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Selenium (Se), an important micronutrient with several biological effects, exhibits improved stability, bio-
compatibility, and safety through nanoparticle (NP) formulation. We present here a novel approach for
producing smaller and structurally stable biogenic selenium nanoparticles (SeNPs) with bioactive coating.
Poly(allylamine hydrochloride)-coated SeNPs were synthesized biogenically using Trachyspermum ammi
(TA) seed extract, in parallel to chemically synthesized SeNPs. NPs were characterized and assessed for
their in vitro antioxidant/radical scavenging potential through multiple complementary chemical assays
along with the intracellular reactive oxygen species (ROS) scavenging and biocompatibility assay using
human dermal fibroblasts. Both NPs were spherical and positively charged, with TA-SeNPs having a
smaller size and a more amorphous nature. X-ray photoelectron spectroscopy confirmed the presence of
elemental Se. Fourier transform infrared spectroscopy (FTIR) indicated the functional groups common to
both NPs, with unique aliphatic, aromatic and glycosidic linkages, and phenolic compounds in TA-SeNPs,
attributed to the TA extract. Both NPs showed dose-dependent antioxidative properties, with TA-SeNPs
exhibiting significantly increased antioxidant activity among all the tested samples and showing similar to
relatively higher activity relative to L-ascorbic acid (AA) and TA extract in several assays. Viability assays
revealed that both NPs were nontoxic at low concentrations; however, cell viability is decreased at high
concentrations, indicating dose-dependent cytotoxicity. TA-SeNPs suppressed reactive oxygen species
more effectively at low concentrations, whereas SeNPs showed stronger activity at high concentrations.
Our findings showed that the TA extract-mediated biosynthesis offers a cost-effective and biologically
favorable route to produce SeNPs, with potential for safer antioxidant nanomedicine applications.

1. Introduction

Nanomedicine represents a field that applies nanomaterials to
a broad range of medical applications, such as gene and drug
delivery, medical imaging, diagnosis, biosensing, cancer
therapy and wound dressings." These medical applications,
after their emergence in the mid-20th century, have driven key
innovations across the fields of chemistry, physics, materials
science, medicine, and biology.”> The focus of nanoscience and
nanotechnology is to design new materials with unique
physicochemical properties resulting from the atomic and
molecular rearrangements of the 1-100 nm scale.’ This
enables accurate manipulation of drug delivery systems at the
nanoscale to achieve improved targeted drug delivery, con-
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trolled release, and enhanced pharmacokinetics while retain-
ing essential drug activity. Various nanocarriers (polymeric
nanoparticles [NPs], carbon nanomaterials, nanotubes, lipid-
based systems, nanogels, liposomes and micelles) have been
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developed that can be surface-functionalized to enhance cell
penetration, immune compatibility, and receptor-mediated tar-
geting of specific cells and tissues." NP-based systems offer
improved drug stability and prolonged shelf life, supplement-
ing their clinical relevance.®> Nanomaterials design and
nanoscience integration continue to develop nanomedicine’s
translational potential, placing it as a main driver of future
therapeutic strategies.*

Selenium (Se) is an important micronutrient exhibiting
immunomodulation, anti-viral, anti-inflammatory, iodine
metabolism,>” antioxidant, antidiabetic, antiaging,® and
tumor-suppressive  properties.>®®  Zero-valent selenium
holds potent antioxidant activity and immune-modulating
effects, and is non-toxic, making it a promising new source
of selenium.® Selenium is the cofactor of thioredoxin
reductases and glutathione peroxidases,*® which can reduce
oxidative stress-mediated tissue damage.>'® Several studies
have shown that nano-selenium exhibits unique in vivo and
in vitro antioxidant properties by activating selenoenzymes.®
Selenium and its metabolites are incorporated into seleno-
cysteine, recognized as the 21st amino acid, and form a key
component of seleno-enzymes and seleno-proteins in bio-
logical tissues through a co-translational mechanism.'" The
absorption and systemic transport of microscale selenium
are limited in the body,® which can hinder its biological
efficacy. Nano-selenium formulations have been developed to
improve bioavailability; however, these nanoscale forms also
necessitate careful evaluation due to potential toxicity
concerns.*®

The high surface area-to-volume ratio of metal and metal
oxide NPs of ~100 nm gives them unique properties compared
to larger microparticles (~500 nm), enabling them to mimic
antioxidant enzymes like superoxide dismutase and catalase.
NPs regulate redox balance and release metal ions inside cells,
exerting anti-oxidative and anti-inflammatory effects. These
actions help break down reactive oxygen species (ROS), a term
collectively used for the oxygen containing free radicals'>™*
generated by aerobic organisms because of normal physiologi-
cal processes such as cell proliferation and differentiation,
immune response,’” metabolism, and cellular respiration.
Thus, they play a pivotal role in many cellular signaling
pathways,’>* e.g., hydrogen peroxide (H,0,), superoxide
anions (0O,7), nitric oxide (NO), hypochlorite ions (OCI™), and
hydroxyl radicals (OH™).">"* The antioxidant activity of a com-
pound may be significantly indicated by its reducing power,
related to the antioxidant potential of reductone to break the
free radical chain with the donation of a hydrogen atom."?

Selenium nanoparticles (SeNPs) are more biocompatible
and less toxic than their counterparts, selenite (SeO5>”) and
selenate (Se0,>").'® The production and application of SeNPs
have advanced significantly due to their numerous advantages,
including chemical stability, biocompatibility, and low toxicity.
The SeNPs have been synthesized by reduction techniques
using glutathione, ascorbic acid and various reducing agents.®
Many physical and chemical methods exist for NP production,
but they often demand high energy and generate hazardous
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waste. Biogenic methods, in contrast, offer a green, eco-
friendly, and cost-effective alternative.

