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Abstract: Using seleno-compounds and telluric compounds is a practical approach for developing
solutions against drug-resistant bacterial infections and malignancies. It will accelerate the search for
novel treatments or adjuvants for existing therapies. Selenium and tellurium nanospheres can be
produced by lactic acid bacteria. The bacteria can differentiate the selenium and tellurium when the
medium contains both selenite and tellurite. Therefore, our question in this study was the following:
are they making alloys from the selenium and tellurium and what will be the composition, color,
and shape of the nanoparticles? We used a simple microbial synthesis to produce nanoselenium,
nanotellurium, and their alloys from sodium selenite and sodium tellurite using Lactobacillus casei.
This bacterium produced red spherical amorphous elemental selenium nanospheres with a diameter
of 206 ± 33 nm from selenite and amorphous black nanorods with a length of 176 ± 32 nm and
a cross-section of 62 ± 13 nm from tellurite. If the initial medium contains a mixture of selenite
and tellurite, the resulting nanoparticles will contain selenium and tellurium in the same ratios in
the alloy as in the medium. This proves that Lactobacillus casei cannot distinguish between selenite
and tellurite. The shape of the nanoparticles varies from spherical to rod-shaped, depending on the
ratio of selenium and tellurium. The color of nanomaterials ranges from red to black, depending
on the percentage of selenium and tellurium. These nanomaterials could be good candidates in the
pharmaceutical industry due to their antipathogenic and anticarcinogenic properties.

Keywords: green synthesis; Lactobacillus casei; nanoalloys; selenium; tellurium

1. Introduction

In the world, a huge risk to public health in the 21st century is multi-drug-resistant
(MDR) bacterial infections [1] and MDR malignancies. More than 90% of deaths in cancer
patients are due to drug resistance [2]. Unrestricted and unlicensed use of antibiotics has
led to the rapid development of antibiotic resistance in bacterial strains [3]. O’Neill et al.
predict that by 2050, MDR will put 10 million lives and $100 trillion in total economic output
at risk annually [4]. Therefore, developing new and effective anticancer and antibacterial
agents is of great importance.

Nanotechnology involves creating materials at the atomic level that are stabilized by
hydrophobic, electrostatic, coordinative, or hydrogen bonds. Stable nanoparticles (NPs)
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can be generated in polymer solutions by reducing agents using several transformation
methods. Volatile or toxic chemicals are commonly used for the synthesis of NPs. But
recently, green synthesis of NPs and quantum dots (QDs) has become a trend due to
their high bioavailability and low toxicity. NPs and QDs are popular as anticancer and
antibacterial agents. QDs are small, spherical, light-emitting nanocrystalline particles. They
are smaller than 10 nm and contain about 200 to 10,000 atoms. NPs can penetrate the
bacterial cell wall and disrupt biochemical processes by disrupting organelles, ultimately
destroying the bacterium [5].

Franz Josef Müller von Reichenstein discovered tellurium (Te) in 1783 in the Feis
Banya mine in the Zartona region of Transylvania, Romania (formerly Hungary). There is
an exciting story about the discovery of tellurium involving the famous music composer
Wolfgang Amadeus Mozart. After 250 years, despite advances in nanotechnology, little
research has been conducted on Te and tellurium nanoparticles (Te-NPs). Similar to
other nanoparticle transformations, Te-NPs can be obtained using any conversion method.
Generally, Te-NPs exhibit excellent anticancer and antibacterial properties. For example,
ultrathin tellurium nanosheets combining photothermal effects and chemotherapy showed
anticancer effects [6]. Also, aloe vera-mediated Te-NPs have shown anticancer activity
against melanoma cells. This can be explained by damage to cellular proteins, lipids,
nucleic acids, organelles, and membranes due to increased reactive oxygen species (ROS)
levels [7].

