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Abstract

Background/Objectives: Optimizing synthesis parameters is essential to ensure the quality
and stability of nanostructures. This study aimed to optimize the synthesis of selenium
nanoparticles (SeNPs) by chemical reduction, using sodium selenite (Na2SeO3), ascorbic
acid (AA), and polyvinyl alcohol (PVA) at different concentrations, volumes, and molar
ratios. The effects of reduction time, purification steps, and variations in the concentration
of the precursor and reducing agent, as well as in the volume of the stabilizer, on the
characteristics of SeNPs were investigated to ensure their long-term stability, maintenance
of their properties, and biological applicability. Methods: The SeNPs were analyzed by
UV/Vis absorption spectroscopy, Dynamic Light Scattering (DLS), and Transmission Elec-
tron Microscopy (TEM), and were also evaluated for antifungal activity against the SC5314
strain of Candida albicans. Results/Conclusions: Monodisperse SeNPs were obtained under
high concentrations of Na2SeO3 and AA, short reduction time, higher volumes of PVA
(2–4 mL), and purification at 24.300× g, presenting a spherical morphology, hydrodynamic
diameter of 137.0–171.7 nm, dry diameter of 20–120 nm, polydispersity index of 0.049–0.306,
Zeta potential of −7.79 to −19.6 mV, and stability for up to 180 days. In the absence or
presence of 1 mL of PVA, the SeNPs were predominantly amorphous. Regarding biological
activity, the SeNPs did not exhibit antifungal activity under the experimental conditions
in the tested strain. Together, this study provides a comprehensive update on the synthe-
sis of SeNPs under different conditions and their stability over time, contributing to the
consolidation of knowledge in the field.

Keywords: chemical synthesis; ascorbic acid; polyvinyl alcohol; SeNPs; Candida albi-
cans; biofilm

1. Introduction
The advancement of nanoscience and nanobiotechnology in the contemporary scien-

tific landscape has driven a significant reformulation in the understanding and application
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of various chemical elements and their compounds, particularly with regard to nanopar-
ticles (NPs) synthesis strategies [1,2]. This arises from the current understanding that, in
general, materials at the nanoscale exhibit behavior distinct from their bulk forms (macro-
scopic), due to the increased surface area-to-volume ratio and the influence of surface
effects [3,4]. Among these materials, selenium (Se), a metalloid and essential micronutrient
for human and animal health discovered in 1817 by Jöns Jacob Berzelius, is notable for its
remarkable electronic versatility and reactivity, stemming from its multiple oxidation states
and the presence of stable isotopes, which allow it to form various compounds and expand
its range of applications [5–12]. Selenium occurs in both organic and inorganic forms, the
structural differences and oxidation states of which directly modulate its activities, charac-
terized by a narrow margin between non-toxic and potentially toxic levels and variations
in bioavailability, with organic species exhibiting antioxidant, antineoplastic, antiviral, and
antimicrobial properties, while inorganic forms, despite their genotoxic potential, fulfill
important roles in biological processes and biogeochemical cycles [6,7,13–17].

Due to the limitations associated with bulk selenium, particularly regarding toxicity
and low bioavailability, selenium nanoparticles (SeNPs) have emerged as a promising alter-
native. Structured at the nanoscale, SeNPs have been extensively investigated for exhibiting
lower toxicity, greater stability, high bioactivity, and improved biocompatibility [6], thereby
expanding the potential of the element for biomedical, environmental, and technological
applications [18–25]. In this context, their antiviral, antioxidant, antidiabetic, anticancer,
and antimicrobial activities stand out, including effects against pathogenic bacteria and
fungi [26–45]. These and other properties are directly related to the physicochemical char-
acteristics of SeNPs, including size, morphology, surface potential, and colloidal stability,
parameters that are modulated by the synthesis strategy and approach (chemical, physical,
or biological) employed [6,46,47]. Among the available approaches, the chemical method is
the most widely employed due to its operational simplicity and process control, relying
on the reduction of selenium ions (Se+) from precursors to the elemental form (Se0) via
redox reactions mediated by reducing agents [48,49]. Simultaneously, the stabilization of
SeNPs is essential, as particle aggregation compromises colloidal stability and the overall
performance of the system [46,50].

In the present study, we explored how different synthesis conditions, including varia-
tions in precursor, reducing, and stabilizing agents, affect the formation of stable SeNPs
colloidal solutions and their physicochemical properties, such as absorption spectra, visual
dispersion stability, hydrodynamic diameter, polydispersity index, surface charge, pH, and
morphology over time, considering that the maintenance of these parameters is critical for
biological applications. The synthesis employed widely reported agents, including sodium
selenite (Na2SeO3) as the selenium precursor, ascorbic acid (AA) as the reducing agent,
and polyvinyl alcohol (PVA) as the stabilizing agent [46,48,49,51,52]. The study design and
choice of agents were guided by selenium’s growing importance in SeNPs research and
the limited systematic investigations on how varying concentrations and volumes of these
reagents affect SeNPs formation, stability, and physicochemical properties over time.

A growing line of research on SeNPs focuses on their antifungal activity against re-
sistant strains, in both planktonic cells and biofilms, representing a promising therapeutic
alternative in a largely unexplored area of antifungal strategies [53,54]. Species of the
genus Candida, particularly C. albicans, are of particular concern, being classified as a pri-
ority pathogen by the World Health Organization (WHO) and frequently associated with
infections in intensive care units, either alone or in co-infection [55–61]. Their clinical im-
portance is largely due to their ability to form biofilms—organized structures embedded in
an extracellular matrix that protect against antifungal agents and host immune responses—
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compounded by the limited availability of antifungal drugs and the growing prevalence of
resistance, highlighting SeNPs as a potentially effective therapeutic alternative [58–71].

The main objective of this study was to optimize the synthesis process of SeNPs by
investigating different concentrations and volumes of the reactive agents, as well as the
synthesis time, with the aim of evaluating how these conditions influence the formation
and stability of the nanoparticles over a 180-day monitoring period. The specific objec-
tives included: (I) optimizing the synthesis of SeNPs from Na2SeO3, AA, and PVA; (II)
identifying the conditions that ensure the long-term stability of SeNPs; (III) assessing how
varying Na2SeO3 and AA concentrations affects SeNPs characteristics; (IV) determining
the impact of different PVA volumes on SeNPs formation over both short and extended
periods; and (V) evaluating the antifungal efficacy of SeNPs against planktonic C. albicans
cells and pre-formed biofilms.

2. Results and Discussion
2.1. Phase I—Variation in the Concentration of the Precursor, Reducing Agent, Stirring Time, and
Purification Condition
2.1.1. Monitoring of Synthesis Conditions

Initially, the aqueous solutions of the sodium selenite (Na2SeO3), polyvinyl alcohol
(PVA-(C2H4O)n), and ascorbic acid (AA-C6H8O6) reagents used in the synthesis were
colorless. The start of the synthesis process, characterized by the addition of PVA to
Na2SeO3, did not result in any visual changes in color, and the solution remained colorless.
The prior addition of PVA in relation AA is considered essential, since, when the nucleation
and growth process of selenium nanoparticles (SeNPs) begins, it is already available in the
medium, allowing its adsorption to the surface of the particles and acting as a steric barrier
that inhibits aggregation [72–74]. The addition of AA initiated the nucleation process,
observed by the color transition from colorless to light yellow (at different time intervals)
to orange tones after 30 or 60 min of stirring. This transition is often reported as the first
indication of the successful formation of SeNPs [73–77].

