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Chemotherapy is currently one of the most effective treatments for cancer, but it is often accompanied
by nonspecific toxicity and drug resistance. Nanostructures, particularly tellurium-based ones, have
anticancer potential, but further research is needed to determine their biological activities. Adding
targeting molecules to such nanoparticles, such as folic acid, may increase their efficacy and selectivity.
This study focused on the synthesis of folic acid-incorporated tellurium nanoparticles (FA@Te NPs)
using a microwave-assisted method involving a K, TeO, solution (1 mM) with NaBH, and folic acid. The
synthesized nanoparticles were analyzed using various techniques such as UV-visible spectroscopy,
scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), X-ray diffraction
(XRD), and Fourier transform infrared spectroscopy (FTIR). The nanoparticles, predominantly
hexagonal and ranging in size from 3.9 nm to 11 nm, were then subjected to in vitro tests to assess
their antioxidant activities, hemocompatibility, and cytotoxic effects. The FA@Te NPs demonstrated
superior DPPH scavenging activity compared to bare Te NPs across concentrations from 20 pg/mL to
1280 pg/mL. Hemolytic tests revealed that FA@Te NPs had a significantly higher hemolytic potential
than Te NPs at concentrations between 20 and 40 pg/mL. The IC50 values for HeLa cells treated

with FA@Te NPs, Te NPs, and Cisplatin for 24 h were found to be 767.6 + 8.8 pg/mL, 1399.5 + 5.2 pg/
mL, and 142.7 +4.6 pg/mL, respectively. Exposure to IC50 concentrations of FA@Te NPs and Te NPs
resulted in a significant increase in necrosis and late-stage apoptosis in HelLa cells, highlighting the
strong cytotoxicity of these nanoparticles. Further research is needed to understand the biological
mechanisms underlying the activities of FA@Te NPs.

Keywords Tellurium nanoparticles containing folic acid, Microwave irradiation, Antioxidant, Hemo-
compatibility, Cytotoxicity

Tellurium (Te), a metalloid element, is known to exist in multiple allotropic forms and commonly exhibits
oxidation states of — 2, + 4, and + 6. Its unique properties make it valuable in several industries. It is commonly
used to manufacture alloys, glass, and solar panels. One notable use of tellurium is in creating thin films with
semiconducting properties, enabling solar panels to transform sunlight into electricity effectively. Sensors based
on tellurium are used in a variety of industries for environmental monitoring and gas detection processes!.
Among the trace elements in the average human body, tellurium is the fourth most abundant, with about 0.7
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mg (after iron, zinc, and lead)?. Tellurium compounds have been used to treat various bacterial infections such
as Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus, Mycobacterium leprae, M. tuberculosis
cystitis, and eye infections®—®. Recent research indicates that these compounds possess additional biological
properties, such as the capacity to decrease cytokine production in T cells®, regulate the immune system’, inhibit
the sickling of red blood cells®, and have anticancer potentials®. Nevertheless, these drugs do not selectively
target cancer cells, thus causing toxic side effects for normal cells!®. Given the drawbacks and various side
effects of conventional tellurium-based compounds, there is an increasing interest in developing new tellurium
compounds or alternative administration methods to alleviate these side effects!!. As nanotechnology has
developed in medicine, nanomedicine has provided novel solutions for treating a variety of cancers, including
tailored medication delivery techniques that might be able to eradicate tumors without damaging healthy
tissues!®. Additionally, chalcogens like tellurium (Te) and selenium (Se) are becoming increasingly popular in
nanomedicine for biological uses'2.

The unique structure of Tellurium nanoparticles (Te NPs) makes them an attractive option for modern
applications. For example, Tellurium-based quantum dots display fluorescence properties, making them efficient
as biological markers!®. The use of tellurium nanomaterials in tumor photodynamic therapy, synergetic therapy,
photothermal therapy, photo-triggered molecule delivery, and tumor phototherapy has been documented!.
Recently, the utility of tellurium has been enhanced through the use of Copper telluride nanocubes',
Hybrid tellurium-lignin nanoparticles'®, osmium-osmium-tellurium nanozymes'’, cantharidin-tellurium
nanoparticles'®, and bifunctional tellurium nanodots'’.

In recent years, researchers have noticed that surface coatings have become a crucial innovation to address
issues that uncoated nanoparticles encounter, including poor targeting, nonspecific toxicity, aggregation, and
quick immune system clearance?*?!.

