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Abstract: Introduction: This study aims to develop a sustainable method for synthesizing Biogenic
Silica Nanoparticles (bSNPs) from onion peel waste and evaluate their physicochemical properties
and in vitro bioactivity.

Methods: Biogenic Silica Nanoparticles (bSNPs) were prepared via an optimized acid—base sol—gel
method and characterized by SEM, EDX, AFM, FTIR, and XRD. Antioxidant activity (DPPH as-
say), anti-inflammatory activity (protein denaturation), and DNA interaction (agarose gel) were as-
sessed in vitro.

Results: Biogenic Silica Nanoparticles (bSNPs) exhibited nanoscale dimensions (~120-125 nm)
with spheroidal morphology and rough surface characteristics. FTIR and XRD confirmed amor-
phous silica. Dose-dependent antioxidant and anti-inflammatory activity, as well as DNA binding,
were observed.

Discussions: Biogenic Silica Nanoparticles (bSNPs) were synthesized from onion peel biomass via
a two-acid sol-gel process. Spectroscopic and crystallographic analyses confirmed the successful
synthesis of homogeneous amorphous silica. bSNPs exhibited effective biomolecular interactions.

Conclusion: Onion peel-derived bSNPs are durable, environmentally friendly nanomaterials with

promising antioxidant, anti-inflammatory, and DNA-binding potential for biomedical applications.

Keywords: Biogenic silica nanoparticles, onion peel Agro-waste, sol-gel synthesis, antioxidant activity, anti-inflammatory

activity, DNA binding.

1. INTRODUCTION

Nanotechnology involves the manipulation of atoms and
molecules to develop materials with unique and functional
properties [1, 2]. The distinctive characteristics of nanoparti-
cles have enabled significant advancements in biomedical
science, particularly in drug delivery, diagnostics, and thera-
peutic applications [3]. In recent years, there has been grow-
ing interest in green synthesis approaches for the production
of metal nanoparticles, in which plant-derived biomolecules
serve as natural reducing and stabilizing agents. These meth-
ods highlight the critical role of plant extracts in the con-
trolled synthesis and surface modification of nanoparticles
[4]. Currently, there is increasing emphasis on the develop-
ment of sustainable nanomaterials through eco-friendly syn-
thesis strategies that utilize renewable resources such as
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agricultural waste. Such approaches not only reduce envi-
ronmental impact but also enhance the biocompatibility of
the resulting materials [5, 6]. Nanotechnology is one of the
fastest-growing scientific fields, with expanding applications
in electronics, aerospace, defense, biological sciences, and
dental research [7]. At the nanoscale, materials exhibit
unique physicochemical properties compared to their bulk
counterparts, enabling them to be transformed into highly
functional materials. Nanoparticles (NPs), derived from met-
als, semiconductors, magnetic materials, or composites, have
significantly impacted biomedical science due to their en-
hanced biological interactions. These properties make them
suitable for applications such as drug delivery, gene transfer,
imaging diagnostics, hyperthermia, wound healing, tissue
engineering, and biolabeling [8, 9]. The agricultural sector
generates large quantities of waste annually, including sug-
arcane bagasse, corn cobs, rice husk, and wheat straw, which
are often improperly managed or burned, leading to envi-
ronmental pollution and degradation [10].
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Agricultural waste generated at various stages, including
cultivation, harvesting, processing, and production, contains
a wealth of valuable organic and inorganic components that
remain largely underutilized [11]. Improper waste manage-
ment leads to greenhouse gas emissions, soil and water con-
tamination, and potential health risks for humans and ani-
mals [12]. Therefore, sustainable strategies for waste reduc-
tion and reutilization are essential for environmental protec-
tion and future resource sustainability [13]. The conversion
of agricultural waste into value-added products directly sup-
ports circular and green economy principles. Functional na-
nomaterials can be sustainably synthesized from by-products
such as coconut husk, fruit peels and seeds, rice bran, maize
cobs, wheat husk, and palm oil waste. These materials
demonstrate significant potential for applications in industri-
al and biomedical fields [14-16].

Bioactive compounds and carrier systems enabling tar-
geted and sustained release are increasingly important in
modern drug delivery strategies. Conventional biocides such
as azoles, carbamates, pyrethroids, and copper-based com-
pounds are often incorporated into polymeric matrices [17].
However, these polymer-based systems may be costly, un-
stable, and environmentally non-persistent[18]. In contrast,
silica-based materials, particularly mesoporous silica and
silica nano capsules, have garnered considerable attention as
drug delivery vehicles due to their high surface area, tunable
pore structure, and excellent thermal and chemical stability.
Despite these advantages, conventional methods for synthe-
sizing silicon dioxide nanoparticles are often expensive and
environmentally unfriendly.[19] Previous studies on silica
nanoparticles derived from agricultural waste such as rice
husk, maize cob, and sugarcane bagasse have reported parti-
cle sizes ranging from 80 to 150 nm, along with DPPH radi-
cal scavenging activity between 30% and 70% at concentra-
tions of 50-200 pg/mL. However, despite the generation of
approximately 47 million tonnes of onion waste annually
worldwide, limited research has explored the synthesis of
silica nanoparticles from onion peels [20].

