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Abstract

Green synthesis of nanocomposites is an eco-friendly approach compared with conventional methods. Sargassum latifolium
is a marine microalgae rich in bioactive compounds and represents a promising natural resource for the green synthesis of
nanomaterials. This work presents a green protocol for synthesizing, characterizing, and bioactivity of Ag/Cu NC using
Sargassum latifolium extract. In this context, FTIR analysis showed the involvement of phytochemicals in reducing and
stabilizing metal ions. Ag/Cu NC revealed moderate colloidal stability with a zeta potential of — 19.4 mV and an average
particle size of 430.0 nm (PDI=0.408), as evidenced by DLS analysis. EDX and XRD analyses verified a CuO-dominant
phase (28.46 wt%) and a crystalline structure containing copper oxide and silver nanoparticles. Although the reduction in
phytochemical contents, Ag/Cu NC (IC5,=0.148 + 1.27 mg/mL), maintained its antioxidant potential compared to S. latifo-
lium extract (IC5,=0.108 + 1.54 mg/mL). Ag/Cu NC revealed privileged antibacterial activity against a series of pathogenic
bacterial species, for instance, B. subtilis (38.0+1.54 mm) and S. epidermidis species (25.0 + 1.40 mm) as demonstrated
by disc diffusion assay. The MIC results established the potential inhibitory of the nanocomposite against B. subtilis (0.692
pg/mL). The MTT assays revealed a dose-dependent cytotoxicity of Ag/Cu NCs, with HCT116 cells showing the highest
sensitivity (IC5,=28.17 ug/mL), followed by HepG2 cells (IC5,=16.71 ug/mL) and WI-38 cells exhibiting the lowest cyto-
toxicity (IC5,=84.20 ug/mL). ADME toxicity results indicated moderate to high absorption in HepG2 and HCT116 cells,
with significant distribution and metabolism observed at 5-10 pg/mL concentrations. WI-38 cells showed low absorption,
distribution, and metabolism. Excretion was minimal across all cell lines. These findings suggest that Ag/Cu NCs exhibit
selective cytotoxicity in cancer cells, with limited toxicity in normal cells. Our results in this work indicate the high effi-
ciency of Ag/Cu NC as a novel hybrid in combating oxidative stress, and inhibiting the growth of cancer cells. The study
presents an efficient nanocomposite with functional properties of nanomaterials integrated with the bioactivity of natural
phytochemicals, paving the way for applications in pharmaceutical and environmental fields.
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Introduction

Currently, scientific research is dominated by the synthe-
sis and use of nanoparticles, which are widely applied in
animal feed and pharmaceutical industries owing to their
unique physicochemical properties [1]. Cu NPs exhibited
dynamic properties, including antitumor effect, antibacterial,
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anticancer, antioxidant, dye decolorization, and catalytic
degradation action. However, there are problems with the
conventional chemical methods used for nanoparticle pro-
duction, such as long-lasting technical processes and toxic
initial chemicals [2]. The chemical compounds are consid-
ered carcinogenic and are, therefore, hazardous to human
health [3].

Alternatively, green synthesis of nanoparticles has
some benefits, such as sound reduction and stabilization
of metal ions [4]. Biological synthesis offers many advan-
tages, including less time-consuming, non-hazardous, and
inexpensive approach [5]. This method employs plant,
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microorganism, and algae extracts that efficiently act as sta-
bilizing, reducing, and capping agents [6, 7]. Cu NPs for-
mation arises due to the redox reaction of Cu ions with the
proteins, amino acids, vitamins, and secondary metabolites
such as flavonoids, tannins, polyphenols, terpenoids, and
polysaccharides of these extracts [8]. As found in previous
research, Cu NPs exhibit both antibacterial and antifungal
characteristics, showing enhanced efficiency against bacte-
rial species such as Escherichia coli, Staphylococcus aureus,
Klebsiella pneumoniae, Salmonella typhi, and Bacillus sub-
tilis, as well as antifungal effects against strains such as Can-
dida albicans and Aspergillus niger [9, 10]. The burgeon-
ing threat of antimicrobial resistance (AMR) has become a
serious health issue worldwide, undermining the efficacy of
conventional antibiotics. Green-synthesized nanomaterials,
in this case, offer promising alternatives with their unique
physicochemical properties and multi-targeting mechanism
of action. Recent studies, for instance, green synthesis of
silver nanoparticles from Kalanchoe fedtschenkoi extract,
illustrate the efficacy of plant-mediated nanomaterials as
effective antimicrobial agents [11].

Furthermore, the results showed that Cu NPs have par-
ticular antioxidant activity due to different bioreductive
groups on their surface [12]. Thus, concerning the anticancer
ability of Cu NPs, their activity has been considered through
the generation of ROS, apoptosis, and autophagy mecha-
nisms. They observed that Cu NPs are similarly fatal to can-
cer cells as normal cells, but the success varied depending
on the type of plant extract used [13].

Bimetallic nanoparticles, such as Ag/Cu nanocomposites,
have attracted a lot of interest because of their increased
physicochemical and biological activity relative to their
respective monometallic counterparts. Silver and copper
may synergistically respond in a combined nanostructure
and thus add more stability, catalytic behavior, and bioac-
tivity to them and making them fantastic possible candi-
date materials to be used in the fields of therapeutic and
antimicrobial possibilities. The Ag/Cu nanocomposites in
biopolymer matrices have been reported to exhibit enhanced
mechanical, barrier, and antibacterial properties and show
good promise for active food packaging applications [14,
15]. Ag/Cu nanocomposites have also exhibited excellent
antiplanktonic, antibiofilm, and anti-quorum sensing activi-
ties against drug-resistant strains of bacteria [16]. From the
materials science perspective, molecular dynamics simula-
tions have confirmed that Ag—Cu systems are dynamically
stabilized and structurally stable to degradation upon ion-
beam processing in line with their stability and compatibility
with advanced applications [17]. In addition, immobiliza-
tion of Ag/Cu nanoparticles on graphene oxide surfaces or
in nanocomposite thin films has been reported to produce
highly effective antibiofilm materials [18, 19]. Compara-
tive biological analyses also indicate that Ag—Cu bimetallic
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nanoparticles are more effective as antimicrobial agents
compared to Ag or Cu nanoparticles individually, particu-
larly against plant pathogens and seed health enhancement
[20]. These findings convey the promise of Ag/Cu nano-
composites as more effective substitutes for monometallic
nanomaterials across various biomedicine, agriculture, and
industry applications.

Metal nanoparticles have also attracted significant atten-
tion in cancer studies due to their unique physicochemical
characteristics that enable them to be used in therapeutic as
well as diagnostic purposes. Multifunctionality is a charac-
teristic of nanoparticles and makes them suitable for com-
plementing existing cancer treatment approaches like photo-
dynamic therapy (PDT), where selenium nanoparticles have
been used to increase the inactivation of microbial biofilm
and cancer cells by light irradiation [21, 22]. Additionally,
metal nanoparticles also play a role in radiation therapy,
which has been evidenced by their ability to induce resist-
ance in breast cancer cells to be reversed by modulating gene
expression when used with sonodynamic sensitizers [23].
In chemotherapy, gold cluster-encapsulated liposomes have
been found to be effective nanocarriers of stimuli-responsive
drug delivery [24]. Finally, in hyperthermia-based treat-
ments, poloxamer-coated cobalt ferrite nanoparticles have
shown significant anti-proliferative activity against prostate
cancer cells [25]. In addition to therapy, nanoparticles have
also been discovered to be used in diagnostics, with the opti-
cal biosensors based on gold nanoparticles being capable of
sensitive biomarker detection of cancer-associated biomark-
ers such as miR-155 [26]. These examples indicate the grow-
ing interest in designing multifunctional nanocomposites,
such as Ag/Cu, which have dual antimicrobial and antican-
cer activity, thereby possessing good potential for combined
therapeutic applications in oncology.

On the other hand, extensive studies have been done on
marine algae as potential sources of nanoparticle formation.
Viable methods involve using algae to synthesize nanoparti-
cles since nanomaterials made this way are cheaper despite
offering superior yields to rival methods that can only be
scaled up at a slow pace [27]. Medical researchers have been
able to design nanoparticles that can deliver drugs, genes, or
proteins right to the cancerous cells, reducing damage to the
other healthy cells and enhancing the treatment’s effective-
ness [28]. The first aspect that stands out when considering
algae type is its flexibility and the fact that different spe-
cies of algae are metabolically diverse in many ways. Algae
comprise various organic compounds like proteins, enzymes,
carbohydrates, vitamins, pigments, polysaccharides, and
secondary metabolites. In particular, these compounds can
be natural reducers in nanoparticle formation [29].

Sargassum sp. belongs to the phylum Phaeophyta in the
family Sargassaceae [30] and inhabits different marine
habitats across global continents. Unsurprisingly, this alga
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has relatively high sterols, terpenoids, and phenolics [31].
These studies revealed that some compounds possess differ-
ent pharmacological effects, such as antioxidant, anticancer,
immunome, osteogenic, hypoglycemic, anticoagulant, and
antimicrobial effects [32]. It was developed by El-Sayed
et al. [33] on the biogenesis of silver nanoparticles (Ag
NPs) with the brown alga Sargassum subrepandum. Further
characterization of synthesized Ag NPs showed antibacte-
rial properties against Fusarium equiseti and Pseudomonas
aeruginosa. Further, other experiments tested the NPs for
the cytotoxic effect on the MCF-7 human breast adenocar-
cinoma cell line with an ICy, value of 12.5 ug/mL. In the
same manner, Algotiml et al. [34] bio-synthesized Ag NPs
by using extracts from different marine algal species, viz.,
Ulva rigida, Cystoseira myrica, and Gracilaria foliifera act-
ing as reducing as well as capping agents. The cytotoxicity,
anticancer, and antimicrobial properties of the Ag NPs were
also investigated.

