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A B S T R A C T

The development of multifunctional nanomaterials with antioxidant and photoprotective properties offers sig
nificant potential for cosmetic and biomedical applications. In this study, selenium (SeNPs) and selenium–copper 
(SeCuNPs) nanoparticles were synthesized via chemical reduction using chitosan (CHI) and polyvinyl alcohol 
(PVA) as stabilizers. Transmission electron microscopy confirmed a spherical morphology, with mean sizes of 
85.4 ± 20.2 nm (SeNPs_CHI) and 76.2 ± 12.0 nm (SeCuNPs_CHI), and significantly smaller sizes for PVA- 
stabilized formulations (34.3 ± 4.0 nm and 32.5 ± 5.8 nm, respectively). X-ray photoelectron spectroscopy 
(XPS) confirmed the presence of elemental selenium (Se0) and copper (Cu0) in the hybrid nanoparticles. All 
formulations exhibited potent antioxidant capacity, as demonstrated by ABTS●+, DPPH●, and FRAP assays, 
outperforming classical standards including Trolox®, ascorbic acid, and quercetin. In vitro sun protection factor 
(SPF) values were significantly higher than that of the commercial UV filter 2-hydroxy-4-methoxybenzophenone 
(BZF-3), particularly for SeCuNPs_PVA. Additionally, the nanoparticles displayed excellent photostability under 
simulated solar irradiation, maintaining or improving SPF over time. These findings highlight the potential of 
selenium-based nanoparticles, especially hybrid SeCuNPs, as multifunctional agents with strong antioxidant and 
photoprotective activity, offering a promising platform for the development of next-generation dermocosmetic 
and biotechnological products.

1. Introduction

In recent years, the deterioration of the ozone layer, primarily caused 
by the widespread use of chlorofluorocarbons (CFCs), has led to 
increased human exposure to ultraviolet (UV) radiation. This height
ened exposure has intensified the search for effective strategies to pro
tect cells from radiation-induced damage. Among these, antioxidants 
have gained significant attention due to their capacity to neutralize 
reactive oxygen species (ROS) generated by UV light, thereby reducing 
oxidative stress and cellular damage [1].

Nanotechnology has emerged as a promising tool for the develop
ment of advanced therapeutic and protective agents [2,3]. Among 
various nanomaterials, selenium nanoparticles (SeNPs) have garnered 
interest due to their lower toxicity compared to other selenium species 

[4] and their potent antioxidant properties [5]. These features enable 
SeNPs to serve as antitumor, anti-inflammatory, antimicrobial, and 
antidiabetic agents [6–12]. Beyond these therapeutic applications, 
SeNPs have demonstrated versatility in drug delivery systems, agricul
ture [13,14], nutritional supplementation [15], and food safety [16–20]. 
Despite this broad applicability, their use in dermocosmetic formula
tions remains underexplored, particularly their combined antioxidant 
and UV-protective potential under physiologically relevant exposure 
conditions.

To enhance the biological activity of selenium-based nanomaterials, 
the design of multielement systems has been proposed. Combining se
lenium with other redox-active elements in a single nanostructure may 
result in synergistic biological effects, improving ROS neutralization and 
expanding photoprotective properties via enhanced surface plasmon 
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resonance (SPR) [21,22].
In this context, metallic nanoparticles have attracted increasing 

attention in nanomedicine due to their unique physicochemical char
acteristics, including redox activity, high surface area, and the ability to 
interact with biological molecules. These properties support multi
functional roles in therapeutic, diagnostic, and protective applications. 
Nevertheless, challenges related to toxicity, biodistribution, and regu
latory constraints must be addressed to ensure safe biomedical trans
lation [23].

Among metallic elements, copper is of particular interest due to its 
essential biological role. Copper acts as a cofactor in key antioxidant 
enzymes such as copper/zinc-superoxide dismutase (SOD1), which 
catalyzes the dismutation of superoxide radicals and contributes to 
cellular redox homeostasis [24,25]. Copper-based nanoparticles have 
shown high catalytic efficiency and broad biological activity, including 
antimicrobial and anticancer effects [19,26–28]. Incorporating copper 
into selenium nanoparticles may therefore enhance antioxidant and 
photoprotective performance by integrating complementary redox 
pathways within a single nanostructure.

An additional key factor in optimizing the biomedical applicability of 
nanoparticles is surface functionalization. The use of stabilizing bio
polymers such as chitosan and polyvinyl alcohol (PVA) enables control 
over particle size and colloidal stability while conferring biocompati
bility, reduced toxicity, and functional groups capable of favorable 
biological interactions. These surface characteristics are critical in 
determining biological fate, cellular uptake, and overall efficacy in 
topical or systemic applications [29–31].