Jöns Jacob Berzelius discovered selenium in a sample of pyrite in 1817 while producing
sulfuric acid at the Falun mine in Stockholm, Sweden. Since then, many studies have been
conducted on Se. NPs from selenium have presented many potential opportunities over the
past 200 years. Se-NPs can also be prepared using other reductions such as γ-radiolysis, chem-
ical, and biological reduction [8]. Actually, bacterial and plant metabolites mainly cause the
biological transformation of NPs, strengthening and enhancing the reduction process, which
is the most effective as it is cheap, rapid, and highly pure [9]. Se-NPs have several important
characteristics including small size, atomic arrangement, shape, complex internal structure,
and high surface area-to-volume ratio. Therefore, they can be used in a variety of applications
including nanomedicine [10–12], food packaging [13,14], and food supplementation [15,16].
The size of Se-NPs determines their physical and biological properties. Smaller particle size
always results in higher bioactivity. Their most important advantages are higher bioavailabil-
ity and lower toxicity than organic and inorganic forms [17]. Se-NPs have been shown to
have high antioxidant [18], detoxification [19,20], antibacterial [21,22], antifungal [23,24], antivi-
ral [25], and antidiabetic effects [26]. For example, biosynthesized Se-NPs inhibited the growth
of Staphylococcus aureus (S. aureus) [22,27], Escherichia coli (E. coli) [27], Saccharomyces cerevisiae
(S. cerevisiae) [28], Steinernema feltiae (S. feltiae) [28], Pseudomonas aeruginosa (P. aeruginose) [29],
Streptococcus pyogenes (S. pyogenes) [27], and Aspergillus clavatus (A. clavatus) [27]. Also, they
showed anticancer effects both in vitro [30] and in vivo [31] by inducing mitochondria-mediated
apoptosis [32]. Actually, cancer cells are selenophilic and absorb selenium [33]. And Te has
anticancer properties. Therefore, the combination of Se and Te would exhibit synergistic effects
on MDR and cancer cells. If we could prove that cells cannot distinguish between Se and Te, the
elements could be easily transported across membranes. As a preliminary study, we tested this
hypothesis in bacterial cells.

This study included microbial synthesis of Se-NPs, Te-NPs, and selenium/tellurium
nanoalloys (SeTe-NAs). We also tested whether bacteria were unable to distinguish between
inorganic Te and Se in liquid culture.

2. Materials and Methods

Sodium selenite, sodium tellurite, MRS media, nitric acid 65% (AR grade), hydrogen
peroxide, and hydrochloric acid 37% (AR grade) were obtained from VWR, International
Ltd. (Lutterworth, Leics, UK). Sodium borohydride 98% (AR grade) was purchased from
Acros Organics (Geel, Belgium). Lactobacillus casei (L. casei) NCAIM B 1147 was obtained
from the National Collection of Agricultural and Industrial Microorganisms, Institute of
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Food Science and Technology, Hungarian University of Agriculture and Life Sciences,
Budapest, Hungary. Ultrapure water was used for all the experiments.

2.1. Sample Preparation

Samples were prepared with different concentrations of selenium and tellurium in
50 mL of sterile MRS (deMan, Rogosa, and Sharpe) broth containing stock solutions of
sodium selenite and sodium tellurite, detailed in Table 1. All samples were incubated with
a 2% L. casei inoculum suspension at 37 ◦C for 48 h. The samples were then centrifuged at
3000× g for 15 min to remove the supernatant. Then, the pellet was washed with ultrapure
water and centrifuged at 3000× g for 15 min to remove contaminants.

Table 1. Selenium (Se) and tellurium (Te) concentrations in the MRS broth.

Sample Se
(mg dm−3)

Te
(mg dm−3)

Se
(nmol dm−3)

Te
(nmol dm−3)

Se/(Se/Te)
Molar Ratio in %

1. 100.3 0.0 1270 0.0 100
2. 100.3 0.0 1270 0.0 100
3. 100.1 0.3 1267 2.5 100
4. 99.9 0.7 1265 5.1 100
5. 99.3 1.6 1257 12.7 99
6. 98.3 3.3 1245 25.4 98
7. 96.3 6.5 1219 50.8 96
8. 94.3 9.8 1194 76.2 94
9. 92.3 13.0 1168 102 92
10. 90.3 16.3 1143 127 90
11. 75.2 40.6 953 318 75
12. 50.2 81.3 635 635 50
13. 25.1 121.9 318 953 25
14. 10.0 146.3 127 1143 10
15. 0.0 162.6 0 1270 0

2.2. Scanning Electron Microscopy and Energy-Dispersive X-ray Spectroscopy

The morphology and distribution of NPs were characterized by scanning electron mi-
croscopy (SEM) using a Hitachi S-4300-CFE (Tokyo, Japan) equipped with a field emission
electron source. A Bruker (SDD) energy-dispersive X-ray detector was used to measure the
elemental composition of the sample surface. NP samples were sequentially dehydrated
in 50%, 60%, 70%, 80%, 90%, and 100% ethanol. Samples were dried on coverslips at
room temperature before testing. For sample VII, optical microscopy and sectioning of the
resin-embedded sample contained only tellurium.