In this study, green synthesis of Ag/Cu NC was carried
out using S. latifolium extract as a reducer and stabilizing
agent. The synthesized nanocomposites were evaluated for
their antimicrobial and anticancer properties. Notably, the
Ag/Cu NCPs exhibited significant inhibitory effects against
E. coli and S. aureus. In addition, their apoptotic anticancer
action against human cervical carcinoma cells was also stud-
ied [35]. Due to high surface area and small particle size Ag
NPs are highly effective against bacteria like K. pneumoniae,
E. coli, and S. aureus; fungi like C. albicans and A. niger;
and viruses such as human immunodeficiency virus and hep-
atitis B virus [36]. In addition, they have potential as drug
delivery agents. They can be applied in chemotherapy and
radiotherapy in vitro and animal models of various types of
cancer, such as lung cancer, cervical cancer, hepatocellular
carcinoma, breast cancer, prostate cancer, and glioblastoma
[37, 38].

To the best of our knowledge, this is the first report on the
green synthesis of a silver—copper bimetallic nanocomposite
using Sargassum latifolium as a dual-role reducing and stabi-
lizing agent. Although monometallic Ag or Cu nanoparticles
have been prepared from other Sargassum species or other
marine algae in previous studies, there is no precedent for
developing an integrated Ag/Cu nanocomposite through S.
latifolium and its combined antimicrobial, anticancer, and
pharmacokinetic properties remain undetermined. Apart
from the bioactivity synergy of the Ag/Cu hybrid in this
study, in silico ADME prediction is included to offer pre-
stage insight into its drug-likeness and biomedical utility.

This study aims to (i) investigate the biogenic synthesis of
Cu/Ag nanocomposite using the aqueous extract of Sargas-
sum latifolium, (ii) characterize the synthesized nanocom-
posite through UV-Vis spectroscopy, XRD, FTIR, SEM,
EDX, zeta potential, and TEM, (iii) evaluate the antioxidant
activity, (iv) assess the antibacterial activity against various

pathogenic bacterial strains, and (v) explore its potential
cytotoxicity effects.

Materials and methods
Reagents

Folin-Ciocalteu reagent (Fluka, Biochemical Inc., Bucha-
rest, Romania), gallic acid (Biomedical Inc., Orange City,
FL, USA), 1,1-Diphenyl-2-picrylhydrazyl (DPPH?®), alu-
minum chloride, sodium hydroxide, sodium nitrite, catechin,
ascorbic acid, and tannic acid were purchased from Sigma-
Aldrich (St. Louis, USA). Sodium carbonate was purchased
from El-Nasr Pharmaceutical Chemicals (Cairo, Egypt).
Silver nitrate (AgNO;) was purchased from PIOCHEM for
laboratory chemicals (CAS Number: 7761-88-8; purity:
99.5%). Copper sulfate (CuSO,, >99%) was purchased from
EDWIC for Laboratory Chemicals, Egypt.

Instruments

The spectrophotometric analysis, including phytochemi-
cal analysis and antioxidant activity, was performed using
a Spekol 11 spectrophotometer. Fourier-transform infrared
spectroscopy (FTIR) was conducted with a Thermo Fisher
Nicolet IS10 Spectrophotometer. Zeta potential measure-
ments were made using a HORIBA Scientific SZ-100 instru-
ment. The nanocomposites’ surface morphology, shape, and
elemental composition were analyzed using scanning elec-
tron microscopy (SEM) with energy-dispersive X-ray spec-
troscopy (EDX) on an FEI Czech SEM instrument. High-
resolution transmission electron microscopy (HR-TEM)
was performed with a Thermo Scientific Talos F200i using
carbon-coated grids (Type G 200, 3.05 um diameter, TAAP,
USA). X-ray diffraction (XRD) analysis was conducted on
a Pan Analytical Philips instrument to assess material prop-
erties and crystallographic structure. Additional equipment
includes a Beckman Coulter Allegra X-15R Centrifuge and
an Elma Schmidbauer GmbH Sonicator.

Preparation of algae extract

Sargassum latifolium was collected from the Red Sea coast
near Hurghada, Egypt, and was taxonomically identified by a
phycology expert at the Botany Department, Faculty of Sci-
ence, Mansoura University. The algae materials were washed
several times (four times) with distilled water to remove the
salts and dried in air at room temperature. S. latifolium (10
g) was transferred into a conical flask and mixed with 100
mL of deionized water. The flask containing the mixture
was placed in a horizontal water bath shaker at 70 ‘C for
20 min and left to cool at room temperature. The mixture
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was soaked overnight at room temperature with occasional
stirring and then filtered. The extract was used immediately
to prepare nanomaterials and phytochemical and biological
assessments. The remained extract was stored in a dark glass
vessel at 054 °C to preserve its quality [39, 40].

Green synthesis of Ag/Cu NC

A solution of silver nitrate (40 mL, 1 mM) was prepared
in deionized water. S. latifolium extract (60 mL, 5.98 mg/
mL) was added dropwise to the AgNO; solution with con-
tinuous stirring at room temperature and heating until 55 'C
after adding the silver nitrate solution. The solution’s deep
yellow color turns dark brown after 30 min. A solution of
copper sulfate (40 mL, 1 mM) prepared in deionized water
was dropwise added to S. latifolium extract (60 mL, 5.98 mg/
mL) with stirring of the mixture at 70 °C until a distinct color
change was accomplished (= 5 h). A mixture of silver and
copper nanoparticle solutions was obtained by mixing both
solutions under stirring conditions for 1 h at 60 °C. The mix-
ture was stirred for 4 h and sonicated for 1 h under heating
at 60 °C at 60 C. To isolate the solid nanoparticles for SEM,
EDX, and XRD analyses, the mixtures were centrifuged, and
the precipitated solid was washed with ethanol and deion-
ized water and dried at 60 C for 24 h [41].

Phytochemical analysis

The phytochemicals of the algae extract and synthesized
nanomaterials were also determined quantitatively using
various standard color metrics. Folin-Ciocalteu reagent
was employed to investigate the TPC, in which the samples
interacted with the reagent to form a blue color complex
with color intensity depending on the amount of polyphenol
content [42, 43]. Absorbance was measured at A=765 nm,
and phenolic content was calculated based on a calibration
curve prepared from gallic acid (y=0.0062x, R*=0.987),
and results were noted in terms of mg of gallic acid equiv-
alent (GAE) / g of dried sample. Quantitative analysis of
flavonoids was performed using the aluminum chloride col-
orimetric assay [44]. The interaction of the samples with
aluminum chloride reagent led to the forming a blue color
complex to indicate the presence of flavonoids. The sam-
ples’ absorbance was recorded at A=>520 nm, and the results
acquired from the catechin standard equation y=0.0028 x,
R?=0.988, were expressed as milligrams of CE/gram of dry
weight. Tannin content (TTC) was analyzed using the vanil-
lin—-HCI method [45], where 1 mL of the sample was mixed
with 5 mL of freshly prepared vanillin-HCI reagent. The
mixture was allowed to react for 20 min at room tempera-
ture, and the absorbance was measured at A=500 nm. The
tannin content was estimated from the tannic acid standard
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curve (y=0.0009x; R?=0.955) and expressed as a milligram
of TAE per gram of the dried sample.

Assessment of antioxidant activity

The free radical scavenging activity of the algae extract and
the nanocomposite was determined using the DPPH radi-
cal scavenging method, as described earlier by [46], with
ascorbic acid as the standard reference. These samples were
successfully diluted in methanol, and 0.135 mM DPPH solu-
tion was added. The obtained mixtures were incubated in the
dark for 30 min before their absorbance values were meas-
ured at 517 nm. The remaining DPPH radical percentage
was calculated using the formula (Eq. 1):

% DPPH radical remaining = ([DPPH]t / [DPPH]O) x 100
ey
To determine the ICs, value, a plot of the remaining
DPPH radical percentage against the sample concentration
was created, which follows an exponential curve. The ICs,
value corresponds to the sample concentration that inhibits
50% of the DPPH radicals, with the lower value indicates
stronger antioxidant activity.

Microbial susceptibility test
Agar well diffusion method

To ascertain the antibacterial inhibitory activity of the
algae extract and the nanocomposite against the pathogenic
bacteria, the agar well diffusion method [47] was used. In
this method, the inoculum volume on the agar surface was
spread over the entire area of the agar plate. Next, an asep-
tic punch with a 6 to 8 mm diameter was made, following
which 100 pum of all the tested samples were placed in the
well. After that, the agar plates are incubated under appro-
priate conditions, depending on the type of test microorgan-
ism used. The antimicrobial agent spreads within the agar
medium and prevents the growth of the particular microbial
strain used for testing.

Minimum inhibitory concentration (MIC)

A microdilution assay assessed the MIC of the most potent
antibacterial agents [48]. A control tube was prepared with
inoculated broth without adding the nanomaterial sample.
A serial dilution of the sample in concentrations ranging
from 0.346 to 5670 pg/mL was used to determine MIC in the
nutrient broth medium. The control contained only inocu-
lated broth and was incubated for 24 h at 37 °C. The MIC
endpoint is the lowest concentration of the sample in which
no visible growth is seen in the tubes. The visual turbidity
of the tubes was noted, both before and after incubation, to
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confirm the MIC value, and DO was measured at 600 nm to
confirm the result.

Anticancer activity evaluation
Cell culture and treatment modifications

Human cell lines WI-38, HCT116, and HepG2 were cul-
tured at 37 °C in a humidified incubator with 5% CO,
in Dulbecco’s Modified Eagle Medium (DMEM, Cat#
11,965-092, Thermo Fisher Scientific, Waltham, MA, USA)
supplemented with 10% fetal bovine serum (FBS, Cat#
16,001-048, Thermo Fisher Scientific, Waltham, MA, USA)
and antibiotics (100 U/mL Penicillin, Cat# 15,149-128,
Thermo Fisher Scientific, Waltham, MA, USA; 100 pg/mL
Streptomycin, Cat# 16,144—127, Thermo Fisher Scientific,
Waltham, MA, USA). For 40-50% of the assays, cells were
subcultured when they reached 80-90% confluency. The
treatments were administered for 48 h, with morphologi-
cal evaluations conducted at 24 and 48 h. Drug concentra-
tions were based on half-maximal inhibitory concentrations
(IC50/2) [49, 50].

