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Abstract

Hot springs are natural geothermal systems enriched with dissolved minerals and nano/micro-sized particles
that may contribute to their traditional therapeutic properties. In the present study, mineral nanoparticles
(MNPs) were isolated for the first time from the Baktar hot spring located in western Iran, and their
physicochemical characteristics as well as antibacterial activity were investigated. Structural analyses using
FTIR, XRD, XRF, ICP-MS, and TGA revealed that the particles mainly consist of silicate- and metal oxide-
based minerals containing high levels of SiO; (54.07%), Al.O3 (15.2%), CaO (7.19%), and Fe.O3 (5.45%).
ICP-MS analysis also demonstrated the presence of several trace and heavy metals, including Sr (685.9 ppm),
V (139 ppm), Cr (105 ppm), Zn (85 ppm), and Cu (63 ppm). XRD analysis estimated an average crystallite
size of approximately 49.7 nm. The antibacterial activities of heated and unheated MNPs were evaluated
against Staphylococcus aureus ATCC 43300 and Pseudomonas aeruginosa using disk diffusion and minimum
inhibitory concentration (MIC) assays. The inhibition zone diameter for unheated MNPs reached 19.0 + 0.50
mm against P. aeruginosa, whereas lower activity was observed against S. aureus (9.32 £ 0.15 mm). Both
heated and unheated particles exhibited an identical minimum inhibitory concentration (MIC) of 150 pg/mL.
The results suggest that naturally occurring mineral nanoparticles isolated from the Baktar hot spring possess
promising antibacterial properties, supporting the potential role of geothermal mineral systems in
balneotherapy and biomedical applications. This study represents the first comprehensive analytical
investigation of naturally occurring mineral nanoparticles isolated from the Baktar hot spring and provides new
insights into the relationship between their elemental composition, physicochemical characteristics, and
antibacterial properties.
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1. Introduction

A hot spring is a natural discharge of groundwater
heated by geothermal energy. This process occurs
when infiltrated groundwater comes into contact
with geothermally heated rocks associated with
magmatic activity, leading to the circulation of
heated, low-density water toward the Earth's
surface [1,2]. During this geothermal interaction,
the chemical composition of the water undergoes
significant changes, resulting in the enrichment of
a wide range of dissolved ions and mineral species.
These include major and trace elements such as
calcium, iron, and even ultra-trace metals
including gold and radium, as well as various
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anionic species including sulfates, chlorides,
bicarbonates, and silicates [3,4].

Importantly, geothermal systems are not only
reservoirs of dissolved species but also active
geochemical environments that facilitate the
formation of naturally occurring micro- and nano-
sized mineral particles. These particles represent
complex inorganic—organic assemblies
characterized by high surface reactivity. Owing to
their natural origin, physicochemical stability, and
potentially  low  toxicity, these  mineral
nanoparticles have attracted increasing attention as
environmentally compatible materials  with
promising applications in environmental science
and biomedicine [5]. However, their precise
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chemical composition, structural properties, and
functional behavior in natural aqueous systems
remain poorly understood.

Hot springs have historically been associated
with therapeutic effects and have been used for
centuries as traditional remedies for various
physical and dermatological conditions [6].
Classical medical practices, including those of
ancient Greek medicine, recommended sulphur-
rich thermal waters for treating skin disorders, joint
inflammation, and muscular pain [7-10]. In
addition, thermal waters have been linked to
beneficial effects in the management of conditions
such as arthritis, respiratory disorders, circulatory
dysfunctions, and rheumatic diseases. These
effects are often attributed to the presence of
dissolved minerals and suspended particulate
matter in geothermal fluids. Despite these long-
standing empirical observations, the scientific
basis underlying such therapeutic claims remains
limited, particularly with respect to establishing a
direct relationship between the chemical nature of
suspended particles and their biological activity.