SeNPs derived from bacteria, algae, and plants exhibit
diverse biomedical applications, including antioxidant effects
and anti-inflammatory, anti-arthritic, antimicrobial, immuno-
modulatory and antiviral activities.'”® They efficiently sca-
venge the free radicals and enhance the endogenous anti-
oxidant defense system (SOD, GPx, CAT, and GSH),'?72>2%26
along with reducing the pro-inflammatory mediators and hin-
dering arthritis progression in disease models.””*® SeNPs
reveal potent anticancer properties via cell cycle arresting,
ROS-mediated apoptosis induction, and selective cytotoxicity
towards cancer cells with minimal toxicity to normal
cells."®**** Furthermore, they have considerable antibacterial
activity —against  Escherichia coli and  Staphylococcus
aureus,'*?”*® antiviral effects against SARS-CoV-2,'® and
immunomodulatory effects with increased IgM, GSH, CAT, and
lysozyme levels in vivo."”

“Trachyspermum ammi” (TA) generally known as “Ajwain”
belongs to the Apiaceae family.>**° Phytochemical analysis
has shown that TA contains a variety of constituents, including
glycosides, carbohydrates, phenolic compounds, saponins,
protein, fiber, fat, volatile oils (such as y-terpinene, thymol, a-
and p-pipene, and para-cymene), as well as minerals like phos-
phorus, calcium, nicotinic acid, and iron. Thymol, a biologi-
cally active compound present in TA, contributes to its anti-
oxidant, anti-inflammatory, immunomodulatory,*® anti-filar-
ial, anti-microbial, anthelmintic,’® and gastro-protective
activities.®

TA is traditionally used to treat inflammatory and pain-
related conditions although limited studies have been reported
on its anti-inflammatory and antioxidant properties.>* TA has
recently gained interest beyond the traditional medicinal uses
towards its emerging role in green nanotechnology. TA extract-
derived NPs, including gold,*® silver,** selenium,*® nickel
oxide®” and zinc oxide,*® exhibit broad biomedical activities
such as anticancer, antioxidant,®” antimicrobial, and wound
healing effects.*>*” Beyond biomedicine, TA-derived metal
oxide NPs exhibit potential for wastewater treatment through
photocatalytic pollutant degradation,®” also used in agriculture
via seedling growth and germination,*® while TA-derived nano-
emulsions are widely used in food packaging.®”

The efficiency of TA-mediated biosynthesis is attributed to
its phytochemical-rich composition, which plays a key role in
both metal ion reduction and NP stabilization. Monoterpenes
such as thymol and carvacrol assist in metal ion reduction,
while tannins, terpenoids, flavonoids, and alkaloids act as
natural capping agents, enhancing the colloidal stability and
bioactivity of NPs. The multifunctionality of the TA extract
highlights its suitability for sustainable NP synthesis.?”

Previous studies have evaluated the effects of TA seed
extract and SeNPs individually in arthritic models,***° but
their combined efficacy remains to be investigated. This study
focused on the synthesis and characterization of SeNPs using
both chemical and biogenic methods, including the green syn-
thesis of TA-SeNPs using the TA seed extract. Their antioxidant
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and radical scavenging properties were evaluated through mul-
tiple in vitro assays, along with preliminary biocompatibility
assessments.

2. Materials and methods

2.1. Chemicals

Sodium selenite (Na,SeOj3), L-ascorbic acid (AA), potassium fer-
ricyanide, ferric chloride (FeCly), trichloroacetic acid (TCA),
sodium nitroprusside, 2,2-diphenyl-1-picrylhydrazyl (DPPH),
Dulbecco’s modified Eagle’s medium (DMEM; D5796), sodium
pyruvate, penicillin/streptomycin, resazurin sodium salt, tert-
butyl hydroperoxide solution, 2',7'-dichlorofluorescein diace-
tate (DCFH-DA), and bovine serum albumin (BSA) (7.5%) in
Dulbecco’s phosphate-buffered saline (DPBS) were sourced
from Sigma-Aldrich (St Louis, USA). Poly(allylamine hydro-
chloride) (PAH), pyrogallol, and fetal bovine serum (FBS) were
obtained from Thermo Fisher Scientific (Dreieich, Germany),
while trypsin-ethylenediaminetetraacetic acid (R7017) and
hydrogen peroxide (H,0,) (30%) were sourced from Merck
KGaA (Darmstadt, Germany).

2.2. Optimization of NP synthesis

Several concentrations of the precursor Na,SeO; (10-40 mM),
different ratios between the Trachyspermum ammi (TA) extract
and the precursor (1:1-2:1 v/v) and reaction temperature (RT
and 90 °C) were tested to determine the ideal reaction con-
ditions for nanoparticle (NP) synthesis. The progression of NP
synthesis and the selenium nanoparticle (SeNP) concen-
trations were monitored by spectrophotometric measurements
to confirm the optimized parameters for SeNP biosynthesis.

2.3. NP synthesis and purification

2.3.1. SeNP synthesis. SeNPs were synthesized by the
reduction of Na,SeO; using r-ascorbic acid (AA) as the redu-
cing agent and poly(allylamine hydrochloride) (PAH) as the sta-
bilizing agent. 10 mM Na,SeOj; solution (100 mL) was prepared
in Millipore Milli-Q water by stirring at room temperature (RT)
for 30 min to begin the synthesis. 10 mL of AA (0.05 g mL ™)
and 2 mL of PAH (0.038 g mL™') were subsequently added
dropwise to the reaction mixture and stirred under the same
conditions for an additional hour (h). The color change of the
reaction mixture from white to brick red initially confirmed
the successful NP synthesis.

2.3.2. TA-SeNP synthesis. The TA extract was prepared by
soaking TA seeds (6 g) in 100 mL of Millipore Milli-Q water
and shaking them in a dark incubator at 160 rpm (40 °C) for
24 h to produce Biogenic TA-SeNPs. The mixture was centri-
fuged at 18514g (4 °C) for 40 min, and the supernatant was
then filtered by using a 0.45 pm pore size Whatman filter
paper. 1:2 dilution of TA extract was then used to prepare
10 mM Na,SeO; solution (150 mL) by stirring at reaction temp-
erature (RT) for 1 h. The subsequent steps were the same as
those outlined in the chemical synthesis (section 2.2.1).

This journal is © The Royal Society of Chemistry 2026
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The color shift from golden to brick red initially confirmed
the SeNP synthesis. Ultraviolet (UV)-visible spectroscopy was
carried out for both types of NPs and precursor solutions to
further confirm the synthesis of SeNPs in the solution using a
UV-Vis V-660 spectrophotometer (Jasco corporation, Tokyo,
Japan), operating in the wavelength range of 200-800 nm.