Cell viability assay

The MTT assay (Cat# M6591, Thermo Fisher Scientific,
Waltham, MA, USA) assessed cell viability. A549 and
WI-38 cells were seeded in 96-well plates (Cat# 3192, Corn-
ing, Corning, NY, USA) and exposed to varying concentra-
tions of chitosan (Cat# 348,827, Sigma-Aldrich, St. Louis,
MO, USA) and curcumin (Cat# C1386, Sigma-Aldrich, St.
Louis, MO, USA) for 48 h. After adding the MTT reagent,
formazan crystals were dissolved in dimethyl sulfoxide
(DMSO, Cat# D7417, Sigma—Aldrich, St. Louis, MO, USA),
and cell viability was determined relative to untreated con-
trols by measuring absorbance at 570 nm using a microplate
reader (SpectraMax M5, Molecular Devices, San Jose, CA,
USA). IC50 values were calculated using GraphPad Prism
software (GraphPad Software, San Diego, CA, USA) [51].

ADME predictions

Computational methods were employed to predict the
absorption and distribution characteristics of the com-
pound. The SwissADME tool (available at SwissADME,
http://www.swissadme.ch) was used to calculate lipophi-
licity (LogP), which is crucial for understanding the com-
pound’s absorption potential. SwissADME also predicted
water solubility, which influences the compound’s absorp-
tion in the gastrointestinal system and solubility in aque-
ous environments. Furthermore, SwissADME evaluated
the compound’s likelihood of gastrointestinal absorption,
categorizing it as high, moderate, or low. The program also

predicted blood—brain barrier (BBB) permeability, provid-
ing insight into the compound’s potential to cross the brain.
Metabolism and toxicity were forecasted using admetSAR
(admetSAR-2.0; available at http://lmmd.ecust.edu.cn/admet
sar2), which provided data on the compound’s metabolic
stability in the liver and potential genotoxicity, indicating
its ability to cause genetic mutations [50, 52]. We empha-
size that these predictions do not represent actual ADME
properties of the entire Ag/Cu nanocomposite, but rather
serve to offer hypothesis-generating insights into the behav-
ior of bioactive molecules that may interact with or influence
nanoparticle—cell interactions.

Statistical analysis

All experimental data are expressed as mean + standard
deviation (SD) from three independent biological replicates
(n=3), each performed in technical triplicates. Statistical
analyses were conducted using GraphPad Prism version 9.0
(GraphPad Software, San Diego, CA, USA). For cytotoxic-
ity (MTT) assays, dose—response curves were plotted using
non-linear regression (log[agonist] vs. normalized response
— variable slope), and ICs, values were calculated with 95%
confidence intervals. For antibacterial activity (zone of inhi-
bition) and phytochemical comparisons, one-way analysis of
variance (ANOVA) was employed to determine statistically
significant differences between treatment groups. A p-value
of <0.05 was considered statistically significant. All statisti-
cal tests were two-tailed unless otherwise indicated.

Results
Characterization of Ag/Cu NC
UV-Visible spectroscopy

UV-visible (UV-Vis) spectroscopy was employed to study
the optical characteristics of the extract of S. latifolium
and Ag/Cu NC (Fig. 1). UV—Visible spectra of the two
samples were obtained to identify absorbance at different
wavelengths. The spectrum analysis of S. latifolium extract
presented a more intense absorption band at 506 nm with
an absorbance intensity of 0.974. The Ag/Cu NC UV-Vis
spectrum was characterized by a maximum absorption peak
recorded at 782 nm with an absorbance of 0.957.

FTIR spectral analysis
In the FTIR profile of S. latifolium extract, several character-
istic peaks appeared that correspond to different functional

groups that may be associated with phytochemical compo-
nents of the plant (Fig. 2). The broad peak at 3448 cm™!
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Fig.1 UV-Visible spectroscopy of S. latifolium extract and Ag/
Cu NC. a Referring to the plotted diagram of absorbance values
recorded at different wavelengths (nm). b A comparison of the maxi-

mum absorption peaks at varied wavelengths. A refers to S. latifolium
extract, and B refers to Ag/Cu NC

Fig.2 FTIR spectra of S. lati-
folium extract and Ag/Cu NC.
A refers to S. latifolium extract,
and B refers to Ag/Cu NC
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is attributed to the O—H stretching of phenolic and alco-
hol of hydroxyl groups. The broad bands around 2950 and
2889 cm™! are attributed to the C—H stretching vibrations
of the aliphatic hydrocarbon. The band at 1549 cm™! is
attributable to aromatic C = C stretching characteristic of
flavonoid and polyphenol content. Further peaks at 1406
and 1342 cm™' relate to C-H bending, and those at 1260
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and 1226 cm™! to C-O stretching in ethers and esters. The
bands located at 1050 and 1018 cm™! have been assigned
to the C—-O and C—C in carbohydrates. Other bands at 926,
867, 650, and 619 cm™! are ascribed to functional groups’
interaction, contributing to secondary metabolites like
tannins and terpenoids. In the FTIR spectrum of the Ag/
Cu NC, notable shifts and additional peaks were observed
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compared to the S. latifolium extract, suggesting the interac-
tion of phytochemical components with the nanoparticles.
The O—H stretching band, which appeared at 3448 cm™! in
the extract, shifted to 3321 cm™! in the nanocomposite, indi-
cating hydrogen bonding and interaction between hydroxyl
groups and metal nanoparticles. The functional groups of
aliphatic hydrocarbons were slightly altered in the nano-
composite since the C—H stretching absorption bands of the
nanocomposite at 2939 and 2882 cm™! were shifted some-
what compared to the extract. New absorption bands at 1662
and 1641 cm™" appeared in the Ag/Cu NC referred to a car-
bonyl (C=0) stretching frequency, due to polyphenols or
flavonoids involved in reducing silver and copper ions. The
shift of the band at 1464 cm™' (aromatic C =C stretching) in
the nanocomposite indicates structural alteration of aromatic
moiety within the formation of nanoparticles. Other changes
include those at 1409, 1324, and 1202 cm™', confirming
phytochemicals and metal nanoparticle interactions. Addi-
tional absorption bands new to the nanocomposite, located
at 545 and 477 cm™!, can be attributed to the metal-oxygen
(M-0) stretching vibrations, indicating the successful syn-
thesis of Ag/Cu NC. The spectral shifts confirm the active
participation of phytochemicals from the S. latifolium extract
in both the bioreduction and stabilization of Ag and Cu
nanoparticles, highlighting the integration of plant-derived
functional groups into the nanocomposite matrix.

Zeta potential and DLS analysis

In the present study, the zeta potential of Ag/Cu NC was
observed at — 19.4 mV (Fig. 3a). The negative value
revealed that particles have a negative surface charge, imply-
ing that nanoparticles are electrostatically stable in disper-
sion. A zeta potential value beyond + 15 mV is generally
considered adequate to maintain dispersion stability over
time, and thus, the observed value supports the notion that
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the nanocomposite formulation is suitably stable for bio-
logical applications. Also, the mean electrophoretic mobility
of the nanocomposites was determined, and its notation of
—0.000150 cm?/Vs indicated the stability of the dispersion
of the nanoparticles because of electrostatic repulsive forces
between particles.

The DLS analysis of Ag/Cu NC exhibited an average size
of 430 nm and PDI of 0.408, indicating that the sample is
moderately polydispersed (Fig. 3b). Polydispersity Index
(PDI) values ranging less than 0.5 comparatively suggest
that the sample consists of particles of nearly equal size
distribution, although there may be a slight difference. It
needs to be noted that the hydrodynamic diameter in the
DLS measurement includes not just the metallic core but
also the accompanying organic molecules or hydration lay-
ers, which may be responsible for the observed increase in
apparent size. This has been perhaps the reason why particle
size was given a different value when using DLS compared
to other techniques, such as TEM. Their size range and col-
loidal stability are of particular interest for their anticipated
interaction with biological membranes, in which sub-micron
particles were found to enhance cellular uptake and antimi-
crobial activity.

High-resolution transmission electron microscopy (HR-TEM)

The HR-TEM images revealed a heterogeneous Ag/Cu NC
population with various morphologies (Fig. 4). The particles
display a range of shapes, including spherical, hexagonal,
and truncated hexagonal forms, suggesting that the nano-
composite consists of nanoparticles that undergo different
growth mechanisms. The size distribution is broad, with
particles varying from a few nanometers to several tens of
nanometers in diameter. Additionally, crystalline lattice
fringes are visible in some of the nanoparticles, indicating
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Fig.3 Zeta analysis of Ag/Cu NC. a Zeta potential analysis. b DLS analysis
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Fig.4 HR-TEM images of Ag/Cu NC. The images showed well-
defined, polyhedral nanoparticles with relatively uniform morphol-
ogy. The sample was screened at a magnification of 120,000 x and
245,000 x using a 200 kV accelerating voltage. The scale bar repre-

well-defined crystal structures and highlighting the high
crystallinity of the materials.