From an analytical chemistry perspective, the
characterization and quantification of trace species
in complex environmental matrices, such as
geothermal waters, require highly sensitive and
selective analytical methodologies. In recent years,
modern sample preparation and preconcentration
techniques, particularly  microextraction-based
approaches, have significantly improved trace
analysis in aqueous systems. Methods such as
dispersive liquid-liquid microextraction (DLLME),
solid-phase microextraction (SPME), ionic liquid-
based extraction systems, and magnetic solid-phase
extraction (MSPE) have been widely applied for the
selective isolation and enrichment of metal ions and
organic analytes because of their high extraction
efficiency, minimal solvent consumption, and
excellent compatibility with instrumental detection
techniques [11-13]. When coupled with advanced
analytical platforms such as ICP-MS, XRF, and
various spectroscopic methods, these strategies
enable the accurate determination of trace and ultra-
trace species in complex environmental samples,
including natural waters and geothermal systems
[14-22].

In parallel, geothermal environments are
known to host diverse microbial ecosystems,
including thermophilic bacteria such as Bacillus,
Geobacillus  pallidus, and  Anoxybacillus
flavithermus, which are capable of producing
bioactive compounds, including enzymes and
antimicrobial agents [23,24]. Moreover, specific
ionic species present in hot spring waters, such as
iodide and manganese, have been suggested to
contribute to various biological activities,
including  anti-inflammatory  effects  [25].
Nevertheless, despite these findings, systematic

studies investigating the role of naturally occurring
mineral nanoparticles in the antibacterial activity
of hot spring systems remain limited.

Based on these considerations, the present
study focuses on the analytical isolation,
physicochemical characterization, and
antibacterial evaluation of mineral nanoparticles
isolated from Baktar Hot Spring, located in the
western region of Kermanshah Province, Iran. This
geothermal system is well known for its traditional
therapeutic applications (Fig. 1); however, its
particle-level chemical and biological properties
have not been thoroughly investigated. The in situ
physicochemical parameters of the spring were
determined as pH 7.7 and a temperature of
approximately 28 °C [26-28]. The present study
introduces several important novelties. First,
naturally occurring mineral nanoparticles (MNPs)
were isolated for the first time from Baktar hot
spring water. Second, a comprehensive multi-
technique analytical characterization combining
FTIR, XRD, XRF, ICP-MS, and TGA was
employed to establish the physicochemical,
elemental, and structural properties of these
naturally formed nanoparticles. Third, the
antibacterial activity of both heated and unheated
MNPs was systematically evaluated against
representative Gram-positive and Gram-negative
bacteria. Finally, this work establishes a direct
relationship between the chemical composition,
mineralogical characteristics, and antibacterial
performance of geothermal mineral nanoparticles,
providing new analytical insights into the potential
biomedical significance of naturally occurring
nanomaterials in geothermal systems.
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Fig. 1. Geographical view of Baktar hot spring located
in Kermanshah province, western Iran.

2. MATERIALS AND METHOD
2.1. Characterization of particles
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The isolated mineral particles were analyzed using
X-ray diffraction (XRD) to identify their
crystalline structure using a Philips X'Pert MPD
diffractometer (PANalytical, Netherlands)
equipped with Cu Ko radiation (A = 1.5406 A). X-
ray fluorescence (XRF) spectra were obtained
using a Bruker S8 TIGER spectrometer (Bruker
AXS, Germany) to determine the elemental oxide
composition of the isolated mineral particles.
Inductively coupled plasma mass spectrometry
(ICP-MS, Agilent 7900, USA) was employed to
quantify trace and heavy metal elements in the
samples. Dynamic light scattering (DLS; Malvern
Zetasizer Nano ZS 3600, UK) was utilized to
evaluate the hydrodynamic particle size
distribution of the mineral nanoparticles dispersed
in an aqueous medium. Field emission scanning
electron microscopy (FESEM, GENEX, USA) was
employed to investigate the morphology and
approximate particle size of the isolated mineral
particles. Thermogravimetric analysis (TGA) was
performed using a STA 449 F3 Jupiter thermal
analyzer (NETZSCH, Germany) under a nitrogen
atmosphere at a heating rate of 10 °C min-! over the
temperature range of 25-1000 °C. The particles
were further characterized by Fourier-transform
infrared  spectroscopy (FT-IR, PerkinElmer
Spectrum Two, USA) over the spectral range of
400-4000 cm to identify the surface functional
groups, chemical bonding, and the composition of
the organic and inorganic constituents.

