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Biosynthesis of silver nanoparticles
via Melaleuca alternifolia

leaf extract for antibacterial,
antifungal, antioxidant and
anticancer activity
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M. Sherlin Nivetha®, Adhigan Murali3®, Alexandre A. Vetcher’, Munusamy Settu® &
Seong-Cheol Kim3™*

Synthesis of silver nanoparticles using the leaf extract of Melaleuca alternifolia (M-AgNPs), as
evidenced by various physicochemical characterizations, including UV-Visible spectroscopy (UV-Vis),
Fourier-transform infrared spectroscopy (FT-IR), dynamic light scattering (DLS), X-ray diffraction
(XRD), scanning electron microscopy (SEM), energy-dispersive X-ray analysis (EDAX), high-resolution
transmission electron microscopy (HR-TEM), and zeta potential analysis. The UV-Vis spectrum
exhibited a characteristic absorption peak at 402 nm, confirming the formation of M-AgNPs. FT-IR
analysis identified the presence of various functional groups associated with the silver nanoparticles.
DLS measurements indicated a hydrodynamic size of 45.79 nm with a polydispersity index (PDI)

of 0.335. Zeta potential analysis revealed a value of -21 mV, suggesting good stability of the
nanoparticles. XRD analysis showed a crystalline size of 25.47 nm and confirmed the face-centered
cubic (FCC) structure. SEM images revealed well-defined and uniformly dispersed nanoparticles.
EDAX confirmed the presence of silver at the elemental level. HR-TEM analysis demonstrated that
the actual size of the nanoparticles was approximately 10 nm. Antimicrobial studies demonstrated
the effectiveness of the synthesized nanoparticles against both bacterial and fungal strains. The
antioxidant activity of the M-AgNPs was measured at 41.17 pL/mL. Furthermore, cytotoxicity studies
showed that the nanoparticles exhibited an IC, value of 8.16 pg/mL against MCF-7 breast cancer cells.
The synthesized M-AgNPs possess significant potential as therapeutic agents, particularly against
MCF-7 cancer cells, and may serve as promising candidates for future medical applications.

Keywo rds Melaleuca alternifolia extract, Silver nanoparticles, Zeta potential, antibacterial, Antifungal,
Antioxidant, Anticancer activity

Nanotechnology enables the production of materials at the atomic or molecular scale, typically with dimensions
of less than 100 nm!. At the nanoscale, materials exhibit unique properties such as a large surface-to-volume
ratio and quantum effects. The increased surface area per unit mass allows a larger number of atoms to interact
with their surroundings®. Silver has been described as “dynamic” due to its excellent potential for biological
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applications, including antifungal, antibacterial, antiviral, anti-infectious, wound healing, and anti-inflammatory
properties, even atlow concentrations®=>. These small particles are known as nanoparticles, which can be produced
using either top-down or bottom-up approaches. To achieve specific applications, it is often necessary to modify
certain properties and parameters such as pH, temperature, and molar concentration during nanoparticle
synthesis. Silver nanoparticles (AgNPs) have a complex three-layer structure®. The outermost layer facilitates
functionalization with other molecules such as metal ions or polymers. The core and outer layers are connected
by an intermediate layer, which is chemically distinct from the core. The substance of the nanoparticle resides
in the core layer, and the most crucial aspect of its three-layer structure is the synthesis or processing technique
used. Nanoparticle production methods are broadly classified into two categories: top-down and bottom-up.
Top-down approaches involve reducing the size of larger particles to the nanoscale’"!. In contrast, bottom-up
approaches, which are considered more efficient, involve creating nanoparticles from smaller molecules and
controlling their size through chemical concentration and reaction conditions!’.