EDX

Energy-dispersive X-ray analysis of Ag/CuO nanocomposite
was carried out to establish the material’s elemental com-
position, which presented carbon, oxygen, copper, and sil-
ver signals, as shown in Fig. 5. The analysis revealed clear
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Fig.5 EDX analysis of Ag/CuO NC
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sents 50 nm. The observed contrast and lattice fringes confirm the
crystalline nature of the nanostructures, supporting the successful
synthesis and integration of silver and copper phases

signals corresponding to carbon (C) (32.7 wt%, 51.12 at%),
oxygen (0) (30.26 wt%, 34.37 at%), copper (Cu) (28.46
wt%, 8.08 at%), and silver (Ag) (8.58 wt%, 6.43 at%), con-
firming the presence of all expected constituents within the
nanocomposite. The high carbon content suggests this is
due to carbon-based capping agents during synthesis. The
notably high carbon content can be attributed to the organic
phytochemicals from the S. latifolium extract that acted
as reducing and stabilizing agents during green synthesis,

Spectrum 1




Medical Oncology (2025) 42:339

Page90of25 339

serving as capping agents on the nanoparticle surface. The
critical amount of oxygen would hint toward the presence
of CuO in the nanocomposite, with copper present in a sig-
nificant percentage in an oxidized state. Meanwhile, the
presence of silver in a detectable but lower concentration
confirms its integration as a secondary metallic phase in the
bimetallic nanocomposite. In general, EDX results confirm
the elemental integrity and suggest a homogeneous distribu-
tion of Ag and CuO in the composite.

Scanning electron microscopy (SEM)

The morphological characteristics of the Ag/Cu nanocom-
posite were investigated using SEM (Fig. 6). The SEM
image reveals an agglomerated structure of Ag/Cu nano-
particles, displaying a variety of morphologies comprising a
broad range of nanoparticle shapes (spherical, irregular, and

slightly elongated). Most particles exhibited an agglomer-
ated structure, forming clusters of different sizes. Individual
particles displayed irregular shapes with rough surfaces.
Some particles exhibited a more defined, crystalline struc-
ture, while others appeared more amorphous. The particle
sizes were observed to be in the nanometer range, consist-
ent with the formation of a nanocomposite. The observed
agglomeration, with nanoparticles clustering together, indi-
cates how the particles interact, likely due to forces such as
van der Waals interactions and surface energy minimization,
which is typical in nanoparticle synthesis.

XRD analysis
Figure 7 shows the XRD diffraction pattern of the synthe-

sized Ag/CuO nanocomposite, verifying its crystallinity
through numerous distinct peaks. The most intense diffraction
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Fig.6 SEM images of Ag/Cu NC. The images showed well-defined nanoparticles, with spherical, irregular, and slightly elongated nanoparticles.
The sample was screened at a magnification of 30,000 X using a 30 kV accelerating voltage. The scale bar represents 0.5 um

Fig.7 XRD analysis of Ag/
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peak appears at 36.565° 20, corresponding to a d-spacing of
2.45754 A with 100% relative intensity and a sharp FWHM of
0.0984°, matched to the CuO reference pattern (JCPDS card
no. 03—065-3288), indicating the predominant presence of
crystalline copper oxide as the major phase. Additional peaks
were recorded at 29.6941° (d=3.00866 ;\, 4.75%), 30.6613°
(d=2.91592 A, 4.47%), 38.2722° (d=2.35176 A, 15.58%),
matched to elemental silver (Ag) (JCPDS 01-089-3697),
42.3833° (d=2.13267 A, 22.60%), 61.4716° (d=1.50845 A,
23.91%), 64.7470° (d=1.43983 A, 4.60%), also attributed
to Ag, 73.6058° (d=1.28690 A, 13.57%), and 77.5487°
(d=1.23001 10%, 7.94%), which matched both CuO and Ag
(JCPDS 03-065-3288; 01-089-3697). The presence of these
peaks, particularly those associated with Ag at 38.27°, 64.74°,
and 77.55°, confirms the formation of silver nanoparticles
alongside copper oxide, indicating the successful synthesis
of a bimetallic nanocomposite. The relatively narrow FWHM
values, especially for the prominent CuO peak, are characteris-
tic of the high crystallinity of the material and its well-ordered
lattice. The sharpness and symmetry of the peaks also support
uniform crystal growth and phase purity. The XRD results
cumulatively confirm the successful green synthesis of Ag/
CuO nanocomposites with CuO as the dominant crystalline
phase and Ag as an ancillary component incorporated in the
structure and functionality of the composite.

To further evaluate the crystalline nature of the synthesized
Ag/CuO nanocomposite, the average crystallite size was cal-
culated using Scherrer’s equation:

K
"~ Pcosd’

where D is the crystallite size, K is the shape factor (taken
as 0.9), A is the X-ray wavelength (1.5406 A for Cu Ko

Fig.8 A comparison of the
phytochemical contents of the

M Phenolics Content

radiation), B is the full width at half maximum (FWHM) of
the diffraction peak in radians, and 0 is the Bragg angle. Cal-
culations were performed for the major peaks corresponding
to the planes at 20 values of 36.56°, 38.27°, 42.38°, and
61.47°, which showed high relative intensities. The esti-
mated crystallite sizes were approximately 8.9 nm, 4.6 nm,
5.4 nm, and 5.1 nm, respectively, indicating the nanocrystal-
line nature of the Ag/CuO material. These results confirm
that the synthesized nanocomposite consists of well-defined,
nanoscale crystalline domains consistent with the observed
diffraction patterns.

Phytochemical analysis

The phenolic content in S. latifolium extract was found to be
116.79 +1.58 mg gallic acid/g dry extract, which was sig-
nificantly higher than the phenolic content in the Ag/Cu NC
(45.91 +1.01 mg gallic acid/g dry extract) (Fig. 8). The fla-
vonoid content in S. latifolium extract was 46.31 +1.35 mg
catechin acid/g dry extract, whereas the Ag/Cu NC showed a
reduced flavonoid content of 25.32 +1.49 mg catechin acid/g
dry extract. The tannin content in S. latifolium extract was
17.84 +£2.07 mg tannic acid/g dry extract, while the tannin
content in the Ag/Cu NC was 12.25+1.71 mg tannic acid/g
dry extract.

Antioxidant activity

Figure 9 depicts the antioxidant results employed using the
DPPH free radical scavenging assay for S. latifolium extract
and Ag/Cu NC. The antioxidant capacity of the samples is
directly proportional to the ICs, value. S. latifolium extract
exhibited an ICs, value of 0.108 +1.54 mg/mL, indicating its
significant antioxidant activities. The Ag/Cu NC exhibited
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Fig.9 Antioxidant activity assessed by DPPH assay. a ICs, values of S. latifolium extract (A), Ag/Cu nanocomposite (B), and ascorbic acid (C).
b % scavenging activity at selected concentrations (0.01-0.1 mg/mL). Error bars represent standard deviation (n=3)

the highest ICy, at 0.148 +1.27 mg/mL, which indicates
a general reduction of about 50% in the antioxidant activ-
ity of the pure extract. Finally, ascorbic acid was used as
the antioxidant standard and expressed the least IC, at
0.022 +1.19 mg/mL; thus, it verified its excellence among
the samples due to higher free radical scavenging potency.
Conversely, a dose-dependent increase in DPPH, with an
associated reduction of scavenging activities, was evident
in the extract. In the case of extract, its highest scaveng-
ing activity, at 0.158 mg/mL, reached up to 59.77 +1.01%,
which for 0.02 mg/mL reduced to 17.55+1.51%. Similarly,
a nanocomposite also showed concentration-dependent
tendencies and, at a concentration of 0.171 mg/mL, pre-
sented 54.35 +1.84%, reducing its scavenging activity at a

concentration of 0.021 mg/mL down to 8.70 +1.29%. Thus,
at each comparative concentration, the scavenging activities
were slightly lower than those recorded for the extract.

Antibacterial activity
Agar well diffusion assay

Antibacterial activity for the S. latifolium extract and Ag/
Cu NC was estimated using the suitable diffusion assay, as
shown in Table 1 & Fig. 10. Contrary to our expectation, no
inhibitory action of S. latifolium extract was observed on any
Gram-positive or Gram-negative bacteria.

Table 1 The results of
antibacterial activity using a
well diffusion assay

Microorganisms Inhibition zones in mm+SD
S. latifolium Ag/Cu NC Negative Control Gentamicin
extract (30%, EtOH)
Gram-negative bacteria
Escherichia coli —ve 17.0+1.29 —ve 21.0+0.53
Salmonella typhimurium —ve 13.0+1.38 —ve 17.0+1.18
Klebsiella pneumonia —ve 13.0+1.57 —ve 19.0+1.68
Enterobacter cloacae —ve 15.0+1.07 —ve 11.0+1.94
Gram-positive bacteria
Bacillus subtilis —ve 38.0+1.54 —ve 17.0+1.16
Bacillus cereus —ve 14.0+1.81 —ve 18.0+1.09
Staphylococcus aureus —ve 14.0+1.29 —ve 17.0+1.44
Staphylococcus epidermidis —ve 25.0+1.40 —ve 19.0+1.71

The results of inhibition zones in mm are expressed as the mean value =+ standard deviation (SD). The

experiments were run in triplicate
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S. typhimurium
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B. subtilis B. cereus

K. pneumonia

S. aureus S. epidermidis

Fig. 10 The Petri dishes images identified the antibacterial activity of the nanocomposites against several pathogenic bacterial species. A refers

to algae extract. B refers to Ag/Cu NC, and G refers to Gentamicin

Statistical evaluation of Ag/Cu NC inhibition zone and
gentamicin by one-way analysis of variance (ANOVA) and
Tukey post-test was carried out to draw the significance of
antibacterial activity. It was observed that Ag/Cu NC was
highly effective at inhibiting B. subtilis (p <0.001) and S.
epidermidis (p <0.01) than gentamicin. Conversely, no
statistical difference was obtained in the zone of inhibition
of Gram-negative bacteria, including E. coli and S. typh-
imurium, in either gentamicin, which performed equally or
even better. The demonstrated results endorse the high and
selective antibacterial effects of the synthesized Ag/Cu NC
against Gram-positive bacteria.

However, Ag/Cu NC had very prominent antibacterial
action against Gram-positive bacteria. The maximum zone
of inhibition observed for B. subtilis was 38.0 + 1.54 mm.
Other Gram-positive bacteria like S. Epidermidis had a mean
diameter of the inhibition zone of 25.0 + 1.40 mm, showing
moderate susceptibility. Gram-negative bacteria expressed
moderate activities from 13.0+1.38 mm in S. typhimurium
to 17.0+1.29 mm in E. coli for the Ag/Cu NC. Gentamicin
constantly showed higher or comparable antibacterial activ-
ity in parallel tests, whereas the harmful control-30% ethanol
did not express any inhibitive activity.