Onion peels are rich in flavonols and other phytochemi-
cals, indicating their potential as a valuable precursor for
nanoparticle synthesis. This gap highlights the need for sys-
tematic evaluation of the size, purity, and bioactivity of silica
nanoparticles derived from onion waste. Biogenic silica na-
noparticles produced from natural sources represent a green
and sustainable alternative with promising applications in
topical and biomedical drug delivery systems [21].

Conventional methods for synthesizing silica nanoparti-
cles, including thermal decomposition, microwave-assisted
synthesis, laser-induced deposition, hydrogen plasma
growth, and hydrothermal techniques, are often energy-
intensive and require hazardous chemicals or sophisticated
instrumentation. These limitations have driven the develop-
ment of greener synthesis approaches, particularly those uti-
lizing Agro-waste as a precursor [22]. Onion (Allium cepa) is
the second most widely cultivated horticultural crop global-
ly, producing approximately 47 million tonnes annually. The
non-edible onion peel is typically discarded during pro-
cessing, despite being rich in bioactive compounds with an-
tioxidant, antibacterial, and anti-inflammatory properties
[23]. Valorization of onion peel waste aligns with global
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sustainability goals and offers potential applications in the
food, cosmetic, and pharmaceutical sectors. While the edible
portion of the onion has been extensively studied, the peel
remains a relatively underexploited by-product. Therefore,
comprehensive chemical and biological investigations are
essential to fully exploit its potential as a sustainable precur-
sor for nanoparticle synthesis [24, 25]. In this study, Biogen-
ic Silica Nanoparticles (bSNPs) were synthesized from onion
peel waste using a modified acid—base sol-gel method. Un-
like previous studies that have primarily focused on rice
husk and sugarcane bagasse, this work explores onion peel
as an alternative, sustainable source. The synthesized nano-
particles were extensively characterized using SEM, AFM,
FTIR, XRD, and EDS techniques. Furthermore, in vitro as-
says were conducted to evaluate antioxidant, anti-
inflammatory, and DNA-binding activities. This study
uniquely integrates sustainable material synthesis with com-
prehensive physicochemical and biological characterization.

2. MATERIALS AND METHODS

2.1. Materials

The schematic representation of the experimental work-
flow, including precursor preparation, synthesis, purification,
and characterization steps, is shown in Fig. (1). All chemi-
cals and reagents were of analytical grade and obtained from
standard commercial suppliers (HiMedia, India). The rea-
gents were used from institutional stock; therefore, individu-
al Catalog numbers were not recorded at the time of experi-
mentation. However, all reagents are traceable through insti-
tutional procurement records.

Onion peels with minimal moisture were obtained from a
grocery vendor in Gulbarga. All solutions were prepared
using distilled water, and the chemical procedures involved
only high-quality hydrochloric acid and sodium hydroxide
[26].

2.2. Preparation of Onion Peel Aqueous Extract (OPE)

The outer dried layers of onion peel were obtained from a
local trader in Gulbarga. These peels, chosen for their low
moisture content and uniform size, were thoroughly cleaned
with distilled water to remove any dust or dirt. After clean-
ing, the peels were air-dried at room temperature (about
25°C) until they attained a steady weight. To create the ex-
tract, 5 grams of dried peels were added to a 1000-mL flask
with distilled water and boiled in a water bath at 100°C for
30 minutes. After cooling, the mixture was filtered to create
a clear Onion Peel Extract (OPE) that was stored in sterile
amber bottles at 4°C until needed [27, 28].

2.3. Sol-Gel Process for Nanoparticle Synthesis

Silica nanoparticles were created using a modified sol-gel
process, with onion peels serving as a natural source of sili-
ca. The dried peels were initially exposed to acid and heat
treatments in order to eliminate metallic impurities and re-
sidual organic materials. The biomass was macerated and
treated with 10% hydrochloric acid (HCl) followed by 30%
sulfuric acid (H,SOy) for demineralization and breakdown of
the lignocellulosic structure. The acid-treated peels were
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Fig. (1). Schematic representation of the experimental workflow for the synthesis and characterization of silica nanoparticles, including prep-
aration of precursor solution, synthesis process, purification, and characterization using XRD, SEM, and zeta potential analysis. (4 higher
resolution / colour version of this figure is available in the electronic copy of the article).

calcined in a muffle furnace at 600°C for 4 hours to produce
silica-rich ash through full carbonization and hydrocarbon
volatilization. The calcined powder was refluxed with 10%
HCI and 30% H,SO4 at 100 °C for 2 hours in a 3-neck round-
bottom flask with a condenser and heating mantle. This pro-
moted the leaching of leftover metal ions and organic resi-
dues. The resultant slurry was filtered and rinsed many times
with distilled water until the filtrate achieved neutral pH
(~7), removing unreacted acids and soluble contaminants
before proceeding with the sol-gel procedure [29, 30].

