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Abstract

Introduction: This study aims to investigate the green synthesis of selenium nanoparticles (SeNPs) using Terminalia
arjuna and assess their potential application in wound healing. The research explores the distinctive characteristics
of SeNPs, such as their crystalline nature and complex composition, with the ultimate goal of contributing to
advancements in nanomedicine and wound care.

Methods: X-ray diffraction (XRD) analysis confirmed the crystalline nature of SeNPs, revealing a nuanced structural
complexity with both crystalline and amorphous components. Fourier-Transform Infrared (FTIR) Spectroscopy
identified specific functional groups, further affirming SeNP formation. Scanning Electron Microscopy (SEM)
showcased a prevalent nanoaggregate structure, suggesting potential applications in nanomedicine and catalysis.
Results: The calculated crystallite size of 30 nanometers, determined by the Debye-Scherrer equation, indicated a
uniform size distribution within the SeNP ensemble. The SEM imaging highlighted the tendency of SeNPs to cluster,
emphasizing their potential in specific applications. The synthesized SeNPs were incorporated into a gel, exhibiting
higher viscosity than the control group. Gel dispersion studies indicated suitability for controlled and sustained delivery.
Cytotoxicity assessment on Human periodontal ligament fibroblast cells revealed concentration-dependent reduction
in cell viability, underscoring potential cytotoxic effects. Cell morphological analysis demonstrated distinct alterations
induced by the T. arjuna SeNPs nanogel, including enhanced cell migration, filopodia formation, and a spindle-like
appearance. These changes suggested a potential influence on key cellular processes. In-vitro scratch wound healing
assays provided compelling evidence of the therapeutic efficacy of the T. arjuna SeNPs nanogel. Treated cells
exhibited accelerated wound closure, emphasizing the gel's potential in promoting wound healing processes.
Conclusion: The study successfully achieved its aim by providing a comprehensive exploration of SeNP synthesis
and gel formulation. The observed effects on cellular processes and wound healing underscore the significant promise
of SeNPs as a therapeutic antibacterial platform. The multifaceted attributes of the synthesized SeNPs and their gel
formulation present a promising avenue for future exploration in advanced wound care and nanomedicine.
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INTRODUCTION Factors such as aging, diabetes, atherosclerosis, and venous
Impaired wound healing poses a significant challenge in today's  insufficiency contribute to the rising prevalence of chronic
healthcare landscape, especially among the elderly population. ~ wounds [1]. Despite this, there is a notable lack of evidence-
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based research and consensus regarding the most effective
interventions for wound healing [2]. The field necessitates
innovation not only in technological aspects but also in terms of
data collection, assessment tools, diagnostics and therapeutic
interventions [3]. Technological advances alone are insufficient;
equal emphasis must be placed on system, service, and process
innovation [4]. Furthermore, understanding the mechanisms
underlying age-related impairments in healing is essential, given
that normal skin undergoes characteristic changes with age,
leading to altered wound healing processes in elderly individuals
[5]. In addressing the challenges associated with wound healing,
collaboration among stakeholders, comprehensive research, and
a dual focus on technological and non-technological innovations
are imperative.

Selenium nanoparticles (SeNPs) possess distinctive attributes
that contribute to their efficacy in promoting wound healing.
Notably, SeNPs exhibit responsiveness to yellow light,
enhancing their antibacterial capabilities and demonstrating
anti-inflammatory properties [3]. Combining SeNPs with
biological membranes, such as those from red blood cells,
further augments their stability, immune evasion, and circulation
time, proving effective in the context of infectious wound
healing [4].Encapsulating SeNPs with polydopamine and
incorporating indocyanine green results in a photoresponsive
therapeutic antibacterial platform. When exposed to laser
irradiation, this platform displays a high antibacterial rate and
accelerates the wound healing process [5]. SeNPs also exhibit
diverse therapeutic effects in medical applications, leveraging
their exceptional biological and physical properties. They can
serve as an effective carrier medium for therapeutic substances,
enhancing the overall curative effects of drugs [6]. In previous
research, chitosan-ZnO/SeNPs nanoparticle scaffolds have been
developed, showcasing outstanding antibacterial effects. These
scaffolds contribute to collagen synthesis, re-epithelialization,
and rapid wound closure [7]. The multifaceted capabilities of
SeNPs make them a promising component in the development
of advanced wound healing strategies.

