NaBH,, achieve near-complete decolourisation of CV and MB
within three min. Even without NaBH,, the CuQDs remove
89.2% of CV and 60% of MB within 60 min. Thus, pumpkin-
waste CuQDs catalyst displays faster and more efficient dye
reduction than previously reported Cu materials.

Previous studies showed that CV undergoes catalytic degra-
dation primarily through N-demethylation, followed by the
destruction of its conjugated chromophore structure, ultimately
leading to mineralization. The initial attack on the CV molecule
often involves reactive species, such as hydroxyl radicals (HO"),

© 2025 The Author(s). Published by the Royal Society of Chemistry
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generated in catalytic processes like Fenton-like reactions.** The
degradation pathway typically proceeds via a series of N-
demethylated intermediates. The sequential removal of
methyl groups from the amino functionalities of CV results in
compounds with progressively fewer methyl groups. These
intermediates include, but are not limited to, N,N,N',N'-tetra-
methyl-p-phenylenediamine, N,N,N'-trimethyl-p-phenyl-
enediamine, N,N’-dimethyl-p-phenylenediamine, N-methyl-p-
phenylenediamine, and eventually p-phenylenediamine. The
loss of these methyl groups is a critical step in the decoloriza-
tion process, as it disrupts the electron delocalization respon-
sible for the dye's color.*

Further degradation involves the cleavage of the central
carbon-nitrogen bonds and the opening of the aromatic rings.
This can lead to the formation of smaller aromatic compounds,
such as 4-(dimethylamino) benzophenone and 4,4’-bis (di-
methylamino) benzophenone, before these are further oxidized
and mineralized into simpler inorganic compounds like carbon
dioxide (CO,) and water (H,O)."*** The efficiency of this
mineralization depends heavily on the catalyst and reaction
conditions employed.

MB also undergoes catalytic degradation through oxidative
processes, typically initiated by reactive oxygen species. The
degradation pathway for MB involves the cleavage of the thia-
zine ring, sequential demethylation, and subsequent opening of
the aromatic rings, leading to its decolorization and eventual
mineralization.**

The initial steps in MB degradation often involve the de-
methylation of the amino groups, similar to CV. This process
yields several intermediate products, including Azure A, Azure
B, Azure C, and thionin. These intermediates are less chromo-
phoric than MB, contributing to the observed decolorization.
The progressive removal of methyl groups weakens the chro-
mophore structure, making the molecule more susceptible to
further oxidative attack.*

Following demethylation, the central sulfur-containing
thiazine ring is susceptible to cleavage. This ring opening,
along with the subsequent oxidation of the aromatic rings,
leads to the formation of smaller, non-toxic organic acids and
aliphatic compounds. These smaller molecules are then further
oxidized until complete mineralization to CO,, H,O, and inor-
ganic ions such as sulfate and nitrate occurs.**

3.4 Antioxidant activity of CuQDs

In the present study, the DPPH antioxidant activity of the green-
synthesized CuQDs was evaluated based on the free radical
scavenging activity monitored by UV-Vis, where DPPH depicts the
maximum absorption band at 517 nm because of its odd elec-
tron. DPPH is a stable free radical in which the color trans-
formation occurs from violet to yellow as a result of reduction
either through hydrogen or electron donation. In this process,
the DPPH radical transforms into a stable diamagnetic
compound, with the disappearance of the strong absorption
band at 517 nm. The resulting de-colorization was stoichiometric
with respect to the number of electrons taken up. Thus,
substances that are capable of carrying out the aforementioned

Nanoscale Adv., 2025, 7, 7705-7725 | 7715
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Fig. 6 The antioxidant effect of the green synthesized CuQDs. (A) The DPPH-based antioxidant activity of pumpkin waste extract, CuQDs, in
addition to the Ascorbic acid which was used as a positive control. (B) Color modifications of DPPH in methanol mixture for pumpkin waste
extract, CuQDs, and ascorbic acid at the same concentration after 30 min compared to the control DPPH color.

chemical reactions are known as antioxidants/radical scaven-
gers.” Fig. 6A and B show the dose-response bar chart for the
ratio of DPPH radical scavenging activity of the pumpkin waste
extract alone and the CuQDs synthesis from pumpkin waste
extract. It is clearly found that both pumpkin waste extract and
CuQDs act as good antioxidants having inhibition activity in
a dose-dependent manner. The CuQDs from pumpkin waste
extract presented an effective antioxidant activity towards DPPH,
with maximum free radical scavenging activity observed at 100 ug
mL ™! of 79% within 30 min, which was better than that of
pumpkin waste extract alone (69%). Moreover, the antioxidant
activity of the CuQDs was compared with that of ascorbic acid
(100 pg mL ™), a strong antioxidant, as a positive control.