2.4 Preparation of Sodium Silicate Solution

To extract silica from pre-treated onion peel, 3.5 M sodi-
um hydroxide (NaOH) was used, a common approach for
dissolving biogenic silica into sodium silicate. The plant
material was treated and heated, then combined with NaOH
and heated at 100°C for 5 hours. This procedure helped to
completely dissolve the silica. During heating, the silica in
the material reacted with NaOH, yielding the following reac-
tion:

Si0, + 2NaOH — NagSiOg + Ho0 (1)

The mixture was filtered to remove insoluble residues.
The filtrate was washed several times with boiling distilled
water to remove residual impurities. The clean sodium sili-
cate solution was then left to cool down to room temperature
before moving on to the sol—gel process [31].

2.5. Synthesis of Silica Nanoparticles

The final product, obtained after sol-gel transition of the
sodium silicate solution, was a fine white colloidal silica
powder corresponding to nanosized silica. To preserve its
structure and prevent moisture absorption, the prepared silica
powder was stored in a desiccator until further characteriza-
tion and application. The obtained nanoparticles were
washed and dried at 60 °C for 12 h [31].

2.6. Characterization of Synthesized Nanoparticles

2.6.1. UV-Vis Spectroscopy

A Shimadzu UV-1800 spectrophotometer was used to
record the nanoparticles' UV-Vis spectra. The optical charac-
teristics of biogenic silica nanoparticles were assessed by
collecting absorption spectra in the 200—800 nm range and
calibrating the instrument using ultrapure water as a blank
[31].

2.6.2. FTIR Studies

A Shimadzu IR Spirit-X Fourier Transform Infrared
(FTIR) spectrometer was used to examine functional groups
and chemical structure. In order to identify siloxane (Si—-O-
Si) networks, spectra were recorded at room temperature in
the mid-infrared region (4000—400 cm') and baseline correc-
tion was applied using the instrument software [32].
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2.6.3. SEM Studies

Surface morphology of the prepared nanoparticles was
investigated by using a ZEISS scanning electron microscope.
SEM operated at an accelerating voltage of 15 kV and a
probe current of approximately 50 pA. Prior to recording,
focus and contrast were adjusted as needed, and high magni-
fication micrographs were acquired to assess the nanoparti-
cle's size, shape, and surface characteristics [33].

2.6.4. XRD Studies

X-ray diffraction (XRD) was used to characterize the
crystalline and amorphous phases of silica nanoparticles at
40 kV and 30 mA using Cu Ko radiation (A = 1.5406 A). In
order to identify silica polymorphs and evaluate peak broad-
ening for structural analysis, patterns were captured over 20
=10-80° [34].

2.6.5. AFM Studies

Bruker Dimension Icon AFM in tapping mode was used
to examine nanoscale surface topography and particle distri-
bution. Images were taken at a 1 Hz line rate over a 5 pm x 5
pum scan area to record height and phase data [35].

2.6.6. Zeta Potential Studies

Surface charge and colloidal stability were measured
with a HORIBA zeta potential analyser at 25 °C and 90°
scattering angle. To prevent multiple scattering, samples
were diluted in deionized water, and measurements were
made three times [36].

2.6.7. Transmission Electron Microscopy (TEM)

Characterization of the prepared biogenic nanosilica par-
ticles by TEM revealed their structure, size, and dispersion.
Ethanol was used to suspend the nanoparticles, which were
then drop-cast onto carbon-coated copper grids and allowed
to dry at room temperature. Particle shape, size distribution,
and aggregation were characterized by HRTEM imaging
[37].

2.7. Biological Evaluation of Silica Nanoparticles

2.7.1. Antioxidant Study

The DPPH assay was performed using standard laborato-
ry reagents and methods described previously [37]. For the
assay, 1.0 mL of freshly prepared DPPH solution (0.2 mM)
was combined with 0.5 mL test sample solutions or a stand-
ard antioxidant (ascorbic acid; 50-250 pg/mL). To avoid the
photodegradation of DPPH radical, reaction mixtures were
incubated in the dark at room temperature for 30 minutes.
The absorbance was then read at 517 nm using a Labman
UV-Visible spectrophotometer after incubation.

The percentage of radical scavenging activity was calcu-
lated using the following equation:

Antioxidant activity (%) = 2229 A x 100 )

where A(c) represents the absorbance of the control, and
A(s) represents the absorbance of the sample. The calculated
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values provide a quantitative assessment of the antioxidant
potential of the synthesized Biogenic Silica Nanoparticles
(bSNPs) [38].

2.7.2. Anti-Inflammatory Activity

Phosphate-Buffered Saline (PBS) and Bovine Serum Al-
bumin (BSA) were used for the assay. Protein denaturation
involves modification of a protein's secondary and tertiary
structures in response to external physicochemical stressors,
such as high temperature, extreme pH, or increased ionic
strength. [39] Preventing protein denaturation is an excellent
in vitro technique for screening anti-inflammatory activity.