On this basis, the development of hybrid selenium–copper nano
particles (SeCuNPs) and the comparative assessment of their antioxidant 
and photoprotective properties relative to SeNPs is of growing interest. 
However, current knowledge of SeCuNPs remains limited, particularly 
regarding their synthesis, physicochemical characterization, and func
tional evaluation in biomedical or topical contexts. Most studies to date 
have focused on optoelectronic [33,34], photocatalytic, or sensor- 
related applications [35–37], with limited attention to skin protection 
or dermocosmetic use.

In the cosmetic field, studies involving SeNPs remain scarce. One 
report described a SeNP-based topical formulation with promising UV- 
blocking activity [38], but the broader photoprotective potential of 
selenium-based nanomaterials—especially hybrid systems incorpo
rating copper—remains largely unexplored.

Base don al lof the above, this study aimed to synthesize and char
acterize SeNPs and SeCuNPs stabilized with chitosan or PVA, and to 
evaluate their antioxidant capacity and in vitro photoprotective prop
erties, including SPF determination and photostability under simulated 
solar exposure. The results contribute to advancing the understanding of 
multifunctional selenium-based nanomaterials and their applicability in 
the development of innovative cosmetic formulations for enhanced skin 
protection.

2. Materials and methods

2.1. Chemicals

All reagents used in this study were of analytical grade and ≥ 95% 
purity; no further purification was required. Solutions were prepared 
using ultrapure water (conductivity <0.1 μS/cm) obtained from a Mater 
System MS2000 purifier (GEHAKA, São Paulo, Brazil). The following 
chemicals were used: sodium selenite, polyvinyl alcohol (PVA), Trolox® 
(6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid), sodium ac
etate, iron(III) chloride, chitosan, quercetin, benzophenone-3 (BZF-3; 2- 
hydroxy-4-methoxybenzophenone), DPPH• (1,1-diphenyl-2-picrylhy
drazyl), potassium phosphate, potassium bromide, ABTS (2,2′-azino-bis 
(3-ethylbenzothiazoline-6-sulfonic acid)), and TPTZ (2,4,6-tripyridyl-s- 
triazine) from Sigma-Aldrich (Heidelberg, Germany), and potassium 
persulfate from Merck (Darmstadt, Germany). Copper(II) sulfate 

pentahydrate, glacial acetic acid, ascorbic acid, ethanol, and methanol 
were supplied by Synth (São Paulo, Brazil).

2.2. Synthesis of nanoparticles

Nanoparticles (NPs) were synthesized using a modified method 
based on a previous report [39]. For chitosan-stabilized NPs (SeNPs_CHI 
and SeCuNPs_CHI), solutions of 0.5% (w/v) chitosan (from shrimp 
shells, ≥ 75% deacetylated), 230 mmol/L ascorbic acid, 2.4 mol/L acetic 
acid, and 27 mmol/L sodium selenite were mixed in a 1:4:3:2 (v/v) ratio 
under constant stirring. For PVA-stabilized NPs (SeNPs_PVA and 
SeCuNPs_PVA), 50 mmol/L sodium selenite and 20 g/L PVA (Mw 
31,000-50,000, 87–89% hydrolyzed) were mixed in a 1:1 (v/v) ratio, 
followed by addition of 100 mmol/L ascorbic acid in a 3:20 (v/v) ratio. 
The mixtures were stirred for 2 h at 25 ◦C [40]. To synthesized sele
nium‑copper nanoparticles (SeCuNPs), Cu(II) sulfate solution (same 
concentration and volume as selenium precursor) was added. All 
nanoparticle suspensions were dialyzed for 8 h to remove excess ions 
and acidity, yielding a final pH of ~6.0.

2.3. Physicochemical characterization of nanoparticles

Nanoparticle morphology, size, and elemental composition were 
evaluated by transmission electron microscopy (TEM) and energy- 
dispersive X-ray spectrometry (EDX) using a JEM 3000F high- 
resolution microscope (JEOL, Peabody, MA, USA) equipped with an 
INCA Energy+ microanalysis system (Oxford Instruments, Concord, MA, 
USA). SeNPs and SeCuNPs were mounted on carbon-coated copper or 
nickel grids, respectively. Particle size (n = 150) was calculated from 
TEM images using ImageJ (v1.46r, Java).