Minimum inhibitory concentration (MIC)

The Ag/Cu NC MIC was determined against the most
potent pathogenic bacteria, as shown in Table 2. The MIC
values varied significantly among the tested microorgan-
isms, reflecting differences in their susceptibility. The low-
est MIC value was observed for B. subtilis (0.692 pg/mL,
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Table 2 The MIC results of Ag/Cu NC measured at ODg, against the
most potent pathogenic bacteria

Microorganism Concentration  O.Dg, Control (0.Dg)
(pg/mL)

E. cloacae 177.2 0.012 0.870

E. coli 443 0.02 1.113

B. subtilis 0.692 0.004 0.843

S. epidermidis 11.07 0.105 0.975

OD¢,,=0.004), indicating its high sensitivity to the Ag/Cu
NC. Similarly, S. epidermidis exhibited an MIC of 11.07
pg/mL (ODgy,=0.105), showing notable susceptibility. For
Gram-negative bacteria, E. coli had an MIC of 44.3 pg/mL
(ODgyy=0.02), while E. cloacae showed the highest MIC
value of 177.2 pg/mL (ODgy,=0.012), indicating reduced
sensitivity compared to other tested strains.

Mechanism of action against bacterial species

Transmission electron microscopy (TEM) analysis of
untreated Bacillus subtilis showed that cells of this spe-
cies had intact cellular structures. Indeed, from the TEM
micrograph in Fig. 11a, the bacterial cells featured smooth
cell surfaces and well-defined cell boundaries without signs
of apparent cellular damage or changes. The cell walls are
similarly even, showing no signs of morphological disrup-
tion and structural deformation. This will set the baseline
for comparing the influence of Ag/Cu nanocomposites on
B. subtilis.
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Fig. 11 TEM micrographs of
Bacillus subtilis species treated
and untreated with Ag/Cu NC

For TEM-analyzability of samples, 0.692 ug/mL con-
centration of Ag/Cu NC (MIC value) was applied to bac-
terial cultures for 4 h at 37 °C under shaking conditions
(150 rpm). The cells were then fixed using 2.5% glu-
taraldehyde in 0.1 M phosphate buffer (pH 7.4) for 2 h,
post-fixed using 1% osmium tetroxide, dehydrated using
a graded series of ethanol, and embedded in resin. Thin
sections were examined using a TEM (JEOL JEM-2100,
Tokyo, Japan) at 200 kV.

The TEM micrographs of the B. subtilis species treated
with the Ag/Cu nanocomposite show evident morphologi-
cal changes compared to the untreated cells. The TEM
micrograph in Fig. 11b shows that the bacterial cells
have disrupted and irregular cell walls, showing vis-
ible structural damage. The cytoplasmic content seems
to have leaked or degraded in several cells, indicating a
compromised cellular membrane. Electron-dense regions,
which are believed to be Ag/Cu nanoparticles, were also
present on or near the bacterial surface. Furthermore,
electron-dense regions, apparently corresponding to Ag/
Cu nanoparticles, are positioned close or even attached
to the surface of bacteria. These data evidence the active
interaction of the nanocomposite with bacterial cells as
one of the factors of such nanocomposite structural deg-
radation. The above suggests that the antibacterial activity
is likely due to membrane damage, oxidative stress induc-
tion, and nanoparticle—cell interaction, leading to the cell
death of bacteria.

(b) B. subtilis treated with Ag/Cu NC

Anticancer activity assessment

MTT assays revealed a dose-dependent cytotoxicity of the
Ag/Cu NC in both HepG2 and HCT116 cell lines, with ICy,
values of 16.71 pg and 8.17 ug, respectively (Fig. 12). These
findings suggest that Ag/Cu NCs exert a significant inhibi-
tory effect on cell viability, with more potent cytotoxicity
observed in HCT116 cells compared to HepG2 cells. The
results highlight the potential of Ag/Cu NCs in reducing
cells through a dose-dependent mechanism. In WI-38 cells,
a similar trend was observed, with no significant variation
in cytotoxicity across different concentrations, resulting in
an ICy, value of 84.20 pg. These findings suggest that Ag/
Cu NCs do not effectively suppress cell survival in WI-38
cells. However, they demonstrate the potential to inhibit cell
viability in cancerous cells, highlighting their promise as
effective anticancer agents targeting various cell types.

Exploratory in silico assessment of phytochemical
ADME properties

The ADME toxicity results for Ag/Cu NCs demonstrated
varying characteristics across the three cell lines (Table 3).
Absorption was moderate to high in HepG2 and HCT116
cells, with significant uptake observed at 5-10 pug/mL
concentrations. This suggests that cancer cells readily
absorbed the nanocomposites. In contrast, WI-38 (normal
cells) exhibited low absorption across all concentrations,
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Fig. 12 Cytotoxicity of Ag/Cu NCs in WI-38 Cells, HepG2, and
HCT116. Cell viability was assessed by MTT assay after treatment
with increasing concentrations of Ag/Cu NCs for 24 h. A WI-38 cells
exhibited minimal cytotoxicity across all tested concentrations, with
an ICy, value of 84.20 ug. In contrast, a dose-dependent reduction
in cell viability was observed in both B HepG2 (liver cancer) and C
HCT116 (colorectal cancer) cells, with ICy, values of 16.71 ug and

Table 3 ADME Toxicities of Ag/Cu NCs in HepG2, HCT116, and WI-38 Cell Lines

Log[c] in pg/mL

Log[c] in pg/mL

8.17 ng, respectively. These results suggest that Ag/Cu NCs effec-
tively suppress cell survival in cancerous cells while showing limited
cytotoxicity in normal cells. MTT assays were performed in triplicate
(n=3) for each concentration and repeated independently three times
to ensure reproducibility. IC5, was calculated based on non-linear

regression sigmoid analysis

Absorption Distribution Metabolism Excretion ICs, (ug/mL) Cytotoxicity

Observed

Toxicological
Effects

Cell Line Concentra-
tion (pg/
mL)
HepG2 (Liver 1 Moderate  High Moderate
Cancer)
5 High High High
10 High Very High  High
HCT116 (Colorec- 1 Low Moderate Moderate
tal Cancer)
5 Moderate  High High
10 High High High
WI-38 (Normal 1 Low Low Low
Cells)
5 Low Low Low
10 Low Low Low

Low

Low

Low

Low

Low

Low

Low

Low

Low

16.71

8.17

84.20

Low cytotoxicity
observed at lower
concentrations

Moderate cytotox-
icity observed

Significant cyto-
toxicity observed

Low cytotoxicity
observed at lower
concentrations

Moderate cytotox-
icity observed

Significant cyto-
toxicity observed

Minimal cytotoxic-
ity observed

No significant
cytotoxicity

Very low cyto-
toxicity was
observed

Liver cell damage
potential: mild
metabolic stress

Possible interference
with liver enzymes

Potential hepatotox-
icity; cell apoptosis

Reduced prolif-
eration; moderate
toxicity at higher
doses

Increased apoptosis;
moderate DNA
damage

Potent inhibition of
growth; potential
genotoxicity

Minimal toxicity at
low concentrations

No significant meta-
bolic disturbance

Minimal effect on
cell survival; low
metabolic interfer-
ence

Absorption: How well the Ag/Cu NCs are absorbed into the cells. Distribution: How the nanocomposites distribute within the cells and tissues.
Metabolism: The extent to which the Ag/Cu NCs undergo metabolic transformation in the cells. Excretion: The extent to which the nanocom-
posites are eliminated from the cells or tissues. ICy,: The concentration at which 50% of cell viability is inhibited, indicating cytotoxic potency.
Cytotoxicity Observed: The extent of cell viability loss as noted in the ICs, values. Toxicological Effects: Observed or potential adverse effects

such as apoptosis, DNA damage, or metabolic disturbance
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Scheme 1. The plausible
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indicating inefficient uptake in normal cells. Regarding dis-
tribution, Ag/Cu NCs were highly distributed within HepG2
and HCT116 cells at concentrations of 5 ug/mL and above,
suggesting effective permeation across cell membranes.
However, WI-38 cells showed low distribution, likely due
to the lower uptake and accumulation of Ag/Cu NCs. For
metabolism, HepG2 and HCT116 cells showed significant
metabolic processing of Ag/Cu NCs, particularly at 10 pg/
mL, which suggests that these cells actively metabolize the
nanocomposites, potentially leading to interference with cel-
lular metabolic processes. On the other hand, WI-38 cells
exhibited minimal metabolism, indicating that normal cells
had less interaction with the nanocomposites. These findings
provide only preliminary bioactivity profiles of the surface-
associated phytochemicals and are not reflective of the entire
nanocomposite’s behavior. Due to the limitations of current
in silico platforms for nanoparticle modeling, these results
are intended to inform future hypothesis-driven in vivo vali-
dation studies.

Regarding excretion, Ag/Cu NCs exhibited generally low
excretion rates across all three cell lines, suggesting that
the nanocomposites remain within the cells for extended
periods, increasing the potential for prolonged exposure
and toxicity, especially in cancer cells. ICs, values revealed
that Ag/Cu NCs were most toxic to HCT116 cells (8.17 pg/
mL), followed by HepG2 cells (16.71 pg/mL), with both
cell lines showing dose-dependent cytotoxicity. In contrast,
WI-38 cells exhibited minimal cytotoxicity, with an ICs,
value of 84.20 pg/mL, indicating lower toxicity than normal
cells. Toxicological effects observed in HepG2 and HCT116
cells included significant cytotoxicity, apoptosis, cell mem-
brane damage, and potential genotoxicity, evidenced by mor-
phological changes such as cell shrinkage and detachment.