For the assay, 1.0 mL of Phosphate-Buffered Saline
(PBS) was mixed with 50 pL of Bovine Serum Albumin
(BSA) and different concentrations (50-250 pg/mL) of the
test samples or the standard drug. The reaction mixtures sat
at room temperature for 15 minutes, then were heated in a
water bath at 70 °C for another 15 minutes to cause protein
denaturation. Once cooled back to room temperature, their
absorbance was measured at 660 nm using a Labman UV-
Visible spectrophotometer.

We calculated how much the samples prevented protein
denaturation using the following equation:

Inhibition (%) = (A.c — A_t) /A_c x 100 3)

Here, A(c) is the absorbance of the control sample, and
A(t) is the absorbance of the treated sample. Aspirin was
included as a reference drug for comparison [39, 40].

2.7.3. Binding Activity of DNA

Agarose gel electrophoresis was performed using stand-
ard laboratory reagents. Agarose gel electrophoresis is a
standard way to separate nucleic acids and study how mole-
cules interact. For this test, 25 uL of genomic DNA was
mixed with 25 uLL of a silica nanoparticle suspension. To
make this suspension, 100 mg of the nanoparticles were
mixed with dimethyl sulfoxide (DMSO) and then diluted to
1 mL with distilled water. Ethidium bromide (EtBr) was
added to help visualize the DNA.

The DNA samples mixed with nanoparticles were ex-
posed to UV light for 1 hour, then left at room temperature
for 3 hours. Untreated DNA acted as the control. Each exper-
iment was done in triplicate. After incubation, the samples
were run on agarose gels for electrophoresis to check how
the DNA and nanoparticles interacted. If the DNA bands
changed in brightness, position, or became smeared, it was
taken as evidence that the DNA was binding to the silica.
Example gel results are shown in the Results section [41].

2.8. Statistical Analysis

All experiments were performed in triplicate (n = 3) to
ensure reproducibility, minimize experimental error, and
provide statistically reliable mean values. Triplicate meas-
urements are a standard practice in in vitro biological and
analytical studies for preliminary validation of results. The
obtained results are expressed as mean + Standard Deviation
(SD). The mean value was calculated using the following
Equation:



Sustainable Fabrication of Onion-Peel Biogenic

x = (1/n)X(i=1ton)xi 4)

where x; represents the individual measurement, and n is
the total number of observations.

The variability in the measurements was estimated using
the Standard Deviation (SD), calculated according to the
following Equation:

sp = [[Eeene 9ty ) )

The Standard Error (SE), which represents the uncertain-
ty associated with the mean value, was calculated using the
following Equation:

SE = SD/Vn (6)

3. RESULTS

3.1. UV—Visible Spectroscopy (UV analysis)

Biogenic Silica Nanoparticles (bSNPs) were first formed
and then checked using UV-Visible spectroscopy. To start,
the baseline was set using the solvent, and a 0.05 mg/mL
water-based sample was scanned from 200 to 800 nm with a
1 nm resolution (Fig. 2). A strong absorption below 230 nm
is linked to electronic transitions in the Si-O-Si network of
silica. A faint shoulder between 280 and 320 nm likely
comes from trace phytochemicals left from the plant-based
synthesis. In the visible range (400—800 nm), there’s no no-
ticeable plasmonic absorption peak, which fits with the non-
metallic, amorphous nature of these nanoparticles. The grad-
ual baseline observed across the visible range is caused by
light scattering and some clumping of nanoparticles in the
suspension, not by contamination [42].

0.4
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Fig. (2). UV—Visible absorption spectrum of biogenic silica nano-
particles showing the optical properties of the synthesized nanopar-
ticles.

3.2. Fourier Transform Infrared Spectroscopy Analysis
(FTIR)

FTIR spectroscopy was used to verify the chemical struc-
ture of the Biogenic Silica Nanoparticles (bSNPs) that were
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synthesized. The spectrum (Fig. 3) displays a broad absorp-
tion band around 3300 cm!, which is due to O—H stretching
vibrations from surface silanol (Si—~OH) groups and water
molecules adsorbed on the surface. A strong, sharp band at
about 1088 cm™ matches the asymmetric stretching vibra-
tions of the Si—O-Si network, a typical feature of amorphous
silica. The band near 871 cm™! is linked to symmetric stretch-
ing of Si—O-Si bonds, while peaks at around 711 cm™ and
490 cm™ correspond to bending modes of the siloxane (Si—
O-Si) structure. The lack of clear absorption bands for car-
bon-containing groups shows that organic residues were ef-
fectively removed during the calcination process. Altogether,
the FTIR results confirm the successful formation of hy-
droxyl-rich, mostly amorphous SiO, nanoparticles, in
agreement with earlier studies on biogenic silica.
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Fig. (3). FTIR spectrum of biogenic silica nanoparticles recorded in
the range of 4000—400 cm™. The X-axis represents wavenumber
(cm™) and the Y-axis represents percentage transmittance (%T).

