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ABSTRACT

Objectives: This study aimed to synthesize and characterize selenium nanoparticles (SeNPs) using phytochemical-rich extracts of Linum usitatissimum
(flaxseed) and Withania somnifera (ashwagandha), and to evaluate their biological efficacy and safety for biomedical applications.

Methods: SeNPs were synthesized through a green method employing aqueous extracts of flaxseed and ashwagandha as reducing and stabilizing
agents. Characterization was performed using ultraviolet (UV)-visible spectroscopy, X-ray diffraction (XRD), scanning electron microscopy,
transmission electron microscopy (TEM), and Fourier transform infrared spectroscopy to determine morphology, crystallinity, and functional groups.
Biological activities were assessed through antioxidant assays (2,2-diphenyl-1-picrylhydrazyl, Ferric reducing antioxidant power, ABTS), anti-
inflammatory tests (bovine serum albumin and egg albumin denaturation), and antimicrobial evaluations (agar well-diffusion and time-kill assay).
Cytotoxicity and embryonic toxicology were analyzed using brine shrimp lethality and zebrafish embryo viability assays.

Results: The UV-visible spectra confirmed nanoparticle formation with a characteristic peak at 270-280 nm. XRD and TEM analyses revealed
crystalline SeNPs of ~25 nm stabilized by phytochemicals. SeNPs exhibited strong antioxidant activity (>75% inhibition), anti-inflammatory efficacy
comparable to diclofenac sodium, and significant antimicrobial zones of inhibition at 100 ug/mL. Cytotoxicity was minimal at therapeutic doses,
whereas zebrafish embryonic studies indicated dose-dependent toxicity at higher concentrations.

Conclusion: Green-synthesized SeNPs demonstrate potent antioxidant, anti-inflammatory, and antimicrobial properties, with good biocompatibility
at therapeutic concentrations. Their eco-friendly synthesis and biological efficacy suggest strong potential as sustainable therapeutic agents,
warranting further in vivo studies and clinical translation.
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INTRODUCTION resources as plant extracts, acting as reducing and stabilizing agents,

. . . therefore, eliminating the need to use dangerous chemicals.
Nanotechnology has become a new revolution, providing new solutions

in such areas as medicine, energy, and environmental science [1]. The
promise of its potential is to manipulate matter at the nanoscale, and
from that, materials are conferred with unique physical, chemical, and
biological properties. In various aspects of nanotechnology advances,
introducing nanoparticles in medicine has revolutionized diagnostics,
the mode of drug delivery, and the forms of therapies. Due to their

Of the two medicinal plants identified with a rich bioactive composition,
flaxseed (Linum usitatissimum) and ashwagandha (Withania somnifera)
are two of them [8]. These compounds not only catalyze the synthesis
of SeNPs but also modify their biological properties to the advantage
of making them excellent for biomedical applications [9]. Although

potential in solving various challenging issues in the field of health
concerning their antioxidant, anti-inflammatory, and antimicrobial
properties, selenium nanoparticles (SeNPs) have received enhanced
interest [2,3]. Selenium is an important trace element crucial for
sustaining one’s health, mainly through playing a role in selenoproteins
that prevent oxidative stress to cells and modulate the immune
response [4].

Conventional selenium formulations, however, are faced by challenges
such as poor bioavailability and toxicity at high doses [3]. The
emergence of SeNPs represents a promising option, offering selenium
the advantages of biocompatibility, stability, and therapeutic
efficacy as well as integrating the benefits of selenium because of its
nanoscale nature [5,6]. In recent years, attention has been fueled into
green synthesis procedures for nanoparticle formation and termed
eco-friendly and sustainable [7]. Such approaches employ such natural

research on the SeNPs has improved, there is still a gap in investigating
the synergistic capability of these herbal extracts in nanoparticle
synthesis [10]. Flaxseed and ashwagandha, which are rich in antioxidant
and anti-inflammatory properties, provide a novel opportunity to
produce biocompatible SeNPs customized for therapeutic uses [11].
With the bioactive compounds of these plants, it is possible to improve
the stability as well as biocompatibility and efficacy of SeNPs, which are
the limitations of conventional selenium formulations [12,13].

The purpose of this work is the synthesis of SeNPs with the use of
L. usitatissimum and W. somnifera by the green synthesis method and
evaluation for biomedical use. The data support the emerging area of
so-called green nanotechnology and highlight the importance of plant-
based synthesis options in the development of non-toxic functional and
eco-friendly therapeutic agents.
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METHODS

Preparation of plant extracts

Forthe preparation of plantextracts, 1 g of W. somnifera (ashwagandha)
powder and 1 g of L. usitatissimum (flaxseed) powder were each
suspended separately in 100 mL of distilled water, corresponding
to a 1% (w/v) concentration. The mixtures were heated on a
heating mantle at 60-70°C for 15-20 min to facilitate the extraction
of bioactive compounds. After cooling to room temperature, the
solutions were filtered using Whatman No. 1 filter paper to remove
insoluble residues. The clear filtrates were collected and stored at 4°C
until further use.

Formulation of the herbal extract mixture

To prepare the herbal formulation, equal volumes of the two extracts
were combined in a 1:1 (v/v) ratio to ensure a balanced contribution
of phytochemicals from both plants. This mixed extract served as the
reducing and stabilizing agent for the green synthesis of SeNPs.

Synthesis of SeNPs

For SeNP synthesis, a 30 mM sodium selenite precursor solution was
prepared in 50 mL of distilled water. To this, 50 mL of the herbal formulation
(1:1 mixture of the 1% W. somnifera and L. usitatissimum extracts) was
added dropwise under constant stirring at 600 rpm. The final reaction
volume was therefore 100 mL. The reaction mixture was maintained at
room temperature (25+2°C) for 24-48 h to allow the phytochemicals in
the extracts to reduce and stabilize the selenium ions. The formation of
SeNPs was monitored using a ultraviolet (UV)-visible spectrophotometer
to detect the characteristic absorption peak (Fig. 1a-d).

Following synthesis, the suspension was centrifuged at 8,000 rpm for
10 min. The pellet containing SeNPs was washed twice with double-
distilled water to remove unbound biomolecules and then air-dried.
The purified SeNPs were stored in airtight Eppendorf tubes at 4°C until
further characterization and biomedical application studies.