The chromsatic transition observed occurs due to the reduction in the selenite ion
(SeO2−

3 ), in which selenium is in the +4 oxidation state (Se+4), supplied in aqueous solution
by the precursor Na2SeO3 by AA. This reaction forms elemental selenium (Se0), whose
presence is accompanied by the surface plasmon resonance (SPR) effect. During the process,
Se0 nucleates into small particles that tend to aggregate due to high surface energy. To
prevent agglomeration, PVA is used, which adsorbs on the surface of the nanoparticles,
forming a protective layer that keeps the suspension stable [48,73,74] (Figure 1).

Figure 1. Schematic representation of the probable route of formation of selenium nanoparticles
(SeNPs) by chemical reduction, using sodium selenite (Na2SeO3) as a precursor agent, ascorbic acid
(AA-C6H8O6) as a reducing agent, and polyvinyl alcohol (PVA-(C2H4O)n) as a stabilizing agent.

The increase in Na2SeO3 and AA concentrations, maintaining a 1:4 ratio, intensified
the final coloration of the suspensions, with more evident orange tones in conditions 4:16
and 5:20, in addition to reducing the initial color change time (ICCt). Under condition 5:20,
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the ICCt occurred immediately after the addition of AA. In general, more intense orange
tones were observed after 60 min of stirring. The results are presented in Table 1.

Table 1. Monitoring of the initial time of color change, initial coloration, and final coloration of
selenium nanoparticles obtained without purification, after the addition of ascorbic acid to the
solution containing sodium selenite and polyvinyl alcohol.

SeNPs Initial Condition Final Coloration WOP

Na2SeO3(mM):AA(mM) ICCt(min)
Initial

Coloration 30 min 60 min

2:8 1 Light yellow Pale yellow-orange Medium
yellow-orange

3:12 0.6 Light yellow Moderate orange Moderate orange
4:16 0.5 Light yellow Moderate orange Deep orange
5:20 immediately Light yellow Deep orange Deep orange

Sodium selenite (Na2SeO3); ascorbic acid (AA); minutes (min); initial color change time (ICCt); without
purification (WOP).

2.1.2. Visual Inspection and UV/Vis Spectrophotometry—Phase I

The formation of SeNPs was monitored via visual inspection and UV/Vis spectroscopy
over a period of 180 days, providing essential data on structure, composition, and col-
loidal stability, as nanoparticles are generally sensitive to morphological and concentration
changes that can affect the refractive index and the spectra resulting from electron oscilla-
tions induced by radiation [78,79]. The characterization of SeNPs synthesized for 30 and
60 min is presented in Figures 2 and 3, respectively.

The results demonstrated that, after 30 or 60 min of synthesis, regardless of the mo-
lar ratio (2:8, 3:12, 4:16, and 5:20) or the absence (WOP) or presence (WP) of purification,
the colloidal solutions exhibited similar coloration at D0. Over the monitoring period,
the SeNPs WOP synthesized for 30 min (SeNPs_30_WOP) (Figure 2a,c,e,g) and 60 min
(SeNPs_60_WOP) (Figure 3a,c,e,g) showed progressive loss of color and the formation of
precipitates that were difficult to redisperse, effects particularly pronounced at D180. Among
the SeNPs_60_WOP samples, only the 5:20 condition (Figure 3g) maintained macroscopic
stability, indicating preservation of the colloidal dispersion at the macroscopic scale. In con-
trast, the SeNPs WP synthesized for 30 min (SeNPs_30_WP) (Figure 2b,d,f,h) and 60 min
(SeNPs_60_WP) (Figure 3b,d,f,h) exhibited greater visual stability over time, with precipitates
observed only in the 2:8 and 3:12 conditions of SeNPs_30_WP (Figure 2b and 2d, respectively)
and SeNPs_60_WP (Figure 3b and 3d, respectively), whereas the 4:16 and 5:20 conditions
of SeNPs_30_WP (Figure 2f and 2h, respectively) and SeNPs_60_WP (Figure 3f and 3h, re-
spectively) remained visually unchanged, indicating maintenance of macroscopic stability
throughout the monitoring period. Regarding kinetic monitoring, it was observed that, re-
gardless of synthesis time or the Na2SeO3:AA concentration ratio (2:8, 3:12, 4:16, and 5:20),
the maximum absorption wavelength (λmax) remained constant, at 260 nm for SeNPs WOP,
exhibiting sharper and more intense peaks, and 270 nm for SeNPs WP, characterized by
broader and less intense bands.

It was observed that increasing the molar ratio between Na2SeO3 and AA intensified
the SPR band and the color of the dispersion, without altering the absorption range or
λmax, which is attributed to interband and core electronic transitions [48,77,80–82]. This
suggested an increase in SeNPs density, while particle size and morphology remained
relatively constant. Such behavior is consistent with the fact that λmax may depend on size
and morphology, whereas the absorbance peak intensity reflects particle concentration [83].
Moreover, all samples exhibited a reduction in the absorption peak intensity, possibly
due to physicochemical changes in the SeNPs, including aggregation, diameter variation,
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and morphological modifications [79]. Unlike metallic nanoparticles, such as gold and
silver, well-defined SPR bands were not observed in SeNPs WOP or WP, consistent with
the non-metallic nature of selenium. The λmax values obtained are consistent with those
previously reported: 267 nm [84], 264 nm [74], 265 nm [85], and 264 nm [86].

Figure 2. Absorption spectrum in the UV/Vis region and visual inspection of selenium nanoparticles
(SeNPs) synthesized via the chemical method, stirred for 30 min, without purification (WOP) and
with purification (WP). The syntheses were carried out at different molar conditions, in a 1:4 propor-
tion, between sodium selenite (Na2SeO3) and ascorbic acid (AA) (Na2SeO3(mM):AA(mM)) (2:8, 3:12,
4:16, and 5:20), using a standard concentration of polyvinyl alcohol (PVA) (0.1%). Measurements
were performed at different time intervals (in days—D): D0 (synthesis day—sample at room tem-
perature) and D1, D7, D30, and D180 (subsequent days—samples stored under refrigeration). The
samples are identified as SeNPs_30_WOP_2:8 (a); SeNPs_30_WP_2:8 (b); SeNPs_30_WOP_3:12 (c);
SeNPs_30_WP_3:12 (d); SeNPs_30_WOP_4:16 (e); SeNPs_30_WP_4:16 (f); SeNPs_30_WOP_5:20 (g);
SeNPs_30_WP_5:20 (h).
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Figure 3. Absorption spectrum in the UV/Vis region and visual inspection of selenium nanoparticles
(SeNPs) synthesized via the chemical method, stirred for 60 min, without purification (WOP) and
with purification (WP). The syntheses were carried out at different molar concentrations, in a 1:4
proportion, between sodium selenite (Na2SeO3) and ascorbic acid (AA) (Na2SeO3(mM):AA(mM)) (2:8,
3:12, 4:16, and 5:20), using a standard concentration of polyvinyl alcohol (PVA) (0.1%). Measurements
were performed at different time intervals (in days—D): D0 (synthesis day—sample at room tem-
perature) and D1, D7, D30, and D180 (subsequent days—samples stored under refrigeration). The
samples are identified as SeNPs_60_WOP_2:8 (a); SeNPs_60_WP_2:8 (b); SeNPs_60_WOP_3:12 (c);
SeNPs_60_WP_3:12 (d); SeNPs_60_WOP_4:16 (e); SeNPs_60_WP_4:16 (f); SeNPs_60_WOP_5:20 (g);
SeNPs_60_WP_5:20 (h).