Folicacid (FA), also referred to as vitamin B9, is an essential nutrient required for synthesizing DNA and RNA,
producing methionine, activating vitamin B12, and cell division and growth??. The Folate receptor (FR) family,
also known as membrane folate-binding proteins, has a high affinity for folic acid and its reduced derivatives,
facilitating the transport of 5-methyltetrahydrofolate into cells*>. FRs are overexpressed in several malignancies,
such as breast, ovary, lung, colon, kidney, head and neck, brain, and myeloid cancers, while their presence in
normal tissues is limited and typically low-level. This selective overexpression makes FRs excellent targets for
cancer imaging and therapy, because treatments or imaging agents directed toward FRs can preferentially bind to
tumor cells over normal cells, improving detection and treatment specificity?-2°. Nanomaterials containing folic
acid have recently been developed through various approaches to improve their uptake by folate receptor (FR)-
positive cancer cells, offering a promising strategy for targeted cancer therapy. These FA-linked nanomaterials
exploit the high expression of folate receptors—especially FRa—in many tumors to achieve selective delivery of
therapeutic agents directly to cancer cells, enhancing treatment efficacy while minimizing side effects on normal
tissues?”28,

Being folate receptor-positive, HeLa cells provide a valuable model for investigating ligand-mediated
targeting strategies that exploit the high selectivity and affinity of folate receptors for targeted drug delivery?.
Understanding the behavior of HeLa cells as folate receptor-positive cells sheds light on the mechanisms of
cellular uptake and opens up possibilities for developing more effective and targeted cancer therapies®.

Microwaves (MW), a form of electromagnetic radiation with frequencies ranging from 300 MHz to 300
GHz, are widely used as a novel heating method in various fields today. The use of MW in the preparation of
nanostructures offers several benefits, including the production of nanomaterials with high purity and a narrow
size distribution®. Additional advantages of MW irradiation, such as reduced energy consumption, consistent
heating, and uniform nucleation and growth of nanoparticles, make it ideal for the preparation of various
nanoparticles®®. This study presents a new, quick, and straightforward method for the microwave-assisted
synthesis of FA@Te NPs. Following the evaluation of the physicochemical properties of the prepared NPs, their
antioxidant and hemolytic properties, as well as their cytotoxic effects on HeLa cells, were also examined.

Materials and methods

Chemicals

The chemicals utilized in this study were obtained from Sigma Company (St. Louis, MO, USA) and
included sodium borohydride, folic acid, potassium tellurite (KZTeOS), and 3-(4, 5-dimethylthiazol-2-yl)-2,
5-diphenyl-2 H-tetrazolium bromide (MTT). Additional reagents, including 2,2-diphenyl-1-picrylhydrazyl
(DPPH), disodium hydrogen phosphate (Na,HPO,), sodium dihydrogen phosphate (NaH,PO,), sodium
carbonate (NaZCO3), potassium ferricyanide, trichloro acetic acid (TCA), dextrose, ascorbic acid, citric acid,
sodium citrate, and ferric chloride (FeCl,) were supplied by Merck (Germany). Borna Pouyesh Gene Company
(BPGene Co., Kerman, Iran) provided fetal bovine serum and DMEM medium.

Preparation of NPs

For the synthesis of FA@Te NPs, a solution of 200 pL of 0.1 mM folic acid was combined with 5 mL of 1 mM
K,TeO,. This mixture was then treated with 1 mL of ice-cold sodium borohydride solution (1 mg/mL) and
subjected to three microwave irradiation cycles, each consisting of 30 s of irradiation at 850 W and 30 s of rest,
leading to a color change to dark black. The suspension was centrifuged at 12,000 rpm for 15 min, and the
resulting pellet was rinsed thrice with deionized water. The same procedure was followed for the preparation of
tellurium nanoparticles, excluding the use of folic acid. The nanoparticle stock was sterilized by autoclaving for
20 min at 200 kPa and 121 °C*.
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Characterization of NPs