Terminalia arjuna (TA) stands out as a medicinal plant
renowned for its distinctive features and applications in wound
healing. The plant is rich in various phytochemicals, including
flavonoids, polyphenols, triterpenoids, tannins, and glycosides,
all of which contribute to its medicinal prowess. These
compounds endow TA with antimicrobial, anti-inflammatory,
and cell-stimulating properties, rendering it effective in the
promotion of wound healing [8]. Notably, TA extracts play a key
role in the formulation of Ropana Taila, a traditional Ayurvedic
medicine specifically tailored for wound healing purposes
[9].Moreover, the therapeutic properties of TA extend beyond
wound healing, encompassing benefits for heart health, such as
lipid-lowering and antithrombotic effects, which may further
contribute to its efficacy in promoting overall wound healing
[10]. In a notable advancement, TA extracts have been employed
in the green synthesis of metallic nanoparticles, showcasing
significant potential in the context of wound healing applications
[11]112].

In this present study, selenium nanoparticles were synthesized
through the utilization of Terminalia arjuna bark extract. The
synthesized  nanoparticles  underwent  comprehensive
characterization, and subsequently, they were formulated into a
gel. The wound healing potential of this gel was assessed
through MTT assay and scratch wound healing assay conducted
on a fibroblast cell line. This study aims to evaluate the efficacy
of the selenium nanoparticles derived from Terminalia arjuna
bark extract in promoting wound healing.
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MATERIALS AND METHODS

Preparation of Terminalia arjuna bark extract

In this study, Terminalia arjuna bark extract plays a dual role as
both a reducing and capping agent in the synthesis of selenium
nanoparticles (SeNPs). The preparation of the bark extract
involved measuring precisely 3g of Terminalia arjuna powder,
which was then added to 100 mL of distilled water.
Subsequently, the mixture was subjected to controlled boiling
using a heating mantle set at 60-70 °C for 20 minutes. After the
boiling process, the extract was filtered through Whatman No:1
filter paper, yielding a purified extract ready for utilization in
SeNP synthesis.

Green Synthesis of Selenium Nanoparticles:

The synthesis process utilized 20mM sodium selenite as the
precursor. The accurate measurement of 20mM sodium selenite
was combined with 50mL of distilled water in a conical flask.
Subsequently, 5S0mL of the previously filtered Terminalia arjuna
bark extract was introduced into the flask. The reaction mixture
was continuously stirred on a magnetic stirrer at 700 rpm for an
extended period of 48 hours to facilitate the synthesis of
selenium nanoparticles. After synthesis, the SeNP solution
underwent centrifugation at 8000 rpm for 10 minutes, effectively
separating the pellet from the supernatant. The collected SeNP
pellet was meticulously stored in an airtight Eppendorff tube.

Formulation of Terminalia arjuna-Mediated Selenium
Nanoparticles (SeNPs) Wound Healing Gel:

The gel preparation involved dissolving 2.5g of
Carboxymethylcellulose in 25mL of distilled water, and
separately, 2.5g of Carbopol was dissolved in another 25mL of
distilled water. After achieving a homogeneous mixture for each
component, the two solutions were combined and thoroughly
mixed using a homogenizer. Once complete homogenization
was achieved, the prepared gel served as the base for formulating
the SeNPs-based wound healing gel. To this gel, 100mg of
SeNPs, were added and further mixed thoroughly using a
homogenizer to ensure a uniform blend. The resultant green-
synthesized SeNPs-based gel was stored in a refrigerator for
subsequent evaluation studies.

