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This study presents a synthesis method for environmentally friendly copper nanoparticles using ascorbic
acid and gelatin as key components. The influence of precursor concentration, reductant amount, and
stabilizer on the process was systematically investigated to obtain optimal results for the synthesis. The
optimal parameters for forming copper nanoparticles, including 20 g per L gelatin, 19.3 mM (AcO),Cu,
and 41.5 mM ascorbic acid, were determined using a central composite design of the response surface
methodology. Successful generation of pure copper nanoparticles with both spherical and cylindrical
shapes, whose sizes were 43.1 and 105.2 nm, respectively, was confirmed by X-ray diffraction analysis
and transmission electron microscopy. The synthesized nanomaterial was stable for a two-week storage
time after which they gradually oxidized into Cu?* ions. During antimicrobial activity testing, the
synthesized nanoparticles displayed distinctive ability to inhibit the growth of Gram-positive bacteria
(Lactobacillus fermentum, Bacillus subtilis, and Staphylococcus aureus), Gram-negative bacteria
(Escherichia coli), and cancer cells (A549, Hep-G2, KB, and MCF7). Copper nanoparticles synthesized by
chemical reduction demonstrated notable inhibitory activity against various pathogenic fungi that affect
plants, including Fusarium solani, Rhizoctonia solani, and Colletotrichum gloeosporioides. Additionally,

the catalytic activity of the produced nanomaterial with a bandgap energy of 2.14 eV and a specific
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Accepted 18th November 2024 surface area of 40.6 m“ g~ was explored in the degradation of phenol, a common dye used in

laboratories and industries. An optimized phenol red removal of 94.4% was achieved after a 540 second
reaction time using response surface methodology, specifically a central composite design with an
rsc.li/nanoscale-advances optimal dosage of copper nanoparticles at 31.5 ppm, a NaBH4 concentration of 53.1 mM, and a pH of 7.5.
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1. Introduction time and effort, while physical methods can be cost-prohibitive.

Therefore, the chemical method has emerged as a more effec-
Nanotechnology has played a significant role in research and tive and cost-efficient option for CuNP production.'” However,
development, particularly metallic nanoparticles. Noble metals ~surmounting challenges like the oxidation susceptibility of pure
like gold and silver have been extensively studied for their CuNPs and high-energy nanoparticle aggregation is vital for
potential applications in areas such as antimicrobial activity,'® synthesizing highly pure, stable CuNPs, unlocking their multi-
catalysis,*® and medicine.”® Besides them, copper nanoparticles faceted potential. To address these issues, ascorbic acid and
(CuNPs) have emerged as a cheap promising alternative with ~ gelatin were chosen as non-toxic agents in CuNP synthesis by
comparable or even superior properties. CuNPs have demon- chemical reduction. Ascorbic acid, found in various fruits and
strated excellent antifungal and antibacterial effects against vegetables, possesses excellent antioxidant properties and acts as
common pathogens,®'® as well as efficient catalytic ability in a reducing agent.'®" Gelatin, derived from collagen obtained
organic chemical processes.'**> Due to their affordability, non- from different sources, offers ecological advantages and strong
toxicity, and a large surface area, CuNP materials have been binding capabilities.® The successful and enduring synthesis
extensively applied in the fields of biomedicine and catalysis.**** and stabilization of CuNPs have been achieved through effective
As a result, the synthesis of CuNPs has recently attracted utilization of ascorbic acid and gelatin together, capitalizing on
considerable research attention. Diverse CuNP synthesis their beneficial properties and synergistic impacts.* Traditional
methods have been explored, including physical, chemical, and chemical reduction utilized toxic chemical agents, complex
biological approaches.’® Biological methods demand extensive procedures, and high energy consumption.?>** Conversely,

incorporating green components in synthesizing CuNPs offered
Can Tho University, 3/2 Street, Ninh Kieu, Can Tho, 94000, Vietnam. E-mail: several benefits regarding efficiency and environmental impact.
ndtrung@ctu.edu.vn Green-synthesis methods typically use non-toxic, renewable
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resources and eco-friendly conditions, resulting in fewer harmful
by-products and lower energy consumption. These methods also
enhanced efficiency by simplifying the synthesis process and
reducing the need for extensive purification steps.

CuNPs are recognized for extensive applications across various
fields, especially in the realms of biological and catalytic appli-
cations.” Their antimicrobial properties have been extensively
studied, demonstrating the potential for combating microbial
infections.”** Additionally, ongoing studies suggest promising
biological properties of CuNPs that may extend to potential
applications in treating numerous cancer cell lines.”®* These
research studies underscore the broad applications and favorable
biological attributes. This prompts the notion of assessing our
CuNPs against microbial infections and their potential in treating
cancer, particularly with more prevalent strains. In addition,
CuNPs have been studied for their catalytic activity in the degra-
dation of organic dyes which are commonly used in many
industries.** Specifically, phenol red (PR) is a triphenylmethane
dye utilized as a pH indicator, particularly in cell biology labora-
tories, and can be found in industrial effluents from textiles,
paper, printing, and leather. Unexpectedly, this dye poses risks to
the skin, eye, and respiratory system, potentially becoming carci-
nogenic upon prolonged or concentrated exposure.** Given their
stability, removing dyes from wastewater is crucial for water
pollution control, and eco-friendly nanocatalysts offer a promising
solution. Numerous studies have delved into PR degradation,
utilizing the catalytic activity of metallic nanoparticles. These
investigations often focus on the absence and presence of nano-
particles as homogeneous catalysts, examining PR degradation
under varying pH conditions.***” However, the impact of factors
such as nanoparticle dosages acting as heterogeneous catalysts
and their interaction with different reductant quantities remains
insufficiently addressed in the previous research.

In light of these statements, our study provided a straightfor-
ward and eco-friendly CuNP synthesis approach, stabilizing the
nanoparticles with gelatin and reducing the precursor with
ascorbic acid. A systematic investigation was conducted into how
reductant, stabilizer, and precursor concentrations affected the
effectiveness of CuNP synthesis using a response surface design.
The critical features of the produced CuNPs such as phase
components, morphology, optical properties, and catalytic char-
acteristics were carefully examined. The biological activities of
CuNPs were tested on Gram-positive bacteria (Lactobacillus fer-
mentum, Bacillus subtilis, and Staphylococcus aureus), Gram-
negative bacteria (Escherichia coli, Pseudomonas aeruginosa, and
Salmonella enterica), cancer cells (A549, Hep-G2, KB, and MCF7),
and plant pathogenic fungi (Fusarium solani, Rhizoctonia solani,
and Colletotrichum gloeosporioides). The catalytic potential of
CuNPs has also been focused on the degradation of PR with
comprehensively optimizing the catalyst dosage, NaBH,
concentration, and pH of PR solution for PR conversion.