Various techniques and instruments were employed to characterize Te NPs and FA@Te NPs. The UV spectrum of
Folic acid, Te NPs, and FA@ Te NPs was recorded in the 200-400 nm range using a UV-Vis. Spectrophotometer
(UV-1800, Shimadzu Co., USA). A scanning electron microscope (Zeiss 902 A) equipped with an energy-
dispersive X-ray (EDX) microanalyzer was used to capture SEM images of NPs and perform their elemental
analysis. The particle size distribution patterns of the synthesized nanostructures were determined using
a Zetasizer MS2000 (Malvern Instruments, Malvern, UK). In addition, the crystalline structure of NPs was
examined using an X-ray diffractometer (Philips X’Pert-MPD) with CuKa radiation (k = 1.5405 A), within
the range of 20°-80°. The corresponding XRD spectrum was further analyzed with High Score Plus software
(Version 5.2). The FTIR spectrum of oven-dried NPs was obtained at 400-4000 cm™! using a NicoletTM 520
FTIR spectrophotometer. A spectrophotometric method was used for quantitative analysis. The standard curve
of folic acid was initially established by comparing the absorbance measured at 285 nm to various concentrations
of Folic acid (1-25 pg mL™!) dissolved in water. Subsequently, the freshly prepared suspension of FA@Te
nanoparticles was centrifuged (11,000 rpm, 20 min), and the UV absorbance of the supernatant was measured
at 285 nm against the supernatant of a freshly prepared Te NPs suspension prepared using the same method but
without Folic acid. Different NPs were prepared on various days for the three procedures. After determining the
dry weight of FA@Te NPs (50 °C, 48 h), the average of the measured absorbance was used to quantify the amount
of folic acid on the NPs surface®.

Evaluating the antioxidant properties of NPs

DPPH scavenging activity

The ability of FA@Te NPs, Te NPs, and Ascorbic acid to scavenge radicals in aqueous media was assessed by
adapting a previous method®*. Various concentrations (0-1280 pg/mL) were combined with 150 mL of a 1
mM DPPH solution. After a 30-minute incubation period in the dark at room temperature, the absorbance
was measured at 517 nm. Deionized water and ascorbic acid solutions (0-1280 mg/mL) were used to establish
negative and positive controls, respectively. The percentage of DPPH scavenging activity was calculated using
the following formula:

DPPH scavenging effect (%) =[1 — (Aa — Ab)/Ac] x 100

where Aa is the absorbance of the sample mixed with DPPH, Ab is the absorbance of the sample without DPPH,
and Ac is the absorbance of the control solution.

Reducing power assay

A refined version of a previously established method was used to measure the reducing power of the NPs*. In
this method, 500 pL of NPs solutions (0-1280 pg/mL) were mixed with 250 uL of 1% w/v potassium ferricyanide
and 250 pL of 0.2 M sodium phosphate buffer. The mixture was then heated at 65 °C for 20 min. Subsequently,
1 mL of 10% w/v TCA solution was added, and the mixture was centrifuged for 15 min at 3000 rpm. The
supernatant was combined with 100 pL of deionized water and 20 pL of 6 mM FeCl,. The absorbance of the
samples was measured at 700 nm. Ascorbic acid solutions (0-1280 pg/mL) served as a control. A graph was
constructed using the mean absorbance values from three experiments conducted in triplicate.

In vitro hemolytic assay

To evaluate the hemolytic properties of the NPs, a previously described method was employed*®. Whole blood
cells were obtained from the Iranian Blood Transfusion Organization (IBTO). All experimental procedures
related to the preparation of these whole blood pack cells were carried out following the IBTO guidelines and
regulations.

The red blood cells were centrifuged at 3000 rpm for 5 min at 5 °C. Using Alsever’s solution (0.1116 M
dextrose, 0.071 M sodium chloride, 0.027 M sodium citrate, and 0.002 M citric acid), the RBC pellets were
washed thrice and diluted at a 1:10 ratio. The resulting cell suspension was incubated at 37 °C for 30 min with an
equal volume of NPs at concentrations varying from 0 to 1280 ug/mL in a shaker incubator®’. After centrifuging
the supernatant for four minutes at 3000 rpm, the supernatant was collected. Deionized water and Alsever’s
solution were controls (representing 100% hemolysis and 0% hemolysis, respectively). The absorbance of the
samples was measured at a wavelength of 415 nm. The experiment was conducted three times on separate days,
and the percentage of hemolysis (HP) was calculated using the following formula:

HP (%) : [(Ap — An)/(As — An)] x 100

Where As is the absorbance of the experimental group, An is the absorbance of the negative control group, and
Ap is the absorbance of the positive control group.

The Ethics Code Number IR.NIMAD.REC.1403.004 was obtained from the Research Ethics Committee of
the Kerman University of Medical Sciences. The hemolysis assay was carried out by the university’s established
guidelines to ensure ethical and scientific standards were met.

Cytotoxicity test

The HeLa cells (a human breast cancer cell line) were obtained from the Iranian Biological Resource Center.
During the logarithmic growth phase, these cells (10*) were seeded in a 96-well plate. The NPs were added in
varying concentrations (0-1280 pg/mL). After 24 h, the medium was replaced with MTT solution and incubated
for 3 h. The medium was then replaced with DMSO, and the optical density was measured. The IC, values were
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determined using non-linear regression analysis with GraphPad Prism 9 software. The results are presented as
the mean + SD.