Characterization:

The structural characteristics of the green-synthesized SeNPs
were analyzed using an X-ray diffraction spectrophotometer,
examining both crystalline and amorphous phases. Fourier
Transform Infrared Spectroscopy (FT-IR) was employed to
identify the functional groups present in the synthesized
selenium nanoparticles solution. Furthermore, Scanning
Electron Microscopy (SEM) was employed to explore surface
morphology, specifically focusing on the shape of the
synthesized nanoparticles.

Evaluation of Gel

pH Measurement

A precise amount of gel was weighed and dissolved in 100 mL
of purified water. The pH of the resulting mixture was
determined using a digital pH meter.

Viscosity Measurement
The viscosity of the formulation was evaluated without dilution
using a Rheometer with a spindle 05 at a weight of 0.1 g.



Homogeneity Testing

The formulation was visually inspected to assess its uniformity.
Additionally, its physical appearance and the presence of any
aggregates were examined.

Cell line study

Chemicals:

DMEM F-12, antibiotics (streptomycin, penicillin), trypsin-
EDTA, phosphate buffer saline (PBS), FBS (Fetal Bovine
Serum) obtained from Gibco (Invitrogen, USA). MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl  tetrazolium  bromide)
reagent and dimethyl sulfoxide (DMSO) sourced from Sigma
Aldrich Chemicals Pvt Ltd, USA. All other reagents used in this
study were of analytical grade.

Establishment of Human periodontal ligament fibroblast
Primary Cells:

Tissues were obtained during the extraction of first or second
premolars as part of normal orthodontic therapy. Before tissue
collection, patients provided informed consent. Tissues (20mg—
50mg) were kept in sterile saline solution for one to four hours,
following sterilization protocols and processing in a biosafety
cabinet. To reduce oral bacterial flora, tissues were washed 10
times in PBS. After washing, tissues were sliced into small
fragments (1-2 mm?2) using a surgical blade on a sterile Petri
plate with culture media. The tissue fragments were plated onto
25 c¢cm? tissue culture flasks and incubated undisturbed for 48
hours at 37°C in a humidified incubator with 5% CO». The
medium was changed after 48 hours, and cells were expanded
until a sufficient number was reached for experiments.

Cell Viability (MTT) Assay:

Human periodontal ligament fibroblast cells (5x103 cells/well)
were plated in 96-well plates with DMEM media, 1X Antibiotic
Solution, and 10% fetal bovine serum (Gibco). After washing
with 1X PBS, cells were treated with 7. arjuna-mediated SeNPs-
based gel and incubated for 24 and 48 hours. MTT (0.5mg/mL)
was added, and after a 4-hour incubation, formazan crystals were
dissolved in DMSO. Color intensity was measured at 570nm
using a microplate reader, and cell viability was calculated using
the formula:

% cell viability = [O.D of treated cells/O.D of control cells] x
100.

Cell Morphology:
Human periodontal ligament fibroblast cells (2x105) were
plated in 6-well plates and treated with 7. arjuna-mediated
SeNPs-based gel for 24 hours. After treatment, cells were
observed under an inverted phase contrast microscope after
washing with PBS.

Scratch Wound Healing Assay:

Human periodontal ligament fibroblast cells (2x105 cells/well)
were seeded onto six-well culture plates. A scratch wound was
created using a 200pl tip, washed with PBS, and photographed.
T. arjuna-mediated SeNPs-based gel (40pg/ml) was applied for
24 hours, and the wounded area was photographed using an
inverted microscope. Experiments were repeated in triplicate for
each treatment group.
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RESULTS

1. X-Ray diffraction spectrophotometer
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Figure 1: XRD spectrum of green synthesized selenium
nanoparticles