2.3. Atomic Fluorescence Spectrophotometer

Se concentration was determined by measuring converted Te and Se from the pellet
after centrifugation using an atomic fluorescence spectrophotometer (AFS) Millennium
Excalibur 10.055 (PSA, Orpington, UK). Once the initial concentrations of Te and Se are
known, the conversion efficiency can be calculated as a molar ratio. For sample preparation,
1 mL of the sample was mixed with 5 mL of nitric acid (65% w/w) at 60 ◦C for 3 h. Then,
3 mL of hydrogen peroxide (30% w/w) was added and further digested at 120 ◦C for
4 h. The sample was diluted with 3M hydrochloric acid and filtered through filter paper.
Then, 3 mol L−1 hydrochloric acid as a blank, 1.4% (w/v) sodium borohydride dissolved
in 0.1 mol L−1 sodium hydroxide as a reducing agent, and the sample were fed into the
AFS instrument at a flow rate of 1 mL min−1. Argon at 15 L min−1 was used as drying
gas. Analysis and storage times were kept at 25 and 30 s, respectively. All details on the
preparing and measuring nanoalloy were inserted in Figure 1.
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Figure 1. The main steps of the current study starting from selecting bacteria species to measuring
the nano-content.
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2.4. Statistical Analyses

All tests were run in triplicate and GraphPad Prism 9.5.0 was used to analyze the data.
Linear and nonlinear regressions were evaluated at a significance level of p ≤ 0.05. SEM
images and particle size distributions were analyzed using ImageJ software (version 1.54 d,
National Institutes of Health, Bethesda, MD, USA).

3. Results
3.1. Bacterial Synthesis of Se-NPs, Te-NPs, and SeTe-NAs

After inoculating activated L. casei NCAIM B 1147 into sodium selenite and sodium
tellurite and incubating at 37 ◦C for 48 h, a time-dependent color change of the solution
was observed (Figure 2). At the beginning of the reaction, the solution was clear and pale
yellow. It later changed to light red (Se-NPs) and light black (Te-NPs). After 24 to 48 h of
reaction, the color gradually changed to dark red and then black. After that, the red and
black colors remained stable even with longer incubation times. The color of the SeTe-NAs
depends on the concentration of selenite and tellurite present in it.

Figure 2. Samples containing only Se-NPs (tube no. 1), only Te-NPs (tube no. 15), and different
combinations of the nanoalloy SeTe-NAs (tubes from 2 to 14) (from left to right). B refers to the control
of Se or Te (without Se and Te) as the tube contains only MRS medium.

3.2. Morphological Characterization

The Se-NPs appeared spherical (Figure 3a), and the Te-NPs were rod-shaped (Figure 3b).
SeTe-NAs were acicular with a poly-amorphous structure (Figure 3c) and were obviously
heterogeneous in size. Prolonging the incubation period increased the number and size
of these particles. The particle size distribution of Se-NPs shows that the diameter is
206 ± 33 nm. The Te-NP’s diameter is 62 ± 13 nm and the length is 176 ± 32 nm. The
diameter and length of SeTe-NPs are 74 ± 18 nm and 247 ± 33 nm, respectively. Figure 4a
shows the peak at 1.4 keV confirming the presence of Se, while the peaks at 3.8 and 4.1 keV
(Figure 4b) indicate a predominantly Te composition. Figure 4c includes peaks at 1.4, 3.8,
and 4.1 keV, indicating the presence of Se and Te as alloys. The carbon (C) and gold (Au)
peaks are correlated with the underlying coverslip.

The prepared samples were measured with an AFS instrument to determine the
concentration present in both liquids and NPs. According to the experimental design, Se
and Te were added such that the Se/(Se + Te) molar ratio tends to decrease throughout
the sample. The Se/(Se + Te) molar ratio correlation remains unchanged regardless of the
factors. A linear regression model (Figure 5) was constructed to establish the correlation
between samples. Regression line y = 0.9910X + 1.393 with R2 = 0.9960. The molar
concentration ratio in the NPs is equal to the molar concentration ratio of the starting liquid
medium. Bacteria converted inorganic Te and Se into elemental Te and Se [3,34,35]. Even
SeTe-NPs are found in the same concentration molar ratio as those with inorganic Te and
Se present in it. This indicates that the bacterial biotransformation efficiency of the initial
selenite and tellurite concentrations remains constant.
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Figure 3. Particle size distribution and SEM images of (a) Se-NPs at 30,000×, (b) Te-NPs at 18,000×,
and (c) SeTe-NAs at 25,000× magnification.
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Figure 4. Cont.
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Figure 4. Energy dispersive spectra measured the elemental composition of the sample surface of
(a) Se-NPs, (b) Te-NPs, and (c) SeTe-NAs.
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Figure 5. Se and Te molar ratio correlation between the samples (p < 0.0001).