2.2. Isolation of MNPs from Baktar hot spring
water

Approximately 1.0 L of hot spring water was
collected directly from the main discharge point of
Baktar hot spring using a clean polyethylene
container. The collected sample was transported to
the laboratory immediately and allowed to cool
naturally to room temperature without any
chemical treatment. The suspended mineral
particles were separated by centrifugation at
10,000 rpm for 10 min. After centrifugation, the
supernatant was carefully decanted, and the
obtained precipitate was collected. The isolated
mineral particles were dried in a laboratory oven at
100 °C for 3 h until constant weight was achieved.
The dried powder was subsequently stored in a
clean airtight glass vial at room temperature for
further physicochemical characterization and
antibacterial experiments.

2.3. Determination of antibacterial activity by disc
diffusion test

The antibacterial activity of MNPs was evaluated
against the Gram-positive Bacterium
Staphylococcus aureus ATCC 43300 and the
Gram-negative bacterium Pseudomonas
aeruginosa. These bacterial strains were obtained

from the Microbiology Laboratory, Kermanshah
University of Medical Sciences, Iran. The disk
diffusion method was employed to evaluate the
antibacterial activity [29]. Fresh Mueller—Hinton
agar (MHA) plates were prepared and sterilized by
autoclaving prior to each experiment. Bacterial
suspensions were adjusted to the 0.5 McFarland
standard (approximately 1.5 x 108 CFU mL™) to
ensure standardized inoculum density. Briefly,
bacterial colonies were collected using a sterile
cotton swab and suspended in sterile physiological
saline until the turbidity matched the 0.5
McFarland standard. Subsequently, sterile Petri
dishes containing 20 mL of MHA were inoculated
by evenly swabbing the bacterial suspension over
the agar surface. A 10 mL suspension of mineral
nanoparticles (6 mg mL™), including both
unheated particles and particles heated at 850 °C,
was dispersed by sonication and subsequently
filtered through a 0.20 pm membrane filter (47 mm
diameter, Pall Gelman Laboratory). The
nanoparticle-loaded membrane was dried in an
oven for 1 h, after which 6 mm diameter disks
containing approximately 300 pg of nanoparticles
were prepared. The disks were then placed
equidistantly on the surface of the inoculated agar
plates [30]. The plates were incubated at 35 °C for
24 h, after which the diameter of the inhibition
zone (D12Z) surrounding each disk was measured to
the nearest 1 mm. The results are presented as the
mean * standard error of the mean (SEM) based on
three independent replicates for each bacterial
strain and each nanoparticle treatment.

2.4. Determination of the MIC of mineral
nanoparticles

The minimum inhibitory concentration (MIC) is
defined as the lowest concentration of a test
material that inhibits approximately 99% of the
visible growth of microorganisms and was
determined using batch cultures containing
varying concentrations of unheated and heated
MNPs (34.5-300 pg mL™). Sterile tubes, each
containing 3 mL of nutrient broth, were prepared,
and the nanoparticle suspensions were sonicated
for 20 min to prevent the aggregation of the MNPs.
Subsequently, the tubes were inoculated with
freshly prepared bacterial suspensions adjusted to
the 0.5 McFarland standard (approximately 1.5 x
108 CFU mL™). The experiments also included a
positive control consisting of nutrient broth and
MNPs without bacterial inoculum and a negative
control consisting of nutrient broth and bacterial
inoculum without MNPs. The negative control
represented the normal bacterial growth in the
absence of MNPs, whereas the absorbance values
obtained from the positive controls were subtracted
from those of the corresponding experimental
samples. All experiments were performed in

DOI: 10.30473/1JAC.2026.78061.1346



file:///C:/Users/Lenovo/Downloads/10.30473/ijac.2026.78061.1346

R. Jamali Eslami & et al / Integrated Analytical Characterization of Mineral Nanoparticles ... | 132

triplicate. The tubes were then incubated at 35 °C
for 24 h, and the MIC was determined as the lowest
concentration of MNPs that completely inhibited
visible bacterial growth. Bacterial growth was
further evaluated by measuring the optical density
(OD) at 600 nm, where increased turbidity
indicated bacterial growth and the absence of
turbidity indicated growth inhibition.

