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1. INTRODUCTION

The advancement of nanotechnology has brought significant 
progress across various scientific disciplines, including medicine, 
environmental science, and materials engineering. Among the diverse 
nanomaterials developed, metallic nanoparticles – particularly 
silver nanoparticles (AgNPs) – have gained considerable attention 
due to their unique physicochemical properties and broad-spectrum 
biological activities. Conventionally, metallic nanoparticles are 
synthesized through physical and chemical methods; however, these 
techniques often require high energy input and involve toxic solvents or 
hazardous reducing agents, which raise concerns about environmental 
sustainability and biological safety [1,2].

In recent years, green synthesis of nanoparticles has emerged as a 
promising alternative to conventional methods. This environmentally 
benign approach employs biological systems such as plants, fungi, 
bacteria, and algae as natural reducing and stabilizing agents [3]. Green 
synthesis is favored not only for its eco-friendly nature but also for its 
economic viability, scalability, and ability to produce biocompatible 
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nanoparticles with enhanced functionality [4-6]. Among the various 
biological templates, algae have attracted particular interest due 
to their rapid growth rate, ease of cultivation, and rich repertoire of 
bioactive compounds – including proteins, polysaccharides, pigments, 
and antioxidants – that facilitate both the reduction of metal ions and 
stabilization of the resulting nanoparticles during synthesis [7]. Recent 
studies have highlighted how marine macroalgae can be effectively 
used in green synthesis approaches [8,9]. Earlier research has also 
played a key role in explaining how natural compounds in algae, such 
as phytochemicals, help in forming and stabilizing nanoparticles. 
These early findings continue to shape the direction of ongoing studies 
in this field [10].

AgNPs, in particular, exhibit strong antimicrobial, antioxidant, 
and anticancer properties, making them promising candidates for 
therapeutic and biomedical applications. Compared to other noble 
metals such as gold, silver is more cost-effective while offering 
comparable biological efficacy [11]. The synthesis of AgNPs using 
algal extracts takes advantage of the natural abundance of functional 
biomolecules in algal cells, which can reduce silver ions (Ag⁺) to 
elemental silver (Ag⁰), while also acting as capping and stabilizing 
agents [12,13]. Beyond their conventional biomedical uses, green-
synthesized AgNPs hold significant potential in advanced applications 
such as targeted drug delivery, biosensing, medical imaging, wound 
healing, implant coatings, and immune therapies, owing to their 
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ABSTRACT

The present study reports the green synthesis of silver nanoparticles (AgNPs) using the red macroalga Scinaia 
moniliformis J. Agardh, an underexplored marine species rich in bioactive compounds. This eco-friendly method 
utilized the aqueous algal extract as a natural hydrophilic reducer and stabilizer. A visible color shift from light yellow 
to dark brown signified AgNP formation, which was further confirmed by characterization techniques including UV–
Vis spectroscopy, FTIR, XRD, and TEM-SAED. A distinct surface plasmon resonance peak at 437 nm confirmed 
nanoparticle synthesis, while XRD validated their crystalline nature. FTIR indicated the presence of phenolics, 
proteins, and other biomolecules involved in reduction and capping. TEM analysis revealed predominantly spherical 
nanoparticles with an average size of 24.03 nm. Functionally, the AgNPs displayed strong antibacterial activity 
against both Gram-positive and Gram-negative bacteria, with the highest inhibition against Escherichia coli and 
Shigella dysenteriae. They also exhibited potent, dose-dependent antioxidant activity (IC₅₀ = 41.09 ± 0.35 µg) and 
significant cytotoxicity against MCF-7 breast cancer cells (IC₅₀ = 51.49 ± 0.45 µg). These findings underscore the 
novelty of using S. moniliformis for nanoparticle synthesis and highlight the broad biomedical applicability of the 
resulting AgNPs in antimicrobial and anticancer therapeutics.
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nanoscale size, large surface area, and surface plasmon resonance 
(SPR) properties [14]. In environmental domains, AgNPs are being 
investigated for water purification, pollutant degradation, and air 
filtration due to their catalytic and antimicrobial capabilities [15].