3.3. Zeta Potential Analysis

Zeta potential analysis offered new perspectives in col-
loidal stability and surface charge characteristics of the syn-
thesized nanoparticles (Figs. 4 and 5).

Figures 4 and 5 show that when biogenic silica nanopar-
ticles are dispersed at 1 mg/mL in purified water, they exhib-
it a nearly neutral zeta potential (—0.2 mV) at pH 5.0, which
remains unchanged over a week of incubation. Since zeta
potential values greater than £30 mV indicate strong colloi-
dal stability, the near-neutral surface charge seen here sug-
gests there is limited electrostatic stabilization and a tenden-
cy for the particles to clump together, something typical for
biogenic silica nanoparticles. This behaviour may be due to
partial ionization of surface silanol (Si—-OH) groups and the
presence of leftover biomolecules from the onion peel used
as the precursor. The nanoparticles also showed an average
hydrodynamic diameter of about 150 nm in water, with
slight differences likely due to aggregation or size variation,
which matches previous reports of biosynthesized silica na-
noparticles (Fig. 5) [43].
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Fig. (4). Zeta potential distribution of synthesized silica nanoparticles, indicating limited electrostatic stabilization. (4 higher resolution /
colour version of this figure is available in the electronic copy of the article).
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Fig. (5). Dynamic Light Scattering (DLS) analysis of silica nanoparticles shows an average hydrodynamic diameter of 150.3 nm, suggesting
moderate particle aggregation in aqueous suspension. (4 higher resolution / colour version of this figure is available in the electronic copy of
the article).
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Fig. (6). X-Ray Diffraction (XRD) pattern of synthesized Biogenic Silica Nanoparticles (bSNPs). The diffraction profile shows several sharp
reflections that may originate from trace crystalline mineral residues (e.g., potassium, calcium, or sodium salts) derived from the plant
precursor. The absence of characteristic peaks corresponding to crystalline silica polymorphs such as quartz, cristobalite, or tridymite

indicates that the silica matrix remains predominantly amorphous. (4 higher resolution / colour version of this figure is available in the elec-
tronic copy of the article).

200 nm

Fig. (7). SEM micrographs of synthesized Biogenic Silica Nanoparticles (bSNPs). (a) Aggregated nanoparticles (scale bar: 500 nm); (b) clus-
tered structures at lower magnification (scale bar: 1 um); (¢) medium magnification showing irregular nanoparticle aggregates (scale bar: 200
nm); (d) high magnification revealing rough and porous surface morphology (scale bar: 100 nm). (4 higher resolution / colour version of this
figure is available in the electronic copy of the article).
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Fig. (8). EDX spectrum of synthesized Biogenic Silica Nanoparticles (bSNPs) showing elemental composition. The spectrum confirms the
presence of silicon (Si) and oxygen (O) as the dominant elements, with minor traces of sodium (Na) and aluminium (Al). (4 higher resolution
/ colour version of this figure is available in the electronic copy of the article).

3.4. X-Ray Diffraction Studies

XRD analysis was conducted to assess the structural
phase (crystalline versus amorphous) of synthesized bSNPs

(Fig. 6).

X-ray diffraction (XRD) analysis was performed to char-
acterize the structure of the synthesized Biogenic Silica Na-
noparticles (bSNPs). The resulting diffraction pattern shows
several sharp peaks scattered across the 26 range, along with
a faint diffuse background. These sharp peaks do not match
the typical diffraction patterns of crystalline silica forms like
quartz, cristobalite, or tridymite, as none of those characteris-
tic peaks were found. Instead, the observed reflections likely
come from tiny amounts of crystalline mineral residues left
over from the plant material used in the synthesis. Plant bi-
omass often contains inorganic elements like potassium, cal-
cium, sodium, and magnesium, which can form crystalline
salts or oxides during combustion or heating. Mineral-
derived crystalline phases like these are often reported in
plant-based or agricultural waste-derived silica materials.
The presence of these minor crystalline reflections points to
leftover inorganic components, not to the crystallization of the
silica itself. As a result, the silica matrix produced in this study
remains mostly amorphous, which agrees with previous re-
ports on plant-derived biogenic silica nanoparticles [44].

3.5. Scanning Electron Microscopy (SEM)

Morphology of synthesized bSNPs was analysed through
SEM (Fig. 7a—d).
8

A diluted suspension of nanoparticles (0.1 mg/mL) was
dropped onto a gold-coated silicon wafer and left to dry.
Micrographs taken at various magnifications (Fig. 7a—d)
show that the nanoparticles tend to cluster together. At lower
magnifications (Fig. 7a and b), micron-sized clumps can be
seen, formed when many smaller particles stick together
during drying and deposition. This is common for silica na-
noparticles due to their strong attraction to one another and
the presence of surface silanol groups.

