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Abstract

The increasing interest on tin oxide nanoparticles due to its properties and biological activity may have
promising application in the biomedical field. In the present work, SnO, nanoparticles (NPs) synthesized via a
co-precipitation method with aqueous ammonia as precipitating agents, both with and without addition of the
surfactant Triton X-100 followed by a calcination process was developed. Structural characterization,
morphology, elemental composition, chemical surface nature, optical properties, and the thermal stability of
SnO, NPs were investigated by utilizing XRD, SEM-EDS, FTIR, Raman, PL, and TGA. Antibacterial studies
against six different strains were investigated by the agar well-diffusion method. The highest inhibition zone
was found against Klebsiella pneumoniae (12 mm for S4), and inhibition range of Staphylococcus aureus was
9 mm for S1 and S3 respectively. In vitro cytotoxicity activity against SKMEL melanoma cells showed
concentration dependent of cell mortality and S4 exhibited the higher activity with an IC5j is 66.96 pg/mL, and
followed by S3 (95.57 pg/mL). We hypothesize that surface defects may drive bioactivity and the research
also suggests that the synthesis condition affect the material physico-chemical and bioactivity properties and
provide the base for subsequent application of SnO, NPs.

1. Introduction

Over the last decade; researchers have devoted immense effort in producing metal oxide semiconductor
(MOS) nanomaterials due to their unique chemical and physical characteristics as well as their vast
applications, ranging from electronics to biomedical materials (Hossain et al. 2023; Kamaraj et al. 2025;
Hughes et al. 2025; Bamisaye et al. 2025). Amongst these, SnO nanoparticles are widely used for their
excellent combination of properties, e.g. their high electrical conductivity, remarkable transparency in the
visible spectrum, as well as high chemical and thermal stability along with their good sensing ability for gases
(Kharbanda et al. 2022; Sharma et al. 2021; Sagadevan et al. 2021; Rahman et al. 2025).

Tin forms several types of oxides; among which only two are well established and well known namely SnO,
and SnO; both containing Sn at the same oxidation states of 4 + and 2+, respectively. Since Sn0, is
thermodynamically stable under an oxidizing ambient environment it usually crystallizes in the tetragonal
structure (space group P4 2/mnm) which features typical rutile like lattice parameters with the values as
reported before to be a =4.738; ¢ = 3.187 (Sharma et al. 2021). This n-type semiconductor nature is
associated with a large bandgap value of approximately 3.6-4.0 eV and electrical conductivity of SnO, can be
tuned via controllable oxygen vacancy formation by tailoring specific synthesis parameters (Mohanta et al.
2016; Wang et al. 2016). Due to these beneficial properties, it is not surprising that, over recent years, SnO,
nanostructures have been explored for a vast scope of technologies including: (i) energy conversion and
storage (where high electron mobility, makes it a very good photoanode for solar cells (Wali et al. 2015;
Dalapati et al. 2021), and high theoretical capacity makes it very attractive as an anode material in lithium-ion
batteries (Lan et al. 2022; Kebede et al. 2020) and its pseudocapacitive response good as electrode material
in supercapactitors (Zhao et al. 2015); (ii) gas sensing (highly sensitive to reducing gases like H,, CO, VOCs
(Masuda et al. 2022; Shanmugasundaram et al. 2024; Li et al. 2022) and (iii) photocatalytic degradation of
environmental pollutants (under UV radiation through photo-separation of charges and subsequent re-
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distribution of radicals at the surface of the material (Sun et al. 2022; Hussain et al. 2025; Alamdari et al.
2026).

In the biomedical arena, SnO, nanoparticles have gained significant attention (Khan et al. 2025; D'Souza et al.
2025) and recent studies revealed significant activity towards both Gram +ve and Gram -ve bacteria, through
diverse proposed mechanisms; the proposed mechanism for antibacterial action includes either surface
induced damage or through the production of reactive oxygen species (ROS) with eventual oxidative stress on
the biological entities (Kishorwara et al. 2026; Khan et al. 2025; Bamagous et al. 2025; Dharmaraja et al. 2017,
Van Acker and Coenye 2017; Imlay et al. 2013).

The proportion at which individual ROS species play the dominant role would vary depending on specific
material composition and laboratory conditions and the relation to oxygen vacancies. SnO, nanoparticles
were also tested for their efficiency against cancerous cells though more evidence is needed on cancer
selective cell death versus normal cell counterparts (Chandrasekaran et al. 2024; Akter et al. 2026;
NavaneethaKrishnan et al. 2019; Alzahrani et al. 2023; Shinde et al. 2022).

Also enhancement through an EPR mechanism has been proposed to allow tumor specificity of the particle
aggregation with a particular focus in enhanced permeability and retention effects in tumor tissues (Shinde et
al. 2022). Several methods are available for nanostructured SnO,. For example, the Sol-Gel method has the

advantage in being size and morphology controllable, while yielding a good quality nano-material but it
requires prolonged reaction times and expensive precursors (Kumar et al. 2025; Gebreslassie et al. 2021);
Microwave assisted techniques lead to the synthesis of nano-materials having controlled size distributions
through very short heating times (Manimaran et al. 2023).

Hydrothermal and solvothermal methods allow one to get high purity and crystalline nano-materials but are
time consuming and require high pressure reactors (de Conti et al. 2023). The sonochemical method is
capable of producing stable and high energy metastable phases though the reaction rate would depend on
the acoustic parameters of the ultrasonic source (Agadi et al. 2023). The mechanochemical synthesis route
being simple, scalable and cost effective can produce impurities and low purity of the products (Billik et al.
2009). Among different method co-precipitation was chosen for its promising characteristics such as high
yield and process ease. It is a cheap method and requires the preparation of a metal hydroxide/carbonate
species that is finally calcined to the corresponding oxide.