These diverse applications not only demonstrate the multifunctionality 
of AgNPs but also align closely with several United Nations Sustainable 
Development Goals under the 2030 Agenda. The biomedical potential 
of green-synthesized AgNPs from marine alga supports Goal 3: Good 
health and well-being through novel antimicrobial, antioxidant, and 
anticancer applications. The adoption of green nanotechnology 
reflects Goal 9: Industry, innovation, and infrastructure by offering an 
eco-friendly alternative to conventional synthesis. Using marine algae 
aligns with Goal 12: Responsible consumption and production by 
minimizing toxic chemical use, while sustainable harvesting practices 
contribute to Goal 14: Life below water by promoting conservation of 
marine resources [16].

Response surface methodology (RSM) has emerged as a valuable 
tool in nanobiotechnology, facilitating the efficient optimization of 
synthesis parameters with minimal experimental trials. It enables the 
systematic evaluation of variables such as pH, temperature, precursor 
concentration, extract concentration, and reaction time, all of which 
significantly influence the characteristics of AgNPs, including their 
size, shape, and stability [17]. RSM has been successfully applied 
to optimize the biosynthesis of AgNPs using plant extracts [17,18], 
bacteria [19,20], and other biological systems. However, its application 
in marine algae-mediated AgNP synthesis has been explored in only a 
limited number of studies.

In the present study, AgNPs were synthesized using the red macroalga 
Scinaia moniliformis J. Agardh, a species rich in bioactive compounds 
such as alkaloids, flavonoids, phenols, tannins, steroids, triterpenes, 
cardiac glycosides, and polysaccharides that act as natural reducing 
and stabilizing agents. The synthesis process was optimized using 
RSM, and the resulting nanoparticles were characterized using 
spectroscopic and microscopic techniques. Their antimicrobial, 
antioxidant, and anticancer activities were evaluated through in vitro 
assays to explore their potential for biomedical applications. This 
work highlights a sustainable, algae-based approach to nanomaterial 
synthesis and demonstrates the multifunctionality of AgNPs derived 
from a novel marine algal source.

2. MATERIALS AND METHODS

Algal samples were collected from Gaytri Shaktipith Beach, Devbhoomi 
Dwarka, Gujarat, India (22°14′16.97″ N; 68°57′41.72″ E) in February 
2023. The samples were placed in plastic zipper bags after being rinsed 
with seawater. Fresh algal specimens were collected and taxonomically 
identified using a standard phycological handbook [21]. The chemicals 
and media used in the study were procured from HiMedia Laboratories 
and Merck. Nutrient agar, agar–agar, and the antibiotic streptomycin 
sulfate were purchased from HiMedia, while silver nitrate (AgNO3) 
was obtained from Merck. The bacterial strains used in the antibacterial 
assays were obtained from the Department of Microbiology, The 
Maharaja Sayajirao University of Baroda, Gujarat, India.

2.1. Algal Extract Preparation and AgNPs Synthesis
Naturally dried biomass of S. moniliformis J. Agardh was ground into 
a fine powder and stored in an airtight container until further use. 10 g 
of the dried algal powder was added to 100 mL of deionized water in 
a 250 mL beaker and incubated at 60°C in a water bath for 30 min. 

The resulting extract was filtered sequentially through Whatman No. 1 
filter paper and a 0.2 µm sterile membrane filter. The filtered algal 
extract was then used for the synthesis of AgNPs. For the reaction, the 
algal extract was mixed with a 1 mM AgNO3 solution in a 1:10 (v/v) 
ratio and incubated at 60°C for 24 h under dark conditions [22].

2.2. Algal Mediated Synthesis of AgNPs and their 
Characterization
To improve the efficiency and yield of nanoparticle synthesis, 
key parameters such as the pH of the algal extract and the reaction 
temperature were optimized using RSM in Minitab software. The 
software generated 13 experimental conditions, each representing a 
unique combination of the selected variables. These conditions were 
systematically tested, and the results were analyzed to determine the 
optimal values for the most efficient synthesis of AgNPs.

Following optimization, the synthesized AgNPs were subjected 
to comprehensive physicochemical characterization. Ultraviolet-
visible (UV-Vis) spectroscopy was performed across a wavelength 
range of 300–700  nm to detect the surface plasmon resonance 
(SPR) characteristic of AgNPs. Fourier-transform infrared (FTIR) 
spectroscopy was used to identify functional groups involved in the 
reduction and stabilization processes, with spectra recorded between 
400 and 4000 cm−1. The crystalline structure of the nanoparticles was 
confirmed through X-ray diffraction (XRD) analysis, conducted over 
a scanning range of 3°–90° (2θ). High-resolution transmission electron 
microscopy (HR-TEM) was employed to examine the morphology, 
particle size distribution, and structural features of the synthesized 
AgNPs [20].