Green chemistry is a design framework that aims to create molecules, materials, and processes that are non-
hazardous to both human health and the environment. It represents a preventive approach that is applied at the
earliest stages of developing new chemical entities and technologies'2. The organic synthesis of nanoparticles
using plant extracts is referred to as green nanotechnology or green synthesis, and the resulting nanoparticles
are known as biogenic nanoparticles. Silver nanoparticles have been synthesized from a wide range of medicinal
plants'®. Cancer is characterized by uncontrolled cell division and the subsequent invasion of healthy cells
and tissues. According to the American Cancer Society, there will be an estimated 21.7 million new cases of
cancer worldwide by 2030. A study published by the IMS Health Institute for Healthcare Informatics in 2015
reported that the global market for cancer therapies reached a record high of US$107 billion, with projections
to reach US$150 billion by 2020. Based on rising cancer rates, the incidence is expected to increase by 60% by
2030. Severe side effects often accompany cancer treatments!®. Due to their size, shape, and unique optical and
thermal properties, nanoparticles are being used in both the diagnosis and treatment of cancer. Recent research
highlights the significant role of biological methods in the synthesis of metal nanoparticles!>%.

Our aim is to synthesize silver nanoparticles (AgNPs) using the aqueous extract of Melaleuca alternifolia
through an eco-friendly green synthesis approach, and to evaluate their physicochemical characteristics
and multifunctional bioactivities. These include assessing their antibacterial, antifungal, antioxidant,
and anticancer properties, thereby exploring their potential for therapeutic and biomedical applications.
Earlier studies have shown that the antimicrobial activity of Melaleuca alternifolia is largely driven by its
major bioactive compounds.

Experimental section

Collection of plant materials

Young and healthy leaves of Melaleuca alternifolia were collected from the Ooty, Tamil Nadu, India. Melaleuca
alternifolia, the plant material used in this study, was officially recognized by taxonomists at the Department
of Botany, St. Joseph’s College, Tiruchirappalli 620,002, India. A voucher specimen bearing accession number
(8170), which is accessible to the public, has been added to the Departmental Herbarium. This enables it to be
replicated and utilized as a future reference. The freshly harvested leaves were thoroughly rinsed with distilled
water to eliminate any adhered dust or surface contaminants. After washing, the leaves were spread out evenly
and dried under shade for a period of two weeks to ensure complete removal of moisture, which is essential for
effective extraction and long-term storage. Melaleuca alternifolia plant material was collected in accordance
with institutional and local regulations. No special permits or licenses were required for this activity because
Melaleuca alternifolia is not a protected or endangered species and the gathering was held in areas that were
open to the public.

Preparation of Melaleuca alternifolia extract

The plant was shade-dried at room temperature and then pulverized into a coarse powder using a sterile mortar
and pestle. A measured quantity of 2 g of this powdered plant material was added to 100 mL of distilled water.
The mixture was allowed to stand at room temperature for 10 min to allow initial extraction of phytochemicals.
Following this, the solution was gently heated using a heating mantle at 60 °C for 10 min to enhance the extraction
efficiency of bioactive compounds. After heating, the mixture was allowed to cool to room temperature and
subsequently filtered through Whatman No.1 filter paper to remove any solid residues. The resulting clear
aqueous extract was collected and stored in a sterile container at 4 °C for further use in nanoparticle synthesis.

Synthesis of silver nanoparticles

To synthesize silver nanoparticles, 20 mL of the previously prepared Melaleuca alternifolia leaf extract was
mixed with 80 mL of a 1 mM aqueous solution of silver nitrate (AgNO,) under sterile conditions. The Melaleuca
alternifolia leaf extract was mixed with 1 mM AgNO,solution under continuous stirring, and nanoparticle
formation was monitored by the characteristic color change and UV-Vis absorption peak'. The reaction mixture
was kept at room temperature and observed for any visible color change, which indicates the reduction of Ag*
ions to silver nanoparticles (Ag®). The formation of a brownish color in the solution served as a preliminary
confirmation of nanoparticle synthesis, owing to the surface plasmon resonance phenomenon exhibited by silver
nanoparticles, M-AgNPs.