The enhanced antioxidant activity of CuQDs towards DPPH
over pumpkin waste extract could be due to the greater oxidant
being integrated on the surface of CuQDs owing to their greater
surface-to-volume ratio.” Overall, the DPPH radical scavenging
activity recorded for the CuQDs in the present study was due to
the combined impact of CuQDs and polyphenolic compounds
(from FTIR analysis) as capping and stabilizing agents. The
DPPH scavenging activity of pumpkin waste-derived CuQDs
(79% at 100 pg mL~ ') surpasses many reported Cu-based
nanomaterials, such as Mangifera indica-synthesized CuQDs
(72% at 100 pug mL ')° and Eclipta alba-derived ZnO QDs
(70%).* This performance is competitive, particularly given the
eco-friendly synthesis route and the enhanced surface-to-
volume ratio of CuQDs, which amplifies electron donation
capacity compared to bulkier NPs or raw plant extracts (69% for
pumpkin extract alone).

The enhanced antioxidant activity of our CuQDs compared
to the pumpkin waste extract alone can be attributed to the
quantum confinement effects and large surface area of the NPs.
Our DPPH scavenging activity of 79% at 100 pg mL ™" surpasses
many reported NPs in the literature, positioning our pumpkin
waste-derived CuQDs as an effective antioxidant agent.*® A
comprehensive review by Moradialvand et al. (2025) empha-
sized that the surface chemistry of QDs significantly influences
their biological activities, including antioxidant properties.*
The authors noted that the surface functionalization of QDs, in
addition to their composition, is crucial for the process of

7716 | Nanoscale Adv., 2025, 7, 7705-7725

endocytosis and further reduces cytotoxicity, which aligns with
our findings of enhanced biocompatibility and antioxidant
activity.

Furthermore, the green synthesis approach enhances the
biocompatibility of our CuQDs, making them particularly suit-
able for potential biomedical applications where both antioxi-
dant activity and low toxicity are essential. A recently published
article reported that QDs synthesized through green methods
retain  high  solubility, robust chemical inertness,
facile modification, and good resistance to photobleaching,
which makes them ideal for various biomedical applications.”
Our pumpkin  waste-derived CuQDs align  with
these advantages, offering a sustainable and effective alterna-
tive to conventionally synthesized antioxidant agents.

3.5 Safety profile of CuQDs seed germination

Green gram (Vigna radiata) seeds were grown on Whatman filter
paper with 6 seeds on Petri dishes soaked in CuQDs at
a concentration of 0-100 ug mL " in order to examine the safety
profile of green synthesis CuQDs on seed germination. CuQDs
did not present any toxic effect on the used seeds; however, at
100 pg mL ™", Vigna radiata’s germination rate took longer for
germination compared to the control group's seeds. In
comparison to the untreated controls, seed germination and
seedling growth were slightly slower at concentrations of 50, 80,
and 100 ug mL " (Fig. 7A). Interestingly, seeds treated with low
concentrations of CuQDs (10 and 30 pg mL™ ') showed rapid
growth compared to the control and seeds treated with high
concentrations of CuQDs (Fig. 7B). Therefore, the CuQDs di-
splayed a safety profile comparable to that of biogenic copper
NPs and copper oxide-based nanocarriers, as reported in earlier
investigations.*”** Moreover, it may be inferred from these side-
by-side observations that green-synthesized CuQDs are more
secure for use in environmental applications. To ensure the
reproducibility of the seed germination experiment, it was
conducted three times under identical conditions. The data
presented in the manuscript represent the average values from
these three independent trials, confirming the reliability and
consistency of the results observed.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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seven days (B).

3.6 Biocompatibility and safety evaluation

The biocompatibility and safety of the synthesized CuQDs were
assessed using zebrafish embryos, following the OECD-203
protocol.**** Zebrafish embryos were exposed to varying
concentrations of CuQDs (0, 20, 40, 60, 80, and 100 ug mL ') for
up to 120 hours post-fertilization (hpf). The embryos were
observed under a light microscope to evaluate the development

of key anatomical features, including the tail, head, and eye
formation, as well as any potential deformities.

