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. Selenium nanoparticles  (SeNPs)
possess strong antioxidant and anticancer
properties with lower toxicity than other
selenium forms.

. However, their biomedical application
is limited by instability and aggregation
in aqueous media, necessitating surface
functionalization strategies to improve
solubility, stability, and biological performance.

. Functionalization with tartaric acid
and L-asparagine produced stable SeNPs
with potent activity against antibiotic-
resistant bacteria (MIC=0.071 mg/mL) and
selective cytotoxicity toward breast cancer
cells (ICs0=3.47 pg/mL), retaining efficacy
at acidic pH.

Background: Selenium nanoparticles (SeNPs), compared to other
forms of selenium, have shown promising antioxidant and anticancer
properties with lower toxicity. However, SeNPs precipitate and
aggregate in aqueous solutions due to their high surface energy. To
overcome this limitation and improve stability, solubility, and enhance
biological efficacy, we functionalized them with L-asparagine/
tartaric acid (Asn-Tar). This study aimed to evaluate the antimicrobial,
cytotoxic, and antioxidant properties of SeNPs conjugated to Asn-Tar
on MDA-MB-231 breast cancer cells.

Methods: This study was conducted at Lorestan, Iran, in 2023. SeNPs
were synthesized using a co-precipitation method and then coated
with Asn-Tar. Structural characterization was performed using Fourier
transform infrared spectroscopy (FTIR), X-ray Diffraction (XRD),
Scanningelectronmicroscopy (SEM), Transmissionelectronmicroscopy
(TEM), Dynamic light scattering (DLS), zeta potential analysis, and
Ultraviolet-visible (UV-Vis) spectroscopy. Antioxidant activity was
assessed. For biological evaluation, an in vitro experimental design
was employed. Cytotoxicity against MDA-MB-231 breast cancer cells
and normal fibroblast cells at various pH levels was determined using
the  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide
(MTT) assay with three independent replicates per concentration (n=3).
Antimicrobial activity against a panel of Gram-positive and Gram-
negative bacteria, including antibiotic-resistant strains, was evaluated
in triplicate using broth microdilution and well diffusion methods.
Quantitative data are presented as mean+SD. Statistical significance
was determined using Student’s ¢ test and one-way ANOVA, with
P<0.05 considered significant.

Results: The synthesized Asn-Tar/SeNPs nanocomposite exhibited
a spherical morphology with an average size of 460.8 nm, a negative
zeta potential (-9.37£0.44 mV), and successful coating was confirmed
by FTIR and XRD. The nanocomposite demonstrated dose-dependent
antioxidantactivity, with an ICso 0f22.7341.55 pg/mL in the DPPH assay.
It exhibited potent and selective cytotoxicity against MDA-MB-231
breast cancer cells (ICs0=3.47+0.28 pg/mL) compared to normal
fibroblast cells (ICs50=5.91+0.34 ug/mL; P=0.0051). The nanocomposite
retained approximately 50% of its cytotoxic activity at acidic pH (4.5).
Furthermore, it showed strong antimicrobial activity, with inhibition
zones up to 36.9+1.2 mm against Staphylococcus saprophyticus and
MIC values as low as 0.035 mg/mL against Pseudomonas aeruginosa.
Conclusion: The produced Asn-Tar/SeNPs nanocomposite exhibited
potent antimicrobial, selective cytotoxicity, and antioxidant
properties. Our findings confirm the potential of these Asn-Tar/
SeNPs nanocomposites for targeted therapy of breast cancer.
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Introduction

Cancer is a complex disease, and its treatment
faces many challenges. Conventional cancer
treatments include chemotherapy and
radiotherapy, which require new therapeutic tools
and techniques due to their severe side effects.’

Today, nanotechnology has reduced
systemic toxicity in cancer through targeted
drug delivery systems and has created a major
revolution in cancer treatment.? Nanoparticles
(NPs) have emerged as practical tools in cancer
therapy, with minimal side effects. Their efficacy
is attributed to various mechanisms, including
modulation of the tumor microenvironment
and synergistic effects with existing therapies.®
Nanoparticles have attracted much attention due
to their nanometric size, large contact surface
area, charge distribution, and their potential
application in various ways. Nanoparticles with
higher permeability allow for better delivery of
hydrophilic agents and ionized drugs.*

Among metal nanoparticles, SeNPs have
attracted much attention due to their unique
properties. SeNPs have shown greater
anticancer efficacy than inorganic or organic
selenium compounds. They also have better
stability, cellular uptake, and therapeutic efficacy
with less systemic toxicity, and have been used
to prevent cancer.5©

Selenium is an essential micronutrient that
incorporates into antioxidant enzymes such
as glutathione peroxidase and thioredoxin
reductase, which play essential roles in
regulating oxidative stress and cellular redox
homeostasis.”®

Despite their properties, uncoated SeNPs
often precipitate and aggregate in aqueous
solutions, due to their high surface energy,
limiting their biological activity. To overcome
this limitation, SeNPs can be modified by
functionalizing them with organic molecules
such as amino acids, polysaccharides, folic
acid (FA), hyaluronic acid, and others, which
improves the stability and solubility of SeNPs.
Furthermore, while SeNPs can accumulate
in tumors due to their enhanced permeability
and retention (EPR) properties, the uptake
efficiency is approximately 1% or lower. The
conjugation of SeNPs with ligands facilitates
increased internalization of nanoparticles via
receptor-mediated endocytosis and directs them
to specific locations, thereby enhancing their
targeted delivery and biological activity.® °

Amino acids serve as the fundamental
components of proteins, comprising amine (—
NH2), carboxyl (-COOH) functional groups,
and distinct side chains in their structures.
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L-Asparagine possesses amine (—NH2),
ammonium (NH3), methylene (CH2), and
carboxyl (-COOH) functional  groups.'
Therefore, L-asparagine can bind to SeNPs,
preventing selenium aggregation. Tartaric acid
is a natural dicarboxylic acid known for its
stabilizing, antioxidant, and potential targeting
properties ' 2 Coating SeNPs with these ligands
(tartaric acid and L-Asparagine) can produce
Asn-Tar/SeNPs nanocomposite with improved
dispersion, reduced aggregation, and enhanced
biological efficacy.

Therefore, this study aimed to synthesize
L-asparagine and tartaric acid-functionalized
selenium nanoparticles (Asn-Tar/SeNPs) and
to assess their antimicrobial, antioxidant, and
cytotoxic activities against the MDA-MB-231
breast cancer cell line.

Materials and Methods

Experimental Design

This in vitro experimental study was
structured to synthesize, characterize, and
evaluate the biological properties of L-asparagine
and tartaric acid-functionalized selenium
nanoparticles (Asn-Tar/SeNPs). This study was
approved by the Ethics Committee of Lorestan
University of Medical Sciences, Iran (IR.LUMS.
REC.1400.294). The design encompassed three
sequential phases:

Synthesis and Physicochemical Characterization

SeNPs were synthesized via a
co-precipitation method and functionalized with
L-asparagine and tartaric acid. The successful
synthesis and key properties (size, morphology,
charge, crystallinity, and functional groups) were
confirmed using UV-Vis spectroscopy, Fourier
transform infrared spectroscopy (FTIR), X-ray
Diffraction (XRD), Scanning electron microscopy
(SEM), Transmission electron microscopy
(TEM), Dynamic light scattering (DLS), and zeta
potential analysis.

Biological Activity Evaluation: The
nanocomposite was evaluated for antioxidant
capacity using DPPH radical-scavenging and
H2O:-inhibition assays, with ascorbic acid as a
positive control.

Cytotoxicity and selectivity against the
human breast cancer cell line MDA-MB-231
versus normal fibroblast cells were evaluated
using the MTT assay. Cells were treated with
a concentration range of the nanocomposite
(31.25—-1000 pg/mL). Untreated cells served as
the negative control. The stability of cytotoxic
activity under acidic (pH ~4.5) and alkaline (pH
~8.5) conditions was also assessed.
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Antimicrobial activity against a panel of
Gram-positive and Gram-negative bacteria
(including antibiotic-resistant strains) was
tested using the well diffusion assay and the
broth microdilution method to determine the
Minimum Inhibitory Concentration (MIC) and
Minimum Bactericidal Concentration (MBC).
Chloramphenicol was used as a reference
antibiotic (positive control).

Chemicals, Microbial, and Cell strains

Sodium selenite (Na203Se), tartaric acid,
and L-asparagine were procured from Merck
Chemical Company (Merck, Germany). All
reagents, such as Diphenylpicrylhydrazyl
(DPPH), (3-(4, 5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT), crystal
violet, and Triphenyl tetrazolium chloride (TTC),
were purchased from Sigma-Aldrich (Sigma-
Aldrich, USA). All bacterial and fungal media
cultures were from Quelab products, extra
pure grade (Quelab, Canada). High-glucose
Dulbecco’s modified Eagle medium (DMEM)
medium, penicillin-streptomycin, and fetal
bovine serum (FBS) were obtained from Kiazist
(Hamedan, Iran). Bacterial and fungal strains
were procured from the microbial collection of
the Iranian Research Organization for Science
and Technology (IROST). MDA-MB-231 human
breast cancer cell line was prepared from a
cell collection of the Pasteur Institute of Iran
(Tehran, Iran).

Biosynthesis

This study was conducted from 2022
to 2023 at Lorestan University of Medical
Sciences, Khorramabad, Iran. Asn-Tar/SeNPs
were synthesized via the co-precipitation
method. Sodium selenite (Na.SeOs) was used
as the selenium source, and tartaric acid
and L-asparagine were used to functionalize
the nanoparticles. One M solutions of each
compound were prepared in 50 mL of sterile
deionized water and dissolved using a magnetic
stirrer. The solutions were then combined and
incubated at room temperature for 24 h. The
resulting mixture was centrifuged at 10,000 rpm
for 15 min, and the precipitate was washed twice
with deionized water and centrifuged again. The
final pellet was freeze-dried to obtain the Asn-
Tar/SeNPs nanocomposite.

Characterization

The composition, morphology, and
physicochemical properties of Asn-Tar/SeNPs
were characterized using ultraviolet-visible (UV—-
visible) spectrophotometry (Jenway 6505, UK),
Fourier transform infrared spectroscopy (FTIR)
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spectroscopy (Bruker Tensor 27, Germany),
emission scanning electron microscopy (FESEM)
and energy dispersive X-ray (EDX) analysis
(TESCAN MIRA3, Czech Republic), X-ray
diffraction (XRD) (Bruker D8 Advance, Germany),
and Transmission electron microscopy (TEM,
Philips CM120, Netherlands). Particle size and
phase analysis were performed using ImageJ
(NIH, USA) and XPert-HighScore Plus 2.2
(Malvern Panalytical, The Netherlands) software.

Antimicrobial Assay

The antimicrobial activity of Asn-Tar/SeNPs
nanocomposites was evaluated against both
Gram-negative (Klebsiella pneumoniae,
antibiotic-resistant K. pneumoniae, Escherichia
coli, Pseudomonas aeruginosa, antibiotic-
resistant P. aeruginosa) and Gram-positive
(Staphylococcus saprophyticus, Staphylococcus
aureus, Bacillus cereus) bacteria.

Well Diffusion Assay

Chloramphenicol solution (Sigma-Aldrich,
USA) was used as a positive control. Fresh
bacterial cultures (0.5 McFarland standard,
1x108 CFU/mL) were prepared in phosphate
buffer. Four wells were made in agar plates,
and each was inoculated with 0.5 McFarland
bacterial suspension using a sterile swab.
Subsequently, 20 yL of various concentrations
of the nanocomposite (2.5, 5, 10, or 20 mg/mL)
and antibiotic solution were added to the wells.
Plates were incubated at 37 °C for 24 hours, and
the diameters of inhibition zones were measured
in millimeters (mm).

Minimum Inhibitory Concentration (MIC) and
Minimum Bactericidal Concentration (MBC)
Evaluations

The MIC was determined using the
microbroth dilution method according to
Clinical and Laboratory Standards Institute
(CLSI) guidelines.”® Briefly, 100 pL of
Mueller-Hinton broth (Merck, Germany) was
dispensed into each well of a microplate. Serial
dilutions of Asn-Tar/SeNPs nanocomposite
and chloramphenicol (Sigma-Aldrich, USA)
were prepared, and 0.5 McFarland bacterial
suspensions (1x10® CFU/mL) were added
to each well. Plates were incubated at 37 °C
for 24 hours. After incubation, 10 pyL of TTC
dye (Sigma-Aldrich, USA) was added to each
well and incubated for an additional 3 hours to
visualize microbial growth. Absorbance was
measured at 600 nm using a spectrophotometer
(BioTek, USA). Wells showing no visible
growth after 24 hours were used to determine
the MBC.
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Effect of pH on Cytotoxicity

To evaluate the effect of pH on the biological
properties of Asn-Tar/SeNPs, samples were
incubated at either acidic (pH 4.5-5.0) or alkaline
(pH 8.0-8.5) conditions for 1 hour at 37 °C, with
pH adjusted using 1 N HCI or 1 N NaOH. The
pH was then neutralized to 7.4, and cytotoxicity
was assessed.

Antioxidant Assay

Antioxidant activity was evaluated using the
DPPH radical scavenging assay. DPPH solution
(041 mM in methanol; Sigma-Aldrich, USA)
served as the oxidant, and ascorbic acid (Sigma-
Aldrich, USA) was used as a positive control. One
mL of DPPH solution was added to 4 mL of each
sample (in 40% methanol) at concentrations of
0.78-50 pg/mL. After vortexing, samples were
incubated in the dark at room temperature for
15 min. Absorbance was measured at 520 nm
using a spectrophotometer (Jenway 6505,
UK). Antioxidant activity was calculated as
(Ao—A1)/Aox100, where Ao is the absorbance of
the control, and A is the absorbance with the
sample.

Hydrogen Peroxide (H202) Inhibition Assay
Antioxidant activity was further assessed by
hydrogen peroxide (H.0:) scavenging assay.
Phosphate-buffered saline (PBS; Gibco, USA)
was used as the blank, and ascorbic acid
as the positive control. Samples at various
concentrations (0.78-50 pg/mL) were mixed
with H.O: solution (35% w/w in deionized water;
Merck, Germany) and incubated for 15 min with
shaking. Absorbance was measured at 230
nm using a spectrophotometer (Jenway 6505,
UK). Antioxidant activity was calculated as (Ao~
A1)/Aox100, where Ao is the absorbance of the
control, and A: is the absorbance of the sample.

Cytotoxicity Assay

The cytotoxicity of Asn-Tar/SeNPs was
evaluated against the human breast cancer
cell line MDA-MB-231. Cells were cultured in
high-glucose DMEM supplemented with 10%
fetal bovine serum (FBS; Gibco, USA) and 1%
penicillin-streptomycin under 5% CO. and 95%
humidity at 37 °C for 24 hours. Cells were treated
with varying concentrations of the nanocomposite
(31.25-1000 pg/mL) and incubated for 48 hours.
Cytotoxicity was assessed using the MTT assay
by adding 10 yL of MTT solution per well, followed
by a 4-hour incubation. Subsequently, 100 yL of
dimethyl sulfoxide (DMSO; Sigma-Aldrich, USA)
was added to dissolve formazan crystals, and
absorbance was measured at 595 nm using
an ELISA reader. The half maximal inhibitory
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concentration (ICso) was calculated accordingly.

Statistical Analysis

All quantitative experiments were performed
in three independent replicates (n=3). Data are
presented as meanzSD. Statistical analysis
and graph plotting were performed using
GraphPad Prism software (version 9.0 for
Windows, GraphPad Software, San Diego,
CA, USA).

The normality of data distribution was
assessed using the Shapiro-Wilk test. For
comparisons  between two independent
groups (e.g., cytotoxicity of nanocomposite on
cancer cells vs. normal cells, inhibition zones
of nanocomposite vs. antibiotic at a specific
concentration), an unpaired two-tailed Student’s
t test was employed. For comparisons among
more than two groups (e.g., antioxidant activity
across different concentrations, bacterial
growth inhibition at a fixed nanocomposite
concentration across different bacterial strains),
one-way analysis of variance (ANOVA) was
used, followed by Tukey’'s post hoc test for
multiple comparisons.

The half-maximal inhibitory concentration
(ICs0) values for cytotoxicity and antioxidant
activity were calculated by fitting the dose-
response data to a non-linear regression
(log(inhibitor) vs. response Variable slope) model
in GraphPad Prism. The minimum inhibitory
concentration (MIC) was determined as the
lowest concentration that completely inhibited
visible bacterial growth in the broth microdilution
assay. A P value of less than 0.05 (P<0.05) was
considered statistically significant for all tests.

UV-Visible Spectrophotometry

The UV-Vis spectrum of the Asn-Tar/SeNPs
nanocomposite, compared to Asn-Tar without
nanoparticles, showed a distinct absorption
band at 237 nm, indicating the surface
plasmon resonance of SeNPs. The width of
this peak indicates the particle size distribution
in the nanocomposite. This finding confirms
the formation and stability of SeNPs and is
consistent with previous reports (figure 1).

Scanning Electron Microscope (SEM) Analysis

SEM analysis was used to evaluate the
shape and size of the nanocomposite containing
SeNPs. The nanocomposites were in the size
range of 10-130 nm. As shown in figure 2,
the Asn-Tar conjugated SeNPs were mostly
spherical and appeared aggregated or clumped
in some areas.
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Figure 1: UV-visible (UV-Vis) absorption spectra of the Asn—Tar nanocomposite (blue) and the selenium-loaded Asn—Tar.
selenium nanoparticles (SeNPs) nanocomposite (red) are shown.
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Figure 2: The figure shows the Scanning electron microscopy (SEM) image and corresponding diagram of selenium

nanoparticles (SeNPs) loaded in the Asn—Tar/SeNPs nanocomposite.

Transmission Electron Microscope (TEM)
Analysis  and  Energy-dispersive  X-ray
Spectroscopy (EDS)

To more accurately examine the size and
structure of the nanoparticles, TEM imaging of
the nanocomposite was performed. SeNPs within
the Asn-Tar nanocomposites were observed to
be mostly spherical and were irregular in some
areas. The particle size was reported to be less
than 200 nm. EDS analysis also confirmed the
presence and abundance of the main elements
in the nanocomposite composition (figure 3).

FTIR Analysis

FTIR analysis of the Asn-Tar/SeNPs
nanocomposite revealed key functional group
vibrations. A peak at 3430.3 cm™ corresponds
to the O—H stretching of tartaric acid’s carboxyl
groups, while the peak at 3316.4 cm™ indicates

Iran J Med Sci June 2026; Vol 51 No 6

the asymmetric stretching of the amino group in
asparagine. Peaks at 3221.5 and 3025.3 cm™
are attributed to CH and CH- stretching in
tartaric acid’s carbon skeleton. The strong
peak at 1683.5 cm™ reflects carbonyl stretching
involved in tartaric acid—asparagine interactions.
Symmetric stretching of deprotonated carboxyl
groups appears at 1139.2 and 1088.6 cm™, and
shear vibrations of tartaric acid’s carboxyl appear
at 8354 cm™. Upon SeNPs incorporation,
new peaks at 2924.0 and 2860.7 cm™ indicate
aliphatic CH and CH- groups on the nanoparticle
surface, suggesting hydrophobic interactions.
Signals at 1645.5 and 1740.8 cm™ denote strong
interactions between SeNPs and carbonyl and
amine groups of the ligands. Additionally, peaks
between 500-700 cm™ confirm hydrostatic
interactions between SeNPs and capping
groups, including hydrated hydroxyls (figure 4).
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Figure 3: Morphological and elemental analysis of the Asn-Tar/Senps: (A) The figure shows the Transmission electron microscop!

(TEM) image and (B) energy-dispersive X-ray spectroscopy (EDS) analysis diagram of the synthesized nanocomposite.
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Figure 4: The figure shows the Fourier-transform infrared (FTIR) spectra of the Asn—Tar and Asn—Tar—SeNPs nanocomposites.

Size Distribution Analysis

Nanocomposite stability was assessed by
measuring particle size and polydispersity index
(PDI) in the aqueous phase. The SeNP-free
nanocomposite had an average size of 60.67
nm, which increased to 460.8 nm after SeNP
loading. Despite the size increase, the lower PDI
indicated a more uniform size distribution in the
selenium-containing nanocomposite (figure 5).

Nanoparticle Surface Charge Analysis (Zeta

Potential)
Zeta potential measurements of Asn-
Tar/SeNPs in solution showed a shift from
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+2.61£0.21 mV (without SeNPs) to -9.37+£0.44 mV
(with SeNPs) (n=3), indicating increased surface
stability. These results are consistent with the
moderate polydispersity index observed in dynamic
light scattering (DLS) and the minor nanoparticle
aggregation observed in microscopy (figure 6).

X-ray Crystallography (XRD) Analysis

XRD analysis revealed distinct sharp peaks at
20 angles of 17.4°, 20.6°, 23.9°, 29.2°, 33.6°, and
38.5° for the Asn-Tar nanocomposite, indicating
its crystalline structure. These peaks likely reflect
crystalline organic compounds and interactions
between asparagine and tartaric acid. In contrast,

Iran J Med Sci June 2026; Vol 51 No 6
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Figure 5: The size distribution of nanoparticles in the
agqueous phase, as determined by Dynamic light scattering

(DLS), is shown for (A) the Asn-Tar nanocomposite and (B)
the Asn-Tar/SeNPs nanocomposite.

the Asn-Tar/SeNPs nanocomposite exhibited
broader, less intense peaks, particularly between
20° and 35°, indicating reduced crystallinity and
a predominantly amorphous structure due to
SeNP loading (figure 7).

Antimicrobial Activity Evaluation Based on MIC
and MBC

Microdilution assays determined the MIC and
MBC of the selenium nanocomposite against four
bacterial strains. The nanocomposite effectively
inhibited all tested bacteria, showing greater
efficacy against Gram-positive strains. MIC and
MBC values (mg/mL) were: S. saprophyticus
(0.071, 0.065), B. cereus (0.069, 0.061), K.
pneumoniae (0.054, 0.046), and P. aeruginosa
(0.035, 0.047), with S. saprophyticus being the
most sensitive. Optical density measurements
confirmed dose-dependent bacterial growth
inhibition, with  reduced  nanocomposite
concentration correlating with increased
bacterial growth (table 1).

Evaluation of Antimicrobial Activity Based on the
Well Diffusion

The antimicrobial efficacy of Asn-Tar/
SeNPs nanocomposite was evaluated against
two Gram-negative (K. pneumoniae, P.
aeruginosa) and two Gram-positive (B. cereus,
S. saprophyticus) bacteria using the well
diffusion method. Results demonstrated broad-
spectrum activity, with the nanocomposite
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Figure 6: The zeta potential of the Asn-Tar nanocomposite]

is shown both with and without SeNPs.
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Figure 7: The X-ray diffraction (XRD) patterns for the]
nanocomposite without selenium and the nanocomposite]
containing SeNPs are visible in the image.

effectively inhibiting all tested strains at
concentrations of 2.5, 5, 10, and 20 mg/
mL (figure 8). Inhibition zones increased
with  concentration and were generally
larger than those produced by the reference
antibiotic  chloramphenicol (10  mg/mL).
At 20 mg/mL, the mean inhibition zone for
S. saprophyticus was 36.911.2 mm (n=3,
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P=0.0026) and for B. cereus was 35.84+1.1 mm K. pneumoniae showed the highest sensitivity,
(n=3, P=0.0032), which were significantly larger while P. aeruginosa was less affected. These
than those for chloramphenicol 26.18+0.8 mm findings are supported by MIC and MBC data
(n=3, P=0.548). Among Gram-negative strains, (table 2).

Table 1: Results of antimicrobial activity evaluation based on middle inhibitory concentration (MIC) and Middle East

Broadcasting Center (MBC) using microdilution method

Microorganism Serial dilutions of Asn-Tar/SeNPs nanocomposite (mg/mL)
20 10 5 2.5 1.25 0.62 0.31 0.15 0.07
Light absorption rate of bacterial activity in TCC reduction
Bacillus cereus 0.012 0.014 0.022 0.032 0.057 0.061 0.069 0.28 0.86
[MBC] [MIC]
Staphyococcus 0.010 0.013 0.024 0.036 0.043 0.049 0.056 0.065 0.071
saprophyticus [MBC] [MIC]
Klebsilla pneumoniae 0.013 0.012 0.031 0.037 0.046 0.054 0.34 0.88 1.07
[MBC] [MIC]
Pseudomonas aeruginosa 0.012 0.013 0.026 0.035 0.047 0.26 0.38 0.85 112
[MIC] [MBC]

Table 2: Results of antimicrobial activity evaluation based on MIC and MBC using the microdilution method

Bacteria Bacteria
Asn-Tar/SeNPs nanocomposite concentration (mg/mL) Chloramphenicol
(mg/mL)
2.5 10 2.5 10 2.5 10

Klebsiella pneumoniae 13.59+0.1 314 13.59+0.1 314 13.59+0.1 314
Pseudomonas aeruginosa 15.17+0.62 28.13 15.17£0.62  28.13 15.17+0.62 28.13

Bacillus cereus 8.15+1.13 20.53 8.15+1.13 20.53 8.15+1.13 20.53
Staphylococcus saprophyticus 18.14+0.69  26.18 18.14+0.69 26.18 18.14+0.69 26.18

Figure 8: Culture plates of the tested bacteria using the well diffusion method are shown. The concentrations tested, from a to
d, correspond to 20, 10, 5, and 2.5 mg/mL, respectively.
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Antioxidant Activity (DPPH Scavenging Capacity)
The antioxidant capacity of Asn-Tar/SeNP
nanocomposite was assessed using the DPPH
radical scavenging assay and compared to ascorbic
acid (AA) and butylated hydroxytoluene (BHT).
The nanocomposite exhibited dose-dependent
DPPH scavenging activity. The I1Cso value for the
Asn-Tar/SeNP nanocomposite was 22.73+1.55
pg/mL (n=3) for DPPH scavenging, compared to
ascorbic acid (11.87+0.98 ug/mL, n=3, P=0.0081)
and BHT (5.89+0.64 pg/mL, n=3, P=0.0015), with
significant differences (P=0.014). Nonetheless, the
results confirm that the nanocomposite possesses
measurable antioxidant activity (figure 9).

Antioxidant Activity (Inhibition Test H202)

The antioxidant activity of the selenium
nanocomposite was further evaluated by its ability
to scavenge hydrogen peroxide. The ICso for
hydrogen peroxide inhibition was 42.14+2.08 ug/
mL (n=3), which was significantly higher than that of
ascorbic acid (11.15+0.63 pg/mL, n=3; P=0.0008),
indicating lower antioxidant efficacy (figure 10).

Cytotoxicity Assay

The cytotoxicity of the Asn-Tar/SeNPs
nanocomposite  was  evaluated against
MDA-MB-231 breast cancer cells and normal
fibroblast cells. The ICso value for MDA-MB-231
cells was 3.47+0.28 pg/mL (n=3), while for
normal fibroblast cells it was 5.91+0.34 ug/
mL (n=3). The difference between the two ICso
values was statistically significant (P=0.0051),
indicating selective cytotoxicity toward the
cancer cells. The calculated selectivity index
(SI=1Cso[normal]/ICso[cancer]) was approximately
1.7, further confirming the higher toxicity of the
nanocomposite against cancer cells (figure 11).
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Figure 9: The antioxidant activity of the Asn-Tar/SeNPs|
nanocomposite compared to ascorbic acid (AA) and

butylated hydroxytoluene (BHT), as measured by the]
2,2-diphenyl-1-picrylhydrazyl (DPPH) scavenging assay, is
shown in the figure.
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Figure 10: This image shows the hydrogen peroxide]

inhibition activity of the Asn-Tar/SeNPs nanocomposite.
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Figure 11: Cytotoxicity of Asn-Tar/SeNPs nanocomposite on MDA-MB-231 cancer cells and normal fibroblasts, with 1C50]

values shown in the image.
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Figure 12: The anticancer activity of Asn-Tar/SeNPs|
nanocomposite under different acidic (pH 4.5) and alkaling]

pH 8.5) conditions against the MDA-MB-231 cancer cell
line is clearly shown in the image.

Effect of pH on Cytotoxicity

The nanocomposite retained approximately
50% of its anticancer activity at acidic pH
(4.5) and 25% at basic pH (8.5), indicating
pH-dependent efficacy. These results highlight
the importance of physiological pH in optimizing
nanocomposite-based drug delivery systems
(figure 12).

In the present study, Asn-Tar/SeNPs
nanocomposites were successfully synthesized
and exhibited  significant  antimicrobial,
antioxidant, and cytotoxic activities on
MDA-MB-231 breast cancer cells.

The nanoparticles used in this study
were synthesized using the co-precipitation
method. Subsequently, the SeNPs coated
with L-asparagine and tartaric acid were
characterized using techniques such as TEM,
XRD, SEM, UV-visible absorption spectroscopy,
FTIR spectroscopy, DLS measurement, and
zeta potential. The analysis of the UV-visible
absorption spectrum showed that the size of
SeNPs loaded in the Asn-Tar nanocomposite
was in the range of 20-240 nm, which is
consistent with the results of Bartosiak and
others, who reported the size of SeNPs in the
range of 20—240 nm."

SEM analysis showed that the SeNPs loaded
in the Asn-Tar nanocomposite had an almost
spherical morphology and were aggregated in
some areas, and also showed a size distribution
of approximately 10 to 130 nm. TEM results
provided more complete information on the
particle size and the effect of the nanocomposite
intercalation with SeNPs. TEM determined
the particle size in the range of below 200 nm
and the structure of SeNPs inside the Asn-Tar
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nanocomposite as almost spherical, and in
some irregular areas. In addition, EDS analysis,
which determines the percentage of elements
constituting the nanocomposite, showed that the
nanocomposite had a high efficiency in loading
SeNPs. The results of SEM and TEM analysis in
our study, which determined the size of SeNPs to
be below 200 nm and with spherical morphology,
are consistent with many studies, including
Prasad’s study in 2013 and Ramamurthy’s study
in 2013, as well as Dhanraj’s study in 2021."5"7

FTIR analysis confirmed the successful
interaction between SeNPs and tartaric acid and
asparagine. This analysis showed that strong
cross-linking was formed between SeNPs at the
sites where the carbonyl and amine groups of
tartaric acid and asparagine were present. This
modified the surface of SeNPs, changed the
surface of SeNPs, and increased their stability.
DLS results showed that the selenium-containing
nanocomposite was larger in size, but more
uniform and stable in terms of homogeneity (PDI)
in the aqueous phase than the nanocomposite.
The significant increase in the size of the
nanocomposite by DLS from 60.67 nm to 460.8
nm after SeNP loading indicates significant
structural changes after functionalization.
This size increase may be attributed to the
formation of a thick organic coating layer
consisting of tartaric acid and L-asparagine.
These modifications could facilitate effective
interactions with cell membranes or enhance
the controlled release of selenium ions, thereby
contributing to cytotoxic and antimicrobial
effects. Additionally, the surface charge of the
Asn-Tar/SeNP nanocomposites in the aqueous
phase was determined by determining the
zeta potential index. It was found that with the
introduction of SeNPs into the nanocomposite
structure, its net charge became negative, while
the nanocomposite without SeNPs had a positive
charge. According to studies, nanoparticles with
a negative charge of less than -30 mV and more
than +30 mV have been found to have the highest
stability.’® ' These results were consistent with
the results obtained from DLS.

The XRD peaks of the selenium-free
nanocomposite have distinct peaks and are
more regular in the form of a crystalline phase.
However, the Asn-Tar/SeNPs nanocomposite
has very irregular peaks, indicating the
amorphous nature of the selenium-containing
nanocomposite.

In this study, SeNPs loaded in the Asn-Tar
nanocomposite showed good antimicrobial
activity against both Gram-positive and
Gram-negative bacteria. This was particularly
evident in their ability to inhibit the growth and
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proliferation of antibiotic-resistant bacteria.
Importantly, SeNPs alone showed Iless
antimicrobial activity than the nanocomposite.
Prior research has established the antibacterial
effectiveness of SeNPs-based nanoparticles
against both Gram-positive and Gram-negative
bacterial strains; for instance, Hernandez-Diaz
and others noted a more pronounced inhibitory
effect of SeNPs on Gram-negative bacteria.
Their results indicate that SeNPs provide
enhanced antimicrobial activity compared to
the use of marigold extracts or sodium selenite
(Na2Se03) alone.?® Additionally, in 2021, Zhang
and colleagues illustrated the antibacterial
properties of Gram-positive and Gram-negative
SeNPs.?" Notably, in line with our results, a
study by Bu and colleagues in 2024 showed
that surface modification of SeNPs leads to
enhanced antibacterial properties of SeNPs
without modification or alteration of the surface
chemistry.??

We demonstrated that Asn-Tar/SeNP
nanocomposite has antioxidant properties by
investigating the DPPH scavenging capacity
and hydrogen peroxide (H202) scavenging
activity. The results of Lakshmi’s study in 2025
also indicate the high capacity of SeNPs in
scavenging H202 and DPPH.?

The significant antioxidant activity of the Asn-
Tar/SeNPs nanocomposite suggests a plausible
hypothesis for its selective cytotoxicity against
cancer cells. Cancer cells typically exhibit
elevated levels of reactive oxygen species (ROS)
and are more susceptible to oxidative stress-
induced apoptosis. We hypothesize that the
ROS-scavenging ability of the nanocomposite
could perturb the redox homeostasis of
MDA-MB-231 cells, potentially triggering
apoptotic pathways or inhibiting proliferation.?*
Furthermore, such antioxidant activity might
concurrently offer a protective effect to normal
cells against oxidative damage, thereby possibly
enhancing the observed selective cytotoxicity.
This proposed mechanism aligns with the
literature that suggests modulation of oxidative
stress is a crucial aspect of the anticancer
mechanisms of selenium nanoparticles.*

We synthesized Asn-Tar/SeNPs
nanocomposite with the aim of reducing
toxicity and increasing stability of selenium
nanoparticles. Tartaric acid and L-asparagine
increased the biocompatibility and stability of
selenium nanoparticles, as well as maintained
their antibacterial and antioxidant properties.
We confirmed these properties using agar
diffusion, MIC, and MBC methods against
Gram-positive and Gram-negative bacteria. It
is worth noting that SeNPs coated with tartaric
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acid and L-asparagine showed acceptable
antimicrobial effects and showed inhibitory
effects against antibiotic-resistant bacteria such
as S. saprophyticus, B. cereus, K. pneumoniae,
and P. aeruginosa. Previous studies have shown
that the reduced efficacy of SeNPs against
bacteria and increased toxicity in cells is due
to the surface chemistry of SeNPs, and their
surface modification can lead to reduced toxicity
and higher inhibition against bacteria.?? 2526 Qur
findings also confirm the results of the studies,
which show that surface modification of SeNPs
with tartaric acid and L-asparagine can have a
higher affinity for the hydrophobic surface of
Gram-negative bacteria, thereby facilitating the
penetration stability of nanoparticles.

Similarly, the MIC of our nanocomposite
against S. saprophyticus (0.071  mg/mL)
was lower than that reported for folic acid
functionalized SeNPs (0.1 mg/mL), indicating
higher antibacterial activity against resistant
strains.®

In the present study, the cytotoxicity of
selenium nanocomposites was evaluated on
the MDA-MB-231 cancer cell line. The findings
showed that the selenium nanocomposite had
significant cytotoxicity against MDA-MB-231
cells (IC5=3.47£0.28 pg/mL). In other studies,
uncoated SeNPs had an I1Cs=34 pg/mL,
indicating the enhanced efficacy resulting from
functionalization of the SeNP surface.* '

We also investigated the effect of pH
changes on the anticancer activity of SeNPs
loaded in Asn-Tar nanocomposite. The results
showed that the nanocomposite maintained its
anticancer activity against the MDA-MB-231
cancer cell line at about 50% at acidic pH
(PH 4.5) and about 25% at basic pH (PH 8.5).
Therefore, the high stability and maintenance
of efficacy of the nanocomposites synthesized
in this study under acidic and basic conditions
can be clearly observed. Many studies have
been conducted in line with our results and
have shown the anticancer properties of
SeNPs on many cancer cell lines, and we will
mention some of these studies below. ipek and
colleagues in 2024 demonstrated the anticancer
potential of SeNPs on glioblastoma cells (U373),
osteosarcoma cells (U20S), and healthy retinal
pigment epithelial cell lines (RPE-1) using the
MTT assay.?” Gulbay also conducted a study
in 2023 to investigate the potential anticancer
properties of thymoquinone (TQ)-encapsulated
SeNPs (TQ-SeNPs) in HEC1B endometrial
cancer cells. The results of his study showed that
these nanoparticles have a high antiproliferative
effect on endometrial cancer cells.?® In addition,
in a recent study conducted by Mahmood and
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colleagues (2025), it was shown that apoptosis
can be induced in the human lung cancer cell
line A549 by exposure to SeNPs and selenium
chitosan nanoparticles.?®

However, this study, similar to all other
studies, has limitations. All analyses were
performed in vitro, and only one cancer cell line
was used to assess cytotoxicity. Furthermore,
cell signaling pathways were not investigated.
Future studies should address these limitations
with in vivo experiments and larger studies.

This study has some limitations that should
be acknowledged. First, experimental controls
using uncoated (bare) selenium nanoparticles
(SeNPs) and the ligand mixture (L-asparagine
and tartaric acid) alone were not included.
Consequently, while our results demonstrate
the potent biological activity of the Asn-Tar/
SeNPs nanocomposite, we cannot definitively
dissect the individual contribution of the SeNP
core versus the organic coating to the observed
effects, nor can we make direct quantitative
comparisons about the enhancement conferred
by functionalization. Future studies incorporating
these controls would provide a more
mechanistic understanding of the structure-
activity relationship. Second, all evaluations
were performed in vitro; thus, in vivo efficacy
and safety remain to be investigated.

Conclusion

The findings of the present study demonstrate
the potential of Asn-Tar/SeNPs nanocomposite
in biomedicine. This nanocomposite exhibited
significant antimicrobial activity, especially
against antibiotic-resistant bacterial strains.
It also exhibited significant antioxidant
properties and effectively inhibited the growth
of MDA-MB-231 cancer cells even with high pH
changes. Since antibiotic-resistant bacteria are
increasing day by day, cancer is also increasing,
and current antibiotics and conventional drugs
have harmful side effects, we propose to
attach specific ligands, such as antibodies or
oligonucleotides, to this nanocomposite. This
can enhance their therapeutic effects while
reducing side effects.
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