2.3. Bio-Potentials of AgNPs
2.3.1. Antioxidant activity
To evaluate the antioxidant potential of the synthesized AgNPs, 
a standard 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical 
scavenging assay was performed. 1  mL of AgNP solution (at 
concentrations ranging from 10 µg/mL to 100 µg/mL) and 1 mL of 
methanol (blank) were each mixed with 1  mL of freshly prepared 
DPPH solution and incubated at 37°C for 30  min in the dark. 
Following incubation, absorbance was measured at 570  nm using a 
UV-Vis spectrophotometer [23].

2.3.2. Antibacterial activity
The antibacterial activity of the synthesized AgNPs was evaluated 
following the method described by Thakor et al. [6]. Briefly, 10 mm 
wells were created in agar plates seeded with 100 µL of human 
pathogenic bacterial culture (1 × 106 colony-forming unit/mL) using 
a sterile cork borer. Each well was loaded with 100 µL of different 
treatments: AgNP solution (1 mg/mL), sterile distilled water (negative 
control), and streptomycin solution (1 mg/mL; positive control). The 
plates were then incubated at 37°C for 24  h. After incubation, the 
zones of inhibition (ZOI) were measured using a zone measuring scale 
(HiMedia).

2.3.3. Cell culture and cytotoxicity assay
The michigan cancer foundation-7 (MCF-7) breast cancer cell line 
was obtained from the National Centre for Cell Science, Pune. Cells 
were cultured in Dulbecco’s Modified Eagle Medium supplemented 
with 10% fetal bovine serum and 1% penicillin–streptomycin and 
maintained in a 5% CO2 atmosphere at 37°C in a CO2 incubator 
[24]. To evaluate cell viability and cytotoxicity, the MTT assay was 
performed. MCF-7  cells were seeded at a density of 50,000  cells/
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well in 96-well plates and allowed to adhere overnight. The following 
day, the culture medium was replaced with fresh medium containing 
varying concentrations of AgNPs (0–100  µg/mL), and cells were 
incubated for 24 h. After incubation, 20 µL of MTT solution was added 
to each well, and the plates were further incubated in the dark for 4 h. 
Subsequently, the supernatant was removed, and the resulting purple 
formazan crystals were dissolved in 100 µL of dimethyl sulfoxide. 
The optical density (OD) was measured at 595  nm using an Epoch 
spectrophotometer (BioTek). The percentage of cell cytotoxicity was 
calculated based on OD values, providing a quantitative measure of 
the nanoparticle-induced cytotoxic effects [25].

2.4. Statistical Analysis
Statistical analyses, including RSM, were carried out using Minitab 
software. Additional analyses such as calculation of means, standard 
errors, and analysis of variance (ANOVA) were performed using 
Microsoft Excel and the Statistical Package for the Social Sciences 
software. These tools facilitated the comprehensive evaluation and 
interpretation of the experimental data.

3. RESULTS AND DISCUSSION

3.1. Biosynthesis of AgNPs
The color of algal extract and AgNO3 mixture was immediately 
changed from colorless to yellow, indicating the formation of 
nanoparticles within the mixture. After 24 h, the reaction color turned 
completely dark brown as reported by the other researchers. Then the 
variables were optimized using the RSM.

3.2. Optimization of AgNPs Synthesis using RSM
The synthesis of AgNPs was optimized using RSM by investigating 
two key independent variables: the pH of the algal extract and the 
reaction temperature. The experimental setup was structured according 
to Tables  1 and 2, with the absorbance of synthesized nanoparticles 
recorded at 420 nm. The collected data were processed using Minitab 
software to determine the optimal conditions for maximum nanoparticle 
yield. According to RSM analysis in Minitab, a total of 13 experimental 
formulations were designed and evaluated based on response factors, 
including initial pH of the algal extract and reaction temperature. The 
interactions between these parameters were analyzed using quadratic 
models, and statistical summaries of response variables are presented in 
Table 3. The lack-of-fit test was employed to assess discrepancies between 
predicted and actual values, while the coefficient of determination (R2) 
and the significance of the lack-of-fit test were also evaluated.

3.2.1. Diagnostic analysis
Figure 1 illustrates the diagnostic plots for AgNP production using the 
red alga S. moniliformis J. Agardh. The near-identical match between 
actual and predicted values in these figures confirms the robustness 
and accuracy of the model.