2.3.3. Purification of NPs. Both types of NPs were purified
by ultracentrifugation at 250 000g (4 °C) for 1 h. The collected
pellet was washed three times by resuspending the pellet in
Millipore Milli-Q water, followed by ultracentrifugation as
described above and removal of the supernatant. The purified
pellet was collected and placed in an incubator at 37 °C over-
night. Recovered NPs were stored at RT in a dark environment
for further use.

2.4. Characterization of NPs

The characterization of NPs was performed through a tandem
of techniques after synthesis confirmation. Zeta potential and
polydispersity index (PDI) were determined using dynamic
light scattering (DLS) with a Zetasizer Nano ZS (Malvern
Panalytical, Malvern, UK) to analyze the colloidal stability of
NPs. The size, morphology, and elemental composition of the
NPs were determined by TEM (JEOL JEM-2200FS EFTEM/
STEM (Tokyo, Japan)) followed by elemental analysis via
energy-dispersive X-ray spectroscopy (EDS) using a JEOL Dry
SD100GV detector.

Fourier transform infrared (FTIR) spectroscopy was per-
formed in the spectral range of 500-4000 cm™' using a
Thermo Nicolet iS50 FTIR spectrophotometer (Waltham,
Massachusetts, USA) to identify the functional groups present
in the NPs. Surface analysis and analysis of Se allotropes and
elemental valence states were further performed by XPS-specia-
tion analysis using a Thermo Fisher Scientific ESCALAB 250Xi
system (Waltham, MA, USA). XRD was used to clarify the
nature of NPs by using a Bruker D8 VENTURE SCXRD X-ray
diffractometer (Billerica, Massachusetts, USA) operated at 40
kv with a constant current of 135 mA, using Cu K as the
source of radiation over the scanning range of the Bragg angle
10-130°.

Furthermore, Raman microspectroscopy was performed on
thin films and powder samples to study the crystallinity of the
synthesized NPs. A Thermo Scientific DXRTM2xi confocal
Raman imaging microscope (Waltham, Massachusetts, USA)
equipped with a x50/0.3 NA air objective was used for this
purpose. Additionally, scanning area electron diffraction
(SAED) was performed on the same previously described TEM
samples, using a JEOL JEM-2200FS equipped with a TVIPS
TemCam F416 (16 MP) to further validate the nature.

2.5. Invitro antioxidant/radical scavenging activities of NPs

The TA extract (control), TA-SeNPs, and SeNPs were assessed
for their antioxidant/radical scavenging potentials through a
panel of in vitro chemical assays, including ferric-reducing
antioxidant power (FRAP) assay, DPPH radical scavenging
activity, hydrogen peroxide (H,0,) scavenging properties,
superoxide anion (O,”) scavenging potential, and nitric oxide
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(NO) scavenging activity, in comparison with r-ascorbic acid
(AA), a standard antioxidant. The absorbance was recorded by
using a Bio-Rad SmartSpec™ 3000 spectrophotometer
(Hercules, California, USA) after incubating the NPs with
specific radical-generating systems at various concentrations.
The percentage of inhibition/reducing capacity was then
calculated.

2.6. Cell experiments for determining the cytocompatibility
and antioxidant activity of NPs

2.6.1. Resazurin-based viability assay. Fibroblast cells were
treated for viability assessments with the TA extract (control),
TA-SeNPs, and SeNPs at various concentrations for 48 h and
72 h time intervals. Cytotoxicity was determined by using a
resazurin assay, and the half maximal inhibitory (ICs,) values
were calculated by using a four-parameter logistic model based
on non-linear regression analysis.

2.6.2. DCFH-DA-intracellular ROS assay. A cell-based reac-
tive oxygen species (ROS) scavenging assay (DCFH-DA) was per-
formed using human dermal fibroblasts to determine the
intracellular antioxidant effect of both NPs. Cells were treated
with varying concentrations of NPs for 3 h with additional
incubation with 500 uM H,0, for 30 min. The ROS scavenging
antioxidant potential of NPs was assessed by using the 2',7"-
dichlorofluorescein diacetate (DCFH-DA) fluorescent probe;
the strength of the fluorescence signal reflects the amount of
ROS present. The DCFH-DA-intracellular ROS assay was per-
formed by the method previously described in ref. 40 with
slight modifications.

The SI provides full experimental details, protocols, reagent
concentrations, and calculation formulae.

2.7. Statistical analysis

OriginPro 2022b (OriginLab Corporation, Northampton, MA,
USA) was utilized primarily for data visualization and the ana-
lysis of the characterization results; GraphPad Prism version
10 (GraphPad Software, San Diego, CA, USA) was used for stat-
istical analysis and graph generation related to radical scaven-
ging assays and cell experiments. Statistical comparisons were
conducted using two-way ANOVA followed by Bonferroni’s and
Tukey’s multiple comparison tests. Differences with p < 0.05
were considered statistically significant.

3. Results

3.1. Optimization of NP synthesis

Nanoparticle (NP) synthesis was optimized systematically by
varying the Na,SeO; concentration, temperature, and extract-
to-precursor ratio, along with spectrophotometric monitoring
of NP synthesis. Increasing precursor concentration and temp-
erature led to high absorbance intensity, resulting in peak
broadening and red shifts, indicative of particle aggregation.
Among the tested conditions, the evaluated temperatures
resulted in broader absorption profiles and increased agglom-
eration (Fig. S1A and B).
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The optimized conditions (10 mM concentration of
Na,SeO; at reaction temperature (RT) with Trachyspermum
ammi (TA) extract to precursor ratio of 1:2) constantly yielded
stable TA-SeNPs with uniform optical features and produced
stable NPs with a narrow size distribution, which was further
confirmed by TEM, EDS, XRD, and XPS analyses (Fig. S1C and
D).

3.2. Synthesis of NPs

Successful synthesis was first confirmed by the color change of
the reaction mixture from colorless to brick red for SeNPs
(Fig. S2A) and golden to brick red for TA-SeNPs (Fig. S2B). The
UV-visible spectrum showed the sharp absorption peak of
SeNPs at 265 nm and 263 nm for TA-SeNPs, which substan-
tially differed from the spectrum of the TA extract and
Na,SeO;, indicating the formation of the NPs (Fig. S2C).