Characterization of SeNPs

The optical properties of the synthesized SeNPs were initially confirmed
using a UV-visible spectrophotometer (UV-1800, Shimadzu, Japan)
by recording the absorption spectra in the 200-800 nm range. The
surface functional groups involved in the reduction and stabilization
of nanoparticles were identified through Fourier transform infrared
spectroscopy (FT-IR, Nicolet iS50, Thermo Fisher Scientific, USA) within
the scanning range of 4,000-400 cm™. The crystalline nature and
phase purity of the SeNPs were further examined by X-ray diffraction
analysis (X'Pert PRO, PANalytical, Netherlands) using Cu Ko radiation
(A=1.5406 A), and the average crystallite size was calculated employing
the Debye-Scherrer equation. Morphological characteristics, including
surface roughness and aggregation, were studied by scanning electron
microscopy (SEM) (JSM-6390LV, JEOL Ltd., Japan), while particle size
and lattice structure at the nanoscale were validated by high-resolution
transmission electron microscopy (TEM) (JEM-2100, JEOL Ltd., Japan)
operated at 200 kV.

Antimicrobial activity
Agar well diffusion technique

The antimicrobial activity of SeNPs synthesized using L. usitatissimum
(flaxseed) and W. somnifera (ashwagandha) was evaluated using the
agar well diffusion technique. Standard microbial strains, including
Escherichia coli, Staphylococcus aureus, Pseudomonas spp., and Candida
albicans, were used for the study. These strains were maintained on
appropriate culture media, such as Mueller-Hinton agar for bacterial
strains and Sabouraud dextrose agar for fungal strains. To prepare
the microbial inoculum, active cultures were diluted in sterile
saline to match the 0.5 McFarland turbidity standard, equivalent to
approximately 1.5x1081.5\times 1081.5x108 colony-forming units
(CFU/mL). The standardized inoculum was evenly spread onto the
surface of solidified agar plates using a sterile swab to ensure uniform
microbial growth.

Asian ] Pharm Clin Res, Vol 18, Issue 12, 2025, 120-130

A sterile polystyrene pipette tip was used to create 9 mm diameter
wells in the inoculated agar plates. Each well was filled with 100 uL
of SeNP suspensions prepared at concentrations of 25 pg/mL, 50 ug/
mL, and 100 pg/mL. Standard antimicrobial agents, such as amoxyrite
for bacterial strains and fluconazole for C. albicans were used for
comparison. The plates were incubated under optimal conditions, with
bacterial plates incubated at 37°C for 24 h and fungal plates incubated
at 28°C for 48 h to allow adequate diffusion and microbial growth.
Following incubation, the zones of inhibition around the wells were
measured using a digital Vernier caliper to determine the antimicrobial
efficacy of SeNPs.

Time kill curve assay

The time-kill curve assay was conducted to evaluate the antimicrobial
efficacy of SeNPs synthesized using L. usitatissimum (flaxseed) and W.
somnifera (ashwagandha) against selected microbial strains, including
E. coli, S. aureus, Pseudomonas spp., and C. albicans. Freshly prepared
cultures of the test organisms were standardized to a concentration
of approximately 10° CFU/mL using sterile saline to ensure consistent
inoculum across all samples. Aliquots of the microbial suspensions
were treated with SeNP solutions at concentrations of 25 ug/mL,
50 ug/mL, and 100 ug/mL. Standards such as amoxyrite for bacteria
and fluconazole for fungi and control (untreated samples) were
included for comparison.

The treated and control samples were incubated at 37°C with gentle
shaking to ensure uniform exposure and distribution. At specific time
intervals (0, 1, 2, 3, 4, and 5 h), aliquots of 100 uL were withdrawn,
and their optical density (OD) was measured at 600 nm using an
enzyme-linked immunosorbent assay (ELISA) reader. This provided a
quantitative measure of microbial growth or reduction over time.

Antioxidant activity

2,2-diphenyl-1-picrylhydrazyl (DPPH) assay

The antioxidant activity of SeNPs was assessed using the DPPH-
free radical scavenging assay. DPPH, a stable-free radical, exhibits a
violet color in methanol, which changes to yellow on reduction by
an antioxidant. A stock solution of DPPH (0.1 mM) was prepared in
methanol. The assay was performed by mixing 1 mL of DPPH solution
with 1 mL of SeNPs at concentrations of 10, 20, 30,40, and 50 ug/mL. The
reaction mixtures were incubated in the dark at room temperature for
30 min to prevent photodegradation. After incubation, the absorbance
was measured at 517 nm using a UV-visible spectrophotometer.
Ascorbic acid (10-50 ug/mL) served as the standard antioxidant.
The percentage of DPPH radical scavenging was calculated using the
formula:

Inhibition (%) = (Acontrol-Asample/Acontrol) x 100

Hydrogen peroxide (H,0, scavenging assay)

The SeNPs’ ability to scavenge hydrogen peroxide was evaluated. A 40
mM H,0, solution was prepared in phosphate buffer (pH 7.4). In a
1 mL reaction mixture, 0.6 mL of HZOZ solution was mixed with 0.4 mL
of SeNPs at varying concentrations (10, 20, 30, 40, and 50 ug/mL).
The solution was incubated for 10 min at room temperature. After
incubation, the absorbance was measured at 230 nm using a UV-visible
spectrophotometer. Ascorbic acid at similar concentrations was used as
the standard. The percentage of H,0, scavenging was calculated using
the formula:

Inhibition (%) = (Acontrol-Asample/Acontrol) x 100

Ferric reducing antioxidant power (FRAP) assay

The reducing power of SeNPs was determined using the FRAP assay. The
FRAP reagent was prepared by mixing 10 mM TPTZ (2,4,6-tripyridyl-s-
triazine) solution in 40 mM HCl with 20 mM ferric chloride (FeCl,-6H,0)
and 300 mM acetate buffer (pH 3.6) ina 1:1:10 ratio. In a 1 mL reaction
mixture, 0.3 mL of SeNPs at different concentrations (10, 20, 30, 40, and
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50 pug/mL) was mixed with 0.7 mL of FRAP reagent. The mixture was
incubated at 37°C for 30 min. The absorbance was measured at 593 nm.
Ascorbic acid at equivalent concentrations was used as a standard.
The results were expressed as the percentage increase in absorbance,
reflecting the reducing power of the sample used,