Key advantages for this method are (1) it operates at standard temperature and pressure conditions; (2) it can
be carried out in the simplest laboratory equipment; (3) particle size and morphology are tunable using
reagent concentration and solution pH; (4) the precipitant is normally removed by adequate washing, leading
to a purified nano-material; (5) minimal experimental time for the synthesis procedure to be completed.

These advantages lead to the selection of this method in the present study, since the quality of the

nanostructured material along with process scalability is expected to be extremely important for their

eventual use as biomaterial (Zhao et al. 2023; Nasir et al. 2017; John et al. 2018). Despite the extensive

literature available on SnO, nanoparticles and their specific uses there is still a lack of relation to be

established among the conditions of the preparation parameters, the physico-chemical characteristics of the

resulting nano-material and eventually their biological behaviour. In particular the relationship between these
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preparation conditions and cell killing efficiencies and bacterial growth inhibiting effect for a different range of
synthesis precursors/precipitants is yet to be determined.

For these reasons, in the present study we would: (1) synthesize SnO, nanoparticles by different precipitant
based co-precipitation. (2) characterize each sample by different relevant techniques for determination of its
structure, morphology, chemical state, optical as well as thermal features to correlate physical parameters
with biological characteristics in order to deduce whether a relation exists among them; (3) investigate their
antibacterial behaviour on Gram +ve and Gram -ve bacteria strains; (4) study their cytotoxic/cytostatic effect
toward human SKMEL melanoma cells by determining the corresponding ICx, for a cell to dose ratio. We
assume that variation of synthesis parameters would induce different material properties which in turn can
affect biological function.

2. EXPERIMENTAL DETAILS
2.1. Materials

All chemicals that were applied in this experiment were analytical grade reagents and further applied without
additional purification or additional purifications process. Stannous chloride dihydrate (SnCl,.2H,0, 99%
purity), NH,OH (25% w/w), Triton X-100 chemicals were obtained from Merck, India. For all the operations,
distilled water of 2.8 yS/cm was used. Ethanol of high purity level of 99.9% was utilized to wash. All bacteria
culture media like Mueller-Hinton (MH) agar, nutrient broth and antibiotic discs (Gentamycin) were purchased
from HiMedia Laboratories. Bacteria cultures: SKMEL melanoma cell line was purchased from National
Centre for cell science (NCCS), Pune, India. DMEM (Dulbecco’s Modified Eagle Medium), FBS (fetal bovine
serum), Penicillin-streptomycin and MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium Bromide) were
purchased from HiMedia laboratories.

2.2. Synthesis of SnO, Nanoparticles

Simple co-precipitation was used to synthesize Sn0, nanoparticles using SnCl,-2H,0 as the tin source with
the precipitating agent Aqueous NH; (25%) (Anil et al. 2024). Deionized water (whose electrical conductivity

was measured to be 2.8 uS cm-", was employed as solvent (Das et al. 2020). Reagents were of analytical
grade and were used as received. 2.256 g (0.01 mol) SnCl,-2H,0 was dissolved in 100 mL deionized water
and stirred magnetically at room temperature for 30 min until a completely homogeneous and transparent
precursor solution was obtained. Exactly10 mL of aqueous solution (NH3, 25%) was added drop by drop to the
stirring precursor solution until pH = 10 and a white precipitate of tin hydroxide was obtained (Balakrishnan
and OICC Author 2024). The suspension was stirred for a further 2 h to ensure complete precipitation and
nucleation. The mixture was then aged overnight at room temperature without disturbance. The precipitated
samples were obtained through filtration and were sequentially washed with deionized water and ethanol for
removal of residual chloride ions and other reactants. The purified precipitate was dried under a hot-air

furnace at 80°C for 4 h and the dried powder obtained at this step, was designated as Sample S1. A portion of

the dried powder was placed in a muffle furnace and annealed at 600°C for 2 h, at a heating rate of 5° C min~"

under air. The calcined sample was allowed to cool naturally to room temperature and designated as Sample
S2.
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2.3. Synthesis of Triton X-100-Assisted SnO, Nanoparticles

In this surfactant mediated synthesis technique, a similar co-precipitation method has been used and the only
modification included here is the addition of a non-ionic surfactants named Triton X-100. Before precipitation
of the tin precursors was initiated, Triton X-100 was slowly poured into the homogeneous precursor solution
equivalent to 5 volume % of the precursor solution and simultaneously it was stirred via magnetic stirrer. The
mixture was stirred at the same condition for 30 minutes for proper mixing. Then, 10 ml NH,OH solution was

added dropwise under continued stirring, up to pH 10 to yield a white precipitate.

The slurry was stirred for 2 h. Then the mixture was kept standing over night. It was filtered and rinsed
repeatedly with deionized (DI) water and Ethanol. The resultant solid was collected and oven dried at 80° C for
4 h and labelled as sample S3, where one part of sample S3 was again heated at 600°C for 2 h using a muffle
furnace in air. The cooled resulting product at room temperature was designated as Sample S4. A schematic
presentation of procedures carried out is presented in Fig. 1. With inclusion of NH,OH, hydroxide ions are
produced that readily come into contact with Sn ions to form the tin hydroxide precipitate. The role of Triton X-
100 is to influence (via its surfactant mechanism of action on precursor and nuclei), the processes of
nucleation and growth, and it is not directly involved in the general stoichiometric reaction (Liang et al. 2019).

2.4. Characterization Techniques
2.4.1. X-ray Diffraction (XRD)

The structure of the crystal and the purity of the phase for the prepared SnO, nano-particles were identified
with X-ray Diffraction (XRD) analysis. The X-ray diffractometer was operated with 40 kV voltage and 30 mA
current in Cu Ka radiation (A = 1.5406 A). Data were obtained by using 26 range of 20-80° with a 0.02 step size
and 2°/min scan speed. The crystalline phase of the SnO, NPs was identified using X-ray data from the Joint

Committee on Powder Diffraction Standards (JCPDS) database and the size of crystallites (D) was estimated
from peak line broadening with use of the Debye Scherrer equation (Sultana et al. 2023):

KA\

D—- 2%
B cosO

(1)

where, K is the shape factor (0.94 for spherical crystallites), A is the wavelength of Cu Ka radiation (1.5406 A),
B is the full width at half maximum of the diffraction peak in radians and 6 is the Bragg diffraction angle.

