Chalcogenide Letters Vol. 21, No. 11, November 2024, p. 847 - 854

Selenium nanoparticles: effect of autoclave treatment on size, shape, phase
and antimicrobial properties
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Amorphous selenium nanoparticles have been synthesized by pulsed laser ablation in
liquids. After undergoing a thermal treatment at 121°C for 60 minutes, the amorphous
nanoparticles crystallized into trigonal ones. The antimicrobial properties of both
amorphous and trigonal nanoparticles have been compared; and the amorphous ones
displayed better antibacterial and antifungal properties compared to the trigonal ones.
Specifically, Methicillin-resistant Staphylococcus aureus (MRSA), Ampicillin-resistant
Escherichia coli, Pseudomonas aeruginosa, Staphylococcus epidermidis, and Candida
albicans were almost completely inhibited in the presence of amorphous selenium
nanoparticles at 0.025 microgram/ml concentrations after 24 hours of in vitro culture,
compared to controls (no nanoparticles). In summary, such a high sensitivity of these
bacterial and fungal strains to low concentrations of amorphous selenium nanoparticles
warrants further investigation to develop efficient anti-bacterial and anti-fungal treatments.
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1. Introduction

Selenium (Se) is a chalcogen element displaying antibacterial [1-6], antifungal [7-12],
antiviral [13-15] and anticancer [1, 16-21] properties, since selenium is an antioxidant (i.e., it inhibits
oxidation) [22]. Indeed, oxidative stress is an important contributor to the pathophysiology of a
variety of conditions such as carcinogenesis and inflammation, generally occurring during a
bacterial, fungal or viral infection. Moreover, epidemiological studies demonstrated a reciprocal
relationship between selenium intake and cancer mortality [23] as well as inflammation [24].
Consequently, developing Se nanoparticles (NPs) became a hot topic within the scientific
community due to its antimicrobial properties in suspended and deposited forms [25-27]. To produce
antimicrobial Se NPs, various methods exist such as chemical, biological and physical methods [26,
28]. In this letter, a physical method known as pulsed laser ablation in liquids (PLAL) was chosen
to preserve the cleanliness of the surface of the Se NPs being produced [29-32].

2. Experimental

2.1. Synthesis

2.1.1. First step synthesis protocol

Selenium pellets (@99.999% from Sigma-Aldrich) were immersed inside a 50 ml single-
neck glass flask containing 5 ml of deionized water. The 5-minutes irradiation was performed at 12.5
W from underneath the container by using a Nd:YAG laser, emitting at 1064 nm and pulsing at 3
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kHz. The laser beam was focused on the Se pellets by using a bi-convex lens (focal length = 16 mm)
making an average laser spot size of around ~110£28 pm on the pellets, which corresponds to a laser
fluence of ~131433 Jem™.

2.1.2. Second step synthesis protocol

After the first set of irradiations, the target was removed and the colloid was poured into a
test tube for another 5-minutes irradiation. This time, the irradiation was performed from the top.
The same repetition rate (3 kHz) was used. The test tube was surrounded with ice to avoid excess
heating of the solvent. At the end of this second step, the Se NPs were amorphous.

2.1.3. Third step synthesis protocol
A heating treatment using an autoclave at 121°C for 60 minutes was performed to transform
the amorphous Se NPs into trigonal Se NPs.

2.2. Characterization

The Zeta potential of colloids was determined by using the NanoBrook 90Plus Zeta from
Brookhaven Instruments. Scanning electron microscopy (SEM) imaging was performed using a
JEOL-JSM-7000F operating at 15 kV. Finally, Raman spectroscopy was performed using the EZ-N-
532-B1S Raman-N from Enwave Optronics, Inc. (532 nm, 50 mW).

2.3. Bacteria assays

For bacteria experiments, Methicillin-resistant Staphylococcus aureus (MRSA), Ampicillin-
resistant Escherichia coli, Pseudomonas aeruginosa, Staphylococcus epidermidis, and Candida
albicans (all obtained from ATCC) were separately seeded in Dulbecco's Modified Eagle Medium
(DMEM) with 10% Fetal Bovine Serum (FBS from Gibco) at 10° CFU/cm? into standard 12 well
plates (Sigma-Aldrich). The aforementioned Se NPs were then separately added at a concentration
of 25£5 ppm (or 0.025 micrograms/ml) and bacteria were cultured for 24 hours. At that time, the
media was removed and bacteria numbers determined using standard colony forming units with the
spreading and plating method [33-35]. Experiments were repeated three times.