The biotoxicity of CuQDs was evaluated by exposing the
zebrafish embryos to CuQDs concentrations ranging from 20 to
100 pg mL ", starting at 1.5 hpf. Observations at 24, 48, 72, and
96 hpf compared to untreated controls (Fig. 8A), 96 hpf showed
no apparent phenotypic changes in the embryos exposed to
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Fig.8 Developmental and toxicity assessment of CuQDs in zebrafish embryos: (A) survival, (B) hatching rates, and (C) phenotypic observations at

various concentrations.
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CuQDs. The embryos developed normally across all concentra-
tions, demonstrating the minimal toxicity of CuQDs, even at the
highest concentration of 100 pg mL™". At 24 hpf, the hatching
rates for the control (85%), 50 ug mL ™" CuQDs (80%), and 100 pg
mL~' CuQDs (75%) groups were observed. By 120 hpf, the
hatching rates for the control (95%), 50 ug mL™* CuQDs (90%),
and 100 pg mL~' CuQDs (85%) remained relatively unchanged
(Fig. 8B). These results indicate that CuQDs exhibited minimal
toxicity at all tested concentrations, with hatching success
comparable between control and CuQDs-treated groups.
Mortality rates were consistently below 4% across all CuQDs
concentrations, underscoring negligible acute toxicity (Fig. 8C).
Statistical analysis confirmed no significant differences in
hatching or survival rates between the control and CuQDs-treated
groups (P-value > 0.05), supporting the conclusion that CuQDs do
not cause acute toxicity at concentrations up to 100 ug mL ™.

Further validation of CuQDs' safety was conducted by
assessing the development of key anatomical features such as
the eyes, head, and tail. The normal development of these
features, along with the successful hatching of the majority of
embryos, further supports the biocompatibility of CuQDs. The
absence of significant phenotypic changes and the normal
development of embryos even at higher concentrations (100 pg
mL™") strongly suggest that CuQDs do not induce major
developmental disruptions. The slight delay in hatching
observed at higher CuQDs concentrations is likely an adaptive
response rather than a toxic effect, as embryos developed nor-
mally after hatching which aligns with documented adaptive
responses to sub-lethal stressors, where organisms prioritize
survival mechanisms over developmental timelines.>® Accord-
ing to Moradialvand et al. (2025), toxicity concerns are a major
limitation for many conventionally synthesized QDs, particu-
larly those containing heavy metals.” The authors emphasize
that addressing toxicity concerns is crucial for the safe use of
QDs, highlighting the importance of developing biocompatible
alternatives. Our pumpkin waste-derived CuQDs address this
concern directly, demonstrating negligible toxicity even at
higher concentrations, which positions them favorably for
potential biomedical applications.

3.7 Bioimaging applications of CuQDs

Fluorescence bioimaging plays a pivotal role in visualizing
biological processes at cellular and subcellular levels, offering
high sensitivity and real-time monitoring capabilities."* QDs
have emerged as promising candidates for bioimaging due to
their favorable optical properties, including tunable fluores-
cence emission, high photostability, and low toxicity compared
to traditional cadmium-based QDs."*

The bioimaging potential of CuQDs synthesized from
pumpkin waste was evaluated using zebrafish embryos and larvae
as in vivo models. Fluorescence imaging revealed robust tissue-
specific accumulation of CuQDs, with bright fluorescence
signals observed in the eyes, yolk sac, and intestinal tract. CuQDs
entered the embryos via the germ ring and chorion through
simple soaking. Given their small size, CuQDs were primarily
deposited in the yolk sac (Fig. 9A). The fluorescence observed in
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the yolk sac is consistent with its role in nutrient processing
during early developmental stages (Fig. 9B). Furthermore, intense
fluorescence in the intestinal tract of zebrafish larvae highlighted
the pathway of CuQDs absorption via swallowing, demonstrating
their ability to selectively target metabolically active regions.

CuQDs demonstrated multicolor fluorescence properties
under various excitation wavelengths. Upon exposure to UV light,
CuQDs exhibited vivid blue fluorescence, while distinct emission
colors were observed under blue and green filters, validating their
excitation wavelength-dependent multicolor fluorescence prop-
erties. This versatility allows CuQDs to function as multicolor
nano probes for real-time biological imaging. Merged fluores-
cence images further illustrated comprehensive tissue distribu-
tion and confirmed the uptake and transport pathways of CuQDs,
including absorption through the yolk sac and skin, as well as
selective targeting of ocular and digestive tissues (Fig. 9). These
results highlight the suitability of pumpkin waste-derived CuQDs
for bioimaging applications, emphasizing their strong fluores-
cence properties, tissue specificity, and safety profile.