Additionally, regardless of molar concentration, color, pellet formation, or purification,
the SeNPs remained translucent for 180 days, possibly due to the Tyndall effect, in which
light is scattered by monodispersed SeNPs without being significantly obstructed [87].
Color changes and absorption spectra demonstrated that, regardless of synthesis time or
the molar ratio between samples, the absence of purification compromised the characteris-
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tics of the colloidal solutions, except for SeNPs_60_WOP_5:20 (Figure 3g). These results
indicate that centrifugation played a crucial role in the physical separation of particles
from possible unreacted residues, as well as in fractionating SeNPs by shape, size, and
density [88]. The effectiveness of this process can be evidenced by UV/Vis spectra, which
allow verification and quantification of particle distribution under WOP and WP conditions.
These observations are consistent with previous studies highlighting the importance of
separation methods to isolate different morphologies in colloidal solutions, with such
differences being directly monitored by UV/Vis spectroscopy [88].

2.1.3. Evaluation of Colloidal Stability by Dynamic Light Scattering (DLS) and Zeta
Potential (ZP)—Phase I

The colloidal stability of SeNPs was evaluated by Dynamic Light Scattering (DLS),
including hydrodynamic diameter (HD), polydispersity index (PdI), and Zeta potential
(ZP). The PdI ranges from 0 to 1, with values closer to 0 indicating more homogeneous
systems [79,89,90]. ZP follows the classification reported in the literature: ±0–10 mV (highly
unstable), ±10–20 mV (limited stability), ±20–30 mV (moderately stable), and >±30 mV
(highly stable) [90–94]. In the graphs, SeNPs WOP are represented by solid lines and SeNPs
WP by dashed lines. The average values are detailed in Table S1 (Supplementary Materials).

The SeNP synthesis over 30 min, under molar conditions of 2:8, 3:12, 4:16, and 5:20, is
shown in Figure 4a–d, respectively. In general, the HD remained constant throughout the
analysis period, and the increase in the molar concentration of Na2SeO3 and AA promoted
greater monodispersity under both conditions (WOP and WP). The increase in HD in
SeNPs WOP may possibly explain the observed visual changes and the alterations in
the absorption spectra. Significant differences (p < 0.05) were observed under the WOP
condition for 3:12 (D7-D180), 4:16, and 5:20 (D1-D180), while under the WP condition,
differences occurred only for 5:20 on days D7, D30, and D180. Regarding dispersity, the
PdI of SeNPs WOP ranged from 0.024 to 0.106, while SeNPs WP ranged from 0.049 to 0.615,
with greater dispersion at 3:12. In WP, 4:16 (0.049–0.129) and 5:20 (0.060–0.156) showed
no significant changes over time, whereas 2:8 (D180) and 3:12 (D7) exhibited significant
differences (p < 0.05). The main distinction between SeNPs WOP and WP was evident in the
ZP analysis. For ZP, WOP showed initial values between −10 and −15 mV, decreasing to
approximately <−5 mV over 180 days, while WP ranged from −10 and −20 mV, indicating
limited colloidal stability. In SeNPs_30_WP, the pH increased from 5 (D0) to 6 (D180),
indicating that the removal of synthesis residues, combined with the presence of PVA as
a stabilizer, contributed to maintaining colloidal stability and reducing the tendency for
aggregation. In contrast, in SeNPs_30_WOP, the pH decreased from 5 (D0) to 3 (D180),
likely reflecting the influence of residual byproducts on the ionic balance of the suspension,
which may promote changes in the electric double layer and greater particle aggregation.
Changes in the pH of SeNPs are widely reported in the literature as determining factors
influencing their physicochemical characteristics [95].

The SeNP synthesis over 60 min, under molar conditions of 2:8, 3:12, 4:16, and 5:20,
is shown in Figure 5a–d, respectively. The results demonstrated that the synthesis time
influenced the HD of SeNPs in a manner dependent on the experimental condition. In
general, SeNPs WOP exhibited smaller diameters compared to WP, except for the 5:20 molar
ratio, while SeNPs WP showed larger values, except under the 3:12 condition. Despite
the lower HD observed for WOP, these samples showed greater variations throughout
the storage period, whereas WP samples exhibited higher temporal stability. Among the
SeNPs WP, the 4:16 condition did not show statistically significant differences. Regarding
dispersity, 60 min reduced the PdI of SeNPs WOP (≤0.183), with a significant difference
only in 2:8 (D180), whereas in SeNPs WP, the PdI increased in all molar ratios, reaching
a maximum of 0.495, with significant differences in 2:8 (D7), 3:12 (D30 and D180), and
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4:16 (D180). The parameter that differed most between the synthesized samples was ZP.
It was observed that SeNPs WOP presented the greatest variations, with lower ZP values
(−10 or −5 mV), indicating the low stability of these systems under this condition. For
SeNPs WP, the ZP was lower with 60 min of synthesis, especially under conditions 4:16
(−9.90 to −15.0 mV) and 5:20 (−9.03 to −14.3 mV), indicating limited stability. Regarding
D0 of the synthesis, statistically significant differences (p < 0.05) were observed in all
concentrations of SeNPs WP and in SeNPs WOP for 3:12 (D30) and 4:16 and 5:20 (D1 to
D180). In SeNPs_60_WOP, the pH decreased from 5 (D0) to 4 (D180), showing a similar
but less pronounced behavior than in the 30 min SeNPs, possibly due to the formation
of slightly more stable particles with the longer stirring time. In SeNPs_60_WP, the pH
remained between 5 (D0) and 6 (D180), indicating that purification combined with PVA
promotes colloidal stability regardless of stirring time.

Figure 4. Analysis of the hydrodynamic diameter (HD), polydispersity index (PdI), and Zeta potential
(ZP) by Dynamic Light Scattering (DLS) of selenium nanoparticles (SeNPs) synthesized via the
chemical method, stirred for 30 min, without purification (WOP) and with purification (WP). The
syntheses were carried out at different molar concentrations, in a 1:4 proportion, between sodium
selenite (Na2SeO3) and ascorbic acid (AA) (Na2SeO3(mM):AA(mM)) (2:8, 3:12, 4:16, and 5:20), using
a standard concentration of polyvinyl alcohol (PVA) (0.1%). Measurements were performed at
different time intervals (in days): 0 (synthesis day—sample at room temperature) and 1, 7, 30,
and 180 (subsequent days—samples stored under refrigeration). The samples are identified as
SeNPs_30_WOP or WP_2:8 (a); SeNPs_30_WOP or WP_3:12 (b); SeNPs_30_WOP or WP_4:16 (c);
and SeNPs_30_WOP or WP_5:20 (d). The symbol “*” indicates statistically significant differences
(p < 0.05) compared to D0, as determined by ANOVA and Tukey’s Test.
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Figure 5. Analysis of the hydrodynamic diameter (HD), polydispersity index (PdI), and Zeta potential
(ZP) by Dynamic Light Scattering (DLS) of selenium nanoparticles (SeNPs) synthesized via the
chemical method, stirred for 60 min, without purification (WOP) and with purification (WP). The
syntheses were carried out at different molar concentrations, in a 1:4 proportion, between sodium
selenite (Na2SeO3) and ascorbic acid (AA) (Na2SeO3(mM):AA(mM)) (2:8, 3:12, 4:16, and 5:20), using
a standard concentration of polyvinyl alcohol (PVA) (0.1%). Measurements were performed at
different time intervals (in days): 0 (synthesis day—sample at room temperature) and 1, 7, 30,
and 180 (subsequent days—samples stored under refrigeration). The samples are identified as
SeNPs_60_WOP or WP_2:8 (a); SeNPs_60_WOP or WP_3:12 (b); SeNPs_60_WOP or WP_4:16 (c);
and SeNPs_60_WOP or WP_5:20 (d). The symbol “*” indicates statistically significant differences
(p < 0.05) compared to D0, as determined by ANOVA and Tukey’s Test.