4. Discussion

The main aim of our study is to produce a nanoalloy of Se and Te via the biological
(microbial) method using bacterial species of L. casei NCAIM B 1147. This study opened
several questions for our upcoming research on the production and application of Se and Te
nanoalloys in medicine and other fields. The main questions that need to be answered are:
Can the studied bacteria differentiate between nano-Se and/or nano-Te in their metabolism?
To what extent are the studied bacteria tolerant to higher concentrations of Se and/or Te in
bulk and in nanoform?

The monoclinic Se-NPs were red in color and had a glass transition temperature (Tg)
of 31 ◦C [36]. Te-NPs are black in color, have a Tg of 37 ◦C [37], and can precipitate as
an amorphous structure from solution at room temperature, exhibiting elemental Se and
Te. The characteristic red and black colors of the solution were attributed to the surface
plasmon vibrations and excitation of Se-NPs and Te-NPs [35]. The red color was mainly
observed in samples with low concentrations of tellurite and high concentrations of selenite.
The opposite phenomenon was observed for black samples. Se-NPs and Te-NPs with
diameters of 221.1 nm and 76.1 nm were observed by Zonaro et al. [34]. Two types of
morphology were discussed by Espinosa-Ortiz et al. [38]. The size of the acicular particles
ranges from 50 to 600 nm, and the diameter of the sphere ranges from 70 to 300 nm, which
correlates with this study.

We hypothesized that bacteria cannot distinguish between selenite and tellurite. There-
fore, the concentration of SeTe-NAs remains the same as the Se/(Se + Te) molar ratio present
in the initial medium. Bacteria may produce proton anti-transporters or reductases. Se-
lenite and tellurite ions may react with these components to form nuclei of Se0 and Te0.
Subsequently, Se-NPs, Te-NPs, and SeTe-NAs are grown more significantly from these
nuclei. Further conversion and aggregation of Se and Te atoms to Se and Te nuclei of
selenite and tellurite ions involves an Ostwald ripening mechanism, in which small NPs
form nuclei early in the growth stage. It acts as a formative seed and further grows through
the maturation process [39].

Tellurium has a much stronger tendency to crystallize in the trigonal phase than
selenium [40]. Te nanocrystals formed at the beginning of the synthesis can serve as
heterogeneous seeds for the growth of Se and Te formed in the next step. Se and Te can
form solids in solution and are isomorphic to each other. In random copolymers, Se and Te
atoms are randomly arranged and distributed along the helical chain.

The conversion of tellurite to Te0 and selenite to Se0 depends on many factors, includ-
ing the concentration of other ions other than oxyanions, pH, temperature, bacterial growth
rate, and the nature of the medium. Previously, Se-NPs and Te-NPs have been shown to
prevent biofilm and planktonic growth of S. aureus ATCC 25923, P. aeruginosa PAO1, and
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E. coli JM109. They remove biofilms that have already formed and inhibit the formation of
new biofilms. Compared to inorganic selenite, Se-NPs showed higher antimicrobial activ-
ity [34]. Se-NPs and Te-NPs obtained from Ochrobactrum sp. MPV1 and Stenotrophomonas
maltophilia SeITE02 can induce ROS formation and inhibit microbial growth.

Te has the advantage of high optical absorption due to its chiral chain structure. It can
be used for photodynamic therapy (PDT) and photothermal therapy (PTT) under single
light source excitation. Modification of Te nanomaterials improves their biocompatibility,
reduces toxicity, and confirms their therapeutic efficacy in biomedical applications [41].
Similarly, CdTe nanocrystals were obtained when E. coli cells were added to Na2TeO3 and
CdCl2 in a reducing environment. It has photoluminescence corresponding to its size with
incubation time. The CdTe QDs had excellent crystallinity and consistent size. It was less
toxic to eukaryotic cells when compared to hydrothermally synthesized particles. CdTe
QDs can be used for cancer treatments due to their low toxicity [34].

Nanoparticle formation is usually considered as a defense mechanism against metal
toxicity. The enhanced excretion or reduced absorption of the metals is their primary
response to exposure to high metal concentrations. It includes either reductive precipi-
tation or volatilization of selenite/tellurite [42,43]. A low degree of innate susceptibility
to SeO3

2−/TeO3
2− was exhibited by certain Gram-positive and Gram-negative bacte-

ria [44,45]. Tellurite resistance has been established to be caused by chromosomal (TeR) and
plasmid-mediated tellurite resistance (TeR) determinants [44].