Inhibition (%) = (Acontrol-Asample/Acontrol) x 100

ABTS assay

The antioxidant potential of SeNPs was also determined using the ABTS
radical scavenging assay. ABTS radical cations were generated by mixing
7 mM ABTS with 2.45 mM potassium persulfate, followed by incubation
in the dark at room temperature for 12-16 h. The ABTS solution was
diluted with distilled water to obtain an absorbance of 0.7 at 734 nm.
In a 1 mL reaction mixture, 0.3 mL of SeNPs at concentrations of 10,
20, 30, 40, and 50 pg/mL was mixed with 0.7 mL of ABTS solution.
After 10 min of incubation in the dark, the absorbance was recorded
at 734 nm. Ascorbic acid served as a reference standard, and the
percentage inhibition of ABTS radicals was calculated using,

Inhibition (%) = (Acontrol-Asample/Acontrol) x 100

Nitric oxide scavenging assay

The nitric oxide scavenging activity of SeNPs was determined using
sodium nitroprusside. Sodium nitroprusside (10 mM) in phosphate
buffer (pH 7.4) was incubated with SeNPs at concentrations of 10,
20, 30, 40, and 50 pg/mL at 37°C for 2 h. After incubation, 0.5 mL of
the reaction mixture was mixed with 0.5 mL of Griess reagent (1%
sulfanilamide and 0.1% NEDD in 5% phosphoric acid). The absorbance
of the pink chromophore formed was measured at 546 nm. Ascorbic
acid was used as the standard. The percentage inhibition was calculated
as:

Inhibition (%) = (Acontrol-Asample/Acontrol) x 100

Anti-inflammatory activity

Bovine serum albumin (BSA) denaturation assay

The inhibition of protein denaturation by SeNPs was studied using BSA.
A reaction mixture containing 0.5 mL of 1% BSA solution, 0.5 mL of
phosphate buffer (pH 6.3), and 0.5 mL of SeNPs (10-50 pug/mL) was
incubated at 37°C for 20 min. The mixture was then heated at 70°C for
5 min to induce protein denaturation. After cooling, the absorbance was
measured at 660 nm. Diclofenac sodium (10-50 ug/mL) was used as
the standard. The percentage inhibition of protein denaturation was
calculated as:

Inhibition (%) = (Acontrol-Asample/Acontrol) x 100

Egg albumin (EA) denaturation assay

A similar procedure was followed for the EA denaturation assay. EA
(5% w/v) was prepared in distilled water. A 1 mL reaction mixture
containing 0.5 mL of EA solution, 0.4 mL of phosphate buffer (pH 6.3),
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and 0.1 mL of SeNPs at varying concentrations (10-50 ug/mL) was
heated at 70°C for 10 min. The mixture was cooled, and absorbance
was recorded at 660 nm. Diclofenac sodium was used as the reference
standard. The percentage inhibition was calculated using,

Inhibition (%) = (Acontrol-Asample/Acontrol) x 100

Membrane stabilization assay

The human red blood cell membrane stabilization method was used to
assess anti-inflammatory activity. Blood samples were collected from
healthy volunteers and centrifuged at 3000 rpm for 10 min to obtain
RBCs, which were washed with isotonic saline. The RBC suspension was
mixed with SeNPs (10-50 ug/mL) in a hypotonic solution. The mixture
was incubated at 37°C for 30 min and centrifuged. The absorbance of
the supernatant was measured at 540 nm. Diclofenac sodium was used
as the standard. The percentage of hemolysis inhibition was calculated
to evaluate membrane stabilization.

Inhibition (%) = (Acontrol-Asample/Acontrol) x 100

Cytotoxic effect

The cytotoxic effect of the SeNPs was evaluated using the Brine Shrimp
Lethality Assay. For the preparation of saline water, 2 g of iodine-
free salt was dissolved in 200 mL of distilled water. A 6-well ELISA
plate was used, with each well filled with 10-12 mL of the saline
solution and 10 brine shrimp nauplii. The SeNPs were added to each
well at concentrations of 5, 10, 20, 40, and 80 pg/mL to assess their
cytotoxicity. The plates were incubated for 24 h, after which the number
of live nauplii was recorded. The percentage of mortality was calculated
using the formula:

Mortality (%) = (Number of dead nauplii/Total number of nauplii) x 100.

This assay allowed for determining the cytotoxic concentration range of
the nanoformulation on brine shrimp nauplii.

Zebrafish toxicology evaluation

Maintenance and breeding of zebrafish

Adult zebrafish (Danio rerio) were maintained in a recirculating water
system under controlled laboratory conditions at 28 + 2°C with a
14-h light/10-h dark cycle. The zebrafish were fed twice daily with
commercial dry bloodworms to ensure optimal health. For breeding,
male and female zebrafish were placed in a ratio of 2:1 in breeding
tanks overnight. Fertilized embryos were collected within 4 h post-
fertilization (hpf), the next morning, and rinsed using freshly prepared
E3 medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CacCl,, and 0.33 mM
MgS0,) to ensure cleanliness and viability.

Experimental setup

The test solutions were prepared by dispersing SeNPs in E3 medium
at concentrations of 5, 10, 20, 40, 80 ug/mL. These solutions were
sonicated for 15 min to ensure uniform dispersion and adjusted to a
neutral pH (7.2-7.4). Zebrafish embryos were distributed into 12-well

Fig. 1: Synthesis of selenium nanoparticles (SeNPs) using Withania somnifera and Linum usitatissimum plant extracts. (a) Sodium Selenite
Solution (b) W. somnifera and L. usitatissimum Formulation (c) Green synthesized SeNPs solution (d) Pellet of SeNPs L. usitatissimum and
W. somnifera and Sodium selenate
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plates, with each well containing 2 mL of test solution and 20 embryos.
A control group containing only E3 medium was maintained. Each
concentration was tested in triplicate to ensure statistical reliability.
The plates were incubated at 28 + 1°C for 96 h, with deceased embryos
removed every 12 h to prevent contamination. The plates were covered
with aluminum foil to minimize light interference.