The bioimaging potential of CuQDs synthesized from
pumpkin waste was evaluated using zebrafish embryos and
larvae as in vivo models. Fluorescence imaging revealed robust
tissue-specific accumulation of CuQDs, with bright fluores-
cence signals observed in the eyes, yolk sac, and intestinal tract.
CuQDs entered the embryos via the germ ring and chorion
through simple soaking. Given their small size, CuQDs were
primarily deposited in the yolk sac (Fig. 9A-a and B-a).

The fluorescence observed in the yolk sac is consistent with its
role in nutrient processing during early developmental stages
(Fig. 9A-a and B-a). For comparison with control groups in
(Fig. 9A-b) Furthermore, intense fluorescence in the intestinal
tract of zebrafish larvae highlighted the pathway of CuQDs
absorption via swallowing, demonstrating their ability to selec-
tively target metabolically active regions (Fig. 9B-c, and C-c).

CuQDs demonstrated multicolor fluorescence properties
under various excitation wavelengths. Upon exposure to UV
light, CuQDs exhibited vivid blue fluorescence, while distinct
emission colors were observed under blue and green filters,
validating their excitation wavelength-dependent multicolor
fluorescence properties. This versatility allows CuQDs to func-
tion as multicolor nano probes for real-time biological imaging.
Merged fluorescence panels in Fig. 9 further illustrate
comprehensive tissue distribution and confirm uptake and
transport pathways via yolk sac, skin, and digestive tract.

Collectively, Fig. 9B, and C visualizes the differential fluo-
rescence intensities between CuQDs-exposed and control
groups across developmental time points and tissues, sup-
porting the selective and biocompatible nature of CuQDs in
vivo. These results highlight the suitability of pumpkin waste-
derived CuQDs for bioimaging applications, emphasizing
their strong fluorescence properties, tissue specificity, and
safety profile.

CuQDs also demonstrated multicolor emission under
different excitation sources. Blue, green, and red channels each
revealed distinct signals, and merged images highlighted
comprehensive distribution across tissues. This excitation-
dependent fluorescence validates their potential as multicolor

© 2025 The Author(s). Published by the Royal Society of Chemistry
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absorption. Controls again showed no detectable emission.

probes for real-time in vivo imaging. Together, Fig. 9 demon- biocompatible. Their strong and tunable fluorescence proper-
strates that CuQDs selectively accumulate in key tissues, are ties highlight their suitability for diagnostic and biomedical
readily visualized across developmental stages, and remain imaging applications.
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3.8 Phytochemical-driven mechanism of CuQDs green
synthesis

LC-MS analysis in both negative and positive ionization modes
revealed significant chemical transformations during the green
synthesis of CuQDs. Fig. 10 shows representative total ion
chromatograms (TICs) of pumpkin extract and CuQDs in
negative mode (A) and positive mode (B). Tables 4 and 5
summarize the key compounds identified in negative and
positive modes, respectively, along with their percent changes
after CuQDs synthesis. Compounds were classified based on
their roles in the synthesis process.

The LC-MS analysis of CuQDs synthesis using pumpkin
extract reveals a comprehensive three-phase mechanism,
providing novel insights into the roles of specific phytochemi-
cals throughout the process. Based on the data, the green
synthesis mechanism distinct chemical trans-
formations that can be categorized into reduction, nucleation/
growth, and stabilization phases. During the reduction phase,
several compounds showed significant decreases or complete
disappearance, indicating their role as reducing agents. The
primary reduction reactions involve phenolic acid-mediated
reduction, where R-OH represents phenolic compounds such
as chlorogenic acid and caffeic acid; flavonoid-mediated