Characterization
The synthesized M-AgNPs were characterized using UV-Vis spectroscopy and their reduction mediated by
plant extracts. The biologically reduced, brown-colored solution was precisely scanned using a PerkinElmer
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Lambda 365 spectrophotometer. The chemical composition of the synthesized M-AgNPs was analyzed using
a PerkinElmer FTIR spectrometer in the range of 400-4000 cm™. Zeta potential measurements were carried
out using a Zetasizer Nano ZS to determine the surface charge of the nanoparticles. Dynamic light scattering
(DLS) was used to determine the hydrodynamic size and polydispersity index (PDI) of the nanoparticles, using
a Micromeritics NanoPlus analyzer. X-ray diffraction (XRD) analysis was performed using a PANalytical X'Pert?
instrument. The surface morphology and elemental composition of the synthesized M-AgNPs were examined
using scanning electron microscopy (SEM) combined with energy-dispersive X-ray spectroscopy (EDAX),
carried out on a Tescan Vega3 Inca system (Oxford Instruments). The shape, size, and particle distribution of
the green-synthesized M-AgNPs were observed using high-resolution transmission electron microscopy (HR-
TEM) with a JEOL JEM-2100 electron microscope.

Biological studies

Antibacterial activity

The antibacterial activity of silver nanoparticles was investigated against strains of clinical pathogenic
microorganisms using the disc diffusion method. All the bacterial strains were purchased from the Microbial
Type Culture and Collection (MTCC) at Chandigarh, India. The media used for the antifungal test was
Sabouraud’s dextrose agar/broth of Hi Media, Bombay, India.

Antioxidant assay

The 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical scavenging experiment to test how well the M-AgNPs
we made worked as antioxidants. In our study, the DPPH working solution was prepared at a concentration of
1 uL/mL DPPH, dissolved in methanol. This concentration was used consistently throughout the antioxidant
assay to evaluate the free radical scavenging activity of the M-AgNPs. We mixed different amounts of M-AgNPs
with a methanolic DPPH solution and let them sit in the dark at room temperature for 30 min. A UV-Vis
spectrophotometer was used to quantify the drop in absorbance at 517 nm. We employed ascorbic acid as a
positive control.

Anticancer activity

The human cancer cell lines were cultured in DEME as a monolayer with heat-inactivated 10% FBS and 1%
antibiotic. The shape of cancer cells after the treatment of synthesized M-AgNPs was studied under an inverted
microscope.

Cell culture maintenance

Dulbeccos Modified Eagle’s Medium, streptomycin, penicillin-G, L-glutamine, phosphate buffered saline,
3-(4,5 dimethylthiozol-2-yl)-2,5-diphenyltetrazoliumbromide, 2’7 diacetyl dichloro fluorescein, sodium didecyl
sulphate, trypan blue, trypsin-EDTA, ethylene diamine tetra acetic acid, triton X-100, ethanol, dimethyl sulfoxide
(DMSO), and bovine serum albumin were purchased from Sigma Aldrich Chemicals Pvt. Ltd (India). All other
chemicals used were of analytical grade, purchased from Hi media Laboratories Pvt. Ltd., India. Cell lines for
Breast cancer were obtained from the Cell repository of National Centre for Cell Sciences (NCCS), Pune, India.
The cell line was maintained in Dulbecco’s Modified Eagle Medium (DMEM), supplemented with 10% Fetal
Bovine Serum (FBS). To avoid bacterial contamination, 100 pg/mL of streptomycin and 100 U/mL of Penicillin
were added to the medium. Cell line media was kept at 37 °C in a humidified atmosphere with 5% CO,.

Results and discussion

UV-Visible spectroscopy

The synthesis of silver nanoparticles was confirmed with UV Vis spectroscopic analysis, and the result was
depicted in Fig. 1A. In essence, the brown colour associated with the surface plasmon resonance (SPR) is a
unique visual characteristic of metal nanoparticles?’. The presence of free electrons in the synthesized M-AgNPs
are responsible for the formation of the SPR absorption band. SPR is created when these unbound electrons
reciprocally vibrate with the light waves?!. The maximum absorbance peak was observed at 402 nm, confirming
that the Melaleuca alternifolia aqueous extract reduced Ag* to Ag®, thereby synthesizing nanoparticles. Figure
1A displays a broad bell-shaped spectrum curve of UV-Vis spectroscopy of the synthesized M-AgNPs. Various
metabolites from the plant extract introduced into the solution broaden the plasmon band?*?%. Figure 1B,C
shows the direct and indirect band gap of synthesized M-AgNPs.