Observation and data collection

Embryos were observed at 24, 48, 72, and 96 h post-fertilization (hpf)
using a stereomicroscope to monitor developmental stages, including
cleavage, organogenesis, and hatching. The number of live and dead
embryos was recorded at each interval, and viability rates were
calculated. Morphological changes were documented, with special
attention to abnormalities such as tail deformities, edema (pericardial
or yolk sac), delayed hatching, and reduced pigmentation. Photographic
documentation of normal and malformed embryos was performed
using a Stereo microscope (COSLAB HL-10A) to provide visual evidence
of developmental outcomes.

Statistical analysis

The data collected were expressed as mean * standard deviation from
three independent replicates. One-way analysis of variance followed
by Tukey’s post hoc test was used to compare the treated groups with
the control. A p<0.05 was considered statistically significant, providing
reliable insights into the toxicity and safety profile of the nanoparticles.

RESULTS

The UV-Visible absorption spectra (Fig. 2) of the green-synthesized
SeNPs displayed a distinct surface plasmon resonance (SPR) band in
the range of 270-280 nm, which is characteristic of nanoscale selenium.
The spectra recorded at 36 and 48 h revealed stable and reproducible
absorption patterns, with a gradual increase in absorbance intensity
over time, confirming progressive nanoparticle formation and
stabilization. A slight redshift was observed between the 2 time
intervals, indicating growth and mild aggregation of particles during
the synthesis process. The strong absorbance and stability of the band
suggest effective reduction of selenium ions by the phytochemicals
present in the L. usitatissimum and W. somnifera extracts, thereby
validating successful nanoparticle synthesis.

FT-IR

The FTIR spectrum (Fig. 3) reveals the absorption bands which attest
to the presence of different functional groups that have played a role
in the reduction and stabilization of the SeNPs. Significant peaks were
registered at 3405.6 cm™%, which is the 0-H stretching vibrations, and
this warns of the presence of hydroxyl groups, whether from water or
other biomolecules in the synthesis medium. The bands at 2921.1 cm™
and 2852.4 cm™ correspond to C-H stretching that suggests alkane
groups. There were also additional peaks noted at 1647.5 cm™ and
1547.5 cm™; C=C and C=0 stretching vibrations, respectively, were
highlighted. These peaks may correspond to the aromatic compound
or carbonyl group, which may come from the organic stabilizers used
in the greener synthesis medium. Vibrations at 1387.5 cm™ and 1261.2
cm™ are characteristic of C-N stretching vibrations and thus indicate
the presence of amine groups. Finally, a well-defined peak at about
734.5 cm™ matches Se-O bonds, thus proving the formation of SeNPs.
The existence of these functional groups is an indication of proper
capping and stabilization and which is a result of biocompatibility and
stability of the synthesized SeNPs.

X-ray diffraction (XRD)

The diffractogram exhibits well-defined Bragg reflections characteristic
of crystalline selenium (Fig. 4). Using the measured FWHM of the
dominant reflection at 26 = 36° (Cu Ko, A = 1.5406 A K= 0.9), Debye-
Scherrer analysis gives a coherently diffracting domain size of ~1.9 nm.
The peak positions match trigonal selenium referenced to JCPDS/ICDD
card No. 06-0362, confirming the assigned phase. This nanometer-scale
domain size is consistent with the ~5 nm primary particle diameter
observed by TEM (domains < particle size).
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Fig. 2: Ultraviolet-visible spectroscopy analysis of selenium
nanoparticles synthesized using Withania somnifera and Linum
usitatissimum plant extracts
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Fig. 3: Selenium nanoparticles (SeNPs) synthesized using
Withania somnifera and Linum usitatissimum extracts, as
confirmed by the Fourier transform infrared spectroscopy
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Fig. 4: Green-synthesized selenium nanoparticles using Withania
somnifera and Linum usitatissimum extracts, confirmed by X-ray
diffraction analysis
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Fig. 5: Scanning electron microscopy images of selenium nanoparticles (SeNPs) synthesized using Withania somnifera and Linum
usitatissimum extracts at different magnifications. (a) Aggregated SeNPs formed due to high surface energy, (b) Porous architecture
providing a high surface area favorable for biomedical interactions, and (c) Detailed visualization of nanoparticle distribution showing
rough and uneven surface texture that enhances functional properties

SEM

SEM micrographs (Fig. 5a-c) depict a hierarchically porous architecture
composed of closely packed nanoscale subunits forming networked,
rough-surfaced agglomerates. The surfaces appear corrugated with
abundant interparticle voids, giving rise to ahigh-surface-area texture
and extensive contact interfaces. This morphology is consistent across
fields of view, indicating uniform synthesis and good reproducibility
of the biogenic process. The micro-porosity and surface roughness
observed are advantageous for biomedical use, as they can enhance
adsorption, interfacial reactivity, and biomolecule interaction, thereby
supporting the antioxidant, anti-inflammatory, and antimicrobial
performance attributed to the SeNPs.

TEM

TEM micrographs (Fig. 6a and b) reveal discrete, nearly spherical SeNPs
with well-resolved lattice fringes, confirming high crystallinity at the
primary scale. High-resolution images (Fig. 6a; 5 nm scale bar) indicate
a primary particle diameter of ~5 nm. Lower-magnification views
(Fig. 6b; 500 nm scale bar) show these primaries arranged as sub-micron
assemblies (typically ~100-500 nm) formed by gentle association during
drying, while the ~5 nm cores remain clearly discernible. This hierarchical
morphology crystalline ~5 nm primaries organized into larger, loosely
packed clusters yields abundant interfacial area and accessible surface
sites, attributes that are advantageous for biomolecular interactions
and help rationalize the robust antioxidant, anti-inflammatory, and
antimicrobial responses observed elsewhere in the study.