Flow cytometry: annexin V-fluorescein isothiocyanate (FITC) and propidium iodide assay
Apoptosis and necrosis were observed using flow cytometry. A total number of 1 x 10° HeLa cells were treated
with an inhibitory concentration (ICSO) dose of FA@Te NPs and Te NPs for 24 h. Thereafter, the cells were washed
with phosphate-buffered saline (PBS), and stained with annexin V-FITC and PI, a DNA dye that distinguishes
viable, apoptotic, and late apoptotic or dead cells in flow cytometry, according to the kit’s instructions (ApoFlowEx
FITC KIT, EXBIO, Czech Republic).

Statistical analysis
To analyze the results of the experiments, a one-way ANOVA was utilized. If the p-value was less than 0.05 was
considered to be statistically significant.

Results and discussion

Preparation and characterization of NPs

FA@Te NPs were prepared by microwave irradiation of K, TeO, solution containing folic acid in the presence of
Sodium borohydride as a reducing agent. Figure 1 exhibited the color of (a) K,TeO, solution (1 mM) containing
Folic acid before microwave irradiation, and (b) K, TeO, solution (1 mM) containing Folic acid after microwave
irradiation. Furthermore, the UV-Vis absorption spectra of Te NPs, FA@Te NPs, folic acid, and K2TeO3 solution
were shown in Fig. 1c—e, and f, respectively. Reducing Te ions to Te NPs led to a change in the colorless mixture
to dark black. The formation of Te NPs resulted in the elevation of the spectrum (Fig. 1c) compared to the
K, TeO, solution (Fig. 1f). Furthermore, FA@Te NPs showed a similar spectrum pattern with the folic acid
spectrum (Fig. le) with a weak elevation at 285 nm (Fig. 1d). In an earlier study, Forootanfar and colleagues
showed that Te NPs, which are rod-shaped and prepared by P. pseudoalcaligenes strain Te, have a similar pattern
in the UV-visible region between 200 and 400 nm. These nanoparticles are approximately 22 nm in diameter
and 185 nm in length®.

The SEM provided additional information on the morphology and shape of FA@Te nanoparticles (Fig. 2a).
The SEM micrograph revealed that the nanoparticles were spherical and had formed larger particles as they
interconnected with each other.

The particle size distribution pattern of microwave-assisted synthesized FA@Te NPs showed one peak in the
3.9 to 11 nm size range, with the 6.4 nm size being the most frequent (Fig. 2b). Te NPs had a single peak in the
size range of 6 to 11 nm, and 8.8 nm was the most common NP (data not provided).

In a previous study by Phae-Ngam and colleagues, they discovered that the average size of Tellurium
nanoparticles (Te NPs), created through long-pulsed laser ablation, varied between 30 and 200 nm*. Another
study used Streptomyces graminisoli for the biosynthesis of Te NPs in the shapes of rods and rosettes, with an
average size of 21.4 nm*. Tellurium nanoparticles, with a size of 50.1 nm, were also biosynthesized by Penicillium
chrysogenum PTCC 5031%l. Additionally, a study reported the production of tellurium nanoparticles using
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Fig. 1. The reaction mixture’s color, consisting of potassium tellurite, Folic acid solution, and sodium
borohydride, was observed before (a) and after (b) being heated in a microwave oven. The UV-Vis absorption
spectra for (c) Te NPs, (d) FA@Te NPs, (e) Folic acid solution, and (f) potassium tellurite solution.
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Fig. 2. (a) SEM micrograph, (b) particle size distribution pattern, (c) EDX analysis, and (d) XRD profile of
FA@Te NPs prepared by microwave irradiation.

plasma processing, with an average particle size of 100 nm*2 The variation in size distributions of NPs depends
on different synthesis methods.

The EDX profile of the FA@Te NPs displayed peaks of Te La at 3.76 keV, which was related to the presence
of tellurium in the prepared nanoparticles (Fig. 2c). In the study of Hosseini et al., the existence of tellurium
with a similar value of Te La (3.76 keV) has been reported in the EDX spectrum of Te nanoparticles (22-148
nm) biosynthesized by Lysinibacillus sp. EBL303%’. The other three related peaks of carbon Ka (1.28 keV) and
spheric Ka (0.52 keV), which were observed in the EDX spectrum (Fig. 2c), could be related to the folic acid
in the structure of nanoparticles. Askar et al. also reported similar peaks for C, N, and O in the EDX profile of
synthesized Amygdalin-folic acid-nanoparticles*.