At higher magnifications (Fig. 7¢ and 7d), these larger
clusters are shown to be made up of much smaller, nanoscale
primary particles. The individual nanoparticles are irregular
to almost spherical in shape and have rough, porous surfaces,
features typical of biogenic silica. Judging by the scale bars,
the primary particles are in the nanometer range, while the
bigger structures are secondary aggregates. This rough, po-
rous texture means the particles have a high surface area,
confirming that the biogenic synthesis method successfully
produced silica nanoparticles [45].

3.6. Elemental Analysis and Spectrum Processing (EDX)

Elemental makeup of synthesised bSNPs was confirmed
by EDX analysis (Fig. 8).

Energy Dispersive X-ray (EDX) analysis was used
to check what elements are in the Biosynthesized Silica Na-
noparticles (bSNPs). The EDX spectrum showed strong
peaks for silicon (Si) and oxygen (O), confirming that the
main component is silicon dioxide (SiO,). These strong



Sustainable Fabrication of Onion-Peel Biogenic Progress in Nanoscience and Nanotechnology, xxxx, Vol. xx, No. x

Fig. (9). AFM topographical images of synthesized Biogenic Silica Nanoparticles (bSNPs) showing three-dimensional surface morphology
and surface roughness (scan area: 10 pm x 10 um; height range: ~70 nm). (4 higher resolution / colour version of this figure is available in
the electronic copy of the article).

(a) (b)
o 3
&
L J
0.2 pm 50 nm ‘

Fig. (10). TEM images of synthesized Biogenic Silica Nanoparticles (bSNPs): (a) low magnification showing particle distribution (scale bar:
200 nm); (b) high magnification showing near-spherical nanoparticles with nanoscale dimensions (scale bar: 50 nm). (4 higher resolution /
colour version of this figure is available in the electronic copy of the article).

signals mean the biogenic synthesis process successfully

produced silica nanoparticles. A few smaller peaks for other 3.7. Atomic Force Microscopy (AFM)

elements may also appear, likely due to trace amounts of AFM imaging was used to analyse three-dimensional na-
biomolecules from the biological extract or slight impurities noscale surface morphology, including particle size, shape,
from the sample substrate. Overall, the clear dominance of Si and surface roughness (Fig. 9).

and O in the spectrum confirms that the nanoparticles are
highly pure and were successfully synthesized.
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Fig. (11). Agarose gel electrophoresis demonstrating genomic DNA binding with Biogenic Silica Nanoparticles (bSNPs). (a) Free genomic
DNA control showing normal migration. (b) Genomic DNA treated with increasing concentrations of bSNPs, exhibiting progressive retarda-
tion of DNA migration, indicating concentration-dependent DNA—bSNPs interaction. (4 higher resolution / colour version of this figure is

available in the electronic copy of the article).

Nanoparticles prepared from a 0.1 mg/mL aqueous sus-
pension and deposited on a silicon substrate exhibited irregu-
lar morphology, with particle sizes ranging from 120 to 125
nm based on height profile analysis. High-resolution AFM
images revealed uneven and rough surface textures, which
are typical for biogenic silica systems. The tip—sample inter-
action parameters were optimized during imaging to ensure
reliable topographical measurements.

The observed size of 120—125 nm corresponds to primary
nanoparticles determined from localized height measure-
ments within aggregated clusters. AFM images commonly
show agglomerated structures due to strong interparticle in-
teractions and surface silanol (Si—OH) groups, particularly in
biogenic silica systems where clustering is frequently ob-
served [46, 47].

3.8. Transmission Electron Microscopy

The analysis provided detailed structural information
about the synthesized biogenic silica nanoparticles. At low
magnification, the images showed loosely connected aggre-
gates, indicating that the silica dispersions tend to clump
together as they dry. At higher magnification, individual
particles appeared nearly spherical to sub-spherical, with
diameters ranging from 40 to 120 nm. The uniform internal
electron density and the absence of crystalline lattice fringes
confirm that the silica is amorphous, consistent with the
XRD findings. The blurry particle edges and areas of higher
density further support that the silica was successfully syn-
thesized using the sol-gel method. In summary, Fig. (10a)
shows a low-magnification image with loosely aggregated
nanoparticles, while Fig. (10b) displays high-magnification
images that reveal the spherical to sub-spherical shape of the
particles. These observations confirm the nanoscale struc-
ture, amorphous nature, and aggregation behaviour of the
onion-peel-derived bSNPs (Fig. 10a—b) [48].
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3.9. Interaction of Silica Nanoparticles with DNA Mole-
cules

Agarose gel electrophoresis revealed significant binding
interactions between bSNPs and genomic DNA (Fig. 11a-
b).