3.2.2. Effect of RSM on AgNPs synthesis
The quantitative influence of predictor factors on the response 
variable (absorbance at 420 nm) is represented by the full quadratic 
polynomial equation below. The equation demonstrates how variations 
in independent variables influence the response. With an R2 = 98.88% 
closely aligning with the adjusted R2 of 97.65%, the model exhibited 
a strong fit to the response variable. Regression analysis revealed a 
positive correlation between AgNPs synthesis and the initial pH of the 
algal extract as well as the reaction duration, indicating that increasing 
these parameters enhances nanoparticle production.

ANOVA confirmed that the independent variables had a statistically 
significant effect (P < 0.05) on the response. In addition, predictor 
terms with P-values below 0.05 significantly contributed to the 
model’s predictive accuracy [Table 3]. The contour (2D) and surface 
(3D) plots in [Figure  2a and b] effectively depict the interactions 
between independent variables and their impact on AgNPs synthesis.

The response optimization curve in [Figure  2c] identified optimal 
conditions for maximizing AgNPs production: A pH of 9.82 for the 
algal extract and a reaction temperature of 64.76°C. Under these 
conditions, RSM predicted the highest AgNPs yield with an absorbance 
of 1.249 at 420 nm. The synthesized nanoparticles were harvested by 

Table 2: Reaction conditions and their respective responses.

Run order pH of the 
algal extract

Reaction 
temperature (°C)

Abs. at 
420 nm

1 7 64.76346 1.01

2 5 37 0.291

3 9.828427 48.5 0.609

4 5 60 0.549

5 7 48.5 0.742

6 7 32.23654 0.392

7 7 48.5 0.742

8 9 37 0.397

9 7 48.5 0.742

10 7 48.5 0.742

11 4.171573 48.5 0.597

12 9 60 1.181

13 7 48.5 0.742

Table 3: Statistical summaries of analysis of variance.

Source DF Adj SS Adj MS F‑value P‑value

Model 5 0.648707 0.129741 12.44 0.002

Linear 2 0.530122 0.265061 25.41 0.001

pH 1 0.071248 0.071248 6.83 0.035

Temp 1 0.458874 0.458874 43.99 0.000

Square 2 0.049417 0.024708 2.37 0.164

pH*pH 1 0.046065 0.046065 4.42 0.074

Temp*Temp 1 0.007291 0.007291 0.70 0.431

2‑Way interaction 1 0.069169 0.069169 6.63 0.037

pH*Temp 1 0.069169 0.069169 6.63 0.037

Error 7 0.073027 0.010432

Lack‑of‑fit 3 0.073027 0.024342 * *

Pure error 4 0.000000 0.000000

Total 12 0.721734
*: indicates that the Lack-of-Fit F-value and P-value could not be calculated due to 
absence of pure error.

Table 1: Actual values of the factors and their corresponding coded level.

S. No. Variables Coded values

−1 (low) 0 (medium) 1 (high)

1 Reaction temperature (°C) 37 48.5 60

2 pH of the algal extract 5 7 9
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centrifugation at 10,000 rpm for 10 min, followed by two washes with 
sterile double-distilled water. The purified nanoparticles were then re-
suspended in an equivalent volume and subjected to characterization 
using various analytical techniques.

3.3. Characterization Techniques
3.3.1. UV-Vis spectroscopy analysis
The formation and stability of AgNPs synthesized using S. moniliformis 
extract were monitored using UV–Vis spectroscopy at different 
time intervals. For the analysis, 1 mL of algal extract (pH 9.82) was 
mixed with 9  mL of 1 mM AgNO₃ and incubated at 64.76°C. SPR 
bands consistently appeared between 436 and 438  nm [Figure  3a], 
confirming successful nanoparticle formation. At 24  h, a moderate 
absorption peak at 437 nm (absorbance = 1.315) was observed, which 
gradually increased to 1.989 by 96 h, indicating enhanced synthesis 
and stabilization [Table 4]. No peak shift was noted even after 96 h, 
suggesting stable particle morphology. The reaction mixture was then 

stored at room temperature, and after 185 days, the SPR band remained 
at 436 nm with a slightly increased absorbance of 2.017 – confirming 
long-term colloidal stability. The stable λmax indicates uniform particle 
size and shape without aggregation, while increasing absorbance 
reflects a rise in AgNP concentration. Factors such as particle size, 
morphology, dielectric environment, and dispersion stability influence 
the SPR peak’s position and intensity. The minimal shift in λmax and 
steady absorbance increase confirm controlled biosynthesis and high 
stability of AgNPs [5,6].