2. Experimental
2.1. Materials

Sigma-Aldrich provided the chemicals that were utilized for the
manufacture and analysis of the characteristics of CuNPs.
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Copper(u) acetate monohydrate (Cu(OAc),-H,0), -ascorbic acid
(Ce¢HgOg), and gelatin were employed as the precursor, reduc-
tant, and stabilizer to produce CuNPs, respectively. For inves-
tigating the photocatalytic activity, phenol red (C;oH;405S),
sodium borohydride (NaBH,), and a buffer solution pH 10 were
used to measure effective conversion. The point of zero charge
of the as-prepared nanomaterial was determined by adjusting
the pH of hydrochloric acid (HCl), sodium chloride (NaCl), and
sodium hydroxide (NaOH). Potato dextrose agar and agar
((C12H1509),) were employed for treating fungi. Dimethyl sulf-
oxide (DMSO, C,HqO0S), i-glutamine (CsH;(N,03), sodium

bicarbonate  (NaHCO;), glucose  (C¢H;,06), HEPES
(CgH15N,0,4S), sodium pyruvate (C3Hz;NaO;), and 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide

(MTT, C;3H;6BrNsS) were used for evaluating the anticancer
activity of the synthesized CuNPs-G against human breast
cancer cell lines. Ampicillin, cefotaxime, and ellipticine were
used as control samples for testing the antimicrobial activity.

2.2. Synthesis of CuNPs-G

The formation of CuNPs involved major components, including
stabilizers, precursors, and reductants, playing a crucial role in
determining the size, shape, stability, and overall quality of the
produced nanoparticles. The precursor provides the copper ions
necessary for nanoparticle formation and influences nucleation
and growth processes. The reductant donates electrons to reduce
copper ions to metallic copper and control the reduction reaction
rate, impacting the distribution size of nanoparticles. The
stabilizer prevents aggregation and controls the nucleation and
growth rate, ensuring the production of uniformly sized and
shaped nanoparticles. This study investigated the effects of the
precursor Cu(AcO),, the reducing agent ascorbic acid, and the
stabilizing agent gelatin on the CuNP formation. The synthesis
procedure is described in detail in the following.

Gelatin was dissolved in water with continuous magnetic
stirring and heating until complete dissolution on a magnetic
stirrer at a speed of 1000 rpm at 60 °C for 60 min. Subsequently,
(AcO),Cu-H,0 was added to the resulting solution to obtain
a homogeneous blue-green solution. Ascorbic acid was then
introduced to reduce Cu®" ions to nanoparticles, and the reac-
tion occurred for 30 min. Three continuous factors were
examined by varying gelatin concentrations (X; = 5, 12.5, and 20
g LY, (AcO),Cu concentrations (X, = 10, 20, and 30 mM), and
ascorbic acid concentrations (X; = 30, 45, and 60 mM), with the
response variables being maximum absorbance (Y;) and mini-
mized surface plasmon resonance (SPR) (Y5).

A response surface design (RSD) was used to estimate the
interactions of separate variables with the response variables.
The central composite full (CCF) design was used to optimize
experimental conditions by considering factors and interac-
tions. A randomized experimentation of 20 runs was considered
with six center points: X; = 12.5 g L%, X, = 20 mM, and X; =
45 mM. The values of factors for producing CuNPs are listed in
Table 1. Model terms including linear, squares, and interac-
tions were used to describe the influence of synthesis

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Response surface design for CuNPs-G synthesis

Run order X1, g L X,, mM X3, mM Y, Y,, nm
1 20 30 60 0.785 575.6
2 12.5 20 45 1.292 574.6
3 5 10 30 0.245 573.6
4 12.5 20 45 1.272 574.6
5 5 20 45 1.055 575.6
6 12.5 20 45 1.279 574.6
7 5 10 60 0.138 568.8
8 12.5 20 45 1.283 574.6
9 20 10 60 0.213 568.4
10 20 10 30 0.492 570.8
11 5 30 30 0.816 581.8
12 12.5 20 45 1.301 574.4
13 12.5 20 30 1.325 577.2
14 12.5 10 45 0.344 571.6
15 20 20 45 1.281 571.4
16 12.5 20 45 1.276 574.6
17 12.5 30 45 0.982 579.0
18 20 30 30 1.469 576.8
19 12.5 20 60 0.857 573.8
20 5 30 60 0.643 579.8

parameters (X3, X,, and X3) on the response variables (Y; and Y,)
corresponding to formula (1).

Y=y + SaX; + Y X7+ YaXX; 1)

where « is a constant; «;, «;;, and oy characterize the linear,
squares, and interactions of the individual parameters,
respectively.

The appropriateness of the generated models was estimated
from the coefficient of determination (indicated by R-square,
R*) and probability value p. The values were considered to be
statistically meaningful for the models with p < 0.05 and R*
approximately approaching 1. Optimized responses were
utilized to determine the optimal values (Xi, X,, and X3) for
CuNP synthesis, reaching the highest value of Y; and the lowest
value of Y,. Experiment design, model generation, and optimi-
zation were performed by manipulating the OriginPro 2024
software. CuNPs manufactured under optimal operating
conditions were denoted as CuNPs-G. Additionally, CuNPs
synthesized using the CuNPs-G process but without the pres-
ence of gelatin were designated as CuNPs-wG for comparison of
antibacterial and cell inhibition activities with the CuNPs-G
sample.

2.3. Characteristics of CuNPs-G

To monitor the formation and stability of copper nanoparticles,
UV-vis spectrophotometry was performed, specifically using
a V730 model from Jasco with a double-beam spectrophotom-
eter. The instrument used a 1 cm quartz cell to hold the samples
during analysis. The wavelength range used for measurement
was 500-700 nm. The scanning speed was set to 1000 nm min
with a data increment of 0.2 nm. For morphological analysis,
transmission electron microscopy (TEM) was employed using

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a JEM-1400 instrument from JEOL, which allowed for detailed
morphological analysis and particle size distribution data of the
synthesized CuNPs-G. The test sample containing CuNPs-G was
deposited onto a 300-mesh carbon-coated copper grid. This grid
served as the substrate for the nanoparticles during TEM
imaging. The TEM images were captured using a JEM-2100
instrument from JEOL at an acceleration voltage of 200 kvV. To
calculate the size distribution of the generated CuNPs-G, both
Image] and OriginPro 2024 were employed. Using a Thermo
Nicolet 6700 Fourier transform infrared (FTIR) spectrometer in
the wavenumber range of 4000-400 cm ' enabled detailed
characterization of the functional groups present on the nano-
material surface. The zeta potential (ZP) of the formed CuNPs-G
was measured using an SZ-100 nanoparticle analyzer at 25 °C.
The mean ZP value of the as-synthesized CuNPs-G was
measured using a Malvern Zetasizer Nano ZS. The isoelectric
point charge (PZC) of CuNPs-G was controlled by acid-base
titration. 100 mL solutions with pH of approximately 2, 4, 6, 8,
10, and 12 were prepared from 0.1 M solutions of NaOH, NacCl,
and HCL. The prepared solutions (denoted as pH;) were intro-
duced into a beaker containing 0.10 g of CuNPs-G and
magnetically stirred for 48 h. The suspensions were filtered to
obtain transparent solutions and, then the pH values (desig-
nated as pHy) were recorded. The PZC value of CuNPs-G was
determined by the dependence of pH; on (pH¢ — pH;). The pH
values of the solutions were measured using a Horiba pH meter
F-71. The crystalline phase of the synthesized nanomaterial was
analyzed using a Bruker D2 Phaser X-ray diffractometer with Cu
Ko radiation operated at 40 mA and 40 kV. The XRD measure-
ments covered a range of 26 angles from 10 to 80°. The esti-
mation of the average crystallite size of the as-synthesized
CuNPs-G based on the broadening of diffraction peaks in the
XRD pattern was accomplished using Debye Scherrer's formula

(2).
0.9 % ey
" Bxcosd

(2)

where D represents the crystal size, Ax..., denotes the X-ray
wavelength, § indicates the full width at half maximum, and ¢
represents Bragg's angle measured in radians. OriginPro 2024
utilized the Gauss function to calculate the full width at half
maximum of the peaks observed in the XRD patterns.