2.4.2. Scanning Electron Microscopy (SEM) and Energy-
Dispersive X-ray Spectroscopy (EDAX)

The surface morphology and microstructure of the SnO, nanoparticles were examined at an accelerating

voltage of 10—20 kV. The samples were prepared by dispersing the powder in ethanol through ultrasonication
for 10 minutes and drop-casting onto carbon tape-coated aluminum stubs (Tripathy et al. 2022). SEM images
were acquired at various magnifications to reveal surface features, grain size and morphology. The elemental
composition and purity of the nanoparticles were determined using EDAX attached to the SEM. EDAX spectra
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were collected from multiple areas of each sample to ensure representativeness. The atomic percentages of
Sn, 0 and any impurity elements were quantified using the ZAF correction method (Pathak et al. 2020).

2.4.3. Fourier-Transform Infrared Spectroscopy (FTIR)

FTIR spectra were used to characterize the surface chemistry and functional groups of SnO, nanoparticles.

The FTIR spectra were recorded in the wavenumber region of 400-4000 cm™". In the preparation of the KBr
pellet, 1 mg of nanopowder was ground finely with 100 mg of spectral-grade KBr and pressed under 10 tons
of pressure. The FTIR was performed at scanning range and resolution of 4 cm™' and 64 scans respectively
to obtain improved signal to noise ratio (Silva et al. 2016). A pure KBr pellet was used for background
correction and subtraction prior to recording the spectra of the samples.

2.4.4. Photoluminescence Spectroscopy (PL)

PL spectra of the SnO, nanoparticles were recorded using a xenon lamp as the excitation source at room
temperature. Each sample was dispersed in ethanol at 0.1 mg/mL dispersion, the sample was placed into the
quartz cuvette (1 cm path length) and excited with a xenon lamp source at room temperature with excitation
wavelength set at 325 nm (3.81 eV), then the emission spectra were recorded between 350-650 nm at
spectral resolution of 1 nm (Gour and Kumar 2021). It should be noted that all the measurements were
performed at room temperature.

2.4.5. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) was performed to evaluate the thermal stability and decomposition nature
of the prepared nanoparticles. Around 10 mg of each powder was placed in a platinum crucible and heated
from ambient temperature to 1000° C at a heating rate of 10°C/min in a flow of inert nitrogen gas at the rate
of 50 mL/min. Differential thermal analysis was employed to determine the endothermic and exothermic
transitions of the materials along with TGA. Weight loss was measured against temperature and derivative
TGA to recognize the temperature associated with maximum weight loss (Gour and Kumar 2021).

2.5. Antibacterial Activity Evaluation

Synthesized SnO, NPs were screened against the six clinical strains which included three gram-positive
bacteria; Staphylococcus aureus (ATCC 25923/MTCC 87) and Bacillus subtilis (ATCC 6633/MTCC 2413), and
three gram-negative bacteria; Escherichia coli (ATCC 25922/MTCC 443), Pseudomonas aeruginosa (ATCC
27853/MTCC 741), Klebsiella pneumonia (ATCC 700603/MTCC 3384), and Vibrio cholera (ATCC 39315/MTCC
3906) strains based on the antibacterial effects (Vidhu and Philip 2014). The selected strains were kept at 4°C
in nutrient agar slants and sub-cultured at least every two weeks to retain viability. In the experiment, each
bacteria strain was incubated at 37°C for 24 h in nutrient broth at 37° C for growth to attain the log phase
cultures. The log phase bacterial cultures were diluted to the O. D. Of 0.5 Mc Farland standards (approximately
1.5X108 CFUs/mL) using sterile saline (0.9% NaCl).

The screening for antibacterial activities of the sample was done by the agar well diffusion method as per by

guidelines from CLSI (CLSI 2020).For screening of antibacterial activity, M-H agar plates were prepared, the

medium consisted of 38 gm of commercially dehydrated M-H agar powder (M/s Himedia, India) per 1 Liter

distilled water. The mixture was then autoclaved for 15 minutes at 121° C at 15 PSI and about 20 ml of the
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dispersed media poured onto sterile Petrie dishes. Agar plates were kept aside to allow hardening and drying
at room temperature. Each plate was inoculated with 0.1 ml of standardized bacterial suspension (~ 108
CFU/mL) spread evenly using sterile cotton swab ensuring complete coverage of surface of agar plate. A 7
mm diameter Agar well was created in each plate by sterile cork borer and 100 pL of synthesized
nanoparticles suspension (10 mg/mL concentration prepared by using distilled water; i.e., 100 pg per well)
was added to each well. Nanoparticles suspension was prepared fresh and then sonicated for 10 minutes to
get a homogenous suspension. The negative control well was added with distilled water and the positive
control well was added with Gentamycin (160 pg/mL, 40 pL from 4 mg/mL) as standard antibiotic (Fatima et
al. 2021). Plates were incubated at 37° C for 24 hrs. The zone of inhibition was measured in mm and results
were averaged from three replicates as mean standard deviation.

2.6. Anticancer Activity Evaluation

The anticancer activity of SnO, nanoparticles were evaluated against SKMEL cells by MTT assay. SKMEL cells

were cultured with 10% heat inactivated FBS containing medium supplemented with 100 U/mL penicillin, 100
pg/mL streptomycin, 2mM L-glutamine and incubated in a humidified 5% CO, atmosphere at 37° C (Sultana et

al. 2023). The SKMEL cells (2500 cells/well) were cultured into a 96 well plate with DMEM containing 10%
heat inactivated FBS containing medium and were incubated for 24 hours to equilibrate the atmosphere in
media.