involves
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reduction, where Fl-(OH), represents flavonoids with catechol
or pyrogallol B-rings; and nitrogen compound-mediated
reduction, where R-NH, represents amino acids, phenolic
amines, and alkaloids. This multi-component reduction system
demonstrates that pumpkin extract functions through syner-
gistic pathways. Phenolic acids with catechol moieties showed
complete consumption, consistent with their strong reducing
capabilities due to electron-rich hydroxyl groups. The hierar-
chical pattern of consumption suggests a sequential reduction
process where compounds with the strongest reducing power
initiate Cu®* reduction, followed by contributions from
moderate reducing agents. Positive mode analysis revealed the
significant contribution of nitrogen-containing compounds
(amino acid derivatives, —72.10%; phenolic amines, —56.98%)
to the reduction process, a finding underreported in previous
green synthesis studies.” This synergistic reduction involving
both oxygen and nitrogen-containing functional groups likely
enhances the efficiency and control of QDs formation.
Following reduction, the nucleation and growth phase
begins as Cu® atoms aggregate to form nuclei, which then grow
into QDs. Compounds showing minimal changes, such as
cucurbitacins (—2.70%), may serve as templates or scaffolds for
QDs formation. This templating effect may contribute to the
controlled formation of QDs with specific morphologies. The
appearance of new compounds such as shikimic acid and
nucleosides indicates biomolecule fragmentation during the
redox process, potentially establishing a dynamic equilibrium
that influences growth kinetics. In the final stabilization/
capping phase, compounds showed significant
increases or appeared as new peaks, indicating their role as
capping agents. One of the most significant findings is the
identification of a multi-layer capping mechanism involving
primarily lipophilic compounds. The dramatic increases in fatty
acid derivatives (+639.07%), tocopherols (+322.92%), and tri-
terpenes (+104.39%) suggest these compounds form a primary
hydrophobic layer around the QDs. This is complemented by
a secondary layer of flavonoid derivatives and vitamin-mediated
surface passivation, explaining the high stability of green-
synthesized CuQDs.* This multi-layer model advances beyond

several

Table 4 Key compounds identified in negative mode and their changes during CuQDs synthesis

RT (min) Tentative compound Area change (%) Role in synthesis

0.88 Organic acids (e.g., citric acid) —9.02 Minor reducing agent
1.14 Quinic acid —39.05 Significant reducing agent
2.22 Chlorogenic acid —100.00 Critical reducing agent
2.43 Caffeic acid —100.00 Critical reducing agent
2.65 p-Coumaric acid —100.00 Critical reducing agent
3.00 Ferulic acid —100.00 Critical reducing agent
3.18 Sinapic acid —77.12 Primary reducing agent
3.63 Flavonoid glycoside —68.45 Primary reducing agent
4.93 Flavonoid aglycone —78.51 Primary reducing agent
2.07 Chlorogenic acid isomer +140.08 Reaction product/stabilizer
3.81 Flavonoid glycoside +64.15 Capping agent

4.55 Kaempferol derivative +57.59 Capping agent

1.24 Shikimic acid New Reaction product

2.92 Ferulic acid derivative New Reaction product
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Table 5 Key compounds identified in positive mode and their changes during CuQDs synthesis

RT (min) Tentative compound Area change (%) Role in synthesis

0.98 Organic acids (protonated) —31.51 Significant reducing agent
1.34 Choline derivatives -31.77 Significant reducing agent
1.63 Alkaloids (minor) —100.00 Critical reducing agent
1.76 Phenolic amines —56.98 Primary reducing agent
1.92 Amino acid derivatives —72.10 Primary reducing agent
3.15 Apigenin derivatives —65.93 Primary reducing agent
3.23 Luteolin derivatives —36.25 Significant reducing agent
2.18 Cucurbitacins —2.70 Template/scaffold

1.19 Vitamin B derivatives +53.29 Reaction product/stabilizer
4.04 Sterol derivatives +30.35 Capping agent

4.33 Triterpenes +104.39 Primary capping agent
4.51 Fatty acid derivatives +639.07 Primary capping agent
4.60 Tocopherols (vitamin E) +322.92 Primary capping agent
1.05 Nucleosides New Reaction product

4.88 Phytosterols New Primary capping agent

the conventional focus on polyphenols as primary capping
agents and explains the high colloidal stability often observed
in plant extract-synthesized NPs.>® The arrangement of lipo-
philic tails toward the QDs surface with polar head groups
extending outward provides both steric and electrostatic stabi-
lization. Clear structure-activity relationships emerged from the
analysis. Among phenolic compounds, those with higher
numbers of hydroxyl groups showed greater decreases, sup-
porting the hypothesis that reducing power correlates with
hydroxylation patterns. For flavonoids, aglycone forms exhibi-
ted greater reducing capability than glycosides, likely due to the
absence of sterically hindering glycosidic moieties. The detailed
understanding of this three-phase mechanism has important
implications for controlled synthesis of CuQDs. By identifying
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specific compounds involved in each phase, these findings
enable rational optimization of synthesis conditions.