2.5. Statistical analysis

All experiments were performed in triplicate, and
the results are presented as the mean * standard
deviation (SD). Statistical analyses were
performed using GraphPad Prism version 6.0
(GraphPad Software Inc., USA). One-way analysis
of variance (ANOVA), followed by Bonferroni's
post hoc multiple-comparison test, was applied to
evaluate the statistical significance of differences
between experimental groups, including the
antibacterial activities of heated and unheated
mineral nanoparticles against different bacterial
strains. Differences were considered statistically
significant at P < 0.05. The inhibition zone
diameter (DIZ) and optical density (ODsoo) values
are reported as the mean £ SD of three independent
experiments.

3. RESULTS AND DISCUSSION

Due to the presence of living organisms in hot
springs, various biomolecules are naturally present
in the spring water. These compounds can be
adsorbed onto the surfaces of the MNPs dispersed
in the spring water. [3,6,8-10,15] Traces of these
compounds are evident in the Fourier-transform
infrared (FTIR) spectra of the isolated particles.
Fourier-transform infrared (FTIR) spectroscopy is
a powerful analytical technique for identifying
chemical bonds, functional groups, and the
structural frameworks of both organic and
inorganic compounds. Fig. 2 shows the FTIR
spectra of the MNPs extracted from Baktar Hot
Spring before and after heat treatment. The broad
and intense absorption band centered at
approximately 1039 cm* corresponds primarily to
metal-oxygen (M-O) stretching vibrations, where
the metal species may include Fe, Ca, Si, and Al.
The absorption bands located at 2924, 2891, and
1434 cm? are assigned to the asymmetric/
symmetric stretching and bending (scissoring)
vibrations of —CH, groups [31]. The broad
absorption band at 3419 cm? is attributed to the
stretching vibrations of O-H and N-H groups
present in both organic and inorganic constituents.
The presence of these absorption bands indicates
that organic compounds are adsorbed onto the
surfaces of the naturally occurring mineral
particles. To confirm this assumption, the extracted
MNPs were heated at 850 °C for 1 h to remove
surface-associated organic compounds (heated

MNPs). As observed in the FT-IR spectrum of the
heat-treated sample, most absorption bands in the
fingerprint region either disappeared or markedly
decreased in intensity, indicating the thermal
decomposition or removal of organic constituents.
In contrast, the strong and broad metal-oxygen
absorption band remained essentially unchanged,
confirming that the inorganic mineral framework
of the particles was preserved after heat treatment
(Fig. 2) [32].
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Fig. 2. FTIR spectra of particles at two different
temperatures, room temperature (red line)
and 850 °C (Blue line).

The thermal stability of the isolated mineral
nanoparticles was evaluated by thermogravimetric
analysis (TGA). Figure 3 illustrates the TGA
thermogram, showing four distinct stages of
weight loss as the temperature increased from 25
to 1000 °C. The first weight loss, approximately
2.5%, occurred in the temperature range of 25-280
°C and was attributed to the removal of physically
adsorbed moisture and structurally bound water
molecules associated with the MNPs. The second
weight loss, approximately 3.5%, occurred
between 280 and 650 °C and is mainly attributed
to the thermal decomposition of naturally adsorbed
organic matter originating from microorganisms
and other biological residues present in the
geothermal environment, together with the
decomposition of minor volatile mineral
constituents. The third weight loss, approximately
2.0%, occurred in the temperature range of 750-
850 °C and can be attributed primarily to the
thermal  decomposition  (decarbonation)  of
carbonate-containing mineral phases, resulting in
CO: evolution and structural transformations
within the mineral matrix. Overall, the sample
exhibited a total weight loss of approximately 9%
over the temperature range of 25-1000 °C,
indicating that the isolated mineral nanoparticles
possess good thermal stability with only a limited
amount of volatile components and organic matter.
These findings are consistent with the