The test samples were prepared in DMEM media at 100 pg/mL. The test samples dissolved in media were
filtered using 0.2 um Millipore syringe filter to make the samples free of contaminants and introduced to the
cells at various concentrations of 6.25, 12.5, 25, 50, 100 yg/mL and control wells were maintained for wells
without test samples. All experiments were conducted in triple so as to minimize the errors and to analyse
accuracy. The plate was incubated for 24 hours at 37° C in a humidified 5% CO, atmosphere to facilitate the
test samples to reach cells and interact. After incubation, the media from the wells was aspired out and
replaced with 100 pL of 0.5 mg/mL MTT solution in PBS. The plate was kept for incubation of 2 hours for the
development of formazan crystals. The supernatant was removed, and then 100 pL of DMSO (100%) was
added to each well in order to solubilize formazon crystals. The absorbance was measured with an ELISA
plate reader at 570 nm. To check consistency, two wells were included in each plate without the cell sample
as blank. Cell viability was calculated by taking the average absorbance from the treated and control group
using the formula:

Average absorbance of treated )

Percentage of cell viability = ( 100 (2)

Average absorbance of control

ICs, values (half maximal inhibitory concentration) were determined using four-parameter logistic curve fitting
in Graph Pad Prism 8.0 and also calculated using the equation for slope (y = mx + C) obtained by plotting the
average absorbance of the different concentrations of the test sample (6.25-100 pg/mL) in Microsoft Excel.
All experiments were conducted in triplicate and data were presented as mean SD. The values were assessed
statistically by one-way ANOVA accompanied by Dunnett's post hoc test and were considered as statistically
significant if the value of p < 0.05 (Gour and Kumar 2021).
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3. RESULTS AND DISCUSSION
3.1. Crystal Structure and Phase Identification

The crystallinity and the phase purity of the synthesized SnO, nanoparticles were characterized by XRD. The

XRD pattern of all the four synthesized samples (S1-S4) in the 26 range 20-80° are shown in Fig. 2. The
diffraction pattern showed sharp and well-defined peaks, signifying a highly crystalline nature of the
nanoparticles.

All of the observed diffractions were successfully indexed to a tetragonal rutile structure of SnO, with lattice
parameters of a = 4.738A and ¢ = 3.187A, which match the values of ICDD card No. JCPDS/PDF 41-1445very
well. The most intense diffraction peaks at 26 value of 26.61° and others observed at 33.89 ©,37.95°, 51.78 °,
54.76 °,61.87 °, 63.45 ° and 65.94 ° correspond to the (110), (101), (200), (211), (220), (310), (112), (301) and
(202) crystal planes (Azam et al. 2012; Kashyap et al. 2023). For the SnO, phase, the (110) peak at 26.61° is
the highest peak intensity for all the samples, which may indicate that the (110) plane is the preferred
orientation of the SnO, crystals. In SnO, single crystals, (110) plane is the facet with the minimum surface
energy, and thus, tends to develop in most of the polycrystals. This face would be the dominant one,
contributing the most surface fraction to the total surface area followed by other faces for a well-crystallized
Sn0O, sample.

The absence of secondary peaks indicated that the entire tin hydroxide precursor was fully transformed to the
phase pure SnO, after calcination at 600° C and the synthesized nanoparticle was highly pure. Least-squares

method refined lattice parameters agree with the values of the tetragonal rutile structure. The small variations
in refined lattice parameters between the samples could arise from variations in lattice strain and oxygen
vacancy concentration. Average crystallite sizes were calculated from FWHM of the major diffraction peak by
the use of Debye-Scherrer equation. Crystallite sizes are observed to range between 14.5 nm for the S2
calcined sample, and 23.0 nm for the S4 sample. The larger size for the samples prepared under Triton X-100
influence is assumed to be due to changes in crystal growth and nucleation process. Thermal treatment
generally leads to crystallite growth and particle coalescence whereas the surfactant mediation might affect
the beginning conditions for the crystal growth. Here, Triton X-100 has been employed as a templating agent.
Triton X-100 may promote a uniform porous structure during precipitation; however, this structure may not
remain stable at 600° C, where thermal treatment can cause grain growth and coalescence through the
decomposition and removal of residual hydrocarbonaceous species. As far as the uncalcinated S3 is concern,
still a moderate value for crystallite size was existed (21.0 nm), that might indicate the guiding effect on the
nucleation rather than on aggregated growth of crystallites on particle after the decomposition.

3.2. Surface Morphology and Microstructure

The morphology of the synthesized SnO, nanoparticles, in particular the microstructures on its surface was

characterized using field-emission scanning electron microscopy (FE-SEM). For all micrograph studies, the
applied accelerating voltage (EHT) was 10.00 kV whereas the working distance (WD) was maintained at 8.5
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mm by using the secondary electron (SE1) detector, so that increased topographic information is provided
(See Fig. 3).

The SEM images of sample S1 (Fig. 3a) show predominantly spherical to polyhedral grains with a wide size
distribution ranging from 100—400 nm. The particles appear to be significantly agglomerated as a common
phenomenon in nanoparticles due to their high surface energy. The surface of the grains appears relatively
smooth though some initial porosity is visible. Surface cracks and irregularities are visible in the SEM images;
however, specific crystallographic defects such as twins or stacking faults cannot be conclusively identified
from SEM alone. The presence of twins or stacking faults are evident as cracks on the grain surfaces. They
are typical of rutile Sn0, that result from the accommodation of lattice strain during crystal growth (Wang et
al. 2013). The grain boundaries are clearly defined indicating good crystallinity despite the agglomeration.