2.1.4. Selection of Optimized Synthesis Conditions and Colloidal Properties of SeNPs for
Phase II

The variation in the molar concentration between Na2SeO3 and AA, as well as the
stirring time, directly influenced the physicochemical parameters of SeNPs, including the
HD, PdI, and ZP, in agreement with data obtained by UV/Vis and visual inspection. The
greatest variations occurred at the molar concentrations of 2:8 and 3:12, while 4:16 and 5:20
exhibited higher stability, even at higher concentrations and with only 30 min of stirring,
showing statistically minimal or non-existent variations. The SeNPs WOP exhibited lower
initial variation in HD and PdI but demonstrated instability over time, evidenced by
pellet formation, color change, and reduction in ZP, with values approaching neutrality.
This behavior may be associated with pH variation, increased particle concentration, and
possible overlapping of the electrical double layer, resulting in decreased ZP and colloidal
stability, favoring aggregation [91]. In contrast, SeNPs WP maintained higher colloidal
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stability throughout the evaluated period. Similar results have shown that variation in
volumetric ratios, while keeping precursor concentrations constant, can lead to a reduction
in nanoparticle size [96]. These findings corroborate the results observed under the 4:16
and 5:20 conditions. Among the conditions evaluated, the 4:16 molar ratio with 30 min
of stirring presented the lowest HD, PdI, and ZP values, with statistically minimal or
negligible differences (WOP or WP), and was therefore selected for the subsequent stage,
designated as “SeNPs_30_WOP or WP_4:16”.

2.2. Phase II—Variation in the Volume of the Stabilizing Agent
2.2.1. Visual Inspection and UV/Vis Spectrophotometry—Phase II

The analysis of the absorption spectra and visual inspection of “SeNPs_30_WOP or
WP_4:16” showed, similarly to “Phase I”, a progressive decay of the SPR bands from the
first day up to 180 days, with λmax at 260 nm (SeNPs_30_WOP) and 270 nm (SeNPs_30_WP).
The SeNPs WOP exhibited more defined bands and well-established λmax, whereas WP
samples showed broader and less defined bands. Visually, regardless of the PVA volume
used in the synthesis, SeNPs_30_WOP samples showed color loss and precipitate formation,
while SeNPs_30_WP samples maintained visual stability, with no pellet formation or other
changes throughout the analysis period. The results of “Phase II” are presented in Figure 6.

In the absence of PVA addition (0 mL) during the synthesis process, although a
color change from colorless to light yellow and subsequently to orange was observed, the
resulting colloidal solution did not remain stable, regardless of the synthesis condition
adopted. Under the WOP condition, corresponding to the initial colloidal solution, the
orange coloration appeared more intense; however, still on the day of synthesis, the
formation of dark-brown aggregates precipitated at the bottom of the tube was observed
after 30 min of reaction (Figure 6a). After purification (WP), the SeNPs exhibited a loss of
the orange coloration at D0, again accompanied by the presence of dark-brown aggregates
precipitated at the bottom of the tube (Figure 6b). Moreover, the absence of PVA as a
stabilizer promoted changes in the UV/Vis spectra, with no well-defined SPR bands or
λmax, independent of the condition (WOP or WP), this effect being more pronounced in
WP samples, suggesting that the purification process, combined with the absence of PVA,
significantly reduced the optical signal of the system. These behaviors can be attributed to
the high surface energy of the SeNPs formed in the absence of a steric and/or electrostatic
barrier, which was not provided by PVA, possibly due to the large number of selenium
atoms exposed on the particle surface, increasing their reactivity and favoring attractive
intermolecular interactions, leading to progressive aggregation with the formation of
agglomerates of larger hydrodynamic size, compromising colloidal stability and resulting
in the sedimentation and precipitation of the SeNPs in the aqueous medium. This behavior
has been reported in previous studies demonstrating the synthesis of SeNPs in the absence
of a stabilizing agent [48].

With the addition of 1, 2, and 3 mL of PVA, although presenting wider bands, the
SeNPs WP (Figure 6d,f,h—respectively) showed SPR bands with greater similarity, evi-
denced by the uniform overlap of the peaks, indicative of stability in the absorption pattern,
compared to the SeNPs WOP (Figure 6c,e,g—respectively). The SeNPs WP with 1 mL
showed more homogeneous SPR bands over time, despite the formation of a precipitate
at the bottom, as observed in the 0 mL sample, indicating changes in their characteris-
tics. Those prepared with 2 and 3 mL showed no visible changes, although their spectra
displayed less homogeneous bands throughout the analysis period. The SeNPs WOP main-
tained partial colloidal stability during the first 30 days, although precipitate formation
occurred, which increased significantly over the storage period. To date, no studies have
been identified that investigate the addition of PVA in different volumes. However, previ-
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ous works have shown that the presence of a stabilizing agent in systems containing SeNPs
synthesized at different proportions of precursor and reducing agents in aqueous media
tends to confer greater stability compared to the absence of the stabilizer [48], possibly due
to the characteristic viscosity of PVA [46,51,52], which promoted good dispersion of the
SeNPs. In addition, it has been observed that increasing the ratio between these agents can
influence the maximum absorption intensity in the UV/Vis spectra, possibly indicating an
increase in SeNP concentration as well as band broadening [48].

Figure 6. Absorption spectrum in the UV/Vis region and visual inspection of selenium nanopar-
ticles (SeNPs) synthesized via the chemical method, stirred for 30 min, without purification
(WOP) and with purification (WP). The synthesis was conducted under the condition selected
in Phase I, using 4 mM sodium selenite (Na2SeO3) and 16 mM ascorbic acid (AA) (4:16), with
varying volumes of polyvinyl alcohol (PVA) at 0.1% (0, 1, 2, and 3 mL). Measurements were
performed at different time intervals (in days—D): D0 (synthesis day—sample at room temper-
ature) and D1, D7, D30, and D180 (subsequent days—samples stored under refrigeration). The
visual inspection of SeNPs was performed at D0, D30 and D180 to assess their stability and
possible changes over time. The samples are identified as: SeNPs_30_WOP_4:16_0ml.PVA (a);
SeNPs_30_WP_4:16_0ml.PVA (b); SeNPs_30_WOP_4:16_1mL.PVA (c); SeNPs_30_WP_4:16_1mL.PVA
(d); SeNPs_30_WOP_4:16_2mL.PVA (e); SeNPs_30_WP_4:16_2mL.PVA (f); SeNPs_30_WOP_4:16
_3mL.PVA (g); SeNPs_30_WP_4:16_3mL.PVA (h).
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2.2.2. Evaluation of Colloidal Stability by DLS and Zeta Potential—Phase II

The DLS and ZP analyses confirmed the UV/Vis and visual inspection results, with
significant differences (p < 0.05) in HD, PdI and ZP for SeNPs WOP and only in ZP for
SeNPs WP (Figure 7). The pH varied from 5 (D0) to 3 (D180) in the SeNPs WOP and from 5
(D0) to 4 (D180) in the SeNPs WP, regardless of the PVA volume. The corresponding values
are detailed in Table S2 (Supplementary Materials).