The X-ray diffraction (XRD) spectrum depicted in Figure 1
exhibits well-defined peaks at 20 angles of 20.292, 22.185,
24.873,31.826, 36.863, and 37.741, underscoring the crystalline
nature of the synthesized selenium nanoparticles. The
discernible peaks correspond to specific crystallographic planes
of selenium, providing evidence of a structurally organized
crystalline material. Quantitative analysis of the XRD data
reveals that 43.5% of the overall composition is attributed to
crystalline phases, whereas the remaining 56.5% presents an
amorphous structure. This coexistence of crystalline and
amorphous components imparts a nuanced structural complexity
to the synthesized selenium nanoparticles.Moreover, employing
the Debye-Scherrer equation for size estimation yielded a
calculated crystallite size of 30 nanometers. This average size
aligns with the observed crystalline peaks in the XRD spectrum
and signifies a well-defined size distribution within the
nanoparticle ensemble.

2. Fourier Transorm Infra-red spectroscopy
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Figure 2: FTIR spectra Terminalia arjuna mediated selenium
nanoparticles

The FTIR spectrum in Figure 2 showcases distinctive peaks at
specific wavenumbers (3362.02, 1589.50, 1366.46, 1103.54,
823.72, 783.73, 719.07, 615.17, 575.42, 567.45). These peaks
signify characteristic functional groups and molecular
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vibrations. Notably, the peak at 3362.02 cm™ suggests the
presence of hydroxyl groups, while the peak at 1589.50 cm™
indicates carbonyl groups. The peak at 1103.54 cm™
corresponds to the selenium-oxygen (Se—O) bond, confirming
selenium nanoparticle formation. Additional peaks contribute to
the complexity of the nanoparticle composition, potentially
reflecting the involvement of various organic compounds from
the plant extract.

3. Scanning Electron Microscope (SEM)
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Figure 3: Scanning electron microscopic images of green
synthesized selenium nanoparticles
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The SEM images presented in Figure 3 revealed the morphology
of selenium nanoparticles synthesized through a green approach.
Notably, the predominant shape observed in these images is that
of nanoaggregates. These nanoaggregates exhibit a distinctive
irregular and interconnected structure, suggesting a tendency of
individual selenium nanoparticles to cluster together. The green
synthesis method employed in this study not only offers an
environmentally friendly approach but also results in the
formation of selenium nanoparticles characterized by a
propensity for aggregation. The specific nanoaggregate
morphology observed in these SEM images holds significance
for potential applications in various fields, including
nanomedicine and catalysis.

4. Evaluation of gel:
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Figure 4:Evaluation of selenium nanoparticle gel viscosity
and dispersion

The viscosity of the selenium nanoparticle (Se NP) gel,
determined through viscometer analysis, exhibited a flow time
of 1 minute and 30 seconds for 1 ml. The pH of the gel was
recorded as 6.11. In comparison, the control group, consisting of
an empty gel, demonstrated a shorter flow time of 30 seconds.
This indicates that the selenium nanoparticle gel displayed a
higher viscosity than the empty gel, suggesting a potential
influence of the nanoparticles on the rheological properties of
the gel.Furthermore, gel dispersion studies revealed that the
selenium nanoparticle gel exhibited a moderate level of
dispersion when compared to the control group. The controlled
release of selenium nanoparticles within the gel matrix and the
resultant moderate dispersion imply the potential suitability of
the gel formulation for controlled and sustained delivery
applications.

MTT assay:
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Figure 5: The cytotoxic effects of Tarjuna SeNPs on Human
periodontal ligament fibroblast cells

Upon exposure of Human periodontal ligament fibroblast cells
to Terminalia arjuna mediated selenium nanoparticles (7. arjuna
SeNPs) at concentrations ranging from 100 to 600 pg/mL for 24
hours, cell viability was assessed using the MTT assay. The
control group maintained 100% cell viability at both 24 and 48
hours. Notably, lower concentrations (100 and 200 pg/mL)
exhibited negligible cytotoxicity with approximately 100% cell
viability at both time points. At 300 pg/mL, a mild reduction to
90% viability was observed at 24 hours, returning to 100% at 48
hours. Concentrations of 400 pg/mL resulted in 90% viability at
24 hours and 95% at 48 hours. Subsequently, at 500 pg/mL,
viability decreased to 85% (24h) and 90% (48h), while the



highest concentration tested (600 pg/mL) showed a more
pronounced reduction, with cell viability at 83% (24h) and 80%
(48h). Statistical analysis revealed significant differences
compared to the control group (* p < 0.05), indicating a
concentration-dependent cytotoxic effect of T.arjuna SeNPs on
Human periodontal ligament fibroblast cells.