3.3. Characterization of NPs

3.3.1. Colloidal stability. The zeta potential of the SeNPs
and TA-SeNPs was found to be +34.5 + 0.5 mV and +30.4 *
0.5 mV, respectively (Fig. S2D). DLS was employed to analyze
the stability of NPs over time through hydrodynamic size dis-
tributions and a more precise level of monodispersity in NP
solutions over 3 days from 0 h to 72 h. The findings of
Z-average showed that SeNPs and TA-SeNPs were stable and
well-dispersed up to 48 h; however, TA-SeNPs showed signs of
agglomeration at 72 h. The PDI was less than 1 for both NPs,
indicating the monodispersity of the samples (Fig. 1C).

3.3.2. Nanoparticle size and elemental composition. JEOL
JEM-2200FS EFTEM/STEM (TEM) micrographs revealed the
spherical/irregular morphology of both NPs and were used to
determine the average particle size by measuring their dia-
meters. The resulting histogram displayed a narrow size distri-
bution, and the average NP size of 109.2 + 0.7 nm and 17.6 +
0.2 nm was observed for SeNPs and TA-SeNPs, respectively, via
Gaussian fitting (Fig. 1A and B). Energy-dispersive X-ray spec-
troscopy (EDS) spectra of both SeNPs and TA-SeNPs displayed
a prominent Se peak at 1.379 keV, with mass percentages of
91.33% and 76.99%, respectively. SeNPs also showed peaks for
silicon (Si, 3.88%) and oxygen (4.80%) (Fig. 2A). In contrast,
TA-SeNPs exhibited additional peaks corresponding to nitro-
gen (N, 0.392 keV, 9.66%), oxygen (O, 0.525 keV, 11.76%), and
silicon (Si, 1.739 keV, 1.59%) (Fig. 2B). Fig. S3A and B show the
detailed EDS spectra with the representative KeV for SeNPs
and TA-SeNPs, while Fig. 2C shows the detailed variations in
the elemental composition of both NPs in terms of mass %.

3.3.3. Functional group identification and speciation ana-
lysis of selenium. Fourier transform infrared (FTIR) spectra of
chemically synthesized SeNPs showed only one PAH-associated
characteristic band of the C-H bond at 2653 cm™" shifted from
2866 cm™'. Both NPs exhibited a peak corresponding to C—Cl
stretching in the region of 532-542 em™". In contrast, the spec-
tral bands of the TA extract at 2925 cm™', 1561 cm™',
1407 cm™, 1021 cm™', and 650 cm™' were shifted to
2871 ecm™', 1511 cm™?, 1447 cm™, 1028 ecm™?, and 758 cm™*
in TA-SeNPs, which could be assigned to aliphatic C-H, aro-

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Transmission emission microscopy (TEM) micrographs of both NPs and their related size distribution histogram obtained from TEM analysis.
The solid line corresponds to the Gaussian fitting used to determine the average particle diameter. TEM images showing the spherical/irregular mor-
phologies and size histogram with the calculated sizes (mean + standard deviation) for (A) selenium nanoparticles (SeNPs) and (B) Trachyspermum
ammi (TA)-SeNPs. (C) Stability of nanoparticles (NPs) assessed by the Z-average particle size and polydispersity index (PDI) measured at different
time intervals from 0-72 h indicating changes in NP size distribution and dispersion uniformity over time, reflecting colloidal stability.
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Fig. 2 Energy-dispersive X-ray spectroscopy (EDS). (A) Elemental mapping of selenium nanoparticles (SeNPs) and (B) Trachyspermum ammi (TA)-
SeNPs, showing the elemental distribution and confirming the presence of selenium in both nanoparticle samples, and (C) the mass percentage (%)
spectra of the elements present in both NPs.

matic C=C, phenolic and glycosidic C-O, and aromatic C-H (aromatic rings), N-H, and C-N (amines) bonds. These indi-

bending, respectively. The PAH spectral bands at 2866 cm™", cate effective surface functionalization of TA-SeNPs with both
1500 em™', and 997 cm ' were shifted to 2871 cm™', TA extract and poly(allylamine hydrochloride) (PAH) (Fig. 3A).

1511 em™', and 842 cm™" in TA-SeNPs, corresponding to C-H Table S1 shows the TA extract-derived functional groups identi-
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Fig. 3 (A) Fourier-transform infrared (FTIR) spectra of poly(allylamine

hydrochloride)  (PAH), selenium  nanoparticles (SeNPs), the
Trachyspermum ammi (TA) extract, and TA-SeNPs showing the charac-
teristic functional groups and confirming the interactions between com-
ponents during NP synthesis. (B) X-ray photoelectron spectroscopy ana-
lysis of both biogenic nanoparticles showing the elemental composition
and surface functional groups.

fied in the FTIR spectrum of TA-SeNPs along with their
detailed involvement in biosynthesis.

XPS was performed for speciation analysis of Se, and promi-
nent surface peaks were observed at 529.48 eV (O 1s), 285.07
eV (C 1s), and 199.44 eV (Cl 2p3) for both types of SeNPs in the
spectra. The N 1s peak at 399.44 eV was notably absent in
chemically synthesized SeNPs, indicating differences in
surface composition. Se peaks were detected at 55.03 eV (Se
3ds),), 161.5 eV (Se 3psp), and 230.03 eV (Se 3s), consistent
with zero-valent selenium (Se®). Additional Auger peaks were
observed at 138.6 eV, 180.03 eV, and 256.52 eV in both
samples, corresponding to elemental selenium (Fig. 3B).