3.3.2. XRD analysis
XRD analysis was used to determine the crystalline structure and size 
of the synthesized AgNPs. The diffraction pattern displayed distinct 
peaks at 2θ values [Figure  3b] corresponding to the (110), (111), 
(200), (220), and (311) planes, indicative of a face-centered cubic 
(FCC) structure (JCPDS No.  04–0783). The average crystallite size 
was calculated using the Debye-Scherrer equation D = 0.9k/β cos θ, 
based on the full width at half maximum, Bragg’s angle (θ), and X-ray 
wavelength (λ). The estimated crystallite sizes ranged from 2.03 to 
14.09 nm, with a mean size of 7.23 ± 2.02 nm [Table 5].

A sharp peak at approximately 37.89° (2θ), corresponding to the (111) 
plane, indicated a high degree of crystallinity. In addition to the main 
peaks, minor reflections were also observed, likely due to residual 
bioorganic compounds from the algal extract acting as capping agents. 
These findings align with previous studies on biosynthesized AgNPs 
using Aspergillus brunneoviolaceus [5] and the brown alga Sargassum 
coreanum [26], further confirming the FCC crystal structure and 
nanoscale dimensions of the particles.

3.3.3. FTIR spectroscopic analysis
FTIR analysis [Figure 3c] confirmed the presence of functional groups 
involved in the reduction and stabilization of AgNPs. A broad band 
at 3283 cm−1 corresponds to O–H stretching, indicating phenolic and 
alcoholic compounds likely responsible for reducing Ag⁺ ions [6]. 
A peak at 1638 cm−1 reflects C=O stretching, suggesting the role of 

Figure 2: (a) Contour plot, (b) Surface plot, (c) Response optimization curve for silver nanoparticles production.

cba

Figure 3: Characterization: (a) Ultraviolet-visible spectroscopic analysis, (b) X-ray diffraction pattern, (c) Fourier-transform infrared 
spectrum of silver nanoparticles.

cba

Figure 1: Diagnostic plot.
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carbonyl or amide groups, possibly from proteins, in capping the 
nanoparticles [22]. Minor peaks between 2104 and 2210 cm−1 and 
at 2271 cm−1 are attributed to C≡C stretching, indicating alkyne-
containing phytochemicals like flavonoids or terpenoids. Bands in 
the 690–650 cm−1 range suggest C–X stretching of alkyl halides [27]. 
These groups collectively support the dual function of the algal extract 
as a reducing and stabilizing agent. The involvement of proteinaceous 
compounds and amino acids in nanoparticle stabilization is consistent 
with previous FTIR-based studies [12,27].

3.3.4. TEM
TEM analysis provided detailed insights into the morphology and 
structure of the synthesized AgNPs. As shown in [Figure 4a and b], 
the HR-TEM image reveals that the nanoparticles are predominantly 
spherical. The particle size ranged from 5.05 to 61.4 nm, with an 
average diameter of 24.03 nm, indicating a well-distributed nanoscale 
population. These findings are further supported by the particle 
size distribution histogram [Figure  4d], which illustrates a narrow 
dispersion with most particles falling within the 10–40  nm range. 
The selected area electron diffraction pattern [Figure  4c] confirmed 
the FCC crystalline structure, characteristic of metallic silver. The 
observed interplanar spacing (~0.23  nm) corresponds to the (111) 
planes of FCC silver, in agreement with XRD results.

3.4. Biopotency of Synthesized AgNPs
3.4.1. Antioxidant activity
To evaluate the antioxidant potential of the synthesized AgNPs, a 
DPPH free radical scavenging assay was performed across a range 
of concentrations. The lowest scavenging activity was observed at 
10 µg/mL (18.31 ± 3.02%), while the highest was recorded at 100 µg/mL 
(98.60 ± 0.37%). Statistical analysis using one-way ANOVA indicated 
a highly significant, dose-dependent increase in antioxidant activity 
(P < 0.0001; [Figure  5]). The IC50 value was calculated as 41.09 ± 
0.35  µg/mL, highlighting the strong antioxidative efficacy of the 
biosynthesized AgNPs. Ascorbic acid was taken as the positive control 
and showed a steady rise in scavenging activity, from 20.44 ± 2.43% at 

10 µg/mL to 99.12 ± 0.40% at 100 µg/mL, confirming the reliability of 
the assay. At higher concentrations, the AgNPs displayed antioxidant 
activity that was almost comparable to ascorbic acid. These findings are 
consistent with earlier reports demonstrating concentration-dependent 
antioxidant responses in AgNPs synthesized from biological sources 
such as Blighia sapida [28] and Azadirachta indica [29] leaf extracts, 
as well as marine fungi including Penicillium oxalicum and Fusarium 
hainanense [6].