Sample S2 (Fig. 3b) calcined at 600°C exhibits a more homogeneous grain size distribution with particle sizes
ranging from 80—-300 nm. The morphology is predominantly spherical though some elongated or rod-shaped
particles are visible. This morphology may be associated with anisotropic growth, although preferred growth
direction cannot be established conclusively from SEM alone. The morphology suggests that calcination at
600°C promotes particle coalescence and produces more consolidated structures. The surface is
characterized by a fine porous structure and fine visible crystallites confirming the existence of polycrystalline
aggregation grains.

The addition of the non-ionic surfactant Triton X-100 to S3 produced particles with a size range of
approximately 100—-350 nm and a more textured surface. The observed morphology is consistent with a
possible surfactant-mediated influence on nucleation and growth; however, claims of mesoporosity or a
templating mechanism require complementary surface-area and pore-size measurements (Ustiinel et al.
2023; Zhao et al. 2018). Sample S4 (Fig. 3d) is produced using surfactant assistance at followed by a
calcination step at 600°C, revealing the most uniform spherical-shaped to somewhat ovoid morphology and
well-formed surface with sharp edges and uniform particle dispersion and significantly less particles
agglomeration and the well-defined grain boundaries are noted. Fine surface features are visible in S4,
although the SEM-derived dimensions should not be directly equated with the XRD crystallite size. The
combined effect of surfactant addition and calcination modifies particle morphology and aggregation
behavior.

3.3. Elemental Composition and Purity Analysis (EDAX)

The elemental analysis and purity verification of the as prepared SnO, nanoparticles is shown in Fig. 4 and the
elemental analysis of synthesized SnO, nanoparticles can be found as quantitative elements analysis in

Table 1. In the EDAX analysis spectra of all the samples we found typical features corresponding to elements
of Sn (with L-line features as seen in 3.44 keV (La), 3.65 keV (LB), etc., and a strong K-line at 25.27 keV) and O
peak with K-line (Ka) feature seen in 0.525 keV; that corroborate formation of SnO, nanostructure. Sn:0
atomic ratios in all samples are close to the nominal stoichiometric ratio of 1:2 for SnO,, with minor deviations
that may arise from surface adsorbates and the semiquantitative nature of EDS analysis (Davar et al. 2010). It
should be noted that, C (at ~ 0.277 keV) and N (at ~ 0.392 keV) elements appear with low proportions, but
these elements contents change greatly among the different samples prepared under the different synthesis
conditions. The carbon can be attributed to adsorbed CO, on the surface, to any remnant of residual organic
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content of the surfactants, which have been used (Triton X-100) and to stray carbon signal coming from the
vacuum in the SEM chamber. Nitrogen (N) could originate from adsorption of residue ammonia from the
precipitating agent NH,OH that was either entrapped within the particles structure or remained at the particle
surface after extensive Washing. S3 showed the lowest detected carbon and nitrogen contents among the
samples. This observation of elemental peaks for Sn, O and trace impurities may be associated with the
washing procedure and the surfactant-assisted synthesis, although the present EDS data do not by
themselves establish the mechanism responsible for the observed difference (Davar et al. 2010). However, S4
which was prepared with surfactant and then has been calcined to high temperatures contains moderate
impurities where even if residual materials have been effectively removed in the calcined stage some parts of
carbon from air also ware introduced. Similar thing is applicable to ST which has high proportion of impurities
because of less effective removal due to densely packed clusters (Davar et al. 2010). It makes more amount
of impurities such as chlorine and ammonia to remain inside due to lack of complete access to washing
solution into tightly packed mass. Hence even after calcination (which results in the partially decomposition
of most residual organic ingredients, and residual hydroxide components), it does not improve the
contamination of sample.

The O/Sn atomic ratios range from 1.84 to 1.86, slightly below the nominal stoichiometric value of 2.0.
Overall, the EDS results are consistent with SnO, as the major elemental composition, while the small
deviations should be interpreted considering the semiquantitative nature and surface sensitivity of EDS.

Table 1
Elemental Composition of SnO, Nanoparticles from EDAX Analysis.

Sample Sn(at%) O (at%) C(at%) N (at%) O/Sn Ratio
S1 33.5 62.1 3.2 1.2 1.85
S2 34.2 63.5 1.8 0.5 1.86
S3 34.8 64.1 0.6 0.5 1.84
S4 34.5 63.8 1.1 0.6 1.85

3.4. Raman Spectroscopy Analysis

Raman spectroscopy was employed to investigate the vibrational properties and structural ordering of the
synthesized Sn0, nanoparticles. the room-temperature Raman spectra of all four samples (S1-S4) recorded in
the range of 0-5000 cm~" are displayed in Fig. 5 displays. The Raman spectra show distinct peaks
characteristic of the tetragonal rutile structure of Sn0O,. According to group theory analysis, rutile SnO, (space
group D,h', P4,/mnm) possesses 15 optical phonon modes at the centre of the Brillouin zone, with the
following irreducible representation (Diéguez et al. 2001; Katiyar et al. 1971).

I =1A'g+14%g + 1A%u + 1B'g+ 1B*g+ 2B'u + 1E'g + 3E%*g + 2E'u + 4E*u (3)

The Raman active modes are: A,g, B,g, B,g, E,g, and E,g. The spectra of all samples exhibit three main peaks
at approximately 475 cm-" (E,g), 635 cm~" (A,g), and 775 cm-" (B,g), which are characteristic of the rutile
Sn0, phase. These assignments are consistent with previously reported values for SnO, nanoparticles
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(Diéguez et al. 2001; Karmaoui et al. 2018). The E,g mode at ~ 475 cm~" corresponds to the vibration of
oxygen atoms in the plane perpendicular to the c-axis and is sensitive to oxygen vacancy concentration (Bonu
et al. 2015). The A,g mode at ~ 635 cm~" arises from the symmetric stretching of Sn-O bonds along the c-
axis, while the B,g mode at ~ 775 cm-" is attributed to the asymmetric stretching of Sn-O-Sn bonds (Fazio et
al. 2012; Bonna et al. 2026). The well-defined peaks corroborate the formation of the phase-pure rutile SnO,,

in agreement with the XRD result.
It is noteworthy to make the following remarks from the Raman study:

1. 1. Peak intensities: Sample S3 gave higher overall Raman intensity, especially at the E2g mode at ~476
cm with intensity 150 a.u., demonstrating the good quality and degree of crystal order of rutile structure.
The higher Raman intensity of S3 indicates a stronger Raman response under the present measurement
conditions; however, Raman intensity alone should not be used as a direct measure of crystallinity or
porosity.