3.3.4. Crystallinity of NPs. The XRD diffractogram of
chemically synthesized SeNPs was consistent with the stan-
dard hexagonal selenium reference (International Centre for
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Diffraction Data (ICDD) card no. 04-002-1257). The diffraction
pattern exhibits peaks at 26 values of 27°, 35°, 51°, 53°, 61°,
66°, 73°, and 112° could be indexed to the (100), (101), (110),
(012), (201), (003), (022), (210), and (123) planes, respectively.
The spectrum of Ta-SeNPs revealed no dominant diffraction
peak, indicating its amorphous nature (Fig. 4A). Raman
spectra of TA-SeNPs showed a distinctive peak of amorphous
Se (a-Se) at 252 em™ ', corresponding to the A1 stretch of the
Se-Se mode of vibrations, along with the shoulder peak at a
lower wavenumber (238 cm™") attributed to the molecular sel-
enium (Se8) embedded mainly within the amorphous Se
matrix. SeNPs showed sharp characteristic peaks at 141 cm™*
and 237 cm™, attributed to the E and A1 modes of trigonal Se
(t-Se) (Fig. 4B). The results of XRD and Raman spectroscopy
were further confirmed by the scanning area electron diffrac-
tion (SAED) patterns, which indicated the amorphous nature
of TA-SeNPs, and the nanocrystalline phases of selenium in
chemically synthesized SeNPs (Fig. 5A).
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Fig. 4 (A) X-ray diffractometry diffractogram (XRD) and (B) Raman

spectra of the chemically synthesized selenium nanoparticles (SeNPs)
and Trachyspermum ammi (TA)-SeNPs.
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(A) The scanning area electron diffraction (SAED) pattern. Antioxidant/radical scavenging activities of ascorbic acid (control),
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Trachyspermum ammi (TA) seed extract (control), selenium nanoparticles (SeNPs), and TA-SeNPs in vitro, (B) ferric reducing antioxidant power
(FRAP) assay, (C) 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay, (D) hydrogen peroxide (H,O,) scavenging assay, (E) superoxide (O,7) scavenging assay,
and (F) nitric oxide (NO) scavenging assay. The results are presented as the mean + standard deviation (n = 3). Statistical analysis: two-way ANOVA
followed by Tukey's t-test; (*p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001).

3.4. Evaluation of the antioxidant/radical scavenging
activities of NPs

Multiple chemical assays on TA-SeNPs and SeNPs (FRAP,

DPPH, H,0,, 0,7, and NO scavenging activities) were per-
formed in comparison with AA (standard antioxidant) to

2324 | Biomater. Sci,, 2026, 14, 2317-2333

assess the in vitro antioxidant activity of the TA extract
(control) (Table S2).

FRAP increased constantly when the concentrations of the
tested compounds were increased, suggesting their dose-
dependent response. SeNPs and the TA extract exhibited sig-
nificantly better reducing power than AA and TA-SeNPs at

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5bm01855b

Open Access Article. Published on 27 March 2026. Downloaded on 11/6/2026 9:40:19 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Biomaterials Science

lower doses of 2.5 and 5 ug mL~" (Fig. 5B). However, TA-SeNPs
exhibited significantly higher reducing power over all other
tested compounds at higher concentrations of 40-100 pg
mL ™",

Both NPs showed significantly better DPPH radical scaven-
ging activity compared to AA. TA-SeNPs exhibited greater
DPPH radical scavenging activity compared to chemically pro-

duced SeNPs and the TA extract, with their activity at 100 pg
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mL™" surpassing that of AA. However, the radical scavenging
activity was found to be more than 90% at higher doses of all
tested compounds (Fig. 5C).

A dose-dependent increase in H,0, radical scavenging
activities was observed for all tested compounds. AA exhibited
a plateau in response at 80 and 100 pg mL ™', while the TA
extract showed a slight decrease in response at 100 pg mL ™"
(Fig. 5D).
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Fig. 6 Biocompatibility of the nanoparticles (NPs) and TA extract (control) on human dermal fibroblast cells (iNHDF) through cell viability: (A) TA
extract, (B) iNHDF-1 and (C) iNHDF-2. The values are presented as the percentage of reduction compared to the untreated cells, set at 100%. The
results are presented as the mean + standard deviation of three independent experiments. Statistical analysis: over time intervals of 48, and 72 h *P <
0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. Half maximal inhibitory concentration (ICso) values for iNHDF-1 — (D) selenium nanoparticles
(SeNPs) and (E) Trachyspermum ammi (TA)-SeNPs and for INHDF-2 — (F) SeNPs and (G) TA-SeNPs after 48 and 72 h of exposure, indicating compara-

tive cytotoxicity and time-dependent effects.
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Fig. 7 Reactive oxygen species (ROS) scavenging activity of the nanoparticles on human dermal fibroblast cells determined through the 2',7'-
dichlorofluorescein diacetate (DCFH-DA) assay. Selenium nanoparticles (SeNPs) and Trachyspermum ammi (TA)-SeNPs + hydrogen peroxide (H,O5)
treated (A) iINHDF-1 cells and (B) iNHDF-3 cells; (C) the values are presented as the percentage of reduction compared to H,O,-treated cells, a posi-
tive control. Ascorbic acid (AA) + H,O,-treated cells served as the controls. The results are presented as the mean + SD of four technical repeats of
experiments. Statistical analysis: two-way ANOVA followed by the Bonferroni post-hoc test; (*p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001).

Magpnification: x10 and the scalebar is 200 um for all images.
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All the tested concentrations of NPs, TA extract, and AA
showed an increasing trend in inhibiting the superoxide anion
radicals. However, the response plateaued for AA at doses of
60, 80, and 100 pg mL™'. A dose-dependent response was
observed for both NPs; however, their overall activity was sig-
nificantly lower than the standard (Fig. 5E).

The dose-dependent increasing trend was observed in the
NO radical scavenging activities of all the tested compounds,
with the highest activity of 99.16% at the concentration of
100 pg mL " of both NPs. Both NPs and TA extract showed sig-
nificantly higher activity than that of AA (Fig. 5F).