Table 4: UV‑Vis spectroscopic data of AgNPs.

S/n Reaction time Peak intensity (Abs.) λmax (nm)

1 24 h 437 1.315

2 48 h 438 1.537

3 72 h 438 1.715

4 96 h 437 1.989

5 185 day 436 2.017
UV‑Vis: Ultraviolet‑visible, AgNPs: Silver nanoparticles.

Table 6: Antibacterial activity of AgNPs.

S. No. Bacterial strains AgNPs Std. drug AgNO3

1 Staphylococcus aureus 20.3±0.33 28.0±0.58 15.3±0.33

2 Bacillus cereus 19.7±0.33 30.3±0.33 0.0±0.0

3 Bacillus subtilis 21.0±0.58 29.7±0.33 0.0±0.0

4 Escherichia coli 27.3±0.33 38.3±0.33 15.0±0.58

5 Klebsiella pneumoniae 24.7±0.33 35.7±0.33 12.3±0.33

6 Shigella dysenteriae 25.3±0.33 33.7±0.33 14.0±0.58
AgNPs: Silver nanoparticles.

Table 5: Interpretation of data obtained by XRD analysis.

S. 
No.

2‑theta theta FWHM Crystallite 
size D (nm)

D nm 
(Average)

(hkl)

1 33.24 16.62 1.39 5.96 7.23±2.02 110

2 37.89 18.945 1.58 5.32 111

3 43.2 21.6 4.2 2.03 200

4 65.5 32.75 0.67 14.1 220

5 77.2 38.6 1.16 8.76 311
XRD: X‑ray diffraction, FWHM: Full width at half maximum.

Figure 4: High-resolution transmission electron microscopy analysis of 
biosynthesized silver nanoparticles (AgNPs): (a) transmission electron 

microscopy (TEM) image at a scale of 20 nm; (b) TEM image at 5 nm scale 
revealing lattice fringes; (c) selected area electron diffraction pattern of 

AgNPs; (d) Particle size distribution histogram.

dc

ba

Figure 5: Antioxidative potency of silver nanoparticles.
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3.4.2. Antibacterial activity
The antibacterial activity of algae-synthesized AgNPs was evaluated 
against various human pathogenic bacteria and compared with silver 
nitrate, sterile Milli-Q® water (negative control), and the standard 
antibiotic streptomycin. Antimicrobial efficacy was assessed by 
measuring the ZOI in millimeters (mm), presented as mean±standard 
error. Escherichia coli showed the highest sensitivity to AgNPs, with 
a ZOI of 27.3 ± 0.33 mm, followed by Shigella dysenteriae (25.3 ± 
0.33  mm) and Klebsiella pneumoniae (24.7 ± 0.33 mm). Bacillus 
cereus was the least susceptible, exhibiting a ZOI of 19.7 ± 0.33 mm 
[Table 6]. One-way ANOVA followed by Tukey’s honest significant 
difference test confirmed statistically significant differences among 
treatments (P < 0.0001). AgNPs exhibited significantly greater 
antibacterial activity than AgNO3 (P < 0.001), although they remained 
less effective than the standard antibiotic (P < 0.001).

These results underscore the substantial antimicrobial potential of 
algae-derived AgNPs. While they do not outperform conventional 
antibiotics, they show superior efficacy over ionic silver and benefit 
from an eco-friendly synthesis route. Their enhanced activity may be 
attributed to their nanoscale dimensions and the presence of bioactive 
algal compounds, which could synergistically disrupt microbial 
membranes or promote reactive oxygen species (ROS) generation [30]. 
This highlights their potential as alternative or adjunct antimicrobial 
agents, especially against drug-resistant pathogens.