The XRD pattern of FA@Te NPs exhibited (100), (101), (102), (110), (111), (200), (201), (210), and (211)
diffraction planes at 2-Theta of 22.8°, 27.4°, 38.15°, 40.4°, 43.3°, 46.96°, 49.6°, 63.7°, and 65.87°, respectively
(Fig. 2d). Comparing FA@Te NPs with standard tellurium values (JCPDS 01-078-2312) indicated that they
had hexagonal structures with lattice constants a = 4.46 A, b = 4.46 A, and ¢ = 5.93 A. Another study employed
a template and surfactant-free electrochemical method at ambient temperature to create Te nanorods. All the
similar diffraction peaks were perfectly indexed to the hexagonal structure of tellurium*®. In addition, Mousavi-
Kamazani and colleagues described an easy sonochemical method for the synthesis of hexagonal Te NPs (15-40
nm) that exhibited a similar XRD pattern*®. Rosales-Conrado et al. synthesized tellurium nanoparticles (10-100
nm) using gallic acid, and XRD analysis revealed that these nanoparticles possess a hexagonal crystal structure?’.
In the present study, both EDX and XRD analyses depicted that Te nanoparticles were successfully obtained via
the microwave synthetic route.

FTIR analysis of Folic acid, dried FA@ Te NPs, and Te NPs exhibited several absorption peaks in various
regions (Fig. 3). FTIR spectrum of Folic acid (Fig. 3a) exhibited bonds at 3542 cm™!, 3416 cm ~1,2924 cm™1, 1693
cm™ " and 1605 cm™! that could be attributed to N-H, O-H, C-H, C = O, and C = C or C = N stretching vibrations,
respectively. FTIR spectrum of FA@Te NPs exhibited absorption peaks at 3421 cm™ !, 2922 cm™ !, and 2853
cm™ ! which could be attributed to O-H, C-H, and stretching vibrations, respectively (Fig. 3b). The microwave-
assisted synthesis technique has been effectively employed in the creation of nanostructures, facilitating the
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Fig. 3. Fourier transform infrared (FTIR) absorption spectra of (a) folic acid, (b) FA@Te NPs, and (c) Te NPs.

incorporation of diverse chemical functional groups onto nanoparticle surfaces®’. Ameri et al.‘s research
utilized sodium alginate (a stabilizing agent) and Ascorbic acid (a reducing agent) in the microwave-assisted
biosynthesis of palladium nanoparticles. Their findings, as evidenced by FTIR spectra, suggested a significant
role of Ascorbic acid’s functional group in the synthesis of Pd nanoparticles®. In another study, Shakibaie et al.
used a water extract from Eucalyptus camaldulensis for the microwave-assisted production of Pt nanoparticles.
They reported a correlation between the FTIR spectra of the dry extract and the resultant Pt nanoparticles,
which they attributed to the binding of various extract compounds to the Pt nanoparticle surface during the
formation process*®. In the current investigation, a similarity was observed between Folic acid and FA@Te NPs
in the fingerprint region of the FTIR spectrum (400 cm™'-1500 cm™ ). This similarity suggests the presence of
Folic acid on the surface of Te NPs. Quantitative analysis revealed that each milligram of the synthesized FA@
Te NPs contained 37.1 + 0.2 pg of folic acid. In comparison, other nanostructures such as umbelliprenin-coated
Fe,O, NPs and Fe,O,@piroctone olamine NPs, were found to contain 250 pg of umbelliprenin and 50 pg of
piroctone olamine per milligram of dried nanoparticles, respectively*. It seems that the quantity of the coating
process can be influenced by various factors, including the chemical structure of the coated compound, the type,
size, shape, and synthesis method of the nanoparticles.

Antioxidant activity

This study aimed to evaluate the in vitro antioxidant activity of FA@Te NPs, Te NPs, and an Ascorbic acid
solution by measuring their DPPH scavenging activity and reducing power (Fig. 4a, b). A range of concentrations
between 20 pg/mL to 1280 pg/mL showed significantly greater scavenging activities with FA@Te NPs than with
Te NPs (p < 0.05). Moreover, the study found that the scavenging effect of Ascorbic acid at concentrations
ranging from 20 pg/mL to 160 ug/mL was significantly higher than the scavenging effect of FA@Te NPs and Te
NPs (p < 0.05). The study found that the antioxidant activity of both FA@Te NPs and Te NPs was proportional to
the amount administered. Previously, it has been reported that all types of folic acid (like folic acid, dihydrofolic
acid, tetrahydrofolic acid, and methyl tetrahydrofolic acid) can scavenge DPPH radical and reduce Fe** to Fe?* in
the FRAP assay, where the lowest FRAP values and the highest IC, value in the DPPH assay were obtained for
Folic acid®. In another study, El-Borady et al. reported that folic acid-conjugated ZnO nanoparticles exhibited a
higher DPPH scavenging activity (70%) compared to naked ZnO nanoparticles (64%) at the same concentration
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Fig. 4. The antioxidant activity of Te NPs, FA@Te NPs, and Ascorbic acid was evaluated using (a) the
DPPH-free radical scavenging, and (b) the reducing power assay methods for different concentrations. Data
represented as mean + SD of three experiments.