FTIR spectroscopy

The FTIR spectrum of the synthesized M-AgNPs is shown in (Fig. 2A). The functional groups are responsible
for the bio reduction of Ag* to the Ag’ state of the phytochemicals. The obtained spectrum shows the presence
of various chemical constituents. The N-H stretching mode in protein linking was attributed to the strong broad
band at 3429 cm™!. The existence of proteins as capping agent for the M-AgNPs is shown by the peak at 1641
cm™! which corresponds to the C = O stretching mode in the amine I group, which is frequently present in
proteins?*. The UV-Vis spectra are linked to the C-C and C-N vibrations of the chlorophyll tetrapyrrole ring,
which are primarily responsible for the peak at 1041 cm™ and 1383 cm™!. The findings imply that the plant leaf
extract’s free functional groups may bind metal nanoparticles while encasing or capping them to stop them
from clumping together. Proteins and other biological substances serve two purposes: (a) reduction of Ag* ions
to Ag® and (b) Silver nanoparticles stabilization in the aqueous medium. Bands at 2919 cm™! and 2842 cm™
region arising from C-H stretching of aromatic compound were observed®. Terpinen-4-ol, which is already well
recognized for its strong antimicrobial and anti-inflammatory properties. When these phytochemicals interact
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Fig. 1. (A) UV Vis spectroscopy of synthesized M-AgNPs, (B) Direct band gap of M-AgNPs, and (C) Indirect

band gap of synthesized M-AgNPs.
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Fig. 2. (A) FITR, and (B) XRD patterns of synthesized M-AgNPs.
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with biosynthesized AgNPs, the combination can generate synergistic effects, often resulting in enhanced activity
against skin- and oral-associated pathogens, including drug-resistant strains®.

XRD analysis

The X -ray diffraction pattern of synthesized M-AgNPs is shown in (Fig. 2B). A number of strong reflections
were observed at 26 of 38°, 44°, 64°, 77°. The face centered cubic lattice structure of the biosynthesized M-AgNPs
is confirmed by these diffraction peaks which correlate to the (111), (200), (220), (311) planes of M-AgNPs
(JCPDS sﬁle no. 03-065-2871). The unit cell(a) edge or lattice parameter for the material with fcc crystal structure
is 4.07 A (JCPDS file n0.04-0783). We calculated the lattice constant using the equation a = d xV(h? + K +
12). It was 4.07A. our results exactly matches with JCPDS value?’. Peaks at 20 = 27.7°, 32.1°, 46.3° in (Fig. 2B),
are matches to carbon (JCPDS file no. 18-0311) which is likely to originate from the organic encapsulation of
M-AgNPs?,

Dynamic light scattering (DLS) and zeta potential

The hydrodynamic diameter, its effective size as it moves through a fluid, considering its shape, interaction with
the fluid and any surrounding layers which can be measured by DLS technique. This technique is used in many
scientific and industrial applications due to non-invasiveness, quick measurement and capacity to analyse a wide
range of particle sizes. It is based on the ideas of examining variation of intensity of scattered light brought on
by the Brownian motion of the particles?>. When nanoparticles are disseminated in liquids, a tiny layer of the
solvent’s electric dipole is adsorbed at their surface.

The hydrodynamic diameter describes the metal core with any stabiliser material and the solvent layer since
this layer influences the mobility of the particles in the solution. Consequently, DLS determines the size of
the nanoparticles by attaching solvent molecules with their surface. In colloidal solutions, the diameter of the
nanoparticles rises when one layer of the stabilizer is adsorbed at their surface; frequently there are several layers
of stabilisers and water molecules are present. Thus, in DLS measurements, the protective layer and the interaction
with the solvent molecules are considered?”. The particle size distribution of the synthesized M-AgNPs (Fig. 3A).
It was found that the M-AgNPs hydrodynamic diameter is 45.79 nm with PDI value of 0.335. This indicates
the mono dispersity of synthesized M-AgNPs. The larger DLS diameter (45.79 nm) compared to the TEM core
diameter (~ 10 nm) likely reflects an organic capping/binder layer (from extract phytochemicals) plus solvation
and any small dynamic aggregates; DLS measures hydrodynamic diameter and is intensity-weighted, whereas
TEM measures the dry metallic core?.