3. Results and discussion

Under normal conditions of temperature and pressure, selenium exists under two forms:
amorphous [28, 36] and trigonal [28, 37]. In this letter, amorphous Se NPs were obtained after a
two-step synthesis protocol while trigonal Se NPs were obtained after a three-step synthesis protocol
(Figure 1a). The first step involves a bottom-ablation [38] synthesis protocol while the second step
requires a top-ablation [38] synthesis protocol. The third step is a heating treatment using an
autoclave. The colloid obtained after the first two-steps synthesis protocol is shown on Figure 1b
(left) while the colloid obtained after the three-step synthesis protocol is shown on Figure 1b (right).
The orange color of the colloid (left) is characteristic of amorphous selenium while the grey color
of the colloid (right) is characteristic of trigonal selenium. By shining the pointer laser beam through
both colloids, the laser beam is being scattered within each colloid indicating the presence of the
NPs (“Tyndall effect”) [39]. The phase of the NPs was confirmed by Raman spectroscopy. Indeed,
the orange colloid displayed a Raman peak around 250 cm™ which is characteristic of the Se-Se
stretching vibrational mode A, of the amorphous phase of selenium (Figure 1c). The same stretching
mode A is being displayed around 230 cm™ for the grey colloid, which characteristic of the trigonal
phase of selenium (Figure 1d) [40, 41].
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Fig. 1. a) Sketch displaying each step of the synthesis protocol: I*' set of irradiations using a bottom-
ablation PLAL set-up (i), 2 set of irradiations using a top-ablation PLAL set-up (ii), autoclave treatment to
induce phase transition (iii). b) Tyndall effect being visible in both colloids containing the amorphous (left)
and trigonal (right) Se NPs. c) and d) Raman spectra of amorphous Se NPs and trigonal Se NPs,
respectively.

Additionally, SEM was performed on both samples after dropping a small droplet of colloid
onto a silicon wafer and letting it dry in air. The amorphous Se NPs were spherical while the trigonal
Se NPs were polyhedral (Figure 2a and 2b). On Figure 2b, some needles can even be observed in
the upper part of the image. This can be explained by the hexagonal lattice structure of selenium
being hexagonal and consequently privileging an anisotropic growth along the c-axis. [42] The size
distribution of Se NPs has been measured by using Image] software and the average size of
amorphous and trigonal Se NPs were determined around 72+29 nm and 320428 nm, respectively
(Figure 2¢ and 2d).
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Fig. 2. SEM images of a) amorphous Se NPs and b) trigonal Se NPs. Size distributions of the ¢) amorphous
Se NPs and d) trigonal Se NPs.

The stability of the colloid over time was determined by measuring the Zeta potential. The
Zeta potential of amorphous Se NPs was measured at -43+1 mV while the Zeta potential of trigonal
Se NPs was around -19+11 mV (Figure 3). By displaying such Zeta potential values, the colloid
containing the amorphous Se NPs was considered stable with time while the one containing the

trigonal Se NPs was considered unstable. By definition, a colloid displaying a Zeta potential value
between -30 mV and +30 mV is considered unstable [43].
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Fig. 3. Zeta potential of the colloids containing a) amorphous Se NPs and b) trigonal Se NPs.
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Both types of Se NPs (amorphous and trigonal) stopped the growth of bacteria (Methicillin-
resistant Staphylococcus aureus (MRSA), Ampicillin-resistant Escherichia coli, Pseudomonas
aeruginosa, Staphylococcus epidermidis) and fungus (Candida albicans). However, at a given
concentration, amorphous Se NPs displayed better antimicrobial properties compared to the trigonal
ones (Figure 4). This may be due to the size of amorphous Se NPs being much smaller compared to
the trigonal ones and consequently exhibiting a larger surface-to-volume ratio. A second possibility
may be the surface energy of amorphous selenium being larger than the surface energy of trigonal
selenium.[44, 45] As, the surface energy of bacteria is typically smaller than the surface energy of
liquids in which they are suspended, this mismatch causes bacteria to attach preferentially to
materials with larger surface energies such as amorphous Se NPs [46, 47]. A third possibility might
be a larger electrostatic interaction between the bacteria and the Se NPs. However, most bacteria
have a net negative surface charge [46] and interact preferentially with positively charged surfaces
which is not the case of neither the amorphous nor the trigonal Se NPs.
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Fig. 4. Colony counting assay of Methicillin-resistant Staphylococcus aureus (MRSA), Ampicillin-resistant
Escherichia coli, Pseudomonas aeruginosa, Staphylococcus epidermidis and Candida albicans at 0.025
microgram/ml for 24h in the presence of amorphous (orange) or trigonal (grey) Se NPs. Data = mean; N =
3 (repeated 3 times). All values are statistically different (p<0.01) when comparing the same bacteria
between controls, grey Se (trigonal), and orange Se (amorphous).

From the literature, it seems that amorphous Se NPs were already preferred in the treatment
of some cancers [48]. Moreover, it has been proved recently by Li et al.[49] that organisms can
transform the amorphous Se NPs into seleno-amino acids but not the trigonal ones suggesting a
better assimilation of the amorphous phase of Se by biological organisms. Lastly, studies on
amorphous Se NPs have indicated decreased thiol-containing proteins in bacteria and greater
generation of reactive oxygen species (ROS), thus, providing a mechanism by which they kill
various bacteria, although future studies will be needed to determine how these anti-bacterial and
anti-fungal mechanisms compare to trigonal Se NPs [33-35].

4. Conclusions

To conclude, an autoclave treatment increases the size of NPs and may change the phase of
the NPs, depending the nature of the chemical element constituting it. Biologically, both forms of
selenium NPs were antimicrobial but amorphous Se NPs were more efficient as an antibacterial and
antifungal agent as compared to trigonal Se NPs. It seems that it is a combination of factors that
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explain why the amorphous Se NPs were exhibiting better antimicrobial properties. The smaller size
and higher surface energy of the amorphous phase seems to be the reasons underneath the better
performance of amorphous Se NPs compared to the trigonal ones.
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