Cell morphology

Control T.Arjuna SeNP Nanogel (400 ug/ml)

Figure 6: Cell morphological analysis. Human periodontal
ligament fibroblast cells were treated with Tarjuna SeNP
Nanogel (400 pg/ml) for 24 h along with control group.
Images were obtained using an inverted Phase contrast
microscope.

Human periodontal ligament fibroblast cells treated with
T arjuna SeNP Nanogel at a concentration of 400 pg/mL for 24
hours were subjected to detailed cell morphological analysis
using an inverted phase-contrast microscope, with the control
group serving as a comparative reference. The microscopic
examination revealed distinct alterations in cell morphology
induced by the Tarjuna SeNP Nanogel treatment. Notably,
treated cells exhibited a noticeable enhancement in cell
migration compared to the control group after the 24-hour
incubation period. The morphological changes included
elongation of cell bodies, increased filopodia formation, and a
more pronounced spindle-like appearance, indicative of
heightened migratory activity. These findings suggest a potential
role of Tarjuna SeNP Nanogel in modulating cellular
morphology and migration, highlighting its significance in
influencing key cellular processes. Representative images
supporting these observations are presented in Figure 6,
illustrating the morphological variations between the treated and
control groups.

In vitro scratch wound healing assay

Control T. arjuna SeNP Nanogel (400 pg/ml)
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Figur:e”7: In-vitro scratch wound healing assay using Human
periodontal ligament fibroblast cells treated with TLarjuna
treated with SeNPs
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In the in-vitro scratch wound healing assay, Human periodontal
ligament fibroblast cells were subjected to an injury, and the
subsequent cell migration response was assessed with and
without treatment using Tarjuna SeNP Nanogel at a
concentration of 400 pg/mL. The assay was conducted at 24
hours post-treatment, and images were captured using an
inverted phase-contrast microscope. At the initial time point (0
hour), the control group exhibited no discernible cell migration,
indicating the presence of the scratch wound. After 24 hours
without treatment, the control group showed a limited degree of
cell migration across the scratch wound. Contrastly, following
treatment with T arjuna SeNP Nanogel at 400 pg/mL, no cell
migration was observed at the initial time point (0 hour),
indicating a potential impact on the migratory response. Notably,
at the 24-hour time point, the treated cells displayed a substantial
enhancement in cell migration, evidenced by the increased
coverage of the scratch wound area. These results suggest that
T arjuna SeNP nanogel at the specified concentration promotes
accelerated in-vitro wound healing in Human periodontal
ligament fibroblast cells. The images obtained using the inverted
phase-contrast microscope visually corroborate the observed
differences in cell migration between the treated and untreated
groups, highlighting the potential therapeutic efficacy of
T.arjuna SeNP Nanogel in promoting wound healing processes.

DISCUSSION

The present study encapsulates a comprehensive exploration of
the green synthesis of selenium nanoparticles (SeNPs)
facilitated by Terminalia arjuna, coupled with a thorough
assessment of their application in wound healing through a
specially formulated gel. The X-ray diffraction (XRD) analysis
showcased distinct peaks at 20 angles, affirming the crystalline
nature of the synthesized SeNPs. A structural complexity was
revealed with the coexistence of crystalline and amorphous
components, contributing 43.5% and 56.5%, respectively, to the
overall composition. The Debye-Scherrer equation was
employed to estimate a calculated crystallite size of 30
nanometers, aligning well with the observed crystalline peaks
and indicating a uniform size distribution within the nanoparticle
ensemble [13], [14].Moving to the Fourier-transform infrared
(FTIR) spectrum, characteristic peaks at specific wavenumbers
unveiled the presence of hydroxyl groups, carbonyl groups, and
selenium-oxygen (Se—O) bonds, reinforcing the confirmation of
selenium nanoparticle formation. Additional peaks suggested
the involvement of diverse organic compounds from the plant
extract, contributing to the complex composition of the
nanoparticles [15].