Several enzymatic reductions by bacteria have been reported, such as thiol or glu-
tathione reductase [46,47], sulphite reductase [48], fumarate reductase [49,50], Painter-type
reaction [51], and nitrite reductase [52–54]. Depending on the bacterial type, the enzymatic
reduction reaction can happen in the cytoplasm or periplasm [54]. Taylor et al. [55] explain
that the TeO3

2− enters the cell via the phosphate transporter. Nitrate reductases reduce
it [52], where TeO3

2− can be reduced to Te0. It can also be enzymatically converted to
volatile hydride or methyl compounds via cellular-reduced thiols. Once selenite/tellurite
enters the periplasm, it cannot be used as a distinctive electron acceptor. Reductase enzymes
can reduce into Se0/Te0/SeTe-NAs [56].

Figure 6 explains the extracellular and intracellular formation of selenium. In the cyto-
plasm, Se0/Te0/SeTe-NAs formations are followed by the assembly of Se nanospheres/Te
nanorods/SeTe-NAs poly-amorphous structures. Intracellular transport mechanisms are ex-
hibited by cells to prevent accumulations of Se nanospheres/Te nanorods/SeTe-NAs [38,57].
T. selenatis transports the Se nanospheres out of the cell from the cytoplasm. Selenite is
reduced to Se0 followed by the binding of SefA protein for assembling the Se nanosphere. It
is lysed or transported outside the cell by an unknown mechanism [58,59]. Many unspecific
proteins only interact with intracellular Se-NPs, resulting in excellent colloidal stability [60].

There is also an extracellular synthesis in the cytoplasm where selenite/tellurite is re-
duced to Se0/Te0/SeTe-Nas (Figure 7). It is followed by transportation across the membrane
as a foreign entity outside the cell by an unknown export mechanism. Then, Se0/Te0/SeTe-
NAs nuclei are assembled outside the cell into Se nanospheres/Te nanorods/SeTe-NAs
poly-amorphous structures through an Ostwald-type ripening mechanism [39,40]. A
similar possible mechanism has been reported by Sintubin et al. in silver nanoparticle
synthesis [61]. Day by day, more concern is given to the green synthesis of Se- and Te-NPs,
as reported by Zambonino et al. [62].
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Figure 6. Proposed mechanism of selenite/tellurite reduction to Se-NPs/Te-NPs/SeTe-NAs.

Figure 7. Suggested bacterial reduction of selenite/tellurite reduction to Se0/Te0/SeTe-NAs at the
cell surface. (a) Bacterial cell membrane with reducing sugars such as glucose and protonated
anionic functional groups (–RH). (b) When pH increases, protons dissociate and create positively-
charged adsorption sites for SeO3

2−/TeO3
2. The open-ring structure of reducing sugars can reduce

SeO3
2−/TeO3

2− and (c) carboxylic acid is formed due to the oxidation of the aldehyde group of
reducing sugar, while SeO3

2−/TeO3
2− is reduced to Se0/Te0/SeTe-NAs.

5. Future Perspectives

The fabricated materials will be further evaluated for antimicrobial, anticancer, and
other toxicity-related studies. This study strengthens the perspective of using Se-NPs,
Te-NPs, and SeTe-NAs as potential antimicrobial agents. It can be effective and promising
in cancer treatment in the future. There are still many further questions which need to be
answered such as: What upcoming research is there on the nanoalloy of Se and Te? Is the
produced nanoalloy of Se and Te important at the industrial medicine level? Which fields
are promising? Are the produced nanoparticles antimicrobial towards another bacterium?
To what extent are the produced alloy-nanoparticles toxic to Lactobacilli or other species?
How do the Lactobacilli respond to the nanoparticles they secrete?
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6. Conclusions

This study showed that L. casei NCAIM B 1147 can convert inorganic tellurite and
selenite to Te0, Se0, and SeTe-NAs. We were able to demonstrate that bacterial cells cannot
distinguish between selenite and tellurite. Regardless of the factors, Te and Se were
transported into the cell and SeTe-NAs was synthesized. The molar concentration ratio
Se/(Se + Te) of the generated NPs is equal to the Se/(Se + Te) molar ratio in the medium
before inoculation. Therefore, cancer cells can absorb SeTe-NAs, and the synergistic effect
of Se and Te is effective against pathogens and cancer cells. Bacterial synthesis is the
most effective control and reduction process and is cheap, rapid, and highly pure. This
environmentally friendly synthesis method of SeTe-NAs has great feasibility on a large
scale for the pharmaceutical and therapeutic industries.
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