DOI: 10.30473/1JAC.2026.78061.1346



file:///C:/Users/Lenovo/Downloads/10.30473/ijac.2026.78061.1346

Iranian Journal of Analytical Chemistry 12 (2025) 129-141 | 133

predominantly inorganic mineral composition
identified by XRD and XRF analyses [33,34].
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Fig. 3. TGA analysis for nanoparticles in the
temperature range between 25 and 1000 °C

In Fig. 4, the XRD patterns of the MNPs
exhibit diffraction peaks at 20 = 12-52°,
confirming the crystalline nature of the mineral
nano-/microparticles present in the hot spring
sample. The narrow diffraction peaks observed
at 20 = 13.7°, 15.7°, 22.03°, 23.6°, 27.8°, and
28.04° are mainly attributed to aluminosilicate
mineral phases with the general composition of
(Na,Ca)(Si,Al)40s. In addition, the diffraction
signals appearing at 20 =~ 22.03°, 27.8°, and
28.04° are assigned to NaAlSi3Os-related
crystalline structures. The detected diffraction
peaks also indicate the presence of iron oxide
(Fe205) and silica (SiO2) phases in the isolated
particles.

The relatively sharp and intense peaks suggest
a moderately crystalline and well-ordered mineral
structure in the prepared sample. Furthermore, the
coexistence of silicate and iron oxide phases
reflects the complex geochemical composition of
the geothermal environment from which the
particles originated. The average crystallite size,
calculated using the Debye—Scherrer equation, was
approximately 49.7 nm, indicating the nanoscale
nature of a considerable fraction of the isolated

Heat flow (W/g)

mineral particles [35-38]. The nanoscale
dimensions of these particles can significantly
increase their specific surface area and surface
reactivity, which may contribute to the observed
antibacterial activity. Moreover, the presence of
multiple crystalline mineral phases suggests that
the biological performance of the MNPs may arise
from synergistic interactions between the silicate
matrix and transition-metal-containing
compounds. These findings are in good agreement
with the XRF and ICP-MS analyses, which
confirmed the abundance of silicon, aluminum,
calcium, and iron-rich phases in the sample
[39,40].
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Fig. 4. XRD pattern of nanoparticles show
peaks at 20 =~ 12-52°.

X-ray fluorescence (XRF) spectroscopy is
one of the most widely used analytical
techniques in both industrial and academic
research. XRF is an elemental analysis technique
used to determine the concentrations of the
major mineral oxides and elemental constituents
present in a sample. The results of the XRF
analysis are presented in Table 1. The analysis
revealed that SiO,, Al,O3, and CaO were the
predominant constituents of the MNPs isolated
from Baktar Hot Spring [41].

Table 1. The main elements in the sample by XRF method.

Element Si0; ALO; LOI CaO Fe0;

Na;O MgO K0

SOQ T|02 P205 MnO BaO Cr203

Amounts % 54.07 152 847 719 545

3.66

2 179 115 067 013 007 006 001

The ICP-MS analysis was used to determine
the concentrations of trace elements present at
low levels in the sample. The results showed that
elements  such as Sr, V, Cr, Zn, and Cu were

detected at concentrations exceeding 50 ppm
(Table 2). These data clearly indicate the presence
of heavy metals and metalloids in the isolated
MNPs [42,43].
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Table 2. The amount of elements in the nanoparticles
by ICP method in ppm.