X-ray photoelectron spectroscopy (XPS) was performed on lyophi
lized SeCuNPs_CHI using a Thermo Scientific ESCALAB 250Xi spec
trometer (Thermo Fisher Scientific, Waltham, MA, USA) under ultra- 
high vacuum (<5 × 10− 9 bar), with Al Kα radiation (1486.6 eV). The 
Au 4f7/2 line (84.0 eV) was used for binding energy calibration. Survey 
spectra were acquired at 100 eV pass energy, while high-resolution Cu2p 
and Se3d spectra were recorded at 25 eV. Data analysis and curve fitting 
(Gaussian-Lorentzian) were performed with Thermo Avantage© 
software.

Hydrodynamic radii were measured using a Zetatrac NPA 152–31 
particle size analyzer (Microtrac, Montgomeryville, PA, USA). Func
tional groups were assessed by Fourier-transform infrared (FTIR) spec
troscopy (Nicolet IR 200, Thermo Scientific) using KBr pellets, recorded 
between 4000 and 400 cm− 1 at 4 cm− 1 resolution. UV–Vis absorption 
spectra were acquired from 200 to 1100 nm using an AJX-6100PC 
spectrophotometer (Micronal, São Paulo, Brazil).

2.4. Antioxidant activity assays

ABTS•+ was prepared by reacting 5 mmol/L ABTS (2,2′-aziobis(3- 
ethylbenzothiazoline-6-sulfonate) with potassium persulfate (6:1 M 
ratio) and incubating the mixture in the dark for 16 h. The solution was 
diluted with 0.05 mol/L phosphate buffer (pH 7.4 ± 0.1) to a final 
volume of 25 mL. In the assay, 88 μL of ABTS•+ was added to the 
standard or sample solution and made up to 2.0 mL with deionized 
water. Absorbance was measured at 734 nm after 15 min [41].

For the DPPH• assay, to 100 μL of 600 μmol/L DPPH• in methanol, 
the standard or sample solution was added and the volume adjusted to 
2.0 mL with 30% (v/v) ethanol. Absorbance was measured at 527 nm 
after 30 min. NP concentrations ranged from 0.05 to 0.8 μg/L, and 
standard concentrations from 0.1 to 3.0 μg/L [42]. The percentage of 
inhibition (%I) was calculated using the eq. (1): 

%I =
(
1 −

(
AAO

/
Aref

) )
x 100 (1) 

where AAO is the absorbance of the antioxidant sample and Aref is the 
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absorbance of the blank.
The FRAP reagent was composed of 10 mmol/L FeCl₃, 20 mmol/L 

TPTZ, and 0.3 mol/L acetate buffer (pH 3.6). A volume of 400 μL of 
reagent and a suitable volume of standard or sample were mixed and 
diluted to 2.0 mL with ultrapure water. Absorbance was measured at 
593 nm after 10 min. NP concentrations ranged from 1.0 to 4.0 μg/mL; 
standads ranged from 0.25 to 10 μg/mL. Each curve was constructed in 
triplicate with at least six data points. Results were expressed according 
to the sensitivity of the analytical curves (A593 μg / L).

2.5. In vitro Sun protection factor (SPF)

SPF was determined for the NPs and BZF-3 by scanning absorbance 
from 280 to 400 nm. The absorbance at 290 nm (λmax of BZF-3) was used 
to construct calibration curves. Measurements were performed in trip
licate at 15 and 25 μg/L. SPF values were calculated using the Mansur 
eq. (2) (Mansur et al., 1986): 

SPF = CF x Σ EE(λ) x І(λ) x A(λ) (2) 

where CF is a correction factor equal to 10 (SPF 4 in 8% homosalate (m/ 
m)); EE(λ) is the erythematogenic effect of radiation at wavelength λ; І(λ) 
is the solar intensity, and A(λ) is the sample absorbance at wavelength 
(λ).

2.6. Photostability assay

Photostability was evaluated based on modified protocols [43,44]. 
NP suspensions (5 mL) at 15 and 25 μg/mL were placed in Petri dishes 
and irradiated under a solar simulator equipped with UVA (320–400 
nm) and UVB (280–320 nm) lamps (30 W). Samples were exposed for up 
to 120 min and analyzed by UV–Vis spectroscopy from 280 to 400 nm. 
SPF values were recalculated after each time point using the Mansur 
method [45].

2.7. Statistical analysis

All data were expressed as mean ± standard deviation (SD) based on 
triplicate measurements (n = 3), except where otherwise noted. Statis
tical analysis was performed using Student's t-test (p < 0.05) and one- 
way ANOVA followed by Tukey's post hoc test (α = 0.05). Statistical 
evaluations were conducted using OriginPro 9.0 software (OriginLab, 
Northampton, MA, USA).