Fig. 11a-b illustrates how genomic DNA interacts with
Biogenic Silica Nanoparticles (bSNPs) during an agarose gel
electrophoresis experiment. In the control lane, which con-
tained no nanoparticles, the DNA migrated normally through
the gel and formed a clear, sharp band, indicating that the
DNA was intact and able to move freely. However, when
silica nanoparticles were added, the DNA’s movement
through the gel decreased, and at higher nanoparticle concen-
trations, the DNA remained completely in the wells without
migrating. This result indicates that the DNA strongly binds
to the nanoparticles, forming large complexes that could not
pass through the gel. This binding most likely occurs be-
cause positive ions act as bridges between the negatively
charged phosphate groups in DNA and the silica surface, and
through hydrogen bonding with the DNA bases. Such inter-
actions are common for silica-based nanomaterials and play
a crucial role in applications like gene delivery, biosensing,
and DNA purification. The strong interaction between DNA
and nanoparticles observed here suggests that these bSNPs
have promising potential for use in biomedicine and biotech-
nology, particularly for carrying genetic material or other
DNA-based applications [49, 50].

3.10. Antioxidant Activity

Antioxidant ability of the Biogenic Silica Nanoparticles
(bSNPs) was tested using the DPPH radical scavenging as-
say [51] (Fig. 12a—d). In the control sample, the average
absorbance was 0.8421, confirming the presence of stable
DPPH radicals. When bSNPs were added at increasing
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Fig. (12). Antioxidant activity of Biogenic Silica Nanoparticles (bSNPs) and standard vitamin C measured by the DPPH radical scavenging
assay. Panels a and b show the dose-dependent percentage inhibition of DPPH radicals by bSNPs, where a represents a scatter plot with linear
regression and b represents the corresponding bar graph. Panels ¢ and d show the antioxidant activity of standard vitamin C, where ¢ repre-
sents the bar graph, and d represents the scatter plot with linear regression. (4 higher resolution / colour version of this figure is available in

the electronic copy of the article).

concentrations (50-250 pg/mL), the absorbance gradually
decreased, indicating that the nanoparticles effectively neu-
tralized free radicals. The percentage of radical inhibition
increased as the concentration went up, starting at 29.61%
for 50 pg/mL and reaching 80.81% for 250 pg/mL. The ICs,
value, the concentration needed to inhibit 50% of the radi-
cals, was calculated to be 127.36 pg/mL. This indicates that
the nanoparticles have moderate antioxidant strength. For
comparison, vitamin C, a well-known antioxidant, showed
even higher scavenging activity, with inhibition ranging
from 45.38% to 91.96% and an ICsy of 64.06 pg/mL. A
strong correlation (R? = 0.99) between concentration and
antioxidant activity suggests the results are reliable and con-
sistent. The antioxidant effect of the nanoparticles is likely
due to the electron-donating properties of the silica surface
and the residual phytochemicals from the onion peel extract,
which help neutralize free radicals. These results agree with
earlier studies on green-synthesized silica and metal nano-
particles showing antioxidant properties. [51, 52] All exper-

iments were done in triplicate (n = 3), and results are report-
ed as mean + Standard Deviation (SD).

3.11. Anti-Inflammatory Activity

Anti-inflammatory properties of the Biogenic Silica Na-
noparticles (bSNPs) were tested using a protein denaturation
inhibition assay (Fig. 13a—d). When the nanoparticles were
added at concentrations from 50 to 250 pg/mL, they clearly
blocked protein denaturation in a dose-dependent way. The
percentage of inhibition rose from 13.48+0.89% at
50 pg/mL to 73.71 £0.73% at 250 pg/mL, showing that their
anti-inflammatory effect became stronger as the concentra-
tion increased. The ICsy for bSNPs, the amount needed to
inhibit 50% of protein denaturation, was 164.21 pg/mL, in-
dicating moderate anti-inflammatory activity. For compari-
son, a standard drug performed better, with inhibition going
from 36.81+0.96% at 50pg/mL to 86.17+0.45% at
250 pg/mL, and an ICs of 96.34 ug/mL. The strong correla-
tion between concentration and inhibition (R? = 0.99) shows
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Fig. (13). Dose-dependent anti-inflammatory activity of Biogenic Silica Nanoparticles (bSNPs) and standard compounds measured by the
protein denaturation assay. Panels a and b show the percentage inhibition of protein denaturation by bSNPs, where a represents a scatter plot
with linear regression and b represents a bar graph. Panels ¢ and d show the percentage inhibition by standard compounds, where c represents
a scatter plot with a regression line, and d represents a bar graph. The x-axis represents sample concentration (ug/mL), and the y-axis repre-
sents percentage inhibition of protein denaturation. (4 higher resolution / colour version of this figure is available in the electronic copy of the

article).

that the results are reliable and consistent. The nanoparticles
likely stabilize protein structures and protect them from heat-
induced denaturation, a common mechanism by which anti-
inflammatory agents act. Similar results have been reported
for other plant-based nanoparticles. All experiments were
repeated three times (n=3), and results are shown as
mean + Standard Deviation (SD), demonstrating good preci-
sion. Overall, these findings suggest that the synthesized
bSNPs have promising anti-inflammatory potential and
could be explored further for biomedical applications [53,
54].