Nanoparticles with zeta potential value greater than + 30 mV or less than — 30 mV were shown to be
stable because of their strongly cationic and strongly anionic nature. Highly stable nanoparticles that avoid
the agglomeration condition®*°. Figure 3B shows the zeta potential value of synthesized M-AgNPs. It shows
the zeta potential value of -21mV. Effective interaction with positively charged bacteria and fungus are made
possible by the negative charge on the surface. As a result, their biocompatibility is enhanced?!.

SEM analysis with EDAX

SEM and EDAX techniques were used to analyse the sample in order to obtain a better understanding of the
characteristics of the synthesized M-AgNPs. Figure 4A,B shows SEM image and EDAX of synthesized M-AgNPs.
Using EDAX on the SEM, the element analysis of the silver nanoparticles was carried out*>*. The peak at about
3.2 KeV represent the binding energy of the Ag. SEM provided further insight into the morphology and size
details of the synthesized M-AgNPs. SEM was used to characterize the morphology, size and size distribution of
synthesized M-AgNPs. The SEM image synthesized M-AgNPs at 200 nm level, particles are well defined cubical
in shape (Fig. 4A). It is an FCC structure which exhibit poly crystalline nature. Particles are not agglomerated.
The EDX of the M-AgNPs was performed to investigate the elemental composition of the biosynthesized
M-AgNPs. The EDX reveals a strong signal at 3.2 KeV, which is generally shown by metallic silver nanocrystals
due to surface plasmon resonance. The other metal ions like carbon, oxygen also appeared in the EDX spectrum.
Figure 4B shows the EDAX image of synthesized M-AgNPs>.

HR-TEM analysis

Figure 5A displays the biosynthesized M-AgNPs and a high-resolution transmission electron microscopy
(HR-TEM) image. The nanoparticles in the HR-TEM micrograph (Fig. 5A) are primarily spherical, evenly
dispersed, and exhibit no agglomeration, suggesting a stable colloidal dispersion. The strong crystallinity and
poly dispersed character of the produced nanoparticles are confirmed by the distinct contrast and well-defined
edges?. According to the HR-TEM image’s particle size analysis, the average size is roughly 10 nm, as seen in
Fig. 5B. Since smaller nanoparticles often exhibit improved surface reactivity and cellular uptake, this nanoscale
dimension aligns well with the desired properties for biomedical and antibacterial applications. The matching
SAED pattern, consisting of a series of concentric rings with bright spots, is shown in Fig. 5C. These rings
demonstrate the polycrystalline nature of the AgNPs. According to the XRD results, the different diffraction
rings match the (111), (200), (220), and (311) planes of face-centered cubic (FCC) silver®®. The clarity and
sharpness of the diffraction spots further support the crystalline structure and great purity of the produced
silver nanoparticles.

Biological studies

Antibacterial activity of M-AgNPs

The disc diffusion method, the antibacterial activity of M-AgNPs was ascertained. Using Muller Hinton Agar,
the petri dishes (diameter 60 mm) were made and inoculated with test organisms. 10 pL of Amoxicillin, silver,
plant extract, and nanoparticles were each deposited onto a sterile disc that was 6 mm wide. For compound
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Fig. 4. (A) SEM image of synthesized M-AgNPs, and (B) EDAX of M-AgNPs.
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Fig. 5. (A) HR-TEM image, (B) Histogram, and (C) SAED pattern of synthesized M-AgNPs.