2. 2. Peak positions and shifts: Small shifts in Raman-band positions among the samples indicate changes
in the local vibrational environment that may be associated with crystallite size, strain, and defect-related
disorder. The E,g band shifts from 474.5 cm~"in S1t0 476.0 cm~" in S3, while the A,g band shifts from
634.8 to 636.2 cm~'. These shifts should be interpreted qualitatively because Raman peak position alone
does not permit quantitative determination of oxygen-vacancy concentration.

3. 3. Relative intensities ratios: In addition, the |,,s/l¢35 ratio may serve as a qualitative indicator of changes
in defect-related Raman response and ranges between 1.0—-6.0 among different samples. In terms of
ratio in these samples, S3, S4, S1, and S2 have higher ratios in the order 6.0, 4.0, 2.0, 1.0, respectively. The
higher ratio observed for S3 suggests a stronger defect-related Raman contribution; however, this ratio
should not be interpreted as a direct quantitative measure of surface-defect or oxygen-vacancy
concentration. The higher ratio observed for S3 indicates a stronger defect-related Raman contribution;
however, direct enhancement of ROS generation was not measured in the present study.

4. 4. Peak broadening: The E,g and A,g modes show comparatively broader features in S1 and S2. Such
broadening can be associated with smaller crystallite size, strain, and structural disorder, consistent with
the XRD results. The comparatively sharper features in S3 and S4 indicate differences in structural
ordering under the present synthesis conditions.

5. 5. Additional features: A weak feature around 545 cm~" present in all samples may be associated with
disorder-activated scattering or surface-related vibrational features (Hong et al. 2016).

Raman scattering investigation provides data that complement those obtained from XRD and SEM
characterizations and support our conclusion on the strong impact of synthesis procedure on the order and
the chemical-defect content of the synthesized SnO, nanomaterial. The Raman results complement the XRD
and SEM observations and indicate that the synthesis conditions influence the structural and defect-related
characteristics of the Sn0O, nanoparticles. A direct causal relationship between these characteristics and the
biological response requires further investigation.
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Table 2
Raman Peak Positions and Intensities for SnO, Nanoparticles.

Sample E,g(~475cm') A,g(~635cm-"') B,g(~775cm-") Intensity Ratio (I,,5/l¢3s)
S1 474.5 (100) 634.8 (50) 775.2 (20) 2
S2 475.2 (50) 635.5 (50) 776.0 (25) 1
S3 476.0 (150) 636.2 (25) 776.8 (25) 6
S4 475.8 (100) 635.8 (25) 776.5 (20) 4

3.5. Surface Chemistry and Functional Groups

The chemical composition and functional groups on the synthesized SnO, nanoparticles were studied
through the FTIR spectroscopy. All the four samples are taken for FTIR analyses in the region of 400-4000
cm” ' and shown in Fig. 6 along with their observed adsorption bands and assignment (Kar et al. 2011). As
shown in Fig. 6, all four samples exhibit absorption bands associated with surface hydroxyl groups, adsorbed
water, organic residues, and Sn—0O-related vibrations. The broad band around 3308 cm~" can be assigned to
O-H stretching of surface hydroxyl groups and adsorbed water molecules (Boonpai et al. 2020). The O-H in
bending modes appear as a weak absorption peak at 1415 cm~" and is most active in sample S3, which may
be correlated with the high surface area and porous structure. Some organically remaining functional groups
were proved from absorption peaks at 2153 cm~" (-C-C stretch, Alkyne) a weak absorption and at 1634 cm~" (-
C = O Stretch, Carboryl/carboxylate) a medium adsorption that are found to be more in samples that used
surfactants (S3 and S4) as expected from original molecules.

The Sn0-0-Sn stretching mode that may be attributed to the terminal Sn-O modes are observed at 1120 cm™,
623 cm™ ! and another group with multiple bands with low intensity at 423 cm™ ', 403 cm™ " and 383 cm™’
(due to difference in geometry of surface atoms and coordination environments for tin atoms with more and
less oxygen neighbours along bridging Sn-0-Sn and/or along terminal bonds (383-623 cm™ ). Those signals
are sharp for the ordered case S3 and S4 while S1 and S2 are broadening and exhibit the two clearly spaced
bands with small features in low intensity in the region of bridging modes for these surfaces that indicate that
they may contain more disorder in the surface structure. Dehydroxylation of calcined materials at 600°C
reduced the intensity of bands attributed to hydroxyl vibration (Lavalley et al. 2000) as expected and it
seemed that organic residues may be present even upon treatment at 600°C due to strong surface binding of
carbonaceous species. The major Sn—0-related vibrational features are present in all samples, thus
confirming SnO structural purity.