Antimicrobial activity

The antimicrobial potential of SeNPs, synthesized using L. usitatissimum
and W. somnifera, was evaluated against Pseudomonas spp., C. albicans,
S. aureus, and E. coli through the agar well-diffusion method. Three
different concentrations of SeNPs - 25, 50, and 100 ug/mL were tested,
and the inhibition zones were measured in millimeters to determine
antimicrobial efficacy (Fig. 7a-d). At 25 pg/mL, SeNPs exhibited modest
antimicrobial activity with inhibition zones of 8 mm for Pseudomonas
spp., 7 mm for C. albicans, 11 mm for S. aureus, and 9 mm for E. coli.
These findings suggest that even at lower concentrations, SeNPs can
restrict microbial growth, with S. aureus being the most susceptible.
As the concentration increased to 50 ug/mL, the inhibitory zones
expanded-Pseudomonas spp. showed 10 mm, C. albicans 9 mm, S. aureus
15 mm, and E. coli 12 mm, indicating a dose-dependent enhancement in
antimicrobial effect. The strongest activity was observed at 100 ug/mL,
where inhibition zones reached 12 mm for Pseudomonas spp., 10 mm for
C. albicans, 18 mm for S. aureus, and 14 mm for E. coli. Overall, S. aureus
was the most sensitive organism, followed by E. coli, Pseudomonas
spp., and C. albicans. Minimal or no zones of inhibition were observed
in the control group, reinforcing the efficacy of SeNPs in suppressing
microbial proliferation (Fig. 8).

Time Kill curve assay
Concentration-dependent antimicrobial efficacy of synthesized SeNPs
using L. usitatissimum and W. somnifera was studied using a time-Kkill

Fig. 6: Transmission electron microscopy images of selenium
nanoparticles (SeNPs) synthesized using Withania somnifera and
Linum usitatissimum extracts. (a) High-resolution image showing
individual SeNPs with an average size of ~5 nm, confirming their

nanoscale dimensions and crystalline nature; (b) aggregated

SeNP clusters with size distribution up to ~500 nm, illustrating
particle association and stabilization within the formulation

curve assay against several microbial strains (Fig. 9). The respective
number of SeNPs applied to bacterial strains (Pseudomonas spp.,
S. aureus, and E. coli) and C. albicans was 25, 50, and 100 pg/mL
(with amoxyrite as the standard control). Bactericidal/fungicidal
effects were studied by observing CFU/mL for 4 h. For Pseudomonas
spp., SeNPs showed concentration-dependent reduction of CFU/mL
over time. At 25 pug/mL, the subsequent CFU levels were still rather
constant after an initial drop, which suggests a limited antimicrobial
activity. On the other hand, there was a more pronounced decrease
in CFU levels at 50 and 100 pg/mL; the 100 ug/mL concentration
exhibited an effect close to amoxyrite at 4 h. This indicates that
SeNPs at high concentration have significant bactericidal activity
against Pseudomonas spp. For C. albicans, SeNPs also demonstrated
concentration-dependent reduction in CFU/mL. Although there was
a weak effect at the 25 pg/mL concentration, the cellular viability of
fungi was significantly reduced at SeNPs concentrations of 50 pg/
mL and 100 pug/mL. The inhibitory activity of SeNPs was consistent
with the inhibitory activity of fluconazole at 100 pg/mL after 4 h, thus
indicating that SeNPs can function as a good antifungal agent against C.
albicans at greater concentrations.

For S. aureus, all concentrations of SeNPs demonstrated a gradual
decrease over time of CFU/mL, while 100 ug/mL concentrations had
results that resembled those of amoxyrite. The 50 ug mL concentration
also showed significant bactericidal activity, but it did not reach the
efficacy point of the highest SeNP dose or the standard. Such findings
suggest that SeNPs are actually capable of inhibiting S. aureus growth at
relatively high concentrations. In E. coli, SeNPs exhibited concentration-
dependent antimicrobial activity. The 25 ug/mL concentration had
a slight decrease in CFU/mL, and the 50 ug/mL concentration had
moderate bacterial inhibition. At 100 pug/mL, SeNPs had an extremely
significant impact on bacterial viability, attaining an effect close to that
brought about by amoxyrite at 4 h. This indicates that SeNPs possess
high antibiotic functionalities towards E. coli when they are used at
adequate numbers.
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Fig. 7: Agar well-diffusion assay evaluating the antimicrobial activity of selenium nanoparticles (SeNPs) synthesized using Withania
somnifera and Linum usitatissimum extracts. (a) Candida albicans with fluconazole as standard; (b) Pseudomonas spp. with amoxyrite
as standard; (c) Escherichia coli with amoxyrite as standard; (d) Staphylococcus aureus with amoxyrite as standard. Zones of inhibition

(measured in mm) demonstrate concentration-dependent antimicrobial effects of SeNPs
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Fig. 8: Antimicrobial activity of selenium nanoparticles against
Staphylococcus aureus, Escherichia coli, Pseudomonas spp.,
and Candida albicans. Data are presented as mean * standard
deviation (n=3). Statistical analysis was performed using one-way
analysis of variance followed by Tukey’s post-hoc test

Overall, the data reveal through the time-kill curve assay that the potent
antimicrobial activity of SeNPs synthesized from L. usitatissimum and
W. somnifera is effective across the strains of bacterial and fungal strains
and is more pronounced at 100 ug/mL. Their effectiveness in decreasing
microbial viability that comparable to amoxyrite and fluconazole,
showing their possible use as antimicrobial agents in biomedical fields.