3.5. Effect of NPs on cell viability

Treatment with TA extract did not significantly affect the cell
viability of either iNHDF-1 or iNHDF-2 cell lines at either 48 h
or at 72 h (Fig. 6A). Treatment with SeNPs for 48 h at concen-
trations of 5, 50, and 100 pug mL ™" significantly reduced the
cell viability in iNHDF-2 cells to 86%, 59%, and 38% respect-
ively, while it was reduced to 28% with 100 pg mL™" in
iNHDF-1 cells. After 72 h, 100 pg mL™" SeNPs reduced the cell
viability to 13% in iNHDF-1 and 15% in iNHDF-2 compared to
the control group (100%). In contrast, TA-SeNP treatment for
48 h reduced the viability of iNHDF-2 cells to 87%, 81%, 30%,
and 18% at the concentrations of 5, 10, 50, and 100 pg mL™",
respectively. 100 pg mL™" reduced the viability to 53% in
iNHDF-1 cells. The viability of iNHDF-2 was further reduced to
69% with 10 pg mL™", 9% with 50 pg mL™", and 5% with
100 pg mL ™" after 72 h of exposure. It was reduced to 46% and
23% with 50 pg mL™" and 100 pg mL™' in iNHDF-1 cells
(Fig. 6B and C).

A time-dependent decreasing trend was observed in the
case of exposure of both NPs, with significant differences
noticed between all concentrations and controls over different
time intervals.

The ICs, values of TA-SeNPs and SeNPs against both iNHDF
cell lines were determined at 48 and 72 h. The IC5, values of
TA-SeNPs against iNHDF-1 and 2 were 48.3 ug mL™" and
27.7 pg mL™" at 48 h and these further decreased to 43.4 pg
mL ™" and 13.7 ug mL " after 72 h of exposure. SeNPs showed
ICs values of 58.8 pg mL ™" and 47.9 ug mL~" at 48 h and were
63.8 ug ml™' and 45.8 pg mL™"' after 72 h, indicating time-
dependent cytotoxicity (Fig. 6D-G).

3.6. ROS scavenging effects of NPs

H,0, was applied as a positive control to stimulate oxidative
stress, and higher intracellular ROS levels were observed com-
pared to untreated cells as indicated by the 2',7’-dichlorofluor-
escein diacetate (DCFH-DA) assay. Fig. 7A and B present the
microscopy images for 5, 25 and 100 pg mL ™" for both cell
lines (all concentrations in Fig S4 and S5). AA treatment sig-
nificantly reduced oxidative stress. In contrast, the cells treated
with chemically produced SeNPs showed a strong antioxidant
response at higher concentrations of 25, 50, and 100 pg mL™"
in iNHDF-1 cells, while significant ROS reduction was
observed in iNHDF-3 cells at the concentrations of 10, 50 and
100 pg mL™", evidenced by a reduced fluorescence signal. The
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TA-SeNP-treated cells displayed a strong antioxidant response,
indicated by the reduced fluorescence intensity, with lower
concentrations (5 and 10 pg mL™") being more effective at sup-
pressing ROS than the higher concentrations in iNHDF-1 cells,
while 10, 50 and 100 pg mL~" showed a significant reduction
in the iNHDF-3 cells (Fig. 7C).

4. Discussion

Elemental Se (Se®) has emerged as a functional biomaterial
due to its low toxicity and multi-functional properties. Natural
biological reduction of Se oxyanions (selenite and selenate) to
Se° enables the biosynthesis of SeNPs using plants and micro-
organisms, offering a sustainable alternative to conventional
synthesis methods (Table S3).”*' Bio-based systems are specifi-
cally suitable for this purpose, because microorganisms and
plants simultaneously facilitate Se reduction and surface
functionalization without any hazardous chemicals, yielding
stable nanoparticles (NPs) with bio-active compounds on their
surface.”*> We present here a unique and simple method that
is safe and straightforward to produce small, stable, positively
charged, amorphous SeNPs using seed extract. This synthesis
method is unique due to its sequential biogenic-synthetic
approach for producing small, stable NPs with preserved
bioactivity. It combines TA extract-mediated nucleation,
delayed AA addition to control the growth, and dual capping
with plant-derived phytochemicals and synthetic poly(allyla-
mine hydrochloride) (PAH), offering a broadly applicable NP
synthesis strategy.

The shape, size, and composition of NPs can improve their
sensitivity and selectivity, enabling their use in diverse indus-
trial, biomedical, and environmental applications.*®> The syn-
thesis of NPs was evaluated by adjusting precursor (Na,SeOs)
and AA concentrations, TA-extract ratios and reaction tempera-
ture (RT). Among the tested conditions, 10 mM concentration
of Na,SeO; at RT constantly yielded stable SeNPs with uniform
optical features, whereas the evaluated temperatures resulted
in broader absorption profiles and increased agglomeration.
The optimized synthesis was reproducible across three inde-
pendent batches, generating NPs with consistent mor-
phologies and UV spectra. The average yield of purified NP
powder was 70-80 mg per 100 mL of the reaction mixture.

The improved stability of TA-SeNPs at RT may be attributed
to controlled reduction kinetics and preservation of TA extract-
derived bioactive phytochemicals that contribute to NP stabi-
lization. The moderate, aqueous, and ambient reaction con-
ditions highlight the scalability of this newly optimized TA-
mediated biogenic synthesis approach for SeNP production.

A simple way to confirm synthesis is a brick red color
change. The SeNP formation in both the chemical and bio-
genic systems was further confirmed by UV-visible spectral
analysis (surface plasmon resonance). The precursor Na,SeO;
showed no visible absorption peak, indicating the absence of
NPs, while the TA extract showed a broad absorption band
with the maximum at 350 nm. The overlapping electronic tran-
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sitions of various phytochemicals present in the TA extract
could contribute to this broad absorption band. In contrast,
both synthesized SeNPs and TA-SeNPs exhibited new different
absorption peaks, reflecting the successful reduction of SeO;>~
to Se’ and NP formation. The adsorption of plant bio-
molecules and dual capping with PAH further influenced the
position and shape of the TA-SeNP absorption peak by modify-
ing the electronic environment and could contribute to the
minor red/blue shifts. Subsequent TEM and DLS analyses
further confirmed their size distribution and dispersion.
These findings were consistent with the previous research.***>

TA-SeNPs have an additional coating of biomolecules attrib-
uted to the TA extract, which can interact with Na,SeO; to
control the growth of particles, resulting in the small spherical
shape of NPs. The capping agents can depict a biological func-
tion to the particle that can be used to modify their thera-
peutic potential.'® The stabilization of NPs by coating them
with polymer or surface layers of biomolecules (phytocapping
substances) is highly important to avoid agglomeration and
can also aid in the reduction of precursor substances to
produce NPs.'® The PDI, hydrodynamic size, and zeta potential
measurements are the indicators of size heterogeneity of NPs
and are commonly used to assess their stability.">*® Both NPs
were monodispersed with minimal agglomeration in SeNPs,
while TA-SeNPs showed signs of agglomeration at 72 h.