of 300 pg/mL°!. According to AbouAitah’s results, conjugating folic acid to mesoporous silica particles as a
nonocarrier for prodrugs resulted in a similar increase in radical scavenging activity in DPPH tests, which was
often greater than free folic acid. This nanocarrier showed a synergistic enhancement in antioxidant capacity
due to the carrier effects. Moreover, conjugation and loading of folic acid into nanoparticles have been shown to
enhance antioxidant activity®2. In another research, biogenic tellurium nanorods (22 nm in diameter) exhibited
significant antioxidant activity by scavenging DPPH radicals with an IC50 value of 24.9 ug/mL. Moreover,
these nanorods showed stronger reducing power compared to potassium tellurite, indicating a higher electron-
donating ability®>.

The reducing power of FA@Te NPs, Te NPs, and Ascorbic acid solution was measured by reducing Fe** to
Fe,, ions (Fig. 4b). The reduction power of FA@Te NPs was significantly greater than that of Te NPs and Ascorbic
acid at concentrations from 80 to 1280 ug/mL (p < 0.05). Ascorbic acid had significantly higher reducing power
than Te NPs at concentrations from 40 to 1280 pg/mL (p < 0.05) (Fig. 4b). The enhanced reducing power activity
of FA@Te NPs might be ascribed to their extensive surface area or their specific chemical structure. The elevated
reducing power activity of FA@Te NPs could be linked to the chemical structure present on the nanoparticle
surface or the nanoparticle’s large surface area, which has the potential to convert Fe** ions. It has been previously
reported that insoluble Zn NPs (30-80 nm), prepared by microwave irradiation, exhibit a comparable influence,
demonstrating a higher reducing power activity than that of soluble Zn?* ions*.

The hemolytic properties of NPs

Based on the data in Fig. 5a, the study evaluated the hemolysis (destruction of red blood cells) caused by FA@
Te NPs and Te NPs at varying concentrations. The hemolytic assay revealed that FA@Te nanoparticles (NPs)
exhibited a notably elevated hemolytic potential (HP) compared to Te NPs at concentrations ranging from 20
to 40 pg/mL (p < 0.05). Conversely, at concentrations spanning from 160 to 1280 pg/mL, Te NPs demonstrated
a significantly greater hemolytic potential (HP) than FA@Te NPs (p < 0.05). According to the ASTM F756-
08 standard, substances with a hemolysis rate (HR) of less than 2% are classified as non-hemolytic, whereas
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Fig. 5. In vitro hemolytic assay of Te NPs and FA@Te NPs (a), and Cytotoxicity effect of Te NPs, FA@Te
NPs, and Cisplatin on HeLa cell line using MTT assay after 24 h incubation (b). All data are represented as
mean + SD of three experiments on different days.

biomaterials can have an HR of up to 5%°>°. Schiar et al. (2009) proposed that the hemolysis caused by tellurium
compounds such as diphenyl ditelluride and naphthalene ditelluride is linked to the oxidation of intracellular
glutathione (GSH). This oxidation leads to the production of free radicals (ROS), which in turn damage the red
blood cells, causing their rupture. Their findings suggest that mechanism tellurium compounds induce oxidative
stress inside cells by depleting protective thiols like GSH, resulting in hemolysis through radical-mediated
membrane damage®. In the present study, the hemolytic properties (HP) of FA@Te NPs and Te NPs were found
to be dose-dependent (Fig. 5a).