Scanning Electron Microscopic (SEM) imaging revealed the
shape of the selenium nanoparticles to be prevalent
nanoaggregate structure characterized by irregular and
interconnected features. This distinctive morphology indicated a
tendency of individual selenium nanoparticles to cluster, a
noteworthy trait with potential applications in nanomedicine and
catalysis [16]. The synthesized SeNPs were incorporated into a
gel, and its viscosity was assessed using a viscometer, revealing
a higher viscosity compared to the control group (empty gel).
Gel dispersion studies further indicated a moderate level of
dispersion, suggesting suitability for controlled and sustained
delivery applications [17]. The cytotoxicity assessment on
Human periodontal ligament fibroblast cells highlighted a
concentration-dependent reduction in cell viability, with
statistically significant differences compared to the control
group. This underscores the potential cytotoxic effects of
Terminalia arjuna-mediated selenium nanoparticles on these
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cells. Cell morphological analysis, conducted with an inverted
phase-contrast microscope, revealed distinct alterations induced
by the T'arjuna SeNPs nanogel [18]. Treated cells exhibited
enhanced cell migration, manifested by elongation of cell
bodies, increased filopodia formation, and a more pronounced
spindle-like appearance after a 24-hour incubation period,
indicating a potential influence on key cellular processes [19],
[20].The in-vitro scratch wound healing assay provided
compelling evidence of the therapeutic efficacy of Tarjuna
SeNPs nanogel. Treated cells displayed accelerated wound
closure, emphasizing the potential of the gel in promoting
wound healing processes [21].

Selenium nanoparticles (SeNPs) exhibit promising potential in
the field of wound healing. Numerous studies have highlighted
their ability to enhance antibacterial properties, accelerate
wound healing, and exhibit high efficiency in photothermal
conversion [3], [7]. SeNPs have been successfully integrated
into various scaffolds, such as chitosan-ZnO/SeNPs and
polydopamine-functionalized SeNPs, demonstrating
exceptional antibacterial effects against Escherichia coli and
Staphylococcus aureus [22], [23]. Additionally, SeNPs have
been combined with polyethylenimine and modified with
indocyanine green for combined photoacoustic therapy. This
approach proves effective in swiftly and safely eliminating drug-
resistant bacteria while promoting the healing of wounds [5].
Furthermore, researchers have encapsulated SeNPs with red
blood cell membranes to improve their stability, immune evasion
capabilities, and internal circulation time [24].

Overall, these findings collectively suggest that SeNPs hold
significant promise as a therapeutic antibacterial platform for
applications in wound healing.And these collectively underscore
the multifaceted attributes of the synthesized selenium
nanoparticles and their gel formulation, portraying a promising
avenue for future exploration in advanced wound care and
nanomedicine.

CONCLUSION

This study successfully synthesized selenium nanoparticles
(SeNPs) using Terminalia arjuna, demonstrating their
crystalline nature and structural complexity. The SeNPs,
incorporated into a gel, exhibited increased viscosity, moderate
dispersion, and promising potential for controlled delivery.
Cytotoxicity assessments on human cells emphasized dose-
dependent effects, while cellular analysis revealed
morphological changes. Significantly, in-vitro wound healing
assays demonstrated the therapeutic efficacy of the SeNP-
containing gel, indicating accelerated wound closure. These
findings highlight the potential of SeNPs for advanced wound
care applications.
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