To evaluate the synthesis efficiency, the concentration of
Cu”" ions in the samples was determined using inductively
coupled plasma optical emission spectroscopy (ICP-OES). The
estimation included the initial solution consisting solely of the
precursor, 19.3 mM (AcO),Cu, and the resulting CuNPs-G. Prior
to analysis, CuNPs-G synthesized using optimal parameters
underwent centrifugation at 6800 rpm for a 5 h period to
remove solid components. The synthesis efficiency, expressed
as H, was calculated by applying formula (3).

Cocu — Ceu

H =
Cocu

x 100 (3)
where C, ¢, signifies the Cu®* concentration of the precursor

solution and Cg, corresponds to the Cu®>" concentration of the
resulting CuNPs-G.

Nanoscale Adv., 2025, 7, 477-494 | 479
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Nitrogen adsorption-desorption isotherms were recorded
using a Nova 2200e instrument. The specific surface area of
CuNPs-G was calculated according to the Brunauer-Emmett-
Teller (BET) nitrogen adsorption isotherms. The measurement
of the absorption wavelength was conducted through utilization
of diffuse reflectance spectroscopy (DRS) on a Cary 5000 UV-vis-
NIR spectrophotometer. Subsequently, these data were calcu-
lated to determine the band gap energy (E;) of CuNPs-G,
employing Tauc's relation, expressed by formula (4).

hxc
Ey= (@)

where 7 is the Planck constant, c is the velocity of light, and A is
the cut-off wavelength of the crystal.

To investigate the stability of the synthesized CuNPs-G
sample, UV-vis measurements were conducted at different
storage times, with weekly intervals. The CuNPs-G sample was
stored at room temperature. After one week, UV-vis measure-
ments were used to record variations in absorption values and
SPR of CuNPs. The stability assessment experiment continued
until the absorption value of CuNPs in the CuNPs-G sample
decreased by approximately 30% compared to the initial
absorption.

2.4. Antibacterial activity of CuNPs-G

To assess the antibacterial activity of the synthesized CuNPs-G,
the well diffusion method was employed to investigate against
various bacteria, including Lactobacillus fermentum (L. fermen-
tum) N4, Bacillus subtilis (B. subtilis) ATCC 6633, and Staphylo-
coccus aureus (S. aureus) ATCC 12600 for Gram-positive bacteria,
as well as Escherichia coli (E. coli) ATCC 25922, Salmonella
enterica (S. enterica) ATCC 35664, and Pseudomonas aeruginosa
(P. aeruginosa) ATCC 27853 for Gram-negative bacteria.
Following MacFarland's standard guidelines, the pathogenic
cultures were subcultured and incubated at 37 °C for 24 h to
achieve a concentration of 5 x 10° CFU mL~'. Gram-positive
bacteria were exposed to ampicillin as the control, while
Gram-negative bacteria were exposed to cefotaxime. The
chemical-mediated CuNPs were prepared at four concentra-
tions of 2, 4, 8, and 16 ppm. The concentration at which 50%
inhibition was reached, indicated by the ICs, value, was
observed for the synthesized CuNPs on 96-well microplates, and
the absorbance was measured at a wavelength of 630 nm.

2.5. Antiproliferative activity of CuNPs-G on cancer cell lines

The cytotoxicity assay of CuNPs-G was carried out on four cancer
cell lines, namely lung cancer A549, hepatic cancer HepG2,
epidermal carcinoma KB, and breast cancer MCF7, using the
MTT method. The MTT method involved culturing the cancer
cell lines in a 96-well plate with a cell density of 5000 cells per
well, using DMEM (Dulbecco's modified Eagle's medium) sup-
plemented with the following components: 2 mM r-glutamine,
1.5 g per L sodium bicarbonate, 4.5 g per L glucose, 10 mM
HEPES, 1.0 mM sodium pyruvate, and 10% FBS (fetal bovine
serum). The culture was incubated at 37 °C with 5% CO,. After
24 h of incubation, the 96-well plate was switched to FBS-free
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DMEM. CuNPs-G diluted with DMSO solvent at varying
concentrations: 2, 4, 8, and 16 ppm, were added to the wells,
ensuring that the final concentration of DMSO in the culture
medium did not exceed 0.05% to avoid solvent toxicity. After
48 h, 20 pL of MTT solution with a concentration of 2 mg mL™!
was added to each well, followed by a further 4 h incubation
period. The surviving cells’ cellular enzymes converted MTT to
formazan crystals that were insoluble in the culture medium.
Subsequently, DMSO was used to dissolve the formazan crys-
tals, and the absorbance was measured at 550 nm. The
percentage of surviving cells represented the toxicity of CuNPs-
G, with higher toxicity leading to a lower number of surviving
cells. The percentage toxicity was determined by the absorbance
in the test wells compared to the control wells. In this experi-
ment, ellipticine was used as the control sample.

2.6. Antifungal activity of CuNPs-G

The poison plate technique was employed to evaluate the anti-
fungal characteristics of the chemically assisted CuNPs-G. Five
concentrations of CuNPs were prepared to assess the antifungal
efficacy. For Fusarium solani (F. solani), CuNPs were used at
numerous concentrations: 250, 300, 350, 400, and 450 ppm. The
values of CuNPs were fixed at 200, 250, 300, 350, and 140 ppm
for Colletotrichum gloeosporioides (C. gloeosporioides). Addi-
tionally, CuNP concentrations reached 200, 400, 600, 800, and
1000 ppm on samples containing Rhizoctonia solani (R. solani). A
solution containing 20 g per L potato dextrose agar and 20 g
per L agar in water was subjected to microwave irradiation and
used as the culture medium for control samples. The culture
medium for the test samples was prepared similarly to the
controls but included synthesized CuNPs at various concen-
trations. Each CuNP concentration was added separately to
sterilized Petri plates. Active mycelial growth, measuring
5.0 mm in diameter, was placed at the center of each plate in
a sterile laminar flow cabinet. The plates were incubated at 25 °©
C for a week for F. solani, two weeks for R. solani, and three
weeks for C. gloeosporioides. All experiments were conducted
five times. The suppression of mycelial growth (S) was calcu-
lated using formula (5).

_ CDeontrol “CDampie

S
CDcontro]

x 100 (5)
where CDcontrol and CDgample indicate the colony diameter in the
control plates and treated Petri plates.