3.4.3. Anticancer activity
The cytotoxic potential of the synthesized AgNPs was evaluated 
against the human breast adenocarcinoma MCF-7 cell line using 
the MTT assay. Cells treated with increasing concentrations of 
AgNPs (10–100 µg) for 24  h demonstrated a clear, dose-dependent 
inhibition of cell viability. At the lowest tested dose (10  µg), a 
modest inhibition of 8.53 ± 2.40% was observed, indicating limited 
cytotoxicity. As the concentration increased, cell viability declined 
progressively, reaching 98.58 ± 0.94% inhibition at 100 µg, indicating 
near-complete cytotoxicity and a strong dose–response relationship 
[Figure  6]. Statistical analysis using one-way ANOVA revealed a 
highly significant difference between treatment groups (F = 242.67, 
P < 0.0001), validating the observed trend.

The IC50 value was determined to be 51.49 ± 0.45 µg using a linear 
regression model (y = 1.0264 × −2.8485), categorizing the AgNPs as 
a moderately potent cytotoxic agent. Interestingly, the standard drug 
5-fluorouracil (5-FU) produced a comparable inhibition of 50.28 
± 1.47% at 40.7 µg, placing AgNPs within the therapeutic efficacy 
range of a clinically used chemotherapeutic. Similar IC50 values 
(30–70  µg/mL) for green-synthesized AgNPs against MCF-7  cells 

have been reported by Rajawat et al. [31]. Moreover, our findings are 
consistent with previous studies wherein AgNPs synthesized from 
the leaf extract of Brassica oleracea [32], red marine alga Gracilaria 
foliifera [33], and microalga Coelastrella aeroterrestrica [34] exhibited 
comparable cytotoxic effects against the MCF-7 cell line.

The observed cytotoxicity may be attributed to the disruption of 
mitochondrial dehydrogenase activity, as indicated by reduced MTT 
metabolism. The sharp decline in cell viability beyond 50 µg also suggests 
a threshold-dependent response. Given their comparable efficacy to 
5-FU, these algal-derived AgNPs show promise as potential anticancer 
agents. However, additional studies involving other cancer models, 
non-cancerous cell lines, and mechanistic evaluations (e.g., apoptosis 
induction, ROS generation, or cell cycle arrest) are necessary to further 
validate their therapeutic potential and safety profile.

3.5. Mechanistic Insights, Limitations, and Future Directions
This study highlights S. moniliformis as a new and promising source for 
the green synthesis of AgNPs with significant biomedical potential. In 
the present work, only functional assays were carried out, and detailed 
mechanistic studies were not performed. Since AgNPs are reported 
to trigger ROS-mediated apoptosis in cancer cells [35] and show 
antibacterial activity through membrane disruption and interactions 
with key biomolecules [36], further investigations such as ROS assays, 
apoptosis marker analysis, flow cytometry, and ultrastructural studies 
will be necessary to clarify these mechanisms and to strengthen the 
biomedical significance of AgNPs derived from S. moniliformis.

4. CONCLUSION

This study successfully demonstrates the green synthesis of AgNPs using 
the red alga S. moniliformis through an eco-friendly, rapid, and cost-
effective approach. Optimization of synthesis parameters using RSM 
significantly enhanced nanoparticle yield, with optimal results achieved 
at pH 9.82 and 64.76°C. Characterization using UV–Vis spectroscopy, 
FTIR, XRD, and HR-TEM confirmed the formation of spherical, 
crystalline AgNPs with well-defined nanoscale dimensions and surface 
capping by bio-organic compounds derived from the algal extract. 
Functionally, the biosynthesized AgNPs exhibited potent biological 
activities. They demonstrated strong antioxidant capacity with a low IC50 
value of 41.09 ± 0.35µg, indicating efficient free radical scavenging. 
Antibacterial assays revealed broad-spectrum activity against pathogenic 
bacteria, with efficacy surpassing silver nitrate and approaching that 
of standard antibiotics. Furthermore, the AgNPs showed significant 
anticancer potential against the MCF-7 breast cancer cell line, with a 
calculated IC50 of  51.49 ± 0.45 µg, closely comparable to the standard 
drug 5-fluorouracil. Taken together, these findings highlight the promise 
of algae-mediated AgNPs as multifunctional bio-nanomaterials with 
applications in antimicrobial therapy, oxidative stress mitigation, and 
cancer treatment. Further mechanistic investigations, along with in vivo 
studies, are essential to fully realize their clinical and therapeutic potential.
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