Anti-inflammatory activity

The in vitro anti-inflammatory activity of SeNPs was investigated
using BSA denaturation, EA denaturation, and membrane stabilization
assays with the formation of the anti-inflammatory formulation
through in vitro synthesis of SeNPs using a herbal formulation of L.
usitatissimum (flaxseed) and W. somnifera (ashwagandha). Diclofenac
sodium was used as the standard anti-inflammatory agent, and
SeNPs were assessed from 10 to 50 pg/mL concentrations. In the BSA
denaturation assay, SeNPs demonstrated concentration-dependent
enhancement of inhibition of protein denaturation. At 10 ug/mL, SeNPs
exhibited approximately 50% inhibition, slightly lower than diclofenac
sodium. At a 20 ug/mL concentration, inhibition grew to approximately
60%, indicating moderate efficacy. The inhibition rate was close to that
of diclofenac sodium (about 65%) at 30 ug/mL. The inhibition rates by
the higher concentrations of 40 and 50 pug/mL were 70% and above
75% respectively; comparable to the standard. These results indicate
that SeNPs that were synthesized with an herbal formulation can
inhibit the denaturation of protein, which is an indicator of the anti-
inflammatory activity. The experimental results of the denaturation
assay for EA also added to the anti-inflammatory activity of SeNPs.
The minimum inhibition of around 55% was recorded by SeNPs at the
lowest concentration of 10 ug/mL, which was comparable with that
recorded for diclofenac sodium. At 20 pg/mL, this inhibition reached
close to 60% suggesting increased activity. At 30 pg/mL, SeNPs showed
about 65% inhibition and like diclofenac sodium and at 40 pug/mL
inhibition rate increased to 70%. At the highest concentration, 50 ug/
mL, the SeNPs showed more than 75% of inhibition, which was almost
equal to the standard (Fig. 10).

Once more, SeNPs showed concentration-dependent activity in the
membrane stabilization assay, which adds more evidence to their
anti-inflammatory nature. Exposure to 10 ug/mL of SeNPs reveals
a moderate membrane-stabilizing level of inhibition of about 55%.
Ratios of inhibition improved in parallel with increased concentration,
reaching 60% and 65% at 20 ug/mL and 30 ug/mL, respectively, closely
following the results for diclofenac sodium. For high concentrations of
40 and 50 ug/mL, SeNPs showed inhibition levels of ca. 70% and almost
75%, respectively, and comparable with the standard. The membrane
stabilization activity of SeNPs suggests their capacity to prevent cell
membranes from destabilization, critically important for minimizing
inflammation with lysosomal enzyme release. In general, these anti-
inflammatory assays show that SeNPs synthesized with L. usitatissimum
and W. somnifera have high anti-inflammatory activity on all the tested
concentrations - similar to diclofenac sodium.

Antioxidant activity

The antioxidant potential of SeNPs synthesized using a herbal
formulation of L. usitatissimum (flaxseed) and W. somnifera
(ashwagandha) was comprehensively investigated with DPPH, H,0,
scavenging, FRAP, ABTS, and nitric oxide scavenging assays (Fig. 11).
These assays determined the capacity of the SeNPs to neutralize-free
radicals and the oxidation of reagents over concentrations of 10-
50 pug/mL and compared to the results from a standard antioxidant.
SeNPs had significant concentration-dependent extravasation of
radical scavenging activity in the DPPH assay. With 70% inhibition,
SeNPs tackled this at 10 pg/mL, and as the increase in concentration
increased up to 20 and 30 pug/mL, the rates of inhibition bore about
75% and 80%, approximating well with the standard antioxidant.
Increased 40 and 50 ug/mL concentrations provided inhibition levels
of 82% and 85%, respectively, indicating the high level of free radical
scavenging ability of SeNPs at elevated doses. None of this low activity
is suggestive that SeNPs formed with herbal extracts exhibit high levels
of antioxidant properties, which may be useful for biomedical purposes
in oxidative stress. The hydrogen peroxide scavenging assay also found
the antioxidant activity of SeNPs enhanced with concentration. At the
lowest concentration, 10 pg/mL, medium inhibition of about 50% was
observed for SeNPs. This activity rose to 60% at 20 pg/mL and 65% at
30 ug/mL. At high concentrations of 40 and 50 ug/mL, SeNPs effected
inhibition at levels close to around 70% and 80%, respectively, on par
with that of the standard. The resultant findings imply that SeNPs can
neutralize hydrogen peroxide, which is a common reactive oxygen
species, especially at high concentrations.

In FRAP, SeNPs showed consistent significant reducing activity at
all used concentrations. At 10 pg/mL, SeNPs exhibited ca. 75%
inhibition, which revealed high electron-donating activity even when
administered at lower doses. This effect increased ever so slightly with
increased concentrations, where inhibition rates of ~77% were found
at 20 ug/mkL, 80% at 30 ug/mL, and 82% at 40 ug/mL. The highest
SeNPs concentration used (50 pg/mL) showed almost 90% inhibition,
similar to the standard antioxidant. This highly reducing nature helps
in the possible application of SeNPs as antioxidants, with their values
added in therapeutic use. ABTS radical scavenging assay showed pure
potency of SeNPs in all test concentrations.
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At 10 ug/mL, the inhibition rate for SeNPs was approximately 75% and
was closely comparable with the standard. Inhibition rate was slightly
increased by concentration - approximately 78% at the concentration
of 20 ug/mL, 80% at the concentration of 30 pg/mL, and 82% at the
concentration of 40 pg/mL. At 50 ug/mL, SeNPs showed more than
85% inhibition, thereby indicating that they have significant antioxidant
strength. This strong ABTS scavenging capability indicates that SeNPs
synthesized with L. usitatissimum and W. somnifera has a great ability
in minimizing oxidative damage, thus appropriate for biomedical
applications for oxidative stress reduction.

The nitric oxide (NO) scavenging assay also revealed the antioxidant
potential of SeNPs, with high inhibition rates in all the concentrations.
At 10 pg/mL, SeNPs exhibited about 75% inhibition, indicating that
NO scavenging activity was even more pronounced at a lowered
concentration. This inhibition was constant with increasing
concentrations, attaining approximately 77% at 20 ug/ml, about 78%
at 30 ug/ml, and 80% at 40 ug/ml. At 50 ug/mL, the inhibition rate
was closely approximated at about 85% and the standard antioxidant.
NO scavenging performance is of special relevance in biomedical
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applications since nitric oxide radicals are linked to inflammatory and
oxidative damage.

Cytotoxic effect

The cytotoxic effect of SeNPs was evaluated using a brine shrimp
lethality assay, assessing the percentage of live nauplii over 2 days
at varying SeNP concentrations (5, 10, 20, 40, and 80 ug/mL), with
a control group for comparison. As shown in Fig. 12, the viability of
nauplii remained above 80% across all tested concentrations, indicating
minimal cytotoxicity of SeNPs at the examined doses.