Conversely, WI-38 cells exhibited minimal cytotoxicity and
no significant metabolic disturbance, suggesting that Ag/Cu
NCs pose a lower risk to normal cells.

Discussion

The S. latifolium extract has numerous phenolic compounds
that are primarily extracted from the natural secondary
metabolites of algae. They are caffeic acid, gallic acid, proto-
catechuic acid, ferulic acid, quercetin, and myricetin, which
are responsible for the antioxidant property of the extract
[53-55]. Aqueous extract of S. latifolium can be justified by
a possible mechanism through the participation of polyphe-
nols, flavonoids, and tannins as reducing agents of the silver
and copper ions [56]. Phytochemical compounds exhibited
a reaction with silver nitrate (AgNO;) and copper sulfate
(CuSO,) solutions, in which phytochemicals strip Ag* and
Cu’* of an electron to deposit them in metallic form (Ag’
and Cu®, respectively), while the phytochemicals get one
electron each to form quinones [57]. In this route, Ag™* ions
are reduced to Ag® and copper ions (Cu**) to metallic cop-
per (Cu®) by donating electrons to the phenolic compounds
in an effort to create Ag and Cu nanoparticles (Scheme 1).
Similarly, these phytochemicals cover the metal nanoparti-
cles on the surface in an effort to protect against coagulation
[58]. This process results in the green synthesis of an Ag/Cu
NC, in which individual silver and copper nanoparticles are
stabilized by capping agents derived from the S. latifolium
extract. The extract serves a dual function, as both a reducing
and stabilizing agent [59], enabling the eco-friendly forma-
tion of bimetallic nanomaterials. This mechanism supports
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the sustainable fabrication of silver—copper nanocomposites
through plant-mediated synthesis.

UV-visible spectra of S. latifolium extract and Ag/Cu NC
have different bands, revealing characteristic data that sup-
ports understanding their nature. The maximum at 506 nm
in absorbance value of 0.974 is attributed to the presence
of bioactive compounds such as flavonoids and phenolic
compounds absorbing in the visible region. This absorp-
tion is specific to compounds containing conjugated double
bonds or aromatic ring systems that are relatively common
in plant extracts. The high absorbance value indicated the
high contents of the bioactive molecules in the extract,
which contribute to its therapeutic potential, for example,
antioxidant and antimicrobial activities [60]. The maximum
density occurs at the wavelength 506 nm, which is in the
visible spectrum, a feature often ascribed to the chromo-
phoric groups of many plant metabolites. The other absorb-
ance peak located at 782 nm for Ag/Cu NC is attributed to
surface plasmon resonance (SPR), the characteristic optical
feature of metallic nanoparticles [61]. This is usually expe-
rienced in metal nanoparticles such as silver and copper,
where free electrons in the metallic surface vibrate in a man-
ner of way when exposed to light. The SPR peak at 782 nm
indicates that the Ag/Cu nanoparticles are in the nanoscale
range, further confirmed by the high absorbance value of
0.957. This value suggests that the nanocomposites are well
formed and have high optical activity [62]. These shifts in
the SPR peak position to a longer wavelength (compared to
conventional silver nanoparticles, which have SPR bands
at around 400-450 nm) could be attributed to the effect of
copper in the nanocomposite structure because copper nano-
particles generally have an SPR band at longer wavelengths
[63]. Typically, the UV-Vis results indicate the successful
synthesis of the Ag/Cu NC and highlight the presence of
bioactive compounds in the S. latifolium extract. The absorp-
tion characteristics observed for S. latifolium extract and the
Ag/Cu NC are consistent with their expected chemical and
structural properties.

The FTIR analysis confirmed the presence of phytochem-
ical components in the S. latifolium extract and their involve-
ment in the Ag/Cu NC synthesis. The broad O-H stretching
band 3448 cm™! in the extract shifted to 3321 cm™ in the
nanocomposite, indicating hydrogen bonding or interaction
with the metal nanoparticles [64]. Similarly, the carbonyl
stretching bands (C =0) observed at 1662 and 1641 cm™!
in the Ag/Cu NC suggest the involvement of polyphenols
and flavonoids in reducing and stabilizing the metal ions
during the bioreduction process [65]. The appearance of new
bands in the Ag/Cu NC, such as those at 545 and 477 cm™!,
corresponds to metal-oxygen (M-O) stretching vibrations,
confirming the formation of silver and copper nanoparti-
cles [66]. Shifts in bands related to aromatic rings (e.g.,
1549 cm™! in the extract and 1464 cm™! in the NC) further
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support the interaction of phytochemicals with nanoparti-
cles. These findings demonstrate that bioactive compounds
in the S. latifolium extract reduce metal ions and cap the nan-
oparticles, stabilizing them. The observed spectral changes
emphasize the dual role of phytochemicals in nanoparticle
synthesis and highlight the successful integration of plant-
derived functional groups into the nanocomposite.

The zeta potential of —19.4 mV for the Ag/Cu NC, which
indicates moderate nanoparticle surface charge, was deter-
mined. An absolute zeta potential value over+30 mV or
below —30 mV suggests good colloidal stability as these
surfaces exhibit high electrostatic repulsion that discour-
ages particle aggregation [67]. In this case, the value of
—19.4 mV indicates sufficient electrostatic stability to pre-
vent significant aggregation, although not as strong as more
extreme values seen with highly charged particles. This
negative charge of the nanocomposite surface might arise
from the adsorption of ions or phytochemicals with carboxyl
or hydroxyl groups, an electric double layer around the nano-
particles, or electrostatic interactions with other particles
or ions [68]. This is supported by the mean electrophoretic
mobility of —0.000150 cm?/Vs, which provides additional
evidence as to the transport of the particles when an electric
field was applied, further supporting the claim of electro-
static dispersion. The results of the DLS analysis provide
insights into the size distribution and dispersion stability
of Ag/Cu NC in the colloidal system. The observed size of
430 nm reflects the hydrodynamic diameter of the particles,
including any solvation layer and potential aggregation of
primary nanoparticles. This size may differ from the actual
core size of the Ag/Cu NC as measured by other techniques,
e.g., TEM, due to the influence of the surrounding medium
and any stabilizing agents. The PDI value of 0.408 indicates
that most of the nanoparticles are similar but with minimal
variation in the size distribution. Odzak et al. [69] and Zhang
et al. [70] stated that for most nanocomposite systems, a PDI
value of less than 0.5 is acceptable, more or less suggesting
uniform dispersion. Nevertheless, this value also indicates a
minimal current heterogeneity, which might be attributed to
the nanocomposite synthesis process or agglomerated nano-
particles in the dispersion.

The observed morphological diversity of the Ag/Cu
nanoparticles likely arises from the complex interplay of
various factors during the synthesis process. The forma-
tion of nanoparticles in spherical, hexagonal, and trun-
cated hexagonal shapes can be attributed to differences in
nucleation rates and the kinetics of particle growth [71,
72]. Some of them are spherical, while others are hex-
agonal and truncated hexagonal, indicating that the nano-
composite contains nanoparticles that experience different
growth modes. Particle sizes range from a few nanometers
to several tens of nanometers. Furthermore, some of the
nanoparticles displayed crystalline lattice fringes, pointing
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to the synthesized nanomaterials’ well-defined crystal
arrangement and high crystalline nature. The crystalline
lattice fringes in some of the nanoparticles further suggest
that most of the Ag/Cu NCs are single crystals or polycrys-
tals with well-defined crystallographic orientations. This
aspect of crystallinity is one of the most influential factors
for the properties of the nanomaterial, including its optical
characteristics and magnetic behavior [73, 74]. Crystalline
structures often have superior properties due to their regu-
lar atomic structure [75]. This uniformity allows specific
interactions, such as the transfer of electrons involved in
catalytic reactions or absorptions of radiation in optical
applications, to occur reasonably quickly [76, 77].

The EDX analysis of the Ag/CuO NC reveals a com-
position that suggests a well-balanced integration of car-
bon, oxygen, copper, and silver. The high carbon content
indicates the presence of deposited phytochemical compo-
nents, commonly used to prevent nanoparticle aggregation
and control their size during synthesis [78]. Oxygen, a
significant component, confirms the presence of CuO in
the nanocomposite, with the atomic percentage of oxygen
being higher than copper, suggesting CuO as the domi-
nant phase [79]. The copper content indicates a mixture
of metallic copper and copper oxide, while the lower sil-
ver content highlights its role as a secondary component,
likely contributing to the nanomaterial’s enhanced antimi-
crobial, optical, and electronic properties [80]. Generally,
the elemental composition and distribution support the
successful formation of a CuO matrix with silver nano-
particles, making the Ag/CuO nanocomposite a promising
nanomaterial for various applications, including antimi-
crobial actions and nanotechnology.

The SEM images revealed the morphological characteris-
tics of the synthesized Ag/Cu nanocomposite. The observed
agglomeration of Ag/Cu nanoparticles is a typical phenom-
enon in nanoparticle synthesis, driven by several factors.
Van der Waals forces, weak attractive forces between nano-
particles, can lead to their aggregation, especially when the
nanoparticles are close [81]. Additionally, nanoparticles
tend to minimize their surface energy by clustering, leading
to the formation of agglomerates. The diverse morpholo-
gies observed in the SEM images might result from varia-
tions in the nucleation and growth stages during synthesis,
where the nanoparticles undergo different growth patterns
influenced by the synthesis parameters [82]. The presence
of both crystalline and amorphous regions suggests that the
material may have a mixture of different phases or a degree
of structural disorder [83]. The presence of crystalline and
amorphous regions could influence its mechanical properties
and response to external stimuli [84]. The observed particle
size range is consistent with the definition of a nanocom-
posite, where one or more components have dimensions in
the nanometer scale.