Element Amount (ppm)
Sr 685.9
V 139
Cr 105
Zr 100
Zn 85
Cu 63
Li 46
W 45.6
Rb 31
Ce 23
Ni 23
Y 20.7
Co 19.7
Sc 16.4
La 14
Nd 13
As 8.7
Nb 5.3
Pb 5
Pr 3.17
Th 2.85
Hf 2.82
Cs 2.8
Dy 2.63
Sm 2.33
Yb 2.3
Mo 2
Eu 1.35
Er 1.22
Gd 1.1
Be 1
Sn 0.8
U 0.8
Ta 0.63
Ag 0.6
Sh 0.5
Th 0.46
Te 0.33
Lu 0.32
Cd 0.3
™ 0.27
TI 0.16
In <0.5
Se <0.5
Bi <0.1

FESEM images of the isolated mineral
particles obtained from Baktar hot spring are
presented in Fig. 5. The micrographs reveal that the
collected material consists of irregularly shaped
mineral aggregates composed of numerous fine
particles with heterogeneous morphology. At low
magnification (Fig. 5a), relatively large
agglomerated mineral clusters with rough and
compact surfaces are observed, indicating that the
naturally occurring particles tend to aggregate

during precipitation and drying. Higher-
magnification images (Fig. 5b-d) clearly
demonstrate that these aggregates are constructed
from densely packed nano-sized primary particles
together with a limited fraction of larger micro-
sized particles. The primary particles exhibit
predominantly plate-like, flaky, and irregular
morphologies, which are characteristic of naturally
occurring aluminosilicate and silica-rich minerals.
The FESEM observations confirm that a
considerable proportion of the isolated particles
possess nanoscale dimensions, although particle
agglomeration makes direct measurement of
individual nanoparticles  difficult. Such
aggregation is commonly observed in naturally
occurring mineral nanoparticles owing to their
high surface energy and strong interparticle
interactions during drying. Therefore, the particle
sizes observed by FESEM are generally larger than
the crystallite size estimated from XRD analysis.
The XRD results yielded an average crystallite size
of approximately 49.7 nm using the Debye-
Scherrer equation, which is in good agreement
with the FESEM observations showing that the
mineral aggregates are composed of nanoscale
crystalline domains. It should be noted that the
crystallite size determined by XRD corresponds to
coherent crystalline domains rather than the overall
particle size visualized by FESEM. Consequently,
the apparent discrepancy between the aggregated
particle morphology observed in FESEM and the
smaller crystallite size calculated from XRD is
expected and reflects the polycrystalline nature of
the isolated mineral particles. The irregular plate-
like morphology observed in Fig. 5 is also
consistent with the mineralogical composition
determined by XRD, which identified crystalline
aluminosilicate ((Na,Ca)(Si,Al)40sand
NaAlSi3Og), silica (SiO2), and iron oxide (Fe20s3)
phases. Such layered and angular morphologies are
frequently  reported for naturally formed
aluminosilicate minerals generated in geothermal
environments. Furthermore, the coexistence of
silicate matrices with iron-containing mineral
phases agrees well with the XRF and ICP-MS
analyses, confirming that silicon, aluminum,
calcium, and iron are the dominant constituents of
the isolated particles. The nanoscale crystalline
domains together with the rough and highly
aggregated surface morphology are expected to
provide a relatively high specific surface area and
abundant active surface sites. These structural
characteristics may facilitate interactions between
the mineral particles and bacterial cell membranes,
thereby contributing to the antibacterial activity
observed for the isolated mineral nanoparticles.
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Fig. 5. FESEM mirographs of the isolated mineral nanoparticles (MNPs) from
Baktar hot spring recorded at different magnifications.

The particle size distribution of the isolated
mineral nanoparticles (MNPs) was further
investigated by dynamic light scattering (DLS),
and the obtained profile is presented in Fig. 6. The
DLS spectrum exhibits a bimodal particle size
distribution with a minor peak centered at
approximately 75-90 nm and a dominant peak
located at approximately 240-270 nm. The smaller
peak is attributed to individually dispersed
nanosized mineral particles, whereas the larger
peak corresponds to the hydrodynamic diameter of
particle aggregates formed in aqueous suspension.
The broad and intense peak observed at higher
particle diameters indicates that the naturally
occurring mineral nanoparticles possess a
pronounced tendency to agglomerate because of
their high surface energy and interparticle
interactions. Such aggregation behavior is
commonly observed for naturally occurring
silicate- and metal oxide-based nanoparticles
dispersed in aqueous media. It should be noted that
DLS measures the hydrodynamic diameter of
particles rather than the actual crystallite size;
therefore, larger particle sizes are generally
expected owing to hydration effects and particle
aggregation in suspension. The presence of a minor
nanosized population together with a dominant
agglomerated fraction indicates that the isolated
mineral particles consist of nanoscale primary
particles that partially aggregate after dispersion.
These results provide further evidence for the