2.7. Photocatalytic activity of CuNPs-G

For preparing the catalyst for PR removal, CuNPs-G was
centrifuged at 6800 rpm for 4 h to obtain precipitates. The
resulting precipitates were effectively washed with water and
ethanol three times, respectively, removing any impurities or
contaminants present on the surface and then vacuum dried at
60 °C overnight. The red-brown product prepared by drying in
a vacuum oven was used as a catalyst in the reaction for PR
removal. The experiments were conducted at 25 °C using
a 100 mL solution of 10 ppm PR with a pH of 6-10. The
suspension with the presence of CuNPs was stirred for 40 min to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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establish adsorption/desorption equilibrium. After continuous
agitation, varying amounts of NaBH, reductant were intro-
duced. The reaction process was monitored for 540 s. The
reaction solution was then filtered to eliminate CuNPs and
analyzed the resulting solution on a UV-visible spectropho-
tometer at a wavelength of 560 nm. PR removal efficiency (RE)
was measured from the PR concentration and calculated using
formula (6).

N Copr — Cipr

RE
Copr

%100 (6)
where C, pr is the initial concentration of PR before adsorption
and C,pr is the concentration of PR at the time of reaction.

To evaluate the efficiency of PR removal, three operating
parameters were varied: pH of PR (X, = 6, 8, and 10), CuNPs-G
dosage (X5 = 10, 25, and 40 ppm), and NaBH, concentration
(Xs = 30, 50, and 70 mM). The response variable measured was
PR conversion (Y3). RSD and CCF were designed to calculate the
interactions of the separate variables with the response variable.
A randomized experiment of 20 runs was considered with six
center points: X, = 8, X5 = 25 ppm, and X = 50 mM. The
optimal values for investigating the catalytic activity of CuNPs-G
are listed in Table 3. Model terms including main and quadratic
were employed to illustrate the influence of X,, X5, and X, on Y3,
according to formula (1).

2.8. Data analysis

The statistical analysis for bacteria, cancer cells, and fungi was
performed using Descriptive Statistics in Excel with the Data
Analysis ToolPak. The resulting data were expressed as the
mean value + standard deviation of triplicate measurements for
bacteria and cancer cells and from five individual experiments
for fungi. Significance levels were tested at p < 0.05. Similar to
the investigation of antibacterial, antifungal, and cancer cell
inhibition, the values obtained from the central composite
design using the response surface design for CuNPs-G synthesis
as well as PR degradation were significant when p was less than
0.05 and R* approached approximately 1.

3. Results and discussion

3.1. Impact of operating factors on CuNPs-G formation

The mechanism for forming CuNPs with the reducing agent
N,H, in polyethylene terephthalate was proposed. The obtained
findings indicated that ultrasonic waves are more effective than
traditional heating methods in facilitating the CuNP formation
which relied on generating reactive radicals.?® In this study, the

HO

OH
Ascorbic acid Ascorbate
=
(0}
OH

Cu?t
OH

Gelatin LGelatin-Cu 2+

e
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proposed formation of CuNPs used ascorbic acid as a reducing
agent and gelatin as a stabilizing agent. Initially, a complex was
formed between Cu®" and gelatin.?** This was followed by the
reduction of Cu** to Cu® within the gelatin-Cu®" complex. The
reduction process occurred in two stages.*” The first stage
involved the formation of intermediate ascorbate radicals and
electrons that reduced gelatin-Cu®* to gelatin-Cu®. Subse-
quently, another electron led to the formation of dehy-
droascorbic acid and further reduced gelatin-Cu" to gelatin-
Cu’. The chemical reduction mechanism involving ascorbic
acid and gelatin is depicted in Fig. 1.

The CuNP formation was determined by observing the UV-vis
spectrum in the wavelength range from 530 to 590 nm.** Metal
nanoparticles with small size exhibited a low wavelength-
shifted SPR, while large-sized metal nanoparticles showed
a higher wavelength-shifted SPR. In addition, the absorption
intensity is proportional to the concentration of metal nano-
particles formed in the solution.*” Table 1 presents the depen-
dent variable values, including the absorbance Y; and surface
plasmon resonance peak Y,, obtained from experiments inves-
tigating independent variables, including gelatin, Cu(AcO),,
and ascorbic acid. The values of Y; in the experimental samples
were recorded in the range from 0.138 to 1.469, and values of Y,
ranged from 568.4 to 581.8 nm. Fig. 2 shows the response
surface plot of the influence of the precursor, stabilizer, and
reducing agent on the absorbance and position of the surface
plasmon resonance peak.

With the increase of the gelatin concentration from 5 to 20 g
L', absorbance of the as-synthesized samples increased with
a decrease in the value of SPR, as illustrated in Fig. 2a,, a,, by,
and b,. This demonstrates that high gelatin concentration is
beneficial for material formation with numerous small-sized
CuNPs. The gelatin stabilizer on the surface of CuNPs played
an important role in limiting agglomeration to develop large
particles as well as protecting the resulting CuNPs from oxida-
tion in the presence of air. At a low gelatin concentration, the
stabilizing role was ineffective, and then the particles were easy
to agglomerate due to the lack of a stabilizing agent. However,
using a high gelatin concentration increased the osmotic
pressure of the colloidal solution, causing CuNPs to agglom-
erate more easily.*

Fig. 2a,, a,, ¢, and c, illustrate the influence of precursor
concentration on Y; and Y, values. With the increase of the
Cu(AcO), precursor concentration from 10 to 30 mM, the ob-
tained Y; and Y, values also increased. Typically, the precursor
concentration greatly affected the size of the formed nano-
particles as well as increasing the number of the produced

HO o . HO 0
radical Dehydroascorbic  acid
.O’ﬁ/\ Oﬂ/\
Y OH - OH
+ OH + OH
> — » Gelatin-Cu ©°

Fig. 1 The mechanism of CuNP formation from ascorbic acid and gelatin.
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Fig.2 Surface plot with projection for the absorbance (a;—c;) and SPR (a,—c,) in the green-synthesized CuNPs at numerous extract volumes and

(AcO),Cu concentrations.

nanoparticles.” It is more difficult to produce well-dispersed
nanoparticles with high precursor concentrations due to
obstacles of precursor solubilization, which reduced the
amount of the formed product. On the other hand, particle
agglomeration was observed at high concentrations of
precursor, causing a shift to higher wavelengths.**

In the present study, ascorbic acid concentrations were
investigated at values ranging from 30 to 60 mM. There was
a gradual decrease in SPR of the synthesized samples corre-
sponding to increasing ascorbic acid concentration, as illus-
trated in Fig. 2b4, b,, ¢4, and c,. However, the absorbance values

482 | Nanoscale Adv, 2025, 7, 477-494

of the investigated samples only increased when the ascorbic
acid concentration increased from 30 to 45 mM, then gradually
decreased with the further increase of ascorbic acid concen-
tration to 60 mM. In the CuNP synthesis reaction, ascorbic acid
acted as a reducing agent as well as an effective protective agent
to inhibit the CuNPs from being oxidized.*” As the reducing
agent concentration increased, more precursor ions were
reduced at the same time, leading to the formation of more
nuclei and growth into smaller particles.*® However, when the
ascorbic acid concentration was high, the pH of the solution
dropped, decreasing the reduction potential of ascorbic acid.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Regression coefficients of R?, p. a;, «;, and a;; corresponding to the absorbance and SPR in the obtained models

&%) (451 4% a3 Q11 455 QA33 Q12 013 o3 R
Y, 1.248 0.134 0.326 —0.171 —0.026 —0.531 —0.103 0.059 —0.085 —0.059 0.985
Y, 574.7 —-1.7 4.0 —1.4 —1.3 0.5 0.7 —0.8 0.4 0.5 0.993
pofy, <0.001 <0.001 <0.001 <0.001 <0.001 0.039 0.044 0.008 0.044
pofY, <0.001 <0.001 <0.001 0.004 0.008 0.017 <0.001 0.016 0.005

This reason slowed down the reduction of copper ions to copper
atoms, leading to a decrease in the amount of the formed
CuNPs."”