3.6. Photoluminescence Spectroscopy

The Photoluminescence (PL) spectroscopy provides valuable insight into the defect states of metal oxide
nanoparticles, particularly the presence and concentration of oxygen vacancies. the room-temperature PL
emission spectra recorded at an excitation wavelength of 325 nm is shown in Fig. 7. The spectra exhibit broad
emission bands in the visible region with multiple peaks indicating the presence of various defect states. In
Sn0,, oxygen vacancies are
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the most common and important point defects existing in three different charge states depending on electron
occupancy: neutral V,° (trapped two electrons, shallow donor), singly ionized V,* (paramagnetic), and doubly
ionized V,2* (deep donor) (Kar et al. 2011; Bonu et al. 2015). The formation of oxygen vacancies is
energetically favourable in SnO, due to their relatively low formation energy of approximately 2-3 eV (Rahimi
et al. 2024; Guan et al. 2026). The PL spectra of Sn0, nanoparticles typically show emission bands in the
visible region that can be deconvoluted into several Gaussian components corresponding to different defect
states. The emission peaks at approximately 420-430 nm (2.95-2.88 eV) are assigned to neutral oxygen
vacancies (V,°). The PL spectra of the four samples show distinct differences in emission intensities
providing valuable information about the relative concentrations of different defect states.

Sample S1 exhibits the highest PL intensity overall with strong emissions across all wavelengths from 350 to
450 nm, reaching a maximum intensity at 361 nm. The high PL intensity indicates a high concentration of
oxygen vacancies consistent with its uncalcined state. The presence of neutral and ionized vacancy states
contributes to the broad emission observed, with the dominance of the 350—-370 nm emission suggesting
that neutral oxygen vacancies are the most abundant defect species. Samples S3 and S4 show that the
addition of Triton X-100 surfactant appears to reduce oxygen vacancy concentration. The surfactant may
promote more controlled nucleation and growth leading to fewer defect sites. However, the presence of
organic residues on the surface, confirmed by FTIR analysis, may also passivate some emission centres. The
combination of Triton X-100 and calcination does not effectively reduce defect states; rather, the surfactant
may introduce additional emission centres. The presence of carbonaceous residues from the surfactant, even
after calcination, may contribute to additional defect-related emissions and counteract the beneficial effects
of thermal treatment.

The order of oxygen vacancy concentration based on PL intensity is: ST >S4 >S2 > S3. This order correlates
well with the antibacterial and anticancer activity, suggesting that while oxygen vacancies are important for
ROS generation, an optimum concentration is required for maximum biological activity. The lower defect
concentration in S3 appears to be beneficial for its enhanced biological performance.

3.7. Thermal Stability and Decomposition Behaviour

TGA of all four synthesized SnO, nanoparticle samples is represented by Fig. 8, carried out from room

temperature to 1000° C. Each TGA profile indicates two major regions of weight loss. Below 150° C occurs
removal of physically adsorbed water (sample S2 displayed the highest value of 4.2% while S3 displayed
lowest of 0.8%). From 150° to 300° C an intermediate weight loss region appears due to decomposition of the
residues of organic matter, the weight loss values are higher for surfactant assisted samples S3 & S4 as there
might be presence of even higher contents of carbon based deposits than sample S1 & S2 respectively. Above
300° C in all four samples there are no signs of weight loss and they show superior thermal stability (Patel et
al. 2021; Davar et al. 2010). Thus it can be concluded that total weight loss followed the order S2(5.2%)> ST
(2.0%) > S4 (1.8%)> S3 (1.1%) showing high thermal stability of S3. These results are found to corroborate well
with the higher purity of sample S3 (shown by EDAX), better crystal structure (XRD) and low concentration of
oxygen vacancies (PL). The samples S3 and S4 having high thermal stability would be useful in biomedical
applications, since they could retain their original structures during processes of sterilization & storage.

3.8. Antibacterial Activity
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The antibacterial actions of the developed samples S1, S2, S3 and S4 were investigated against six bacteria
strains namely- Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa, Klebsiella pneumoniae,
Bacillus subtilis and Vibrio cholerae by a well diffusion technique using positive reference material of
Gentamicin (160 pg). The obtained activities are detailed below in Table 3 and Fig. 9.

From the screened values against different bacterial strains described in Table 3, the tested Samples ST
showed weak inhibition on S. aureus (9 mm) and V. cholerae (8 mm), but did not show effect on other
organisms, S2 is weak activity K. pneumoniae (11 mm) and V. cholera (8mm), Sample S3 showed activity on
S. aureus (8 mm) & K. pneumonia (11 mm), Sample S4 showed inhibition against K. pneumonia (12 mm).
However, K.pneumonia exhibited highest inhibition by S2, S3, and S4 bacteria whereas E. coli, P. aeruginosa
and Bacillus spp., were resistant against all samples. These result demonstrate that all synthesized SnO,
nanoparticles possessed weak specific antibacterial properties and may require some further studies on
purification or concentration or combined approach for enhance antimicrobial performance. This result may
be due to moderate oxygen vacancy concentrations on the surfaces of samples

which were previously discussed as it indicates that controlling synthesis condition to enhance the surface
properties may improve ROS-mediated antibacterial efficacy.

The antibacterial mechanism may be associated with surface generated oxidative stress and reactive oxygen
species, similar to that reported for other metal oxide nanomaterials, but ROS and specific damage were not
directly monitored in this study. Based on this zone-of-inhibition data, no defined trend emerged between
gram-positive and gram-negative bacteria. The strain-dependent trends from the data indicate future research
may focus on surface modification, concentration optimization or combination with existing antimicrobial
agents.

3.9. Anticancer Activity

Our cytotoxic results on SKMEL melanoma cell line indicate the presence of significant cell viability
differences in potency with the samples at different doses. Table 4 shows the percentage cell viability, while
the calculated ICs, value is given in Table 5 for various concentrations. S1 exhibited poor cytotoxicity with the
cell viability approximately 79% even at the highest evaluated concentration 100 ug/mL. The cytotoxicity of S2
increased with increasing concentrations in the dose-dependent manner and reached cell viability 67% at 100
g/mL, with no IC being reached under the range studied. S3 caused considerable reduction in cell viability (cell
viability approx. 50% at 100 pg/mL) with IC of 95.57 pg/mL and the most cytotoxic was S4 (IC = 66.96 pg/mL
and cell viability decreased to 41.27% at 100 pg/mL). Overall cytotoxicity activity order was S4 >S3>S2 >
S1.The dose-dependent response observed for S3 and S4 indicates increasing cytotoxicity with increasing
nanoparticle concentration. The present MTT assay demonstrates reduced cell viability but does not by itself
establish a specific apoptotic or mitochondrial mechanism.