Figure 7. Analysis of the hydrodynamic diameter (HD), polydispersity index (PdI), and Zeta po-
tential (ZP) by Dynamic Light Scattering (DLS) of selenium nanoparticles (SeNPs) synthesized via
the chemical method, stirred for 30 min, without purification (WOP) and with purification (WP).
The synthesis was conducted under the condition selected in Phase I, using 4 mM sodium selenite
(Na2SeO3) and 16 mM ascorbic acid (AA) (4:16), with varying volumes of polyvinyl alcohol (PVA) at
0.1% (0, 1, 2, and 3 mL). Measurements were performed at different time intervals (in days—D): D0
(synthesis day—sample at room temperature) and D1, D7, D30, and D180 (subsequent days—samples
stored under refrigeration). The samples are identified as SeNPs_30_WOP or WP_4:16_0ml.PVA
(a); SeNPs_30_WOP or WP_4:16_1mL.PVA (b); SeNPs_30_WOP or WP_4:16_2mL.PVA (c); and
SeNPs_30_WOP or WP_4:16_3mL.PVA (d). The symbol “*” indicates statistically significant differ-
ences (p < 0.05) compared to D0.

The results showed that the absence of PVA in the preparation of SeNPs (Figure 7a)
compromised long-term stability, especially in SeNPs WP. For HD: The absence of PVA,
associated with the purification process, affected the particle diameter from the day of
synthesis, with SeNPs WP showing marked variations (554.7–2493 nm), while SeNPs
WOP maintained more stable values (103.7–131.0 nm) over 180 days. For PdI: SeNPs WP
exhibited high and unstable PdI values (0.773–1.000), indicating high polydispersity, while
SeNPs WOP showed a progressive reduction in PdI (from 0.315 to 0.197). For ZP: In the
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first days, both systems showed incipient ZP values, with higher magnitudes for SeNPs
WOP (−28.9 ± 1.18 mV, −27.9 ± 2.37 mV, and −30.2 ± 0.50 mV) compared to SeNPs WP
(−23.7 ± 0.96 mV, −24.1 ± 0.20 mV, and −21.1 ± 1.22 mV). From D30 onwards, a sharp
drop in ZP was observed, indicating a probable loss of colloidal stability.

When adding 1, 2, and 3 mL of PVA in the preparation of SeNPs, a reduction in
fluctuations over time was observed. For HD: SeNPs WP showed a progressive reduction
in HD values, with variations between 153.3 and 176.5 nm (1 mL), 143.8–171.7 nm (2 mL),
and 148.5–162.8 nm (3 mL), indicating greater colloidal stability. In contrast, SeNPs WOP
showed a progressive increase in HD, with variations of 119.2–233.6 nm (1 mL), 128.8–
219.2 nm (2 mL), and 146.0–324.6 nm (3 mL), showing an increase in the average particle
diameter over time. For the PdI: SeNPs WP exhibited lower and more stable values that
favored monodispersity (0.127–0.339) compared to SeNPs WOP, which showed an increase
and greater dispersion of PdI values (0.032–0.536), indicating polydispersity and possible
aggregation. The ZP was the only parameter showing statistically significant differences
(p < 0.05). SeNPs WOP exhibited lower absolute values, regardless of PVA volume, whereas
SeNPs WP showed higher values and greater stability with increasing PVA. Statistical
differences were observed for WOP at D180 (1 and 2 mL) and at D1 (3 mL), and for WP at
D180 and D1 (1 and 3 mL, respectively), as well as at D1, D7, and D30 (2 mL).

The results obtained by DLS and ZP corroborate the observations from visual inspec-
tion and absorption spectra, indicating that the use of PVA, combined with increasing
applied volume, promoted the formation of more stable colloidal solutions. A reduction in
particle diameter was observed as the PVA volume increased, suggesting enhanced steric
and electrostatic control between particles, which also contributed to the maintenance of
surface electric potential characteristics, as previously reported in studies on the use of
stabilizing agents in SeNP synthesis [48].

2.2.3. Selection of Optimized Synthesis Conditions and Colloidal Properties of SeNPs from
Phase II for Microscopic Analysis

The results of “Phase II” demonstrated that PVA acted as a coating and stabilizing
agent for the SeNPs, influencing their physicochemical properties. The findings suggest
that, in long-term stability assessments, the observed variations may not be exclusively
associated with the absolute volume of PVA used in the synthesis, but possibly also with
its concentration in the reaction medium, which was not varied in the present study.

Previous studies have demonstrated that varying the PVA concentration, while keep-
ing the selenium precursor concentration constant, directly influences the spectral prop-
erties, promoting an increase in peak intensity and a shift in the absorption maximum
toward shorter (blue shift) or longer (red shift) wavelengths, depending on the experimen-
tal conditions [97]. In the present study, the purification process promoted a slight red
shift in the UV/Vis spectra compared to the non-purified samples. Although this behavior
could be interpreted as indicative of an increase in particle size regardless of the PVA
volume employed, this hypothesis was not confirmed, since the same spectral pattern was
observed even without variation in the PVA concentration. The same study demonstrates
that increasing the PVA concentration during synthesis, in association with band shifts,
results in the formation of SeNPs with smaller diameters, confirming its role as a stabilizing
agent in controlling nucleation and growth, as well as in reducing particle aggregation [97].
This behavior was not observed in the present study. In this work, the slight band shift
did not promote significant variations in the average diameter of the SeNPs, except for the
samples synthesized without PVA, in which particle sizes remained similar in most cases
and more pronounced changes occurred only over longer periods. These findings indicate
that the dimensional variations are more closely associated with colloidal stability than
with the observed spectral shift.
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The increase in PVA volume during the preparation of purified SeNPs led to enhanced
colloidal stability, as evidenced by reduced HD and PdI values, increased ZP, and the
absence of pellet formation. In SeNPs WP, purification appears to have facilitated the
removal of byproducts and residual compounds present under WOP conditions, thereby
contributing to a more homogeneous size distribution, improved stability, and preserva-
tion of physicochemical properties over time. Additionally, the literature indicates that
higher centrifugation speeds promote the formation of more uniform particles through
digestive maturation, favoring applications that require consistent sizes. Previous studies
have reported the formation of monodisperse SeNPs after centrifugation for 30 min at
9000 rpm [84], 10,000 rpm [73,98], 12,000 rpm [85] and with an increase in speed from
8000 to 12,000 rpm [76], corroborating and justifying the high speed used in this study
13,000 rpm (24,300× g).

Considering the promising performance of the SeNPs WP prepared in “Phase II”
(1–3 mL of PVA) and those previously obtained in “Phase I” (4 mL of PVA), these particles
were selected for Transmission Electron Microscopy (TEM) analysis to morphologically
assess the influence of the absence or presence of the stabilizing agent in the system.

2.2.4. Transmission Electron Microscopy (TEM)—Phase I and II

The TEM micrographs (Figure 8) show the influence of PVA volume on the stabilization
of SeNPs_30_WP_4:16, highlighting its role in particle morphology, size, and dispersion, in
agreement with DLS data, absorption spectra, and visual inspection.