3. Results and discussion

3.1. Characterization of nanoparticles

High-resolution transmission electron microscopy (HR-TEM) 
revealed that all NPs exhibited a predominantly spherical morphology 
with narrow size distributions (Fig. 1A). The average diameters were 85 
± 20 nm and 76 ± 12 nm for SeNPs stabilized with chitosan (SeNPs-CHI) 
and polyvinyl alcohol (SeNPs_PVA), respectively. For the sele
nium‑copper hybrid nanoparticles (SeCuNPs), the sizes were signifi
cantly smaller: 34 ± 4 nm (SeCuNPs_CHI) and 32.5 ± 6 nm (SeCuNPs- 
PVA). These results suggest that particle size was not substantially 
influenced by the type of stabilizer, but rather by the elemental 
composition.

The average particle sizes observed for SeNPs are in good agreement 
with previous reports [46,47]. The role of polymeric stabilizers such as 
chitosan and PVA is critical in modulating particle size, primarily by 
controlling nucleation and inhibiting growth and agglomeration during 
synthesis. The smaller size of SeCuNPs compated to SeNPs is consistent 
with literature reports on hybrid metal nanoparticles, where incorpo
ration of a second metal (e.g., Cu, Mg, Fe, Ni) tends to reduce particle 
diameter due to modified crystallization kinetics or lattice distortion 

[48–53].
Dynamic light scattering (DLS) measurements confirmed the trends 

observed in HR-TEM (Fig. 1B). SeNPs_CHI and SeNPs_PVA exhibited 
hydrodynamic diameters of 125 ± 26 and 98 ± 13 nm, respectively. 
SeCuNPs showed smaller hydrodynamic diameters: 71 ± 20 nm 
(SeCuNPs_CHI) and 70 ± 12 nm (SeCuNPs_PVA). As expected, DLS 
values were larger than HR-TEM measurements due to the hydration 
shell and surface-bond molecules present in aqueous dispersions.

Energy-dispersive X-ray spectroscopy (EDX) confirmed the elemental 
composition of the NPs (Fig. 1C). SeNPs exhibited distinct selenium 
signals [54,55], while SeCuNPs displayed both Se and Cu peaks [56–58]
in a 1:1 M ratio. Minor signals of C and O signals were attributed to 
residual stabilizing agents, while Ni and Fe peaks originated from the 
TEM grids and equipment. Elemental mapping (Fig. 1D), revealed ho
mogenous distribution of Se and Cu throughout the SeCuNPs, consistent 
with the formation of well-integrated hybrid nanostructures.

X-ray photoelectron spectroscopy (XPS) was performed to investi
gate the chemical states of Se and Cu. Survey spectra confirmed the 
presence of Se, Cu, C, O and N (Supporting Information Fig. S1A and 
Table S1), with C, O, and N corresponding to the chitosan matrix. The 
1:1 stoichiometric ratio of Se and Cu was in line with the results pro
vided by the EDX analysis. High-resolution Se3d and Cu2p spectra were 
taken to evaluate the Se and Cu chemical species in the SeCuNPs. The 
level line of the Cu2p nucleus (Supporting Information Fig. S1B) showed 
a binding energy of 932.4 eV, which may correspond to Cu0 or Cu(I). The 
Auger CuLMM line was analyzed to confirm the oxidation state, which 
has a different shape and kinetic energy for each species [59]. The 
CuLMM line spectrum for the nanomaterial (Supporting Information 
Fig. S1C) is compatible with Cu0. The spectrum of the Se3d lump level 
(Supporting Information Fig. S1D) shows a doublet at 54.1 and 54.9 eV, 
referring to the Se0 species.

UV–Vis molecular absorption spectroscopy revealed that SeNPs 
exhibited a characteristic intense orange color with absorption maxima 
at 260 nm (SeNPs_CHI) and 258 nm (SeNPs_PVA), associated with their 
surface plasmon resonance (SPR) (Fig. 1E). These values are in accor
dance with literature data [60–65]. SeCuNPs displayed two absorption 
bands: one near 250 nm (similar to SeNPs), and another at 896 nm 
(SeCuNPs_CHI) or 918 nm (SeCuNPs_PVA) (Fig. 1E), consistent with 
previous reports of Cu–Se hybrid system [36,66]. These dual-band 
profiles support the successful formation of bimetallic nanoparticles.

The wavelengths of maximum absorption (λmax) obtained for the 
SeNPs agree