diffusion, prepared discs were positioned on top of the agar plates and allowed to sit at room temperature for
30 min. As a conventional antibiotic disc, 10 pL of Amoxicillin was used to provide the positive control and a
solution of 1 mM AgNO, was used as the blank control*. The experiment was conducted thrice, and the zone
of inhibition was measured in millimeters after the plates were incubated for 24 h at 37 °C. The antibacterial
potential of synthesized M -AgNps was tested against the gram-positive bacterial strains Staphylococcus
epidermis (Fig. 6A), Bacillus cereus (Fig. 6B) and gram-negative bacterial strains Pseudomonas aeruginosa
(Fig. 6C), Streptococcus pyogenes (Fig. 6D). Synthesized nanoparticles show great potential for gram-negative
bacterial strains, Pseudomonas aeruginosa (MTCC 1688), and Streptococcus pyogenes (MTCC 442) than for
gram-positive bacterial strains. Synthesized M-AgNPs nanoparticles showed the zone of inhibition of 7.3 + 0.9
mm for Pseudomonas aeruginosa and 7.0 £ 1.2 mm for Streptococcus pyogenes.

Table 1 showed the zone of inhibition of M-AgNPs for different bacterial strains. Results showed that
synthesized M-AgNPs are more susceptible to Pseudomonas aeruginosa and Streptococcus pyogenes. At the
concentration of 10 pL/mL, M-AgNPs show the zone of inhibition of 7.3 + 0.9 mm and 7.0 + 1.2 mm Increasing
the surface area of nanoparticles has been found to enhance their effectiveness, as it also increases their surface
energy’’ . Consequently, even at low concentrations, smaller nanoparticles with a higher surface area to
volume ratio show strong antibacterial properties. Additionally, it was noted in a report that gram-negative
bacteria showed a maximum zone of inhibition. This could be because gram-positive bacteria’s cell walls are
made up of a thick layer of peptidoglycan, which forms a rigid structure and makes it difficult for M-AgNPs
to penetrate, whereas gram-negative bacterias cell walls are made up of a thinner layer of peptidoglycan®!. Cell
cations released from M-AgNPs, which serve as a reservoir of Ag* ions are unquestionably responsible for the
significant bacterial activity. It is hypothesized that these ions from the NPs will adhere to the negatively charged
bacterial cell walls and cause them to burst, denaturing proteins and leading to cell death*>-%>.

Determination of antifungal activity

Antifungal activity of sample M-AgNPs was determined using the disc diffusion method The petridishes
(diameter 60 mm) was prepared with Sabouraud’s dextrose agar (SDA) and inoculated with test organisms.
Sterile disc of 6 mm width was impregnated with 10 uL of Fluconazole, silver, plant extract and nanoparticles®.
Prepared discs were placed onto the top layer of the agar plates and left for 30 min at room temperature for
compound diffusion. As a conventional antibiotic disc 10 ul of Fluconazole was used to create a positive
control and a solution of 1 mM AgNO, was used as the blank control. The zone of inhibition was measured
in millimeters after the dishes were incubated for 24 h at 37 °C. Aspergillus fumigatus (Fig. 7A) was shown
to be more responsive to the synthesized M-AgNPs than Candida tropicalis (Fig. 7B). Table 2 shows the zone
of inhibition of M-AgNPs for different fungal strains. For Aspergillus fumigatus, the zone of inhibition was 6
mm, while for Candida tropicalis, it was 4 mm*”*8, Synthesized M-AgNPs are more potential against Aspergillus
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Fig. 6. Antibacterial activity of the synthesized L-AgNPs, (A) Staphylococcus epidermis, (B) Bacillus cereus, (C)
Pseudomonas aeruginosa, and (D) Streptococcus pyogenes.

A (Amoxicillin) 10 11.1+0.5 83+1.9 10.0+£0.6 8.9+0.8
B (ImM AgNO,) |10 - - - -

C (Plant extract) | 10 - 2.0+1.0 6.1+0.4 5.1+0.1

D (Nanoparticles) | 10 1.0+£0.5 31+1.7 7.3+£0.9 7.0+1.2

Table 1. Antibacterial activity of M-AgNPs.