In the absence of PVA (0 mL) (Figure 8a), SeNPs exhibited an undefined morphology,
with a spotted appearance and signs of aggregation, in accordance with the attenuation
of coloration, and the formation of dark sediment after 180 days. In the presence of
1 mL of PVA (Figure 8b), the micrographs showed undefined morphology, with spots
and aggregation, an unexpected result since, despite the formation of a dark pellet, visual
inspection remained unchanged. The SeNPs presented spherical morphology with 2, 3,
and 4 mL of PVA. With 2 mL (Figure 8c), spherical particles with well-defined edges were
observed, but with different sizes and polydisperse distribution. With 3 mL (Figure 8d),
the distribution became more homogeneous, suggesting increased monodispersion. With
4 mL of PVA (Figure 8e), the SeNPs exhibited well-defined morphology, monodisperse
distribution, and uniform sizes, in agreement with previous results and observations.

The histogram of the dry diameters of SeNPs showed that, with 2, 3, and 4 mL of PVA,
the diameters ranged from 25–110, 45–120, and 34–74 nm, with averages of 68.99, 80.39,
and 58.50 nm, respectively, evidencing a reduction in the average diameter and the range of
particle sizes with increasing PVA volume. These results corroborate the DLS data, which
indicate a reduction in the average diameter of SeNPs with increasing PVA volume and
after purification. It was not possible to determine the dry diameter in the absence of or
with 1 mL of PVA due to the absence of well-defined morphologies.

Micrographs after 180 days suggest that PVA helped control the morphology and re-
duce the aggregation of SeNPs, especially with 2, 3, and 4 mL, an effect possibly associated
with refrigerated storage conditions and dark lighting during the analysis period [72,99,100].
The observation of the spherical morphology and dry diameter of SeNPs synthesized with
Na2SeO3, AA, and PVA, whether entirely, partially, or in isolation, is consistent with previ-
ous reports [73,74,84,86,98,101,102]. To date, no studies have been identified in the literature
that systematically investigate the optimization and evaluation of the incorporation of
different PVA volumes, nor the effects of such variation on the morphology and long-term
colloidal stability of the analyzed systems. This gap underscores the need for further
investigations to elucidate these parameters within the framework of the physicochemical
characterization of SeNPs.
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Figure 8. Transmission Electron Microscopy (TEM) at 10,000× magnification and histograms of
the dry diameter distribution of selenium nanoparticles (SeNPs) synthesized by chemical method
with 4 mM sodium selenite (Na2SeO3) and 16 mM ascorbic acid (AA) (4:16), stirred for 30 min, with
purification (WP) and analyzed after 180 days (6 months) of storage. The samples were prepared
with different volumes of 0.1% polyvinyl alcohol (PVA) (0, 1, 2, 3 and 4 mL), and the dry diameter
distribution analysis was carried out for the groups prepared with 2, 3 and 4 mL of PVA. The scale
shown in all images is 100 nm. The samples are identified as SeNPs_30_WP_4:16_0 mL PVA (a);
SeNPs_30_WP_4:16_1mL.PVA (b); SeNPs_30_WP_4:16_2mL.PVA (c); SeNPs_30_WP_4:16_3mL.PVA
(d); and SeNPs_30_WP_4:16_4mL.PVA (e).
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2.3. Antifungal Activity

The preparation of SeNPs is an essential step for biological applications, as it allows
the control of chemical and physical parameters that enhance the effects of selenium and
reduce its toxicity [6,20,103]. Studies indicate that the physicochemical properties of SeNPs,
such as size and surface charge, play a fundamental role in antimicrobial activity, since the
adhesion of these particles to the cell walls and membranes of microorganisms can lead to
their destruction, as well as interfering with energy transfer, inhibiting enzymatic activity
and compromising DNA synthesis [6,104–107]. Based on the results of UV/Vis, DLS, ZP,
visual inspection, pH, and MET, the SeNPs WP synthesized under condition 4:16 (4 mM
Na2SeO3 and 16 mM AA) and stabilized with 4 mL of PVA (SeNPs_30_WP_4:16_4mL.PVA)
were selected for antifungal evaluation because they had a smaller size, better distribution,
no statistical differences, and stability over 180 days.

The Effect of SeNPs Towards Candida albicans

Based on the antifungal assay in planktonic cells of Candida albicans, the results revealed
that none of the tested samples exhibited inhibitory activity, except for the positive control
(fluconazole). The SeNPs and their constituent compounds (PVA, AA, and Na2SeO3) failed
to inhibit the visible growth of C. albicans at the highest concentrations tested. In contrast,
fluconazole showed a minimum inhibitory concentration (MIC) of 0.5 µg/mL, confirm-
ing its antifungal effectiveness and validating the experimental methodology employed
(Table 2).

Table 2. Inhibitory concentrations of different samples against Candida albicans strain SC5314.

Analyzed Samples MIC (µg/mL)

SeNPs_30_WP_4:16_4mL.PVA N.D.
Na2SeO3 (4 mM) N.D.

AA N.D.
PVA N.D.

Fluconazole 0.5 µg/mL
Minimum inhibitory concentration (MIC); selenium nanoparticles prepared with 4 mM sodium selenite,
16 mM ascorbic acid (4:16), stabilized with 4 mL polyvinyl alcohol, stirred for 30 min and purified
(SeNPs_30_WP_4:16_4mL.PVA); sodium selenite (Na2SeO3); ascorbic acid (AA); polyvinyl alcohol (PVA); and not
detected (N.D.).

A similar trend was observed in the resazurin viability assay of C. albicans biofilms.
The results did not indicate any inhibitory effect of SeNPs on the mature biofilms. Only the
antifungal control of amphotericin b (AmB) (1 µg/mL) showed a significant reduction of
65% in cell viability (Figure 9). Additionally, the tested concentrations of PVA, AA, and
Na2SeO3 did not show any cytotoxicity in the preformed biofilms.

These results contrast with previous reports involving different SeNPs against C. albi-
cans. In planktonic cells, a biogenic SeNPs synthesized by Bacillus species showed an MIC of
70 µg/mL using the broth microdilution method [70]. In addition, 70 µg/mL of a chemical
SeNPs reduced the growth of C. albicans by 90% in a disk diffusion method [108]. Besides
that, SeNPs synthesized by pulsed laser ablation exhibited activity in biofilms detected
by a colorimetric assay based on the XTT reduction. These assays quantified 50% of the
inhibition of C. albicans in a concentration of 26 ppm of a sample of nanoparticles [109,110].
Although our study outlines the limitations of the application of SeNPs, it also guides future
research. It is suggested that the effects of SeNPs be evaluated against other microbial
models (bacteria or other fungi, including other Candida ssp.) and that potential synergistic
activities with known antimicrobial agents such as fluconazole and AmB be explored.
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Figure 9. Cell viability of Candida albicans strain SC5314 as a function of the concentration of selenium
nanoparticles (SeNPs) synthesized by the traditional chemical method, with 30 min of stirring and
with purification (WP), using a molar concentration of 4 mM of sodium selenite (NaSeO3) to 16 mM
of ascorbic acid (AA), and 4 mL of polyvinyl alcohol (PVA) at 0.1% (sample SeNPs_30_WP_4:16_4mL.
PVA). The concentrations tested were 500, 250, 125, 62.5, 31.25, 15.6, 7.81, and 3.9 µg/mL of SeNPs.
The dotted line represents the percentage inhibition of 1 µg/mL of amphotericin B (AmB). The mean
values are represented by dots and the shading represents the standard deviation.