4 DISCUSSION

The UV—Visible absorption spectrum confirmed the suc-
cessful formation of biogenic silica nanoparticles. A strong
absorption band was observed in the lower UV region, at-
tributed to electronic transitions within the Si—O-Si frame-
work. There was no surface plasmon resonance peak in the
visible range, which confirms that the silica nanoparticles are
not metallic. The broad absorption pattern matches what’s
expected for amorphous silica, and could be due to structural
defects and the presence of surface silanol (Si—OH) groups,
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features often seen in plant-based silica. Other studies with
Agro-waste have shown similar results [55, 56]. We used
FTIR analysis to confirm the formation of silica. The results
showed clear peaks that matched Si—O-Si stretching and O—
H bending, which are typical for amorphous silica and its
surface silanol groups. Our spectrum, spanning 4000-
400 cm, resembled those reported for silica derived from
banana peels, corn cobs, and wheat husk after acid cleaning
[58, 59]. The low carbon signal also suggests that most or-
ganic residues were removed, resulting in very pure silica
nanoparticles [60].

XRD analysis indicated that the synthesized biogenic sil-
ica nanoparticles were predominantly amorphous. Although
several sharp reflections were observed in the diffraction
pattern, these peaks did not correspond to crystalline silica
phases such as quartz, cristobalite, or tridymite. Instead, they
are likely attributed to trace mineral residues originating
from inorganic elements present in the plant precursor.
Therefore, the observed reflections represent residual impuri-
ties rather than crystallization of the silica framework, con-
firming that the synthesized silica matrix remains largely
amorphous [61, 62]. Zeta potential tests showed that the na-
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noparticles had a nearly neutral surface charge (about
—0.2 mV) at pH 5, meaning they tend to clump together a bit.
This might be because some silanol groups are only partly
ionized, and a few leftover biomolecules are still on the sur-
face. These factors can affect the stability of particles in so-
lution and their interactions in biological settings [63]. Simi-
lar surface charges have been observed in silica derived from
rice husk and sugarcane bagasse, where natural residues help
stabilize and maintain the nanoparticles' activity [64].

When we examined the particles using SEM and AFM,
we found they were mostly irregular spheres with rough,
porous surfaces. This shape is similar to what is found in
silica made from onion skin ash, rice husk ash, and sugar-
cane bagasse. The particle sizes we measured by DLS were
bigger than those from TEM, which is normal: DLS accounts
for the water layer and any clumping, while TEM shows the
actual dry core size [65]. The porous and rough surfaces
could give the particles more surface area, helping them in-
teract better with biomolecules, useful for drug delivery and
other medical uses.

Elemental analysis confirmed that the silica was highly
pure, with minimal contamination. This shows that our two-
step acid sol-gel process worked well. Other studies using
acid leaching on agro-waste have achieved similar levels of
purity, greatly reducing metal and carbon leftovers.

Agarose gel electrophoresis showed that the bSNPs we
made could bind tightly to genomic DNA. As we increased
the concentration of nanoparticles, more DNA became
trapped in the gel wells rather than moving through the gel
[66]. This means stable DNA-nanoparticle complexes
formed. The binding is likely helped by positive ions bridg-
ing the negatively charged DNA and silica surfaces, as well
as hydrogen bonds with DNA bases [67, 68]. Molecules left
over from onion peels on the nanoparticle surface might also
help the DNA bind more firmly [69]. This strong DNA-
binding ability suggests these nanoparticles could be useful
for delivering genetic material, biosensing, and other bio-
medical applications [70, 71].

The bSNPs we created also showed strong antioxidant
activity in DPPH tests; the higher the concentration, the
more efficiently they neutralized free radicals. This matches
earlier research showing that plant-based silica nanoparticles
are strong antioxidants, likely because of their surface
groups and residual plant compounds that help them donate
electrons [72, 73]. The nanoparticles also reduced inflamma-
tion in a protein denaturation test, again in a concentration-
dependent way. This may be because silica nanoparticles can
help stabilize proteins, stopping them from unfolding when
heated, a known anti-inflammatory effect [74-76].

CONCLUSION

Onion peels can be used as an eco-friendly starting mate-
rial for the synthesis of silica nanoparticles via an acid-
assisted sol-gel method. These nanoparticles have properties
that make them promising for use in medicine, especially for
potential biomedical and drug-delivery applications. This
research contributes to the growing body of knowledge on
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the conversion of agricultural waste into valuable biomedical
materials.

LIMITATIONS AND FUTURE PERSPECTIVES

Although this work shows the successful preparation and
preliminary characterization of onion peel-derived biogenic
silica nanoparticles, further investigations are necessary to
demonstrate their applicability for biomedical applications.
Formulating nanoparticles into topical gel formulations and
testing various formulation combinations were not within the
scope of the current work. Moreover, the evaluation of the
cytotoxicity assay, as well as extensive biological validation
through in vivo skin irritation tests, would be out of the scope
of this work. These tests are necessary to verifythe biocom-
patibility and safety of this system. Further research, includ-
ing gel formulation, optimization of nanoparticle—gel combi-
nations, a complete in vitro cytotoxicity profile, and skin
irritation studies in rats, could justify the applicability of
biogenic silica nanoparticles for topical drug delivery sys-
tems.
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