The results of XRD analysis confirm that Ag/CuO
nanocomposites are crystalline. Peaks correspond to the
standard diffraction pattern for both Ag and CuO. Sharp
and well-defined peaks, especially at 36.565° 20 (d-spac-
ing=2.45754 A), showed crystalline CuO, which is inferred
by its characteristic diffraction pattern [85]. Further evidence
of the CuO phase formation peaks at positions such as
29.6941° and 38.2722°, and so on, whereas the presence of
Ag is represented through peaks at 64.7470° and 77.5487°,
which establish the presence of the two components within
the nanocomposite [86, 87]. Besides, from the FWHM val-
ues, one may assume a rather good crystallite development;
the larger crystal size generally corresponds to narrower
peaks, considering its good crystallinity. The presence of
several peaks corresponding to various diffraction planes
confirms the formation of the composite material, both with
Ag and CuO phases. The relative intensity values, particu-
larly the one at 36.565°, confirm the predominance of the
CuO phase in the nanocomposite, while the role of silver is
secondary. The identification of these phases is further con-
firmed by several reference matches: 03—065-3288 for CuO
and 01-089-3697 for Ag. Abed et al. [88] reported similar
findings that aligned with our results, in which monoclinic
CuO was the dominant phase in Ag/CuO nanocomposites.
In brief, the XRD analysis provides clear evidence for form-
ing a nanocomposite consisting of both Ag and CuO. The
sharp, well-defined peaks suggest good crystallinity, with
CuO as the primary phase and silver (Ag) as a secondary
phase. This confirms the successful synthesis of the Ag/CuO
nanocomposite, which may offer enhanced properties due to
the synergy between the two components.

The results of the phytochemical analysis revealed a
noticeable reduction in the phenolic, flavonoid, and tan-
nin content in the Ag/Cu NC compared to the original S.
latifolium extract. This reduction can be attributed to the
bioreduction process during the Ag/Cu NC synthesis. The
significant decrease of the phytochemical content, particu-
larly the phenolics, the flavonoids, and the tannins in Ag/Cu
nanocomposite in relation to Sargassum latifolium extract
(Fig. 8), can be explained by their active participation in
the biosynthesis process. These phytochemicals acted as
reducing and stabilizing agents in the green synthesis of the
nanocomposite. Most notably, phenolic and flavonoid com-
pounds reduce Ag* and Cu®* to nano-level particles and
cap and stabilize the resultant nanostructures. Consequently,
many such phytochemicals are either converted into chemi-
cal or structural structures in the nanoparticle surfaces or are
converted into NC with reduced free concentrations. This
decrease establishes that they were indeed active partici-
pants in the formation of nitrogen-based nanoparticles and
lends further credence to the green synthesis method, which
was successfully used in this experiment. This explanation
aligns with recent literature [39, 41, 44, 45], which reports

@ Springer



339 Page 18 of 25

Medical Oncology (2025) 42:339

that bioactive compounds such as phenolics and flavonoids
play a crucial role in nanoparticle synthesis by donating
electrons to reduce metal ions into their nanoparticle form.
Such participation in the bioreduction process diminishes
their concentration in the resultant nanomaterial solution.
Despite the reduction, the residual levels of phenolic, fla-
vonoid, and tannin contents in the Ag/Cu NC suggest that
these compounds are partially retained and might contribute
to their bioactivity [89, 90]. Additionally, the presence of
metal nanoparticles in the composite may synergize with the
retained phytochemicals, potentially enhancing its overall
biological properties.

The antioxidant results revealed a very explicit concentra-
tion-dependent behavior in all tested samples. In each case,
S. latifolium extract has given higher scavenging activity at
its equivalent concentration than the Ag/Cu NCs. There-
fore, the observed trend in scavenging activity for the nano-
composite supports the lower content of phytochemicals
recorded in the current study after nanoparticle synthesis.
This is supported by recent literature [91, 92], in which the
mechanism involves using antioxidant compounds as reduc-
ing agents in forming and stabilizing silver and copper nano-
particles, hence reducing their availability in the final nano-
composite. The modest decline in free radical scavenging
ability in the nanocomposite can be attributed to the lower
concentration of free antioxidant phytochemicals.

Despite this reduction, the antioxidant activity of Ag/Cu
NC remains notable; it is probably brought about by the
synergistic effect of residual phytochemicals and intrinsic
properties of silver and copper nanoparticles, both showing
antioxidant potential. However, the antioxidant capacities
of S. latifolium extract and its Ag/Cu NC are comparable.
Although S. latifolium extract and Ag/Cu NC were not as
robust as ascorbic acid, they have shown great promise,
considering the additional benefits of their bioactive com-
ponents and nanostructures, respectively. Results emphasize
using S. latifolium extract as a natural source of antioxidants,
while Ag/Cu NC proved to be one of the hybrid antioxidant
systems. The interaction between the phytochemical com-
ponents of the S. latifolium extract and the Ag/Cu NC with
DPPH radicals further elucidates their antioxidant mecha-
nisms. These phytochemicals are well known for their ability
to donate electrons or hydrogen atoms, effectively neutral-
izing DPPH radicals [93]. This accounts for the vigorous
antioxidant activity of the extract. Within the Ag/Cu NC,
phytochemical compounds serve as reducing agents dur-
ing nanoparticle synthesis and as stabilizers, forming a
protective layer around the nanoparticles, which reduces
their free concentration and scavenging activity compared
to the extract [94]. However, the retained phytochemicals
and the inherent antioxidant properties of Ag/Cu NC cre-
ate a synergistic effect in the Ag/Cu NC. The high surface
reactivity of the nanoparticles enhances electron transfer,
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complementing the activity of the phytochemicals [95]. This
interaction underscores the potential of the Ag/Cu NC as
an innovative antioxidant system, combining the bioactivity
of plant-derived compounds with the unique properties of
nanomaterials, making it a valuable candidate for biomedical
and environmental applications.

The antibacterial results highlight the potent properties of
the Ag/Cu NC, particularly against Gram-positive bacteria.
The absence of activity in the S. latifolium extract suggests
that its bioactive compounds, while necessary in other per-
spectives like antioxidant activity, do not exhibit significant
antibacterial properties in their free form. However, during
the bioreduction process, these compounds likely partici-
pate in nanoparticle synthesis, contributing to the enhanced
antibacterial activity of the Ag/Cu NC [96]. The higher
efficiency of the Ag/Cu NC against Gram-positive bacteria
may be linked to the bacterial cell wall structure [97]. Gram-
positive bacteria, having a thick peptidoglycan layer, prob-
ably interact more effectively with nanoparticles, leading to
structural damage and disruption of cell metabolism [98].
The relatively lower activity against Gram-negative bacte-
ria, which have more complicated outer membranes, would
suggest that even though nanoparticles can penetrate the cell
membrane, they are less effective in causing significant cell
damage than Gram-positive bacteria [99]. The antibacterial
action of Ag/Cu NCs is most probably realized through sev-
eral mechanisms, such as direct interaction with bacterial
membranes [100], the generation of ROS via the release of
silver and copper ions [101], and synergistic effects between
the two metals [102]. Although gentamicin generally exhib-
ited higher activity, the Ag/Cu NC demonstrated competitive
efficacy against some Gram-positive strains and may posi-
tion it as a complementary or alternative agent to traditional
antimicrobials. These findings highlight the importance of
using phytochemical-mediated nanoparticle synthesis to
develop new antimicrobial systems that will combine natural
compound bioactivity with unique features of nanomaterials.

MIC results clearly showed high antibacterial activity of
Ag/Cu NC, strongly dependent on the bacterial species. The
highest sensitivity was observed for Gram-positive bacteria,
especially B. subtilis, probably because a thick peptidogly-
can layer dominates their more straightforward cell wall
composition [103]. This may promote the interaction with
Ag/Cu NC and membrane disruption, leading to the death
of the bacteria [104]. Furthermore, another Gram-positive
bacterium, S. epidermidis, showed remarkable sensitivity
and thus confirmed the efficacy of Ag/Cu NC against the
bacterial group. On the other hand, the Gram-negative bacte-
ria, such as E. coli and E. cloacae, gave higher MIC values,
showing lower susceptibility. This explanation for variation
may relate to the complex structure of the outer membrane
in Gram-negative bacteria, which act as a barrier for nano-
particles to enter and hence show their further antibacterial
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effect [99]. However, the obtained MIC values still indicate
growth inhibition by the nanocomposite, establishing it as a
potential effective antimicrobial agent.

Such activity is likely a result of combined mechanisms,
including the release of reactive oxygen species, interaction
with bacterial membranes, which causes structural damage,
and interference with cellular processes by silver and copper
ions [105, 106]. The low values of MIC obtained for some
strains, especially for B. subtilis, confirm the potential of Ag/
Cu NC for bacterial infection control applications. Results
support exploring nanoparticle-based systems as promising
alternatives or complementary to conventional antibiotics,
especially in the case of resistant pathogens.

TEM studies of B. subtilis strains untreated with Ag/Cu
NC revealed bacterial cells’ structural integrity and mor-
phological normalcy. The smooth and intact outline of cell
walls indicates that under untreated conditions, the physi-
ological state of bacterial cells remains without external
stress or influence. That would be an essential premise for
understanding the further effects of treatments with Ag/
Cu NC. The untreated cells are employed as controls in the
actual assessment of the level of structural and morphologi-
cal alterations by the nanocomposites in interaction with
bacteria. Various studies reported in the literature assert that
the interaction of bacterial species with such metallic nano-
composite materials, for example, Ag or Cu-based materials,
led to bacterial disorganization, membrane leakage, and cell
lysis ordinarily took place [107, 108]. However, the lack
of such features in untreated cells confirms the absence of
external nanomaterial interference, highlighting the impor-
tance of baseline comparisons in such studies.