3. Materials and Methods
3.1. Materials

For the synthesis of selenium nanoparticles (SeNPs), sodium selenite (Na2SeO3) (Sigma
Aldrich, Burlington, MA, USA), ascorbic acid (C6H8O6) (AA) (Sigma Aldrich, Tokyo, Japan),
and polyvinyl alcohol (PVA-(C2H4O)n) (Dinamica, São Paulo, Brazil) were used, dissolved
exclusively in ultrapure water. In biological tests, the culture media Sabouraud Dextrose
(Sabouraud Dextrose Broth Eur. Pharma./USP—Kasvi, Madrid, Spain), Roswell Park
Memorial Institute (RPMI) 1640 (Gibco, Thermo Fisher, Waltham, MA, USA), inactivated
Fetal Bovine Serum (iFBS) (Gibco), sterile phosphate-buffered saline (PBS) (LaborClin,
Pinhais, Brazil) and Alamar Blue (ThermoFisher, Waltham, MA, USA) were employed.
The SC5314 strain of Candida albicans, used in the antifungal capacity evaluation, was
provided by the fungal culture collection of the Laboratory of Molecular Biology of Fungi,
Department of Molecular Biology, University of Brasilia (UnB), Campus Darcy Ribeiro,
Brasilia/DF, Brazil.

3.2. Chemical Synthesis of Selenium Nanoparticles (SeNPs)

The chemical synthesis was carried out based on previous works, with adaptations,
which demonstrate the use of Na2SeO3, AA and PVA [73,74,84,85,98] in two phases. In
“Phase I”, the influence of varying the precursor (Na2SeO3) and reducer (AA) concentrations
on the characteristics of SeNPs was investigated, while keeping the stabilizer concentration
(PVA), stirring time, and the presence or absence of purification constant. In “Phase II”, the
optimized condition from “Phase I” was used to evaluate the effect of varying the stabilizer
volume in the system.

3.2.1. Phase I—Variation in the Concentration of the Na2SeO3, AA, Stirring Time, and
Purification Condition

The SeNPs were prepared using different molar concentrations of Na2SeO3 and AA
(2:8, 3:12, 4:16, and 5:20—Na2SeO3(mM):AA(mM)), keeping the molar ratio between the
reagents constant at 1:4. The concentration of PVA was maintained at 0.1%. For the synthe-
sis, 4 mL of Na2SeO3 was added to a glass container under magnetic stirring at 300 rpm,
followed by 4 mL of PVA, and the stirring was maintained for 5 min for homogenization.
Then, 4 mL of AA was added dropwise, without altering the stirring speed, resulting in
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a final volume of 12 mL, which remained under stirring for 30 or 60 min. The synthesis
was conducted at room temperature (~25 ◦C), with the containers holding the colloidal
solutions protected from light by aluminum foil, following the same procedure for all the
molar concentrations studied.

After the stirring time was completed, the SeNPs were transferred to plastic tubes and
subjected to centrifugation at 24.300× g for 30 min at room temperature (~25 ◦C) using
a Thermo Scientific centrifuge (USA). The tubes were then carefully removed from the
centrifuge to avoid re-dispersion of the pellet into the supernatant, which was discarded,
while the pellet was resuspended in 5 mL of ultrapure water. The analysis of all colloidal
solutions is performed without purification (WOP) and with purification (WP), and they
are identified according to the molar concentrations studied: for 30 min of stirring, the
samples are named SeNPs_30_WOP or WP_(molar concentrations studied—2:8, 3:12, 4:16,
or 5:20), and for 60 min of stirring, the samples are named SeNPs_60_WOP or WP_(molar
concentrations studied—2:8, 3:12, 4:16, or 5:20). All colloidal solutions are analyzed, and at
the end, one condition is selected to proceed to Phase II (Figure 10).

Figure 10. Diagram of the selenium nanoparticle (SeNP) synthesis protocol using the chemical
method, varying the molar concentrations between sodium selenite (Na2SeO3) and ascorbic acid
(AA) (Na2SeO3 (mM):AA (mM)—2:8, 3:12, 4:16, and 5:20), stirring times (30 and 60 min), and the
formation of SeNPs without (WOP) and with (WP) purification. The figure was designed using
Images adapted from Servier Medical Art (https://smart.servier.com/), licensed under CC BY 4.0
(https://creativecommons.org/licenses/by/4.0/%E2%80%94accessed on 9 December 2025).

3.2.2. Phase II—Variation in the Volume of the PVA

After selecting the colloidal solution with the best characteristics regarding concen-
tration, stirring time, and the presence or absence of purification in Phase I, Phase II was
initiated, in which the volumes of PVA (0.1%) in the selected solution were adjusted. In
this phase, the influence of varying the PVA volume in the system was evaluated while
maintaining the “Phase I” protocol, with modifications restricted to the PVA addition step.
Four colloidal solutions of the selected condition were prepared, containing 0 (no addition),
1, 2, and 3 mL of PVA, resulting in final SeNP volumes of 8, 9, 10, and 11 mL, respectively
(Figure 11). The samples were analyzed WOP and WP, as performed in Phase I.
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Figure 11. Diagram of the selenium nanoparticle (SeNP) synthesis protocol by the chemical method—
Phase II, highlighting the adaptation in the process of adding different volumes of the stabilizing
agent, polyvinyl alcohol (PVA) (0, 1, 2, 3 mL), based on the conditions selected in Phase I. The
figure was designed using Images adapted from Servier Medical Art (https://smart.servier.com/),
licensed under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/%E2%80%94accessed on
9 December 2025).

3.3. Characterization of SeNPs
3.3.1. Ultraviolet–Visible Spectroscopy (UV/Vis)

The formation kinetics of SeNPs was analyzed using a UV/Vis spectrophotometer
(UV1800PC, Phenix, Blomberg, Germany). For this, the samples were diluted at a 1:30 (v/v)
ratio, in a final volume of 2 mL. Spectrophotometric analyses were performed over 180 days
(6 months), with measurements taken at different time intervals (in days—D): D0 (synthesis
day—sample at room temperature) and D1, D7, D30 and D180 (subsequent days—samples
stored under refrigeration at 4 ◦C). The equipment was configured to perform readings
within the absorbance range of 200 to 420 nm, using a quartz cuvette, at 25 ◦C.

3.3.2. Dynamic Light Scattering (DLS) and Surface Zeta Potential

The colloidal characterization of SeNPs, including hydrodynamic diameter (HD),
polydispersity index (PdI) and Zeta potential (ZP), was performed using the ZetaSizer
Nano ZS (Malvern Instruments, Malvern, UK) equipment, utilizing polystyrene cuvettes.
For the analysis, the samples were initially diluted in ultrapure water at a 1:10 (v/v) ratio,
and a final volume of 1 mL. The samples were introduced into the equipment, which
was pre-configured to perform measurements using a helium–neon laser at 633 nm, at
a 90◦ angle. Before data acquisition, the equipment temperature stabilized at 25 ◦C for
30 s, followed by 10 triplicate readings. The equipment settings and data processing were
carried out using the ZetaSizer 7.13 software, developed by the equipment manufacturer.
To analyze colloidal stability, the readings were performed over 180 days (6 months), with
measurements taken at different time intervals (in days—D): D0 (synthesis day—sample at
room temperature) and D1, D7, D30 and D180 (subsequent days—samples stored under
refrigeration at 4 ◦C).