heterogeneous nature of the isolated mineral
nanoparticles and are in good agreement with the
morphological  observations obtained from
FESEM as well as the crystallite size estimated by
XRD analysis.
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Fig. 6. Dynamic light scattering (DLS) analysis of
mineral nanoparticles isolated from Baktar hot spring,
illustrating the hydrodynamic particle size distribution

and aggregation behavior of the dispersed mineral
particles.

3.1. Antibacterial activity of MNPs against S.
aureus and P. aeruginosa

After characterization of the nanoparticles isolated
from the hot spring, the antibacterial properties of
these MNPs were investigated. Furthermore, due
to the presence of organic compounds on the
surface of the MNPs, the effect of these
compounds on the antibacterial properties of the
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MNPs was also examined. For this purpose, the
MNPs were categorized into two groups [44]. One
group of MNPs was heated to 850 °C to remove
the organic compounds adsorbed onto their surface
(heated MNPs), whereas the other group was
collected directly from Baktar Hot Spring without
any thermal treatment (unheated MNPs), and their
antibacterial ~ properties were  subsequently
evaluated. The antibacterial activities of the
unheated and heated MNPs were compared against
S. aureus ATCC 43300 and P. aeruginosa using
the inhibition zone diameter (DI1Z) determined by
the disk diffusion assay. The DIZ reflects the
degree of bacterial susceptibility to the tested
nanoparticles [45]. The bacterial strains that were
more susceptible to the MNPs exhibited larger DIZ
values, whereas less susceptible strains exhibited
smaller inhibition zones. The DIZ was influenced
by the type of microorganism. Specifically, P.
aeruginosa exhibited significantly larger inhibition
zones than S. aureus for both heated and unheated
MNPs. The DIZ values obtained for P. aeruginosa
were approximately 45-50% greater than those
observed for S. aureus. However, for both S.
aureus and P. aeruginosa, the antibacterial
activities of the heated MNP-impregnated disks
were comparable to those of the unheated MNP-
impregnated disks. Since the DIZ was measured on
agar plates using a ruler with a resolution of 1 mm,
minor measurement errors may have occurred;
however, this method clearly demonstrates the
antibacterial potential of the MNPs against
different bacterial strains (Fig. 7 and Table 3) [46].

Table 3. The DIZ surrounding MNPs impregnated
disks (6 mm diameter) in presence of various
microorganisms.

S.aureus P. aeruginosa

MNP IDs
DIZ (mm + SEM)
Unheated
MNPs 9.32 £0.15 19 +£0.50
Heated MNPS 9.16 £0.20 17 £0.35

DIZ = diameter of inhibition zone, MNPs = mineral
nanoparticles, SEM = standard error mean

Table 6. Absorbance (at 600 nm) for turbidity as growth in presence of varying concentration

S. aureus
S. aureus

b3
8
&
-4
15}
©
a

P. aeruginosa

Unheated NPs Heated NPs

Fig. 7. Disk diffusion assay demonstrating the
antibacterial activity of heated and unheated mineral
nanoparticles (MNPs) against S. aureus ATCC 43300

and P. aeruginosa.