XPS is commonly used to analyze the valency of elements
and the bonding mechanisms with respect to their bonding
energies.”” The core elemental peaks of selenium represent Se
3ds,,, Se 3pajs, and Se 3s, consistent with zero-valent selenium
(Se%). Additionally, Se Auger peaks supported the presence of
zero-valent selenium. The absence of the characteristic
Na,SeO; peak at 59.1 eV further confirmed the complete
reduction of selenite and successful SeNP synthesis. These
XPS findings together confirmed that selenium in the syn-
thesized NPs predominantly exists in the zero-oxidation state,
characteristic of both biogenic and chemical SeNPs. The
results were in line with the findings
studies.*>*®

The analysis of the elemental composition through energy-
dispersive X-ray spectroscopy (EDS) confirmed the presence of
Se by its characteristic peak at 1.379 keV. Additional peaks of
C, O and N indicate the presence of organic materials in the
NP coatings. Nitrogen was notably absent in the spectrum of
the chemically synthesized SeNPs, suggesting differences in
the surface composition between the two types. A relatively
high mass % of Se in the EDS spectrum could be attributed to
the dominance of Se (high molecular weight) core and charac-
teristic EDS detection limitations. The thin surface coatings
were primarily composed of light elements (C, O, N, and H), of
which hydrogen was undetectable while the other elements
were detected with relatively low sensitivity, resulting in the
comparatively high Se signal. These results suggested bio-
molecular capping on TA-SeNPs, consistent with previous
studies.*>*°

Plant-derived phytochemicals serve as the main contribu-
tors of SeNP synthesis due to their involvement in the natural

from previous
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reduction and surface functionalization processes, and they
exhibit strong antioxidant, anti-inflammatory and epigenetic
regulatory activities. Flavonoids, phenolics, terpenoids, alka-
loids, and organosulfur compounds are the major classes of
phytochemicals that can effectively scavenge the reactive
oxygen species (ROS) and modulate key signaling pathways of
cells, including Nef2, NF-kB, MAPKs, and PI3K/Akt. Surface
functionalization of SeNPs with these compounds enhance
colloidal stability and reduce agglomeration, and may improve
biological efficacy with minimized toxicity, positioning the
phytochemical-coated SeNPs as promising candidates for next-
generation biomaterials.””

The presence of surface-bound biomolecules in NPs is
further supported by the Fourier transform infrared spec-
troscopy (FTIR) analysis. FTIR analysis of the chemically syn-
thesized SeNPs showed only one peak at 2653 cm™", attributed
to the C-H stretch of an alkane from PAH, likely due to the low
concentration of surface stabilizers. In contrast, the observed
FTIR shifts in the TA-SeNP spectrum presented various bio-
active compounds from the TA extract contributing to both the
formation and stabilization of NPs. The presence of C-H ali-
phatic, C=C aromatic, C-O phenolic, and aromatic C-H
bending suggests the involvement of major monoterpenes
(thymol and carvacrol) which can involve in electron donation
to accelerate the SeO;>7/Se0,>~ reduction and initiate the NP
nucleation.®”*® Thymol, a biologically active compound
present in TA, contributes to its antioxidant, anti-inflamma-
tory, and immunomodulatory properties.’® Hence, the coating
can be used to modulate the biological activity of NPs.
Furthermore, the sharp peak corresponded to the C-H stretch
of aliphatic -CH, and -CHj; in the triterpenoid backbone of
saponins, and the C=C bond confirmed the structure of the
aglycone of saponins, along with a distinct band of the C-O
bond indicating the glycosidic linkages, verifying the carbo-
hydrate moieties on the surface of TA-SeNPs. These peaks
altogether indicated the successful absorption of saponins on
the surface of TA-SeNPs, serving as a natural capping and sta-
bilizing agent during synthesis.”” Saponins and flavonoids
from the TA extract possibly interacted with selenium ions
through the hydroxyl and glycosidic groups, forming the
capping layer by metal chelation which prevented aggrega-
tion.>” The shifted bands of amines (N-H and C-N) revealed
PAH contribution as a stabilizing polymer, forming a dual
capping layer with the plant biomolecules. This dual-capping
layer of phytochemicals and PAH present synergistic reduction,
stabilization and surface functionalization of TA-SeNPs with
enhanced colloidal stability and biocompatibility. The findings
align with previous reports**°°~* and highlight the functional
versatility imparted by green synthesis approaches.

The X-ray diffractogram obtained for the chemically pro-
duced SeNPs showed the nanocrystalline planes of Se, consist-
ent with the standard hexagonal selenium, consistent with the
literature.”® In contrast, TA-SeNPs lacked sharp and clear
peaks, indicating their amorphous nature. Similar findings
have been published for Yarrowia lipolytica-produced SeNPs.*?
This observation was consistent with prior reports on biogenic

This journal is © The Royal Society of Chemistry 2026
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SeNPs, including those produced by Pseudomonas aeruginosa
ATCC 27853,%® Bacillus mycoides SeITE01°® and Lactobacillus
casei ATCC 393.>” The Raman spectra of SeNPs exhibited two
distinct peaks of t-Se in agreement with the spectra reported
in earlier studies.”®®! In contrast, the coexistence of the broad
amorphous peak with the Seg shoulder in the spectra of
TA-SeNPs suggested molecular clustering within the amor-
phous matrix of NPs. The results aligned with previous studies
that reported a shoulder peak at 235 cm ™", along with the pro-
minent peak of a-Se at 250 cm™*.*>*®°? Furthermore, scanning
area electron diffraction (SAED) confirmed the amorphous
nature of TA-SeNPs.

The antioxidant activity of a compound may be significantly
indicated by its reducing power, related to the antioxidant
potential of reductone to break the free radical chain with the
donation of a hydrogen atom."® A comprehensive evaluation of
the antioxidant activity of both NPs was performed through
multiple complementary in vitro chemical assays (FRAP,
DPPH, H,0,, superoxide, and NO scavenging assays) along
with the intracellular ROS scavenging assay (DCFH-DA) using
human dermal fibroblasts. TA extract served as a biological
control, whereas r-ascorbic acid (AA) served as a standard anti-
oxidant control in both chemical and cell-based assays.