3.3.3. Transmission Electron Microscopy (TEM)

The morphological characterization of SeNPs under different synthesis conditions
was performed using a JEOL JEM-1011 transmission electron microscope (Tokyo, Japan),
operated at 80 kV. For this, 3 µL of the pure colloidal solution were deposited onto 400 mesh
copper grids coated with Formvar® film, which were kept at room temperature (~25 ◦C),
under subdued light, for 24 h to allow complete drying before analysis. The micrographs
were obtained 180 days after synthesis, with the samples kept refrigerated at 4 ◦C through-
out the period, to assess the long-term stability of the colloid. The dry diameter of the
SeNPs was measured by MET and analyzed using ImageJ (1.54g) software to construct the
particle size distribution histogram.
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3.4. Antifungal Activity of SeNPs
3.4.1. Culture Conditions

The SC5314 strain of C. albicans, stored as frozen aliquots in 50% glycerol, was cultured
on Sabouraud dextrose agar at 30 ◦C for 48 h for use in the experiments. After growth,
a selected colony was inoculated into Sabouraud dextrose broth and incubated for 24 h
at 30 ◦C with shaking at 200 rpm. Following incubation, the cells were harvested by
centrifugation (1000× g, 5 min, 25 ◦C), washed three times with sterile PBS, counted using
a hemocytometer, and diluted to the appropriate cell densities for subsequent assays.

3.4.2. Minimum Inhibitory Concentration

The in vitro antifungal assay was performed following the broth microdilution suscep-
tibility guidelines of the Clinical and Laboratory Standards Institute (CLSI) M27-A3, with
minor modifications. To evaluate antifungal potential, MIC was determined by exposing
C. albicans to treatments and controls at a ratio of 50 µL:50 µL. Fungal suspensions were
standardized at 2 × 103 cells/mL. The positive control was fluconazole (64–0.5 µg/mL),
and the experimental groups included SeNPs (691.76–2.70 µg/mL) and their components:
AA (2817.92–11.01 µg/mL), PVA (1000–3.91 µg/mL), and Na2SeO3 (691.76–2.70 µg/mL).
Untreated wells served as growth controls. The 96-well, flat-bottomed, polystyrene mi-
croplates (Kasvi) were incubated at 37 ◦C for 24 h under orbital shaking at 200 rpm. The
MIC was defined as the lowest concentration of the samples that completely inhibited
visible growth at the end of the incubation period. All assays were performed in biological
triplicates on different days.

3.4.3. Antibiofilm Activity

The establishment of C. albicans biofilms in 96-well plates was performed based on a
previously described protocol [111], with minor modifications. Briefly, the plates received
100 µL of iFBS in each well and were incubated at 37 ◦C for 24 h. After incubation, C.
albicans cultures were used to prepare liquid inocula with a final concentration adjusted to
1 × 106 cells/mL in RPMI 1640 medium. The iFBS were removed from those plates and the
standardized cell cultures were added, 100 µL in each well.

After 24 h incubation at 37 ◦C, the biofilms were washed two times with PBS, removing
non-adherent cells. After that, the wells were filled with 100 µL of RPMI 1640 medium
containing serial dilutions of SeNPs (500.0, 250.0, 125.0, 62.5, 31.2, 15.6, 7.8 and 3.9 µg/mL),
along with fixed concentrations of AA (2817.92 µg/mL), PVA (1000.00 µg/mL) and
Na2SeO3 (691.76 µg/mL), as well as amphotericin B (AmB) as an antifungal control
(1 µg/mL) and an untreated control containing only fresh culture medium. Further incuba-
tion of the plates was carried out at 37 ◦C for 24 h, followed by viability assays.

The antifungal activity was tested using the resazurin viability assay. The growth
medium was removed, and biofilms were incubated for 2 h with the Alamar Blue reagent,
100 µL in each well. Subsequently, the fluorescence intensity was read with excitation at
550 nm and emission at 585 nm, using a SpectraMax® M plate reader (Molecular Devices,
LLC, San Jose, CA, USA). These values were normalized to the average of the untreated
control wells to determine relative cell viability data. Each condition was tested in quadru-
plicate and repeated in three independent assays.

3.5. Statistical Analysis

The statistical analyses of the DLS data, including HD, PdI, and ZP, were performed
using one-way analysis of variance (ANOVA), followed by the Tukey test (p < 0.05). For
these analyses and other statistical procedures in the study, as well as for the construction
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of the UV/Vis graphs, GraphPad Prism 8 software (GraphPad Software, San Diego, CA,
USA) was used.

4. Conclusions
This study presents a comprehensive update on the behavior of SeNPs, exploring a

wide range of chemical synthesis conditions with Na2SeO3, AA, and PVA, including differ-
ent molar concentrations, stirring times, and the presence or absence of purification, with
monitoring by HD, PdI, ZP, UV/Vis, visual inspection, and micrographs over 180 days. In
“Phase I”, SeNPs synthesized in a 4:16 ratio, stirred for 30 min, and subjected to purification
exhibited stable properties for the parameters analyzed compared to the other samples. In
“Phase II”, the variation in PVA volume showed that purification and increased stabilizer
volume delay physicochemical changes, reducing HD and PdI, increasing the modulus
and ZP value, and preserving spectrophotometric and visual characteristics. SeNPs pre-
pared with 4 mL of PVA showed greater colloidal stability, confirmed by micrography and
UV/Vis, DLS, ZP, and visual inspection.

The SeNPs selected for antifungal activity assessment had no effect on planktonic cells
or preformed biofilms of the SC5314 strain of Candida albicans, possibly due to the greater
resistance of this growth form. Considering the scarcity of studies involving this strain and
SeNPs, the result is relevant, indicating that, at the concentrations and synthesis conditions
used, these particles may not be effective against this microorganism. Despite this, the
data point to the potential of other biological applications, including tests with normal and
tumor cells, investigations of antioxidant properties, and action against other pathogens,
including other strains of C. albicans.
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by the traditional chemical method, without purification (WOP) and with purification (WP), in
different molar ratios of sodium selenite (Na2SeO3) and ascorbic acid (AA) (2:8, 3:12, 4:16 and 5:20—
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selenite (Na2SeO3) and 16 mM ascorbic acid (AA), (4:16—Na2SeO3(mM):AA(mM)), prepared in the
absence and with different volumes of polyvinyl alcohol (PVA) (0. 1%) (0, 1, 2 and 3 mL), using the
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Abbreviations
The following abbreviations are used in this manuscript:

◦C Celsius degrees
µg Microgram
AA Ascorbic acid
AmB Amphotericin b
CLSI Clinical and Laboratory Standards Institute
DLS Dynamic Light Scattering
g G-Force
HD Hydrodynamic diameter
ICCt Initial color change time
iFBS inactivated Fetal Bovine Serum
MIC Minimum inhibitory concentration
min Minutes
mL Milliliter
mM Millimolar
mV Millivolts
Na2SeO3 Sodium selenite
nm Nanometer
PBS Phosphate-buffered saline
PdI Polydispersity index
PVA Polyvinyl alcohol
rpm Revolutions per minute
RPMI Roswell Park Memorial Institute
Se Selenium
Se0 Elemental selenium
SeNPs Selenium nanoparticles
SeO2−

3 Selenite ions
SPR Surface plasmon resonance
TEM Transmission Electron Microscopy
WHO World Health Organization
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WOP Without purification
WP With purification
ZP Zeta potential
λmax Maximum absorption wavelength
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