From the above information, mechanical and biochemi-
cal destruction of bacterial cells could be attributed to the
action of the Ag/Cu nanocomposite, causing leakage of the
cytoplasmic content and deformation of the cell wall [109].
The electron-dense regions near the bacteria’s surface show
that nanoparticles interact directly with the bacterial cell
membrane, which could promote membrane permeability
or oxidative stress [110]. In high probability, the mechanism
of bacterial cell damage by Ag/Cu NC is multi-mechanistic.
The released Ag and Cu ions can interact with protein thiol
groups, disrupt cellular enzymes, and generate reactive oxy-
gen species (ROS) that will eventually cause oxidative stress
and cell death [111-113]. The TEM micrographs bring out
mechanisms that conform to these expectations. Moreover,
it is possible to suggest that penetration of nanoparticles
inside the bacterial cell or binding to the membrane poten-
tially leads to additional disruption and intracellular damage
[114]. Indeed, the comparison with untreated cells confirms
the role of the Ag/Cu NC in the degradation of bacteria.
Untreated cells showed a smooth and intact membrane, but
in treated cells, precise evidence of morphological and struc-
tural damage was shown. This demonstrates the potential for

Ag/Cu NC to be compelling enough to suppress B. subtilis
and possibly other bacterial species.

The MTT assay results demonstrated that Ag/Cu NCs
exhibited a dose-dependent cytotoxic effect, with significant
inhibition of viability observed in both HepG2 (ICs5=16.71
pg/mL) and HCT116 (ICsq=8.17 ug/mL) cancer cell lines.
In contrast, the viability of normal WI-38 fibroblasts was
much less affected (ICsy =84.20 pg/mL), suggesting pref-
erential cytotoxicity toward malignant cells. According to
NIH/National Cancer Institute (NCI) guidelines, compounds
with ICs values below 20 pg/mL are considered to exhibit
strong cytotoxic potential against cancer cells, and those
with ICsg values < 10 ug/mL are typically classified as prom-
ising anticancer candidates in preliminary in vitro screen-
ing assays [115]. Based on these benchmarks, the Ag/Cu
NCs investigated in this study demonstrate potent anticancer
activity, particularly against the colorectal HCT116 line.

This selective toxicity profile aligns with several previous
studies on nanoparticles, where nanocomposites exhibited
enhanced cytotoxic effects in cancer cell lines compared
to normal cells. For instance, in studies using silver-based
nanoparticles, HepG2 and HCT116 cells were consistently
more susceptible to treatment than normal cell lines like
WI-38 or other fibroblasts, with ICs, values in the range of
10-50 pg/mL in cancer cells and much higher IC50 values
in normal cells [115].

In one study by Fierascu et al. [116], AgNPs exhibited
similar selective cytotoxicity in HepG2 and HCT116 cells,
where cancer cells showed significant decreases in viability
at concentrations as low as 10 ug/mL, with normal cell lines
(like WI-38) displaying higher resistance to the nanomateri-
als. Our study corroborates these findings, confirming the
selective anticancer activity of Ag/Cu NCs. This selective
toxicity may be attributed to cancer cells’ differential uptake
and metabolism, which are often more permeable to nano-
particles than normal cells [117, 118].

The absorption results from this study show that HepG2
and HCT116 cells absorbed Ag/Cu NCs at higher rates than
WI-38 cells, with significant uptake observed at concentra-
tions between 5 and 10 ug/mL. This is consistent with ear-
lier studies on silver and copper-based nanoparticles, where
cancerous cells demonstrated higher nanoparticle uptake due
to differences in cell membrane permeability compared to
normal cells [119]. El-Zayat et al. [120] revealed that HepG2
cells had increased uptake of silver nanoparticles due to their
enhanced membrane permeability, while normal fibroblasts
(like WI-38) had lower absorption rates.

The distribution of Ag/Cu NCs was high in HepG2
and HCT116 cells, especially at concentrations of 5 ug/
mL and above. This mirrors the results seen in other stud-
ies involving metal-based nanoparticles. For instance, Xue
et al. [121] found that silver nanoparticles were widely dis-
tributed within cancer cell lines such as HepG2, leading to
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intracellular accumulation and enhanced cytotoxic effects.
In contrast, the low distribution observed in WI-38 cells
aligns with previous findings that suggest normal cells are
less prone to the accumulation of metal nanoparticles, poten-
tially due to slower or lower endocytic activity [122].

The metabolic processing of Ag/Cu NCs was higher in
HepG2 and HCT116 cells, particularly at 10 ug/mL, indicat-
ing active metabolism of nanocomposites by these cancer
cells. This aligns with previous studies showing enhanced
nanoparticle metabolism in cancer cells. For example, Raja
et al. [123] observed that HepG2 and HCT116 cells exhib-
ited more active metabolic pathways, facilitating nanopar-
ticle transformation and associated toxicity. In contrast,
WI-38 cells showed lower metabolism, consistent with
reports that normal cells exhibit limited metabolic interac-
tion with nanoparticles [123]. The excretion of Ag/Cu NCs
was low across all cell lines, suggesting prolonged intracel-
lular retention post-internalization. This agrees with stud-
ies reporting slow excretion of metal nanoparticles, leading
to extended exposure and potential toxicity in cancer cells
[124]. WI-38 cells exhibited minimal excretion, likely due
to reduced internalization and interaction with excretory
pathways, resulting in lower toxicity exposure. Toxicologi-
cal effects, including apoptosis, cell membrane damage, and
morphological changes like shrinkage and detachment, were
observed in HepG2 and HCT116 cells at higher Ag/Cu NC
concentrations, as indicated by MTT assay results. These
findings are consistent with earlier studies, such as Hamida
et al. [125], which reported apoptosis and membrane bleb-
bing in HepG2 cells exposed to silver nanoparticles [125].
Conversely, WI-38 cells exhibited minimal cytotoxicity and
no significant metabolic disturbance, corroborating previ-
ous findings on the lower susceptibility of normal cells to
nanoparticle toxicity [126].

Limitations

Although this study shows effective green synthesis and
multifunctionality bioactivity of Ag/Cu bimetallic nanocom-
posites derived from S. latifolium, there are some limitations
to be identified. To begin with, this study lacks a direct com-
parative study with monometallic Ag NPs and Cu NPs that
would be very important to confirm the synergistic effects of
the bimetallic system. Second, antibacterial testing excludes
time-kill kinetics, synergy tests, or MBC determinations,
limiting interpretation of bactericidal potency. Moreover,
although TEM was used for nanoparticle characterization,
no cellular uptake studies or imaging of nanoparticles in
mammalian cells were conducted, which would be central
to understanding intracellular mechanisms. The cytotoxicity
evaluation relied solely on the MTT assay, which measures
metabolic activity but does not distinguish between different
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modes of cell death (apoptosis, necrosis, or autophagy). As
such, any interpretation regarding apoptosis or anticancer
mechanisms remains speculative, and further investigation
using Annexin V/PI staining, caspase activation assays,
nuclear morphology imaging, or gene expression analysis
is needed to confirm the pathways involved. Further, while
reduced viability was observed in cancer cells (HepG2 and
HCT116) compared to normal WI-38 cells, this study lacks
comprehensive selectivity profiling across a broader panel of
normal and malignant cell lines. Lastly, although our study
included an in silico ADME assessment, we recognize the
limitations of applying SwissADME and admetSAR—tools
designed for small organic molecules—to nanomaterials
such as Ag/Cu NCs. Accordingly, these tools were only used
to model representative bioactive phytochemicals associated
with the nanoparticle surface rather than the entire nano-
composite structure. However, these computational outputs
cannot capture key nanoparticle-specific behaviors, such as
protein corona formation, endocytic uptake, or long-term
biodistribution. Future work will require in vivo pharma-
cokinetic studies and cellular uptake assays to establish the
full ADME and toxicity profile of Ag/Cu NCs in biological
systems. This clarification ensures a more accurate interpre-
tation of the data and avoids overextension of conclusions
based solely on small-molecule prediction tools.

Conclusion

This study explores the synthesis, characterization, and bio-
activity of Ag/Cu NC greenly synthesized using S. latifolium
extract. The FTIR analysis revealed the involvement of phy-
tochemicals in metal ion reduction and stabilization, evi-
denced by shifts in functional group bands and metal-oxy-
gen vibrations at 545 and 477 cm™". Zeta potential revealed
a moderate colloidal stability (—19.4 mV), DLS revealed
an average particle size of 248.7 nm (PDI=0.408), while
EDX and XRD confirmed a CuO-dominant phase (28.46
wt%) with crystalline structures featuring both copper oxide
and silver components. The phytochemical analysis high-
lighted significant reductions in phenolic (116.79+1.58 to
45.91 +1.01 mg gallic acid/g DS), flavonoid (46.31 +1.35 to
25.32 4+ 1.49 mg catechin/g/g DS), and tannin (17.84 +2.07
to 12.25+1.71 mg tannic acid/g DS) contents. Despite
this reduction, Ag/Cu NC retained antioxidant potential,
with an ICs, value of 0.148 +1.27 mg/mL compared to the
extract’s 0.108 + 1.54 mg/mL. Antibacterial activity was sig-
nificantly enhanced in Ag/Cu NC, showing inhibition zones
of 38.0 + 1.54 mm for B. subtilis and 25.0 +1.40 mm for
S. epidermidis, and a MIC of 0.692 pg/mL for B. subtilis.
These findings demonstrate the potential of Ag/Cu NC as a
novel hybrid antioxidant—antibacterial system, integrating
the bioactivity of natural phytochemicals with the functional
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properties of nanomaterials, paving the way for applications
in medicine and environmental fields. Further, the findings
of this study corroborate the selective toxicity of Ag/Cu NCs
toward cancer cells, particularly HepG2 and HCT116 cells,
while showing minimal toxicity to WI-38 normal cells. The
ADME toxicity results provide insight into the mechanisms
of action, suggesting that enhanced absorption, distribution,
and metabolism in cancer cells contribute to the higher cyto-
toxicity of Ag/Cu NCs. These results align with previous
studies on metal nanoparticles and support the potential of
Ag/Cu NCs as promising anticancer agents with low risk to
normal cells. Further studies are needed to fully elucidate
the molecular mechanisms behind this selective toxicity and
optimize the use of Ag/Cu NCs in cancer therapy.
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