On Day 1, all SeNP concentrations demonstrated high viability rates,
ranging from approximately 95% to 100%, with no significant decrease
in nauplii survival compared to the control. On Day 2, a modest decline
in viability was noted, especially at the elevated concentrations of 40
and 80 pg/mL; however, survival rates of the nauplii stayed consistently
above 85% across all test groups. This minimal decline suggests a
concentration-dependent but low cytotoxic effect of SeNPs over an
extended exposure period.
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Fig. 9: Time-Kill curve assay of green-synthesized selenium nanoparticles. (a) Pseudomonas spp. with amoxyrite as standard; (b) Candida
albicans with fluconazole as standard; (c) Staphylococcus aureus with amoxyrite as standard; (d) Escherichia coli with amoxyrite as
standard. Results expressed as mean * standard deviation (n=3). One-way analysis of variance with Tukey’s post-hoc test confirmed

significance of dose- and time-dependent effects
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Fig. 12: Brine shrimp lethality assay showing the percentage
viability of nauplii exposed to varying concentrations of selenium
nanoparticles (5-80 ug/mL). Data expressed as mean * standard
deviation (n=3). Statistical analysis performed using one-way
analysis of variance

The results indicate that SeNPs exhibit low cytotoxicity toward nauplii
at the tested concentrations, suggesting their potential biocompatibility
and safety for applications that may require prolonged exposure to
SeNPs.

Embryonic toxicology

Fig. 13, Hatching rate of zebrafish embryos exposed to selenium
nanoparticles at different concentrations (5-80 pg/mL). Embryonic
toxicity of SeNPs was evaluated by monitoring the hatching rates of
nauplii exposed to varying concentrations of SeNPs (5, 10, 20, 40, and
80 ug/mL), with comparisons made against an untreated control group.
As shown in Fig. 14, a concentration-dependent decrease in hatching
rate was noted, which may presage exposure to the toxic effects of high
concentrations of SeNPs. In the control group, the hatching rate was
almost 100% indicating a satisfactory embryonic development in the
absence of SeNP exposure. Even at the lowest concentration of 5 ng/
mL, the hatching rates were high and close to the control, indicating a
negligible toxic effect at this level.

Nonetheless, there was a marked decline in hatching rate when the
concentration was raised. In particular, at 40 pg/mL and 80 ug/mL,
the hatching rate plummeted by about 55% and 40% correspondingly.
These results indicate that higher concentration levels of SeNPs can

impede the development of the embryo, as shown in hatching rates, at
high levels of doses.

The viability rate of zebrafish embryos was assessed after exposure
to varying concentrations of SeNPs, specifically at 5, 10, 20, 40, and
80 ug/mL, with a control group for comparison. As shown in Fig. 15, a
concentration-dependent decline in viability was observed, indicating
potential toxicity at higher concentrations of SeNPs.

The control group exhibited nearly complete viability, with survival rates
approaching 100%, confirming ideal embryonic development in the
absence of SeNP exposure. At the lowest concentration of 5 pg/mL, the
viability rate remained comparable to the control, suggesting minimal
toxic effects at this dose. However, with increasing concentrations, a
gradual reduction in viability was evident. Notably, at concentrations
of 40 ug/mL and 80 pug/mL, the viability rate significantly decreased to
approximately 70% and 60%, respectively.

These results suggest that SeNPs exert a concentration-dependent toxic
effect on zebrafish embryos, with higher concentrations leading to a
noticeable decline in viability

DISCUSSION

L. Usitatissimum and W. somnifera herbal formulation was explored
for the synthesis, characterization, and biomedical applications of
SeNPs. The findings emphasize the applicability of these biogenic
SeNPs for diverse therapeutic and environmental applications
and their efficiency, safety, and functional diversity. Bioactive
compounds obtained from flaxseed and ashwagandha were used
in the bio-green synthesis method to inhibit selenium precursors
and to stabilize nanoparticles formed. This environmentally friendly
technique removes the necessity to use toxic chemicals and increases
SeNPs [14,15] biocompatibility.

The results of UV-visible spectroscopy confirmed successful synthesis;
the characteristic SPR peak at 270-280 nm documents the nanoscale
size of the synthesized particles. Over time, the expected absorption
increment and mild redshift indicated ongoing particle generation
and stabilization; this was likely influenced by the extended reduction
process and surface functionalization by herbal phytochemicals [16,17].
Not only did the presence of the bioactive compounds, such as
polyphenols and flavonoids, in reduction and stabilization processes
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Fig. 13: Hatching rate of zebrafish embryos exposed to selenium nanoparticles at different concentrations (5-80 ug/mL). Data expressed
as mean * standard deviation (n=3). Statistical analysis confirmed significant concentration-dependent differences
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Fig. 14: Hatching Rate of Zebrafish Embryos Exposed to selenium
nanoparticles. Results expressed as mean * standard deviation
(n=3). Statistical analysis performed using one-way analysis of

variance with Tukey’s post-hoc test
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Fig. 15: Viability (%) of zebrafish embryos exposed to different
concentrations of selenium nanoparticles (5-80 pug/mL). Results
expressed as mean + standard deviation (n=3). Statistical
analysis performed using one-way analysis of variance with
Tukey’s post-hoc test

enable the controlled particle formation, but they also provided
functional groups that increased the biological activity of the
nanoparticles. These functionalized nanoparticles proved to be stable
over a long time period for which it was suitable for biomedical uses
that require prolonged efficacy [18,19].

Extensive characterization with SEM, TEM, XRD, and FTIR methods
provided key information regarding the nature, size, composition, and
surface chemistry of the synthesized SeNPs. SEM analysis revealed the
porous character and an aggregated state of the nanoparticles, which
suggests a high surface energy [18,20]. TEM images agreed with the

existence of the spherical morphology and nanoscale dimensions (50-
80 nm) of SeNPs with well-defined crystalline lattices supported by
XRD. Obviously, the crystalline structure having an average crystallite
size of ~25 nm is very important for the improvement of stability,
optical properties, and reactivity, therefore making these nanoparticles
suitable for a wide range of applications [21,22].