The results of the regression analysis of model (1) are pre-
sented in Table 2. In particular, p values <0.05 show that the
interactions of factors X, X,, and X; (interactions of X;, X;X;, and
X;X;) were significant. In addition, the R? values of 0.985 for Y,
and 0.993 for Y, confirm the suitability of the proposed model.
The optimal values for the synthesis were determined at the
points with the highest absorbance values Y; and the shortest
absorption wavelengths Y,. Calculation results show that the
optimal conditions for synthesizing CuNPs included 20 g per L
gelatin, 19.3 mM Cu(AcO),, and 41.5 mM ascorbic acid. A CuNP
sample synthesized with optimal parameters was denoted as
CuNPs-G.

The effectiveness of the ideal synthesis was ascertained
using ICP-OES analysis. The measured Cu®" concentrations
were 248.3 ppm for the initial solution containing only 19.3 mM
precursor Cu(OAc), and 60.7 ppm for the solution produced
after 6 h of centrifugation at 6800 rpm to eliminate CuNPs. The
synthesis efficiency was determined from formula (7). Conse-
quently, the calculated concentration of CuNPs was 187.6 ppm,
and a synthesis efficiency of 75.6% was attained under optimal
parameters.

Cy—-C

H=
Cy

%100 7)

where H represents the synthesis efficacy, while C, and C stand
for the Cu”®" concentration of the initial and produced solutions,
respectively.

- -
N 6]
1 1

Absorbance

o
©
1

0.6
500

600 650
Wavelength, nm

550 700

With the parameters obtained, the synthesized CuNPs-G
sample was stored for different durations at room temperature
to investigate its stability over time. The results of the investi-
gation are illustrated in Fig. 3. Fig. 3a displays the UV-vis spectra
of these samples at the time of synthesis and at evenly spaced
time intervals of 1 w. During the initial 2 week period, the
absorption peak increased and reached a maximum value of
1.654. This increase can be attributed to residual reductants
and stabilizers remaining in the solution samples. Throughout
the remaining survey period, the recorded spectra exhibited
a continuous decrease in peak intensities and an insignificant
increase in SPR, indicating a clear reduction. The final peak
value of 1.129 was observed on the 7th week, and the values of
SPR fluctuated from 579.2 to 581.6 nm during storage time (Fig.
3b). This phenomenon can be attributed to the reversion of Cu®
to Cu®* in solution.”® These findings confirmed the excellent
durability of CuNPs-G for up to two weeks, with CuNPs starting
to convert into Cu*"* after being extended beyond two weeks.

3.2. Characterization of CuNPs-G

Fig. 4 presents the phase composition and presence of func-
tional groups on the surface of the obtained material. The XRD
pattern of generated CuNPs-G is shown in Fig. 4a. Three
prominent peaks in the pattern with 26 values of 43.34, 50.46,
and 74.23° served as indicators of the copper face-centered
cubic (fcc) lattice. These peaks correspond to the Miller
indices (111), (200), and (220), respectively, with reference to the
Joint Committee on Powder Diffraction Standards (JCPDS) No.
04-0836. As the (111) plane had a peak intensity that was

581 4 1.6
€
c GJ
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o el
§ 580 4 F1.4 xg_
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=
5791 r1.2
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0 1 2 3 4 5 6 7
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Fig. 3 Stability of CuNPs-G over time through UV-vis spectroscopy: the variation in absorbance over storage time (a) and the change in SPR-

absorbance with extended investigation time (b).
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the prepared samples (b).

significantly higher than the others, it was concluded that the
predominant orientation for the crystal structure of CuNPs-G
was the (111) plane. Additionally, there were no significant
peaks of impurities in the XRD pattern, making it a quite clean
sample. The average size of the crystallites in the produced
CuNPs-G, as reported in Table 3, was 17.6 nm. Additionally, the
characteristic peaks of copper were retained in the CUNPS-Gyeact,
indicating that the phase composition of the synthesized
CuNPs-G material remained unchanged after PR removal.

Fig. 4b compares the FTIR spectra of the produced CuNPs-G,
pure gelatin and ascorbic acid. Spectra of CuNPs-G and gelatin
showed a wide peak in the 3200-3600 cm ™' region, indicating
the presence of O-H stretching vibration that originates in
gelatin. The peak measured at 2946 cm™* served as the sign for
the C-H stretching vibrations of the alkane groups in the chain
of the gelatin polymer.* The characteristic peaks for the bond
in amide groups in gelatin were also observed in the 1200-
1600 cm™~ ' region, where amide-I was seen at 1647 cm™ ' and
amide-II was present at 1543 cm™ *.*° The presence of C-N and
N-H bond stretching in gelatin was attributed to peaks at 1451
and 1243 cm ', respectively.” The weak interactions between
CuNPs and gelatin, like the van der Waals force, were primarily
responsible for the modest shifts in peak magnitude of the
characteristic vibrations of gelatin relative to those observed for
the produced CuNPs.>* The FTIR spectra of gelatin and CuNPs-G
were almost similar, supporting that gelatin effectively served as
a stabilizer on the particle surfaces.

The FTIR spectrum of ascorbic acid showed characteristic
valence vibrations of the C=C double bond in the lactone ring

Table 3 The particle size of the crystallites in the generated CuNPs-G

Size of nanoparticles, Average size,

Position 26, ° FWHM nm nm
43.34 0.459 18.6 17.6
50.46 0.637 13.8
74.23 0.492 20.3

484 | Nanoscale Adv,, 2025, 7, 477-494

and the C-O bond of the enol hydroxyl groups at 1670 and
1321 cm™ "% However, these signals did not appear in the FTIR
spectrum of CuNPs-G due to the oxidation of enol hydroxyl
groups to form carbonyl groups. Additionally, the peaks recor-
ded at 3527, 3412, 3317, and 3217 cm ™" characterized the O-H
bonds in the hydroxyl groups, along with a signal at 1755 ecm ™,
which is attributed to the C=0 bond of the carbonyl groups on
the lactone ring of ascorbic acid.>* Owing to the existence of
gelatin on the surface of CuNPs-G and the oxidized enol
hydroxyl groups, the hydroxyl peaks of ascorbic acid were not
observed overlapping in the range 3600-3200 cm ™~ *.** The signal
of carbonyl groups on the lactone ring of ascorbic acid was also
not recorded for the carbonyl groups bound to the surface of
CuNPs.>*

TEM images of CuNPs-G were collected to examine the shape
and size distribution of the particles to learn more about the
morphology of the created CuNPs-G (Fig. 5). Fig. 5a demon-
strates that the particles were both spherical and cylindrical,
with comparable particle sizes for each kind of shape. Spherical
particles’ diameters varied from 15 to 85 nm, while cylindrical
particles’ sizes tend to be distributed across the range between
75 and 125 nm (Fig. 5b and c). With an error of 8.0 nm, the
typical diameter of spherical particles was measured to be
43.1 nm. However, the average size of cylindrical particles was
higher, at 105.2 nm, with an analogous variation of 7.5 nm.