TA-SeNPs showed improved reducing power compared to
SeNPs, potentially due to the presence of phytoconstituents like
steroidal saponins (that also have electron-donating antioxidant
capacity) in the extract."> Both NPs showed a dose-dependent
increasing trend in response to all tested parameters, with the
highest response observed in the DPPH assay and NO radical
scavenging activities, like in previous reports.®* %

The free radical precursors, superoxide anions, can be pro-
duced in vivo, resulting in the formation of H,0, through a
dismutation reaction.">®® Both NPs and TA extract exhibited
dose-dependent antioxidant activity. However, their overall
scavenging efficiency was slightly lower than that of AA.
Similar efficacy has been reported previously for Murraya koe-
nigii (Mk) extract-derived Mk-SeNPs.®” Furthermore, our data
also indicated that biogenic TA-SeNPs showed comparatively
better antioxidant activity than the chemically produced SeNPs
among all the tested samples and showed similar-to-higher
activity relative to AA and the TA extract in several assays, align-
ing with the reports.®®

Selenium compounds exhibited the lowest toxicity in their
elemental Se® form, making them promising agents to combat
many diseases. The reduction of SeO;*7/Se0,> to Se° rep-
resents a key mechanism for selenium oxyanion detoxification
under aerobic and anaerobic conditions.” NPs may exert
adverse effects by excessively stimulating or disrupting normal
cellular processes that can lead to cytotoxicity.®® Polyphenol-
capped NPs have been shown to decrease toxicity and improve
cellular tolerance.®® Both NPs in this study possess an organic
outer coating of poly(allylamine hydrochloride) (PAH).
Additionally, TA-SeNPs contain organic compounds derived
from the TA extract of plant origin. Hence, it is essential to
identify whether they can cause cytotoxicity by stimulating
non-specific responses. Therefore, the effects of the TA extract,
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View Article Online

Paper

SeNPs, and TA-SeNPs were analyzed at various concentrations
on fibroblasts to assess the cell viability and metabolic activity.
The TA extract showed no impact on cell metabolism after
72 h. However, both SeNPs and TA-SeNPs caused a time and
dose-dependent reduction in cell viability. Significant
decreases were observed at 48 h and 72 h for both types of NPs
with the two highest doses. The enhanced biocompatibility of
TA-SeNPs may be attributed to the antioxidative and stabilizing
effects of the TA extract, which reduced oxidative stress and
influence cellular uptake, leading to lower cytotoxicity in
iNHDF-1. These findings aligned with a previous study by
Zhang et al.,’® which reported that polyphenol-capped NPs
showed decreased toxicity and improved cellular tolerance.

The findings of IC5, show that both NPs exhibit size-, dose-,
and time-dependent cytotoxic effects on cells. TA-SeNPs
showed a lower ICs, value compared to SeNPs at 72 h,
suggesting enhanced bioactivity possibly due to the synergistic
effect of tannic acid capping. This indicates that TA
functionalization may improve the NP-cell interaction or
uptake, contributing to increased cytotoxic potential over time.
This improved biocompatibility of TA-SeNPs may be attributed
to the antioxidative and stabilizing effects of the TA extract,
which reduces oxidative stress and influences cellular uptake,
leading to lower cytotoxicity. Several studies have reported no
cytotoxicity following exposure to biogenic SeNPs, including
Yarrowia lipolytica-produced biogenic SeNPs*> and Gram-nega-
tive (Stenotrophomonas maltophilia) bacteria- and Gram-posi-
tive (Bacillus mycoides) bacteria-derived biogenic SeNPs,*
while other studies have observed cytotoxic effects even at low
concentrations of biogenic SeNPs.”" Similarly, the studies cited
in refs. 69 and 72 reported no significant effect compared to the
untreated control groups for the chemically produced SeNPs.

We performed several control experiments to verify the role
of the TA extract in NP synthesis and antioxidant activity. The
UV-visible spectra of Na,SeO; alone initially showed no visible
absorption peak, while those of the TA extract showed a broad
absorption band attributed to the various phytochemicals
present in the TA extract, indicating that both are necessary
components for TA-SeNP formation. Fourier transform infrared
(FTIR) spectroscopy analysis of the TA extract showed functional
groups capable of reducing and stabilizing the NPs.
Furthermore, the TA extract was also tested independently in
in vitro chemical antioxidant assays (FRAP, DPPH, H,0,, super-
oxide, and NO scavenging assays), as well as in a cell viability
assay using human dermal fibroblasts, signifying the biocom-
patibility and antioxidant activity. These results validate the NP
formation and that the subsequent intracellular ROS scavenging
activity of TA-SeNPs occur due to the combined activity of the
precursor and bioactive components of the TA extract.

Furthermore, the intracellular antioxidant-mediated protec-
tive effects of both NPs were determined by measuring the
ROS levels in human dermal fibroblasts under H,O,-induced
oxidative stress using ROS scavenging and DCFH-DA assays.
Both NPs exhibited greater ROS scavenging activity than AA,
indicating the protective effects of NPs. A strong ROS-scaven-
ging effect has been reported for ultrasmall biogenic SeNPs
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derived from Hericium erinaceus polysaccharides.*® Surface
modification with hyaluronic acid SeNPs does not, interest-
ingly, seem to prevent effective reduction of ROS levels.”*7*

5. Conclusions

Biogenic synthesis provides a sustainable, cost-effective, and
eco-friendly approach to produce small-sized Trachyspermum
ammi (TA)-selenium nanoparticles (SeNPs) (TA-SeNPs) with
enhanced biocompatibility and significantly greater anti-
oxidant activity compared to their chemically synthesized
counterparts. Our results show that TA-SeNPs exhibit good
physicochemical and biological properties, positioning them
as promising candidates for biomedical applications,
especially in antioxidant and immune modulation therapies.
The small-sized antioxidant NPs may enable new therapeutic
applications where improved tissue penetration is needed.
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