Cytotoxic activity
The cytotoxic properties of FA@Te NPs and Te NPs on HeLa cells were measured after 24 h of treatment (Fig. 5b).
The necessary concentration for the death of half of the cells (IC,,) for HeLa cells treated (24 h) with FA@Te
NPs, Te NPs, and Cisplatin was calculated to be 767.6 £8.8 pg/mL, 1399.5+5.2 ug/mL, and 142.7 +4.6 ug/mL,
respectively. In concentrations ranging from 20 to 80 ug/mL, FA@Te NPs exhibited significantly greater cytotoxic
effects on HeLa cells than Te NPs (p <0.05). Moreover, Cisplatin also caused significantly more toxicity on HeLa
cells when applied at concentrations between 80 and 1280 pg/mL compared to FA@Te NPs and Te NPs (p <0.05).
Fadhikeh et al. reported that the IC, of Te NPs (45 nm, prepared using a tellurite potassium solution in
the presence of lactose) for CHO cell, EJ138 cell line, and 4T1 cell line treated for 48 h was found to be 50.5
pg/mL, 29.6 pg/mL, and 7.4 ug/mL respectively. Additionally, when breast cancer-bearing mice were injected
with 400 pg of Te NPs three times a week, they lived longer and experienced significant inhibition in tumor
development compared to the control mice®®. Vernet et al. reported that The IC, of green-synthesized tellurium
nanowires on HDF and melanoma cells were 70 pg/mL and 16.4 ug/mL, respectively®. In a study focusing on
other tellurium-containing nanostructures, such as TeO, NPs, it was found that a concentration of 160 pg/mL of
these nanoparticles was highly toxic to Human Pulmonary Alveolar Epithelial (HPAEpiC) and peripheral blood
cells. Additionally, these nanoparticles did not exhibit antioxidant activity. However, it was observed that higher
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Fig. 6. Characteristic flow cytometry of HeLa cells exposed to nanoparticles at IC50 concentration. The
numbers at the bottom right quadrant of each dot plot represent the percentage of cells in early apoptosis
(annexin V-positive, PI-negative). Numbers at the top right quadrant represent the percentage of cells in late
apoptosis and/or secondary necrosis (annexin V-positive, 7-AAD-positive) patterns. (a) Control, (b) treated
with FA@Te NPs, (c) treated with Te NPs.

concentrations of the TeO, NPs could induce cytotoxic and pro-oxidant effects on both cell types®. It seems that
several factors can affect the toxicity of cells treated with Te-containing nanostructures, including the shape, size,
chemical composition, and nanoparticle preparation method.

Te-containing compounds have been found to induce neurodegeneration by establishing strong interactions
with mitochondrial enzymes and proteins via the sulthydryl group of cysteine, resulting in the modification
and decreased abundance of the mitochondrial selenoprotein glutathione peroxidase, which plays a crucial
role in regulating oxidative stress®'. Given the similarity of tellurium to selenium, tellurium can also interact
with selenoenzymes, such as glutathione peroxidase, leading to a decline in cellular redox modulatory activities
and the onset of oxidative stress conditions that mediate cellular damage®?. This imbalance in the protective
mechanism of antioxidants can result in damage to cellular molecules, including DNA, proteins, and lipids,
ultimately leading to cell death®. The compound, ammonium-trichloro [dioxoethyleneO, O’] tellurate, also
known as AS101, has been demonstrated to inhibit the enzymatic activity of caspase-1, which is responsible for
the maturation of pro-inflammatory cytokines IL-18 and IL-1B®. Specifically, treatment with AS101 has been
found to decrease the levels of mature IL-18 and IL-1p in peripheral blood mononuclear cells (PBMCs) and
HaCat keratinocytes, which are implicated in various inflammatory disorders. Furthermore, AS101 has been
shown to stimulate the secretion of the anti-inflammatory cytokine IL-10 in an autocrine/paracrine manner in
a variety of primary human cell cultures and suppress cell proliferation by antagonizing IL-10-mediated Stat3
phosphorylation and Bcl-2 expression®. Rocha et al. reported that two tellurium-containing Azidothymidine
derivatives, with IC,; values of 24.95 and 21.61 uM, demonstrated selective cytotoxicity towards breast
cancer cells and caused tumor cell cycle arrest in the MDA-MB-231 human breast tumor cell line®*. The exact
mechanism of Te NP cytotoxicity is not yet fully understood, but it is believed to be linked to its ability to bind
to cellular proteins and DNA, leading to oxidative and DNA damage, and ultimately resulting in cell death
via mitochondrial-dependent pathways®®. Moreover, the biocompatibility of biogenic Te NPs is thought to be
determined by the type of capping biomolecules®®.