The generated CuNPs-G in this study were recorded on the
surface with both positive and negative charge signals, as
shown in Fig. 6. The zeta potential of metallic nanoparticles was
supposed to be greatly influenced by the presence of a stabilizer,
and particles with positive or negative values higher than
£30 mV for zeta potential are regarded to cause stable disper-
sion.”® The zeta potential of the produced CuNPs-G sample was
—36.7 mV for the negative portion and +72.2 mV for the positive
portion. The negative charge matched the recorded range re-
ported in the research by Musa et al. in 2016, where copper
nanoparticles were also synthesized from copper(u) acetate and
ascorbic acid and stabilized by gelatin. The research showed
that a negative zeta potential was developed in all of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 TEM image of the generated CuNPs-G (a) and size distribution of spherical particles (b) and cylindrical particles (c).

samples in the aqueous solution at different doses of gelatin as
a result of the carboxylic and amino groups adhering to the
surface of the CuNPs.”* However, the positive charge was also
noted on the generated CuNPs-G. Different from Musa et al.,**
ascorbic acid was utilized on its own in the synthesis of CuNPs-
G without neutralization by NaOH, lowering the pH of the
solution. On the surface of the gelatin, the acidity produced
fewer negatively charged pieces -COO™ than positively charged
species [-NH-C(NH,)-NH,]" and -NH;", suggesting that the
surface of gelatin molecules has a net positive charge indicated
by the zeta potential value.’” The positive charge shown on the
surface of CuNPs-G is therefore a result of the used type-A
gelatin, which has an isoelectric point larger than 7. The

+72.2

Intensity, a.u
w

-36.7

) ‘

0 T r T T T
-200 -150 -100 -50 O 50
Zeta potential, mV

100 150 200

Fig. 6 The measured zeta potential of the generated CuNPs-G.

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

validity and precise determination of the relationship between
these arguments require more research. Despite that, the
assertion is partially supported by the significantly high recor-
ded intensity of the positive zeta potential observed on CuNPs-
G.

Fig. 7 illustrates the optical properties and surface properties
of the synthesized CuNPs-G. UV-vis diffuse reflectance spectra
were recorded to gain a more precise indication of the purity of
the synthesized CuNPs-G. As depicted in Fig. 7a, the material
exhibited a distinct absorption edge at approximately 580 nm,
consistent with the UV-vis absorption analysis. Using Tauc's
relation, the analysis yielded an estimated band gap energy (E,)
of 2.14 eV, which aligned with the observed absorption wave-
length (4). This value of energy indicates the presence of pure
copper and signifies the material's exceptional level of purity.
This finding is consistent with the majority of results reported
in a comprehensive review conducted by Al-Hakkani.*' Addi-
tionally, the synthesized CuNPs-G absorbed visible light.

The graph ApH = f{pH;) with pH; values adjusted from 2 to
12 is depicted in Fig. 7b. The intersection of the graph with the
horizontal axis was determined at pH; = 8.57, which was the
PZC value of CuNPs-G. Before PZC, the surface carried a positive
charge and the surface charge changed to negative after PZC.
The high PZC value shows that the resulting CuNPs-G material
had good ability to capture anions at pH < 8.57.%®

In Fig. 7c, the adsorption isotherm obtained from the BET
analysis of CuNPs-G shows a characteristic Type II behavior as
per the IUPAC classification. It also displays a hysteresis loop of

Nanoscale Adv., 2025, 7, 477-494 | 485
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Fig. 7 DRS spectra (a), PZC (b), and adsorption—desorption isotherms (c) of the generated CuNPs-G.

type H3, commonly associated with mesoporous solids. These
solids often consist of uniform aggregates of plate-like particles,
creating slit-like pores.> The observed adsorption isotherm
shape suggests the presence of mesoporous properties and
indicates the potential existence of microporosity in CuNPs-G.
By applying the BET equation to the acquired adsorption
isotherm, the specific surface area was calculated to be 40.6 m”
g~" for the synthesized CuNPs-G. This significant value indi-
cates a larger exposure of the material to the external environ-
ment, enhancing its adsorption capacity, interaction, and
reactivity. As a result, CUNPs-G demonstrates a strong potential
for interacting with other substances during chemical
processes, adsorption, or reactions.

3.3. Antimicrobial activity of CuNPs-G

For years, the antimicrobial mechanism of CuNPs has been
anticipated. It involves their ability to enter cells through the
cell membrane, induce damage to the membrane, interfere with
biochemical processes, and disrupt metal cation homeostasis.*
Based on these considerations, an evaluation of the biological
activity of the synthesized CuNPs-G was conducted in this study,
encompassing both microorganisms and cancer cells. The
results of these tests are presented in Fig. 8, wherein varying
concentrations of CuNPs were employed to treat Gram-positive
bacteria (B. subtilis, L. fermentum, and S. aureus), Gram-negative
bacteria (E. coli, P. aeruginosa, and S. enterica), and cancer cells

486 | Nanoscale Adv., 2025, 7, 477-494

(A549, Hep-G2, KB, and MCF7) on CuNPs-G and CuNPs-wG. As
depicted in Fig. 8a, Gram-positive bacteria displayed substantial
inhibition when treated with CuNPs-G. However, the inhibitory
response against Gram-negative bacteria was relatively modest,
ranging from 38 to 53% (Fig. 8b). In Fig. 8c, the outcomes were
particularly encouraging when cancer cells were tested, as
CuNPs-G demonstrated significant effectiveness. Conversely,
the produced CuNPs-wG sample exhibited inhibitory activity
against bacterial and cancer cell growth, with a maximum
inhibition percentage of around 30%. To overview these results,
the half-maximal inhibitory concentration (ICs,) and minimum
inhibitory concentration (MIC) for each strain were also calcu-
lated, and the results are presented in Table 4. From the ICs,
and MIC values, it can be observed that the control sample
exhibited strong activity, followed by the CuNPs-G sample,
whereas the CuNPs-wG sample displayed little to no inhibition
of bacterial/cancer cell growth. Specifically, for the CuNPs-wG
sample, the ICs, value could not be determined as the inhibi-
tion percentage remained below 50%, and the MIC exceeded the
maximum studied CuNP concentration of 16.00 ppm. The
control sample consistently showed ICs, and MIC values for
bacteria/cancer cells, with better corresponding values than the
CuNPs-G sample. The obtained results indicated that the
presence of gelatin enhanced antibacterial and cell inhibition
activity.

In the case of Gram-positive bacteria, CuNPs-G exhibited
remarkable inhibitory effects, with significantly low ICs, values

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Antimicrobial activity of the produced CuNPs-G and CuNPs-wG with different CUNP concentrations against Gram-negative bacteria (a),

Gram-positive bacteria (b), and cancer cells (c).

Table 4 [Csq and MIC of the generated CuNPs-G on microorganisms and cancer cells
IC50, ppm MIC, ppm

Bacteria/cancer cells CuNPs-G CuNPs-wG Control* CuNPs-G CuNPs-wG Control?