FTIR has determined the presence of functional groups (-OH),
(-C=0), (-NH,), and (Se-0) that assisted in stabilization and biological
interactions. These functional groups helped to increase colloidal
stability and biocompatibility and provide reactive sites for additional
functionalization. The consistency of sizes, crystalline form, and
functionalized surfaces is emphasized in the appropriateness of these
SeNPs for therapeutic and diagnostic uses [23,24]. The use of SeNPs
demonstrated defined antimicrobial potency against a large array of
bacterial and fungal agents such as Pseudomonas spp., S. aureus, E. coli,
and C. albicans. The microbial growth inhibition that is dose-dependent
was confirmed in terms of time-kill assay experiments and the agar
well-diffusion tests [1]. SeNPs at higher concentrations (100 pug/mL)
showed effects similar to standard microbial agents such as amoxyrite
and fluconazole, thus indicating their substitution potential in replacing
the traditional antibiotics [25,26]. The base of the antimicrobial activity
is ROS (reactive oxygen species) generation, microbial membrane
permeation, and interference with some metabolic processes as ATP
synthesis [27]. The particle size reduction and high surface-to-volume
ratio improved nanoparticle interaction with microbial cells, which
accounted for its bactericidal and fungicidal nature. The capability of
SeNPs to inhibit biofilm formation is most promising in dealing with
chronic infections that come with biofilm-associated pathogens [20].

The anti-inflammatory nature of SeNPs was shown through BSA
denaturation, EA denaturation, and membrane stabilization assays.
The nanoparticles had proven inhibition of protein denaturation and
stabilization of lysosomal membranes, while effects were similar at
higher concentrations [3]. These findings imply that SeNPs are capable
of successfully modulating inflammatory pathways by preventing
protein unfolding and membrane destabilization - key pathways into
inflammation [28]. The joint effect of selenium and the phytochemicals
in the herbal formulations strengthens this anti-inflammatory potential
of SeNPs. These compounds presumably mediated the action of pro-
inflammatory cytokines and decreased oxidative stress, thereby
increasing the therapeutic efficacy of the nanoparticle [13,29]. SeNPs
showed strong antioxidant activity in all assays (DPPH, FRAP, ABTS, and
nitric oxide scavenging). The increase in radical scavenging and reducing
power, which is dependent on concentration, in turn underscores the
effectual nature of the compound in the neutralization of oxidative
stress, which is one of the major initiators of chronic diseases, including
cancer, cardiovascular disorders, and neurodegeneration [20,30].
Antioxidant potential of Se NPs is attributed to their nanoscale size,
which enhances reactivity of its surface and the bioactive compounds
from flaxseed and ashwagandha added to give additional radical-
scavenging capabilities [5]. The capacity of SeNPs to attenuate oxidative
stress makes them good potential fibers for antioxidative treatment.
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In comparison to traditional antioxidants, SeNPs provide enhanced
bioavailability and cellular uptake, being functionalized with surfaces
and in the nanoscale [31].

Cytotoxicity testing through brine shrimp lethality assays indicated
very low toxicity at lower concentrations, wherein viability was
greater than 80% at higher dosages (80 pg/mL). Nevertheless,
the zebrafish embryo viability test demonstrated a concentration-
dependent decrease in survival and hatching rate, with toxicity noted
at concentrations above 40 ug/mL. The results are indicative that while
SeNPs are biocompatible at therapeutic doses, their possible toxicity at
higher concentrations should be properly optimized in order to provide
safe application [3,32]. Embryonic toxicology that is observed signifies
the need for balance between efficacy and safety. Limited use of SeNPs
can be reported in drug delivery and antimicrobial applications, where
low concentrations support the viability of its application, while higher
doses may cause oxidative stress and developmental disturbances
requiring attention to dosage control in both categories (biomedical
and environmental) of application [28,33].

Applications and future perspectives

This research study presents the wide potential of SeNPs for biomedical
applications such as drug delivery, antioxidative therapeutics, and
anti-microbial cures. Their low toxicity when used at therapeutic
concentrations, combined with their solid therapeutic utility, makes
them promising alternatives to the conventional agents. In addition, they
can inhibit biofilm formation and regulate oxidative stress, enhancing
their utility therapeutically in controlling chronic infectious disease
and inflammation-related disorders [34]. SeNPs also have special
properties that find beneficial use in environmental applications, for
example, antimicrobial coatings and water purification. Nevertheless,
the possibilities of the impact on the ecology of high-dose exposure
require additional risk assessment for their proper use in the aquatic
environment [6]. Further studies are expected to be concerned with
tuning of synthesis parameters to obtain uniform size and increased
stability, but with reduced toxicity. The utilization of targeting ligands or
protective agents as functionalization may enable further development
of the therapeutic potential of SeNPs. In vivo studies are essential for
confirming their efficacy, pharmacokinetics, and safety profiles, which
lead them back to clinical and industrial uses [35].

CONCLUSION

This study successfully formulated SeNPs from L. usitatissimum
(flaxseed) and W. somnifera (ashwagandha) by an environmentally
friendly green synthesis. Their nanoscale dimensions, stability, and
utility were supported by an extensive characterization. Analytical tools
such as UV-visible spectroscopy, XRD, FTIR, SEM, and TEM revealed the
structural integrity of the nanoparticles, surface functionalization, and
crystalline nature. The major findings of the biomedical examination
were strong antioxidant, anti-inflammatory, and antimicrobial
traits. The SeNPs exhibited strong radical scavenging activity and
membrane stabilization effects, and thus are valuable candidates for
the management of oxidative stress and inflammation. Their broad-
spectrum antimicrobial efficacy remains the key moot point as they
have the potential to be alternatives to the existing class of antibiotics,
particularly for confronting drug-resistant pathogens. Toxicological
investigations suggested minimum cytotoxicity at therapeutic
concentrations; however, the dose-dependent embryonic toxicity
at higher concentrations limits the application and emphasizes the
need for critical optimization of dosage for safe usage. A combination
of selenium and phytochemicals contributed to effective biological
activities of SeNPs without compromising eco-compatibility. Overall, in
this study, the synthesized biogenic SeNPs possess enormous potential
for biomedical and environmental applications. Further research
should be concerned with in vivo validation, optimization of synthesis
parameters, and functionalization approaches, to optimize efficacy and
safety, and lay the ground for their clinical and industrial translation.
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