The IC50 values derived in the present work are found to be in good correlation with the relatively wide ranges
of the results obtained with some other metal-oxide and plant mediated nanoparticles. It is not possible to
make a direct comparison with published data due to the variation in cell types used, duration of exposure,
assay parameters, nanoparticle preparation and treatments used. For example, plant-mediated Ag
nanoparticles showed lower IC50 value toward MCF-7 cell as much as (Sivalingam et al. 2026), plant-
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originated ZnO nanoparticles demonstrated IC50 between approximately 53-62 ug/mL and showed
cytotoxicity on A549 cell lines (Said et al. 2026). Moderate cytotoxicity also revealed from biosynthesized
AgCl nanoparticles against cancer cell lines (Eltayeb et al. 2025). These comparisons indicate that the
biological response of SnO, nanoparticles is strongly dependent on both material characteristics and
experimental conditions.

Table 3
Zones of Inhibition (mm) for SnO, nanoparticles against bacterial strains.

Type Bacteria Zone of Inhibition (mm)

Gentamycin (160ug) S1  S2 S3  S$4

Gram-Positive Staphylococcus aureus 27 9 - 9 -
Bacillus subtilis 28 - - - -
Gram-Negative  Escherichia coli 32 - - - -

Pseudomonas aeruginosa 26 - - - -
Klebsiella pneumoniae 23 - 1 11 12
Vibrio cholerae 25 8 8 - -

The reported IC5, values of CuO nanoparticles synthesized via solution combustion using Flemingia
strobilifera biomass against K562 and HepG2 cells were 94.82 and 79.63 pug/mL, respectively (Tejaswini et al.
2026). The S4 IC,, value of 66.96 pug/mL is within the broad range reported for several plant-mediated
nanomaterials, although direct comparisons should be made cautiously because of differences in cell models
and experimental protocols. The present study does not establish reduced toxicity, enhanced biocompatibility,
or a selective mechanism because no normal-cell control was included. The higher cytotoxicity observed for
S4 may be associated with differences in morphology, surface chemistry, and defect-related properties.

4. CONCLUSION

Sn0, nanoparticles were conveniently synthesized by co-precipitation via a facile solution-route with tin (K)
chloride dihydrate as the starting material, in the presence or absence of the Triton X-100. Structural
characterizations of the synthesized samples (XRD, SEM-EDS, FTIR, Raman, PL, TGA) showed that all of the
samples exhibit typical tetragonal rutile phase (of Sn0) and their average crystallite sizes were calculated
ranging from 14.5 to 23.0 nm. The synthesis conditions influenced the observed morphology and degree of
aggregation.

Surfactant-assisted synthesis (S3 and S4) produced more textured and less agglomerated morphologies than
the non-surfactant samples. EDS confirmed Sn and O as the major detected elements, with minor C and N
signals. FTIR indicated surface OH functional groups and Sn-O related vibrations, while Raman indicated
typical rutile SnO, modes at ~ 475, ~635, and ~ 775 cm. Variations in Raman as well as PL spectra reflect
changes in defect levels among the samples, whereas these two techniques do not yield oxygen vacancies
concentrations. TGA showed the lowest total weight loss for S3 (1.1%) under the experimental conditions.
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Biological evaluation revealed that all synthesized compounds exhibit very poor and strain-dependent
antibacterial activity, with K. Pneumoniae presented the most susceptible strain. The SKMEL melanoma cell-
line assay showed a decreased cell viability, dependent on the concentration, where the lowest IC (66.96 ug

mL™ ") was experimentally found for S4 (95.57 ug mL™ ") followed by S3. For S1 and S2, the IC was not
reached within the tested range, and they are reported as > 100 ug mL™".

These structure-activity relationships indicate that a structure surface-defect related response might be
influencing the biological activity. The IC5, values obtained for S3 and S4 indicate moderate cytotoxicity within
the tested concentration range. Their biological potency remains lower than that of several conventional
chemotherapeutic agents

This study reports a simple co-precipitation route for preparing SnO, nanoparticles and demonstrates
concentration-dependent cytotoxicity against SKMEL melanoma cells together with weak, strain-dependent
antibacterial activity. These findings provide a basis for further investigation of SnO, nanoparticles for
biomedical applications
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Figure 1

Surfactant-mediated synthesis of SnO, nanoparticles using Triton X-100.
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Figure 2

XRD patterns of SnO, nanoparticles (S1-S4) showing characteristic peaks of tetragonal rutile structure
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SEM images of Sn0, nanoparticles: (a) S1, (b) S2, (c) S3, (d) S4.
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Figure 4

EDAX spectra of Sn0O, nanoparticles: (a) S1, (b) S2, (c) S3, (d) S4 showing elemental peaks for Sn, O and

trace impurities.

Page 23/28



— 54

—S3

Intensity

— 2

— 351

Figure 5

Raman spectra of SnO, nanoparticles (S1-S4).
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Figure 6

FTIR spectra of Sn0O, nanoparticles (S1-S4) showing characteristic absorption bands.
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Figure 7

PL emission spectra of SnO, nanoparticles (S1-S4) at A, = 325 nm.
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Figure 8

TGA curves of Sn0O, nanoparticles (S1-S4) showing weight loss as a function of temperature.
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Antibacterial activity of SnO, nanoparticles against (a) S. aureus, (b) B. subtilis, (c) E. coli, (d) P. aeruginosa,
(e) K. pneumoniae, and (f) V. cholera.
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