Gram-positive bacteria S. aureus 3.43 +0.24 — 0.05 £+ 0.01 8.00 >16.00 1.25
B. subtilis 7.16 £+ 0.41 — 0.62 £+ 0.07 8.00 >16.00 2.00
L. fermentum 2.86 £ 0.15 — 0.25 £ 0.06 >16.00 >16.00 1.75

Gram-negative bacteria S. enterica — — 2.74 + 0.16 >16.00 >16.00 5.25
E. coli 10.74 + 1.06 — 0.27 £ 0.05 >16.00 >16.00 1.75
P. aeruginosa — — 1.86 + 0.32 >16.00 >16.00 4.75

Cancer cells KB 4.28 + 0.34 — 0.18 £ 0.02 8.00 >16.00 1.50
Hep-G2 5.06 + 0.38 — 1.31 £ 0.15 12.00 >16.00 4.25
A549 6.68 £+ 0.44 — 0.06 £ 0.01 >16.00 >16.00 1.25
MCF7 9.11 4+ 0.95 — 0.74 £+ 0.04 16.00 >16.00 2.25

¢ Ampicillin, cefotaxime, and ellipticine were used for testing on Gram-positive bacteria, Gram-negative bacteria, and cancer cells, respectively.

of 3.43, 7.16, and 2.86 ppm for S. aureus, B. subtilis, and L. fer-
mentum, respectively. In contrast, for Gram-negative bacteria,
the ICs, value of CuNPs for the CuNPs-G sample was only
calculated for the most effective sample, E. coli, and was found
to be a high value of 10.74 ppm. For the treatment of cancer
cells, CuNPs-G demonstrated a more refined outcome, with IC5,
values ranging from 4.28 to 9.11 ppm. The potent antibacterial
properties of the synthesized CuNPs-G can be attributed to
a common mechanism, where the released copper ions cause

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

damage to microbial membranes.®* This mechanism is partic-
ularly effective against Gram-positive bacteria due to the more
structural complexity of Gram-negative bacteria. The thinner
cell wall of Gram-positive bacteria facilitates a more efficient
exchange of compounds across the cell wall, leading to
enhanced inhibition.*> In terms of anti-cancer activity, the
synthesized CuNPs-G have demonstrated their ability to induce
apoptosis and exhibit cytotoxic effects on various cancer cell
lines. They achieve this by degrading isolated DNA molecules

Nanoscale Adv., 2025, 7, 477-494 | 487
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Fig. 9 Antimicrobial mechanism of CuNPs.

through the generation of reactive oxygen species, thereby
contributing to their anti-cancer properties.®® These findings
underscore the potential of CuNPs-G as a promising agent for
targeting both cancer cells and microorganisms. The detailed
antimicrobial mechanism of CuNPs is illustrated in Fig. 9.
CuNPs damaged cellular components in several ways: (i)
generating reactive oxygen species, (ii) directly disrupting the
cell membrane, (iii) replacing/binding with the native cofactors
in proteins, and (iv) damaging intracellular components.**
There was a similarity in the results of the current study with
several recent studies on the antibacterial and cell inhibition
activities of CuNPs. Wulandari et al. synthesized CuNPs by
a chemical reduction method using NaBH, as the reducing
agent and cetyltrimethylammonium bromide as the stabilizing
agent. The synthesized CuNPs exhibited good antibacterial
activity against E. coli and S. aureus at a concentration of CuNPs
reaching 10 and 15 ppm, respectively.®® Meanwhile, CuNPs
synthesized from leaf extracts of Phragmanthera austroarabica
and Foeniculum vulgare showed good inhibitory activity against

Accumulation

cancer cells: MDA-MB-231 (ICso = 67 ppm), NCI-H2126 (IC5, =
108 ppm), NCI-H1299 (IC5, = 168 ppm), and NCI-H1437 (IC5, =
122 ppm).***’

Fig. 10 illustrates the fungal growth, encompassing F. solani,
C. gloeosporioides, and R. solani, across different concentrations
of CuNPs. Generally, the growth diameter of the fungi dimin-
ished in the presence of CuNPs. The growth diameter of F.
solani dropped from 74.8 mm to 20.4 mm with 450 ppm CuNPs.
Temporarily, C. gloeosporioides was completely inhibited in the
presence of 400 ppm CuNPs, and the growth diameter of R.
solani was 13.6 mm in the presence of 1000 ppm CuNPs. The
ICs, value for fungal growth was calculated from the graph in
Fig. 11, showing the dependence of inhibitory capacity on CuNP
concentration. Based on the obtained results, the order of
antifungal activity of CuNPs-G was as follows: R. solani (ICs, =
760 ppm) < F. solani (ICs, = 386 ppm) < C. gloeosporioides (ICs
= 315 ppm). The value of CuNP concentration required to
inhibit the growth of R. solani was approximately twice as high
as that for F. solani and C. gloeosporioides.

Fig. 10 Antifungal activity of the prepared CuNPs-G: F. solani mixed with 0—450 mM CuNPs (a;—ae), C. gloeosporioides mixed with 0-400 mM

CuNPs (b1—bg), and R. solani mixed with 0—-1000 mM CuNPs (c;—Cg).
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Fig. 11 The suppression of F. solani (a), C. gloeosporioides (b), and R. solani (c) by the as-synthesized CuNPs was observed across various

concentrations.

Table 5 Response surface design for removing PR on the synthesized
CuNPs-G

Run order X, Xs, ppm X, MM Ys, %
1 6 25 50 84.4
2 6 10 30 59.1
3 8 40 50 87.3
4 8 25 30 72.2
5 6 40 70 78.0
6 10 25 50 72.7
7 10 40 70 64.7
8 10 10 70 51.2
9 8 25 50 93.2
10 10 40 30 59.5
11 8 25 50 88.8
12 8 25 50 95.7
13 8 25 70 79.2
14 25 50 94.3
15 10 10 30 48.2
16 8 25 50 94.7
17 8 25 50 92.8
18 6 40 30 65.6
19 8 10 50 82.7
20 6 10 70 69.2

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

3.4. Photocatalytic activity of CuNPs-G

Table 5 presents the values of PR conversion as a dependent
variable obtained from experiments investigating independent
variables, including the pH of PR solution, catalyst dosage, and
NaBH, concentration. PR conversion after 540 s was recorded in
the range from 48.2 to 95.7%. The influence of the pH of the PR
solution, catalyst dosage, and NaBH, concentration on the PR
removal and catalytic activity of the synthesized CuNPs-G is
depicted in Fig. 12.

The PR conversion was affected by the charge state of the
CuNPs-G. In the pH range of 6.0 to 8.0, the positive charge of the
produced CuNPs-G enhanced the adsorption of anionic
substances, leading to increased PR removal. When the pH
exceeds the PZC of 8.57, the CuNPs-G material converted
negatively charged, reducing adsorption efficiency and lowering
the PR degradation (Fig. 12a and b).