The presence of tocopherols and phytosterols in the capping
layer suggests these CuQDs may possess inherent antioxidant
properties beneficial for biomedical applications.> Further-
more, this study demonstrates the value of waste valorization in
nanotechnology, showing that pumpkin waste can serve as an
effective source of both reducing and capping agents for high-
value QDs, contributing to sustainable chemistry principles.
The process involves the three stages: activation, growth, and
stabilization. In the activation stage, copper ions (Cu®") are
reduced to zero-valent copper (Cu®) by bio-reducing agents,
such as polyphenols and flavonoids present in pumpkin waste
extracts. These compounds, with their hydroxyl (-OH) groups,
donate electrons, reducing Cu®*" to Cu’. In the growth stage,
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Fig. 11 1Schematic diagram illustrating the three-phase mechanism. This visual representation aids in comprehending the process discussed in

the manuscript.
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small Cu® atoms spontaneously aggregate into NPs with
enhanced thermodynamic stability. The stabilization stage
results in the formation of spherical CuQDs, which achieve the
most energetically favorable conformation. The three-phase
mechanism is visually summarized in Fig. 11, which enhances
the understanding of the process.

This approach consistent with green chemistry principles,
offering a sustainable and efficient synthesis of CuQDs. This
method eliminates the need for toxic chemicals and expensive
synthetic stabilizers, presenting an advantage over conventional
synthesis techniques. The synthesis of QDs has several benefits,
such as the use of low-cost, non-toxic materials, simple opera-
tions, and environmentally friendly processes.*® The natural
reduction of copper ions using pumpkin waste extracts avoids the
need for harsh chemical agents, while the growth and stabiliza-
tion stages occur spontaneously without the need for controlled
conditions or additional stabilizers. These features demonstrate
the cost-effectiveness and eco-friendliness of this approach.*

4. Conclusion

Our study developed CuQDs from pumpkin waste via a three-
phase, phytochemical-driven synthesis. Mechanistic investiga-
tions via LC-MS revealed the underlying processes of reduction,
nucleation, and stabilization during CuQDs formation. The
process produced monodisperse dots with strong fluorescence.
In dye reduction experiments, CuQDs alone removed 89.2% of
CV and 60% of MB within 60 min. Adding NaBH, accelerated
the reaction; CV and MB removal reached 95% and 90% within
three min. The dots also exhibited antioxidant capacity,
achieving 79% DPPH radical scavenging at 100 ug mL " within
30 min. Biocompatibility assessments showed no morpholog-
ical defects in zebrafish embryos; hatching rates remained
between 85% and 95%, and mortality stayed below 4% up to 100
ng mL~". Seed germination assays found that low concentra-
tions (10-30 ug mL™") promoted growth, whereas higher doses
slightly delayed germination. Collectively, these findings
confirm that pumpkin-derived CuQDs function as efficient
catalysts, potent antioxidants and safe bioimaging probes.
Future work should focus on scaling up this green synthesis and
testing the CuQDs in real wastewater treatment. Evaluating
long-term biodistribution and clearance in vivo will be essential
for biomedical translation. Screening other agricultural wastes
as precursors could yield QDs with tailored properties. These
directions could expand the environmental and biomedical
applications of this sustainable nanomaterial. Future studies
could delve deeper into the precise chemical structures of dye
degradation products using advanced analytical techniques like
GC-MS and ion chromatography. Additionally, further insights
into the photophysical properties of these CuQDs, such as their
fluorescence lifetime, would be valuable but were beyond the
scope of this current experimental capabilities in this study.
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CuQDs Copper quantum dots

Ccv Crystal violet

MB Methylene blue

QDs Quantum dots

FTIR Fourier transform infrared spectroscopy
TEM Transmission Electron Microscopy

HRTEM  High-resolution transmission electron microscopy
SAED Selected area electron diffraction

XPS X-ray photoelectron spectroscopy

LC-MS Liquid chromatography-mass spectrometry
DPPH 1,1-Diphenyl-2-picrylhydrazyl

NaBH, Sodium borohydride

GRAS Generally recognized as safe

UV-Vis Ultraviolet-visible spectroscopy

HPLC High-performance liquid chromatography
RT (min) Retention time (minutes)

hpf Hours post-fertilization

dpf Days post-fertilization

QY Quantum yield

TIC Total ion chromatogram

V. radiata Vigna radiata
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