The absorbance measured at 600 nm, which
reflects the antibacterial activity of MNPs dispersed
in batch cultures, is presented in Table 6. As the
concentration of MNPs increased to the MIC for the
respective bacterial strains, no bacterial growth was
observed in the test tubes. The bactericidal effect of
the nanoparticles is dependent on both the initial
bacterial concentration and the nanoparticle
concentration. In this study, the initial bacterial
concentration was maintained at approximately 1.5
x 108 CFU/mL (0.5 McFarland standard),
irrespective of the MNP concentration or microbial
strain. Consistent with the disk diffusion assay
results, the batch culture experiments also
demonstrated comparable antibacterial activities for
both heated and unheated MNPs against the tested
bacterial strains. The MIC values determined for
both heated and unheated MNPs were 150 pg/mL
against both S. aureus and P. aeruginosa.

of MNPs for

S. aureus and P.aeruginosa.

MNPs concentration (ug/mL)  MNPs ID S. aureus P. aeruginosa
OD+SD (ug/mL) MIC+SD (ug/mL)
Unheated 1.2+0.1 1.2+0.1
345
Heated 1.240.1 1.240.1
Unheated 1.2+0.1 1+0.15
75 Heated 1.240.1 1+0.15
Unheated 0.04+0.02 0.05+0.03
150 Heated 0.04+0.02 0.05+0.03
Unheated 0.04+0.02 0.05+0.03
300 Heated 0.04+0.02 0.05+0.03
NC 1.2+0.1 1.3+0.1
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MNPs = mineral nanoparticles, SD = standard deviation

The test tubes were monitored by measuring OD at 600 nm for turbidity as growth.

The antibacterial activity of MNPs may be due
to the presence of elements such as aluminum,
iron, strontium, vanadium, copper, phosphorus,
calcium, sulfur, bicarbonate, etc. [24,25,47].
Heavy metals, when present at low concentrations,
are essential for the cellular activities of
microorganisms; however, at elevated
concentrations, they become toxic to bacteria,
thereby altering their morphology, growth, and
metabolic activity. For example, copper, the first
antimicrobial metal recognized by the U.S.
Environmental Protection Agency (EPA), was
reported to inactivate 99.9% of bacteria within
only 2 h [48]. Londofio et al. demonstrated that
aluminum-containing clay minerals exhibit
antimicrobial activity against human pathogens
[49]. Similarly, iron nanoparticles have been
reported to inhibit the growth of clinically relevant
bacteria, including Escherichia coli (Gram-
negative) and Staphylococcus aureus (Gram-
positive). Furthermore, Anastasiou et al. developed
a strontium-decorated biomaterial scaffold that
exhibited excellent antimicrobial activity together
with regenerative potential [50]. Collectively,
these findings demonstrate that the MNPs isolated
from Baktar Hot Spring possess promising
antibacterial properties and may contribute to the
therapeutic efficacy of balneotherapy.

4. Conclusions

In this study, mineral nanoparticles naturally
present in the water of the Baktar hot spring were
successfully isolated and comprehensively
characterized for the first time. Structural and
compositional analyses confirmed that the
extracted particles consisted predominantly of
silicate- and metal oxide-based mineral phases
enriched with various metallic and semi-metallic
elements, including Fe, Sr, V, Cu, Zn, and Cr.
FTIR and TGA analyses further demonstrated the
coexistence of inorganic mineral structures with
adsorbed organic compounds originating from the
geothermal environment. Antibacterial evaluation
demonstrated that both heated and unheated MNPs
exhibited inhibitory activity against both Gram-
positive and Gram-negative bacteria, with a
stronger effect observed against P. aeruginosa.
The similar antibacterial behavior of heated and
unheated particles suggests that the antimicrobial
activity is primarily associated with the mineral
composition and metallic constituents of the
nanoparticles rather than with the adsorbed organic
materials. The observed MIC values and inhibition
zone diameters further indicate that these naturally
occurring mineral particles may serve as effective
antimicrobial agents even without additional

chemical modification. Overall, the findings of this
study provide scientific support for the traditional
therapeutic claims associated with the Baktar hot
spring and highlight the possible contribution of
naturally occurring mineral nanoparticles to the
therapeutic effects of balneotherapy. Moreover,
this study provides a new perspective for exploring
geothermal springs as natural reservoirs of
functional mineral nanomaterials with potential
biomedical and environmental applications.
Nevertheless, further investigations, including
cytotoxicity — assessment, studies on the
antibacterial mechanism, and evaluation against a
broader range of microbial species, are necessary
before practical therapeutic applications can be
fully established.
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