Regarding catalyst dosage, increasing the CuNPs-G dosage
from 10 to 40 ppm led to a significant improvement in PR
conversion (Fig. 12a and c). The primary reason was that the
number of active sites increased, enhancing the catalytic activity
for the degradation process.®® The active sites formed on the
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Fig.12 Surface plot with projection for the PR conversion at numerous CuNP dosages, NaBH,4 concentrations, and pH solution of PR (a—c), UV-
vis spectra of PR conversion on CuNPs-G (d), and PR conversion at different reaction times (e).

surface of CuNPs under light energy stimulation. Increasing the 40 ppm. The increase in the catalyst dose lowered the dye
catalyst dosage added to the number of active sites on the removal efficiency due to increased turbidity, which caused
catalyst surface.”® A slight decrease in the PR conversion rate a light scattering effect and the active sites on the surface were
was observed, and the catalyst dosage was further increased to covered by the excessive catalyst.”

Table 6 Regression coefficients of R?, p. a;, «;, and a;; corresponding with the PR conversion in the obtained models

o oy as ag Oaa ass s Qs g s R
Y 91.9 ~6.0 4.5 3.8 11.4 —4.9 —14.2 1.2 1.8 0.982
) <0.001 <0.001 0.002 <0.001 <0.001 <0.001 0.257 0.100 0.582
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The PR conversion rate gradually increased as the NaBH,
concentration was increased from 30 to 50 mM, but then it
gradually diminished as the NaBH, concentration continued to
increase to 70 mM (Fig. 12b and c). This result was due to the
competitive adsorption between PR, surface hydrogens, and
borohydride ions on the catalyst surface. As the amount of
NaBH, was increased, the surface hydrogens produced
increased further and adsorbed more on the catalyst surface,
leading to saturation of the active sites and reduction of the
material's adsorption capacity.”

The regression analysis results of the model for PR conver-
sion on the independent variables, including the pH of PR
solution, catalyst dosage, and NaBH, concentration, are pre-
sented in Table 6. The R* value of 0.982 confirms that the
proposed model accurately described the dependence of the PR
removal on these independent variables. Additionally, the
primary terms of independent variables showed a significant
impact on the dependent variable with p-values <0.05, whereas
the secondary terms have p-values >0.05, indicating a poor
correlation among the independent variables. The optimal
conditions for eliminating PR were determined at points where
the PR conversion was the highest. According to computational
results, the optimal conditions for PR removal included a cata-
lyst dosage of 31.5 ppm, a NaBH, concentration of 53.1 mM,
and the pH of PR reaching 7.5.

The previously mentioned conditions were applied to elim-
inate the 10 ppm PR solution. The absorbance of PR and PR
conversion at different reaction times are recorded in Fig. 12d

Table 7 Comparative analysis of CuNPs synthesized in different studies

View Article Online
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and e. The PR solution reached the adsorption-desorption
equilibrium after 40 min, with the absorbance intensity of PR
decreasing from 1.721 to 1.693, corresponding to a decrease in
the PR concentration from 10 to 9.843 ppm. The absorbance
intensity of PR gradually declined to 0.097 after a 540 s reaction
time, corresponding to a PR concentration of 0.564 ppm in the
solution, achieving a PR conversion of 94.4%.

In this study, a comprehensive analysis was conducted,
comparing the obtained findings with recent investigations, as
presented in Table 7, exploring various approaches to synthe-
sizing CuNPs using diverse chemicals for reduction and stabili-
zation. Some of these methods resulted in challenges such as
a large particle size, irregular shape, and limited storage stability,
which could impact their potential applications in biological and
catalytic fields. While previous research primarily focused on the
antimicrobial properties of CuNPs, investigations into their
effective inhibition against Gram-positive bacteria and cancer
cells were relatively scarce, especially for chemically synthesized
CuNPs. On the contrary, CuNPs-G synthesis, utilizing environ-
mentally friendly gelatin and ascorbic acid, demonstrated
remarkable efficacy against Gram-positive bacteria, fungi, and
cancer cells, suggesting promising applications in biomedicine.

Additionally, an extra comparative analysis was conducted, as
presented in Table 8, to comprehensively evaluate the effective-
ness of nanoparticles in PR degradation. Most previous studies
achieved almost complete PR conversion but required excessive
catalyst quantities and prolonged treatment times. Some even
employed an absorption method that did not effectively eliminate

Reductant, stabilizer Shape, size Stability ~ Antimicrobial activity Catalytic activity References
CuNPs-1  Ascorbic acid Spherical (50-60 nm) 84d — — 72
CuNPs-2  Ascorbic acid, gelatin ~ Spherical (10-15 nm) 2d Effective against Gram-  — 73
negative bacteria

CuNPs-3  Sodium borohydride Spherical (50 nm) — — Effective against Reactive 74

Blue 4 degradation
CuNPs-4  Ascorbic acid Cubical (5-10 nm) — — Effective against methylene 30

blue, methyl red and Congo

red degradation
CuNPs-5  Ascorbic acid, sodium  Spherical (200-500 nm) — Effective against fungi — 27

citrate
CuNPs-G  Ascorbic acid, gelatin ~ Spherical (43.1 nm) 28d Effective against Gram-  Effective against phenol This study
Cylindrical (105.2 nm) positive bacteria, fungi, red degradation
and cancer cells

Table 8 Comparative analysis of PR reduction catalyzed by nanoparticles in different studies
Material Catalyst dosages, ppm Degradation method PR conversion References
FeNPs 100 Adsorption 98% for 180 min 75
AgNPs 431 Reduction by NaBH, 98% for 24 h 31
CuNPs 6355 Reduction by NaBH, 98% for 24 h
TiO, NPs 40 Irradiation 74% for over 1 h 76
Nb(x)/TiO, 546 Irradiation 94% for 160 min 77
CuNPs-G 31.5 Reduction by NaBH, 94% for 540 s This study

© 2025 The Author(s). Published by the Royal Society of Chemistry
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PR. In contrast, this study demonstrated that using a small
quantity of CuNPs-G resulted in a satisfactory PR reduction within
a short time. Analyzing samples with varying catalyst and reduc-
tant quantities over time provided valuable insights into the PR
reduction process. These findings encourage further research to
optimize PR reduction through alternative approaches.

4. Conclusions

To sum up, the use of ascorbic acid and gelatin played a pivotal
role in the synthesis of CuNPs-G, and the material additionally
showcased impressive biological effects against a range of
microorganisms, along with its photocatalytic attributes during
the PR degradation process. The stability of this substance was
well maintained for 28 d, and the XRD examination verified its
purity. The FTIR examination as well as the DLS test with both
negative (—36.7 mV) and positive (+72.2 mV) charges for the zeta
potential on their surface further confirmed the significant
involvement of the stabilizer gelatin. The band gap energy of
2.14 eV and high specific surface area of 40.6 m”> g~ * further
validated the notable characteristics of CuNPs-G. Taking advan-
tage of these properties, CuNPs-G exhibited a unique inhibitory
activity against cancer cells (KB, Hep-G2, A549, and MCF7) and
Gram-positive bacteria (S. aureus, B. subtilis, and L. fermentum),
while showing a minor inhibitory activity against Gram-negative
bacteria (S. enterica, E. coli, and P. aeruginosa). The degradation of
PR was achieved using the photocatalytic activity of CUNPs-G. An
optimal CuNPs-G concentration of 10 mg L™ was first identified
when using excess NaBH,. This study highlights the captivating
properties of ascorbic acid and gelatin-stabilized CuNPs, offering
exciting prospects for novel applications in nanotechnology,
biomedicine, and environmental remediation.
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