Fig. 7. Antifungal activity of synthesized L-AgNPs, (A) Candida tropicalis, and (B) Aspergillus fumigatus.

fumigatus than Candida tropicalis. At the concentration of 10 pL/mL, M-AgNPs were found to display high
antifungal activity towards Aspergillus fumigatus and it shows the zone of inhibition of 6 mm*>*°. Disruption
of cell membrane formation and further stoppage of fungal reproduction in Aspergillus fumigatus is due to the
action of M-AgNPs. Silver nanoparticles synthesized using Melaleuca alternifolia (tea tree) extracts show many
features common to plant-mediated AgNPs, but some important differences arise from the tea-tree’s chemistry
(high terpene/terpinen-4-ol content) versus polyphenol-rich extracts from other medicinal plants. Several
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1. A (Fluconazole) 10 12 11
2. B (ImM AgNO,) | 10

3. C (Plant extract) 10 1 5
4. D (Nanoparticles) | 10 4 6

Table 2. Antifungal activity of L-AgNPs.
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Fig. 8. (A) Antioxidant of the synthesized M-AgNPs, (B) Compared to ascorbic acid by the DPPH assay

method.
1. 20 42.98 50.87
2. 40 50.0 57.01
3 60 56.14 6491
4. 80 62.28 71.92
5, 100 69.29 82.45
6. IC,, 41.17 20.48

Table 3. Antioxidant activity of L-AgNPs by DPPH assay method.

recent studies report that tea-tree-mediated nanoparticles exhibit good antimicrobial activity against skin/oral
pathogens and can act synergistic effect with antimicrobials®!.

Antioxidant activity

The antioxidant activity of the synthesized M-AgNPs is illustrated in Fig. 8, compared to conventional ascorbic
acid. The results demonstrate that the samples exhibit a substantial concentration of antioxidant activity®>. The
results show that the samples exhibit good antioxidant activity at high concentrations. The aqueous extract
exhibits 69.29% antioxidant activity at a concentration of 100 pL/mL, whereas ascorbic acid shows 82.45% at the
same concentration®>~>°. The proton radical scavenging action is attributed to antioxidants, as measured by the
DPPH radical scavenging assay. Table 3 shows the antioxidant activity of the sample at elevated concentration,
and its activity is compared with ascorbic acid, and 1000 pL of distilled water served as the blank. DPPH radical
scavenging at five concentrations (20, 40, 60, 80, 100 uL/mL) was measured. M-AgNPs showed concentration-
dependent scavenging (42.98%, 50.00%, 56.14%, 62.28%, 69.29% at 20-100 pL/mL, respectively). The IC,,
(concentration producing 50% scavenging) was calculated from linear regression of the dose-response curve
and found to be 41.17 uL/mL for M-AgNPs, compared with 20.48 uL/mL for ascorbic acid (positive control). All
measurements were performed in triplicate and data are presented. Our synthesized nanoparticles showed an
IC,, value of 41.17 uL/mL while ascorbic acid showed 20.48 pL/mL of antioxidant property.
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Anticancer activity

The mitochondrial dehydrogenase of living cells reduces the yellow 3-4,5 dimethylthiozol-2-Yl)-
2,5diphenyltetrazoliumbromide (MTT) producing a detectable purple formation product. NAD (P) H-dependent
reductase, which is present in viable cells, converts the MTT reagent to formazan, a deep purple substance.
After dissolving the Formazan crystals with a solubilising solution, the absorbance is measure by a plate reader
500-600 nm. MTT (50 mg) dye was dissolved in 10 mL of PBS. After vortexing for 1 min, it was filtered through
0.45 micro filters. The bottle was wrapped with aluminium foil to prevent light, as MTT was light sensitive. The
preparation was stored at 4 °C.

Following their collection and haemocytometer count, the MCE-7 viable cells were diluted in DMEM medium
to a density of 1x 10 cells/ml planted in 96 well plates per well and incubated for 24 h to facilitate adhesion.
MCE-7 cells were incubated for 24 h at 37 °C in a humidified 95% air and 5% CO, incubator with varying doses
of C-P (5 to 25 pg/mL). Following incubation, the drug containing cells were rinsed with new culture media and
each well was filled with MTT (5 mg/mL in PBS) solution before being cultured for an additional 4 h at 37 °C.
Using a microplate reader, the absorbance at 540 nm was used to determine the cell viability after the purple
precipitated formazan was dissolved in 100 uL of DMSO. The percentage of live cells compared to the control
was used to express the results. The viability percentage was calculated using the following formula:

Mean absorbence of the control — Mean absorbence of the control

11 viabilit, =
Cell viability (%) Mean absorbence of the control

The IC,, values were determined from the C-P dose responsive curve where inhibition of 50% cytotoxicity
compared to control cells. All experiments were performed at least three times in triplicate. Figure 9A-F shows
cell death of MCF — 7 Breast cancer cells for the different concentrations of synthesized M-AgNPs. The further
in vitro study focused to MCE-7 cell line, which is resistant to many kinds of anticancer drugs and to evaluate
the sensitivity of this cell lines®®~%.

The microscopic images reveal progressive morphological alterations in MCF-7 cells—including shrinkage,
detachment, membrane blebbing, and loss of structural integrity—following treatment with M-AgNPs
at concentrations of 2.5, 5.0, 7.5, 10.0, and 15.0 ug/mL for 24 h, compared with the untreated control. The
control cells retained normal, intact morphology, as observed under an inverted microscope. Consistent with
these morphological changes, elevated concentrations of M-AgNPs led to substantial cell death. The cytotoxic
response was further quantified using the MTT assay™-%2, which demonstrated a clear dose-dependent decline
in cell viability. The M-AgNPs produced an IC, value of 8.16 pg/mL, as depicted in Fig. 10.

Conclusion

The current study demonstrated that silver nanoparticles (M-AgNPs) can be synthesized in a green manner using
Melaleuca alternifolia leaf extract. UV-Vis spectroscopy revealed a characteristic surface plasmon resonance
peak at 402 nm, confirming the formation of nanoparticles. FTIR examination revealed functional groups,
including hydroxyl, amine, and carbonyl, which suggests that they played a role in the processes of reduction

Control

Fig. 9. Morphological changes in control and sample M-AgNPs treated MCF —7 Breast cancer cells for 24 h,
(A) Control, (B) 2.5 pg, (C) 5 ug, (D) 7.5 ug, (E) 10 pg, and (F) 15 pg.
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Fig. 10. Cell viability of synthesized M-AgNPs.

and stabilization. The DLS measurements showed a hydrodynamic diameter of 45.79 nm and a polydispersity
index (PDI) of 0.335. The zeta potential analysis yielded a value of —21 mV, confirming that the sample was
somewhat stable. XRD investigation revealed that the crystalline structure was face-centered cubic (FCC) and
that the average crystallite size was 25.47 nm. SEM and EDAX tests showed that the nanoparticles were cubical,
spread out well, and contained silver. HR-TEM also demonstrated that the nanoparticles were poly dispersed
and spherical, with an average size of about 10 nm. Different SAED patterns confirmed the strong crystallinity.
The M-AgNPs made by living things were very effective at killing bacteria, especially Pseudomonas aeruginosa
and Streptococcus pyogenes, with a maximal zone of inhibition7.3 +0.9 mm. Tests for antifungal activity showed
that Aspergillus fumigatus was more sensitive to the antifungal agent than Candida tropicalis. The DPPH
experiment demonstrated that the substance exhibited a strong scavenging effect, with an IC,; value of 41.17 uL/
mL, comparable to that of normal ascorbic acid. In addition, the anticancer activity against MCF-7 breast cancer
cells demonstrated a high dose-dependent cytotoxic effect, with an IC, value of 8.16 pg/mL, and visible changes
in shape indicative of apoptosis. Overall, the work demonstrates that M-AgNPs can be synthesized through
biosynthesis and exhibit strong antibacterial, antioxidant, and anticancer properties demonstrate preliminary
potential. Future research should focus on establishing standardized and reproducible synthesis protocols,
developing scalable production strategies suitable for industrial applications.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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