Effect of nanoparticles on cell apoptosis

HeLa cells were stained with annexin V-FITC and PI as phosphatidylserine and DNA staining residues,
respectively, and subjected to flow cytometry to determine the proportion of live, apoptotic, and necrotic cells. In
flow cytometry images, the upper left quadrants (necrotic cells) and upper right quadrants (late-stage apoptosis)
show the percentage of dead cells. The lower left quadrants (viable cells) and the lower right quadrants (early
apoptosis) show the percentage of live cells (Fig. 6). The cell viability of the gated control group in Q3 quadrant
was almost 99.74% (Fig. 6a) during the 24 h of culture; nevertheless, in cultures treated with IC,, concentrations
of FA@Te NPs (Fig. 6b) and Te NPs (Fig. 6¢) the cell viability was found to have decreased to 15.14%, and 16.83%,
respectively. However, the percentage of necrotic cells in the Q1 quadrant was increased from 0.17% (Fig. 6a) to
63.09% and 54.15% for HeLa cells treated with FA@Te NPs (Fig. 6b) and Te NPs (Fig. 6¢), respectively. As shown
in Fig. 6a, a significant percentage of cells was shifted to late apoptosis or necrosis following treatment (24 h)
with IC, concentration of FA@Te NPs (767.6 pg/mL) and Te NPs (1399.5 pg/mL).

Treatment with various Te compounds has been observed to trigger both apoptosis and necrosis. It has
been shown that exposure to Diphenyl ditelluride (DPDT) induces apoptosis and promotes necrosis in the
presence of tellurium tetrachloride (TeCl 4)67. Necrosis was observed in Schwann cells, which produce a myelin
sheath around axons in the peripheral nervous system, upon exposure to Te®. In the case of other tellurium-
containing nanostructures, it has been observed that biogenic Tellurium nanorods (185 nm in length and 22 nm
in width) primarily trigger late apoptosis or necrosis at the IC,, concentration. This occurs without influencing
the activities of caspase-3 in the PCI2 cell line. Moreover, these Te nanorods have been found to decrease
glutathione levels, increase malondialdehyde levels, and also diminish the activities of superoxide dismutase and
catalase in the PC12 cell line®. Shahverdi et al. previously reported that folic acid-coated selenium nanoparticles
(Se NPs) exhibited higher cytotoxicity in the 4T1 breast cancer cell line compared to uncoated Se NPs, and
these nanoparticles also resulted in a more significant reduction in tumor growth rate in cancerous mice’’. In
a separate study, Pi et al. found that MCF-7 cells could internalize folic acid-coated metalloid nanoparticles,
such as FA-Se NPs (70 nm), via endocytosis through the folate receptor’!. Following internalization, these
nanoparticles initiated mitochondria-dependent apoptosis, nucleolar damage, cell cycle arrest, cytoskeleton
disorganization, and alterations in cell membrane morphology in MCF-7 cells’!. Indeed, the exact mechanisms
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underlying the cytotoxic effects of FA@Te NPs have not been fully understood, and further research is needed
to elucidate these mechanisms.

Conclusion

In summary, the study successfully synthesized and characterized FA@Te nanoparticles using microwave
irradiation of a K2TeO3 solution containing folic acid. The UV-Vis absorption spectra, SEM micrographs,
particle size distribution patterns, EDX, XRD, and FTIR analyses provided valuable insights into the physical
and chemical properties of these nanoparticles, confirming the successful synthesis of Te nanoparticles and
suggesting the presence of folic acid on their surface. The results demonstrated that FA@Te NPs exhibited
significantly greater scavenging activities than Te NPs across a range of concentrations. Furthermore, the
antioxidant activity of both FA@Te NPs and Te NPs was found to be dose-dependent. The study also highlighted
the superior reducing power of FA@Te NPs, which could be attributed to their extensive surface area or specific
chemical structure. In addition, the hemolytic properties of FA@Te NPs and Te NPs were evaluated, revealing
a dose-dependent hemolytic potential. This study has successfully evaluated the cytotoxic properties of FA@
Te NPs and Te NPs on HeLa cells, revealing that FA@Te NPs exhibited significantly greater cytotoxic effects at
certain concentrations. The study also found that the cytotoxicity of these nanoparticles was dose-dependent.
The results revealed a significant decrease in cell viability and an increase in necrotic and late apoptotic HeLa
cells following treatment with IC,  concentrations of FA@Te NPs and Te NPs.

According to the enhanced antioxidant performance of FA@Te NPs in DPPH and FRAP results, it can be
suggested that the folic acid functionalization not only targets cancer cells, such as HeLa, more specifically
by recognizing folate receptors, but also enhances antioxidative defense through effective scavenging of free
radicals and iron reducing power at a dose-dependent rate. However, the exact mechanisms underlying the
cytotoxic effects of FA@Te NPs remain unclear, highlighting the need for further research to fully understand
these mechanisms.

Data availability
The datasets used and analyzed during this study are available from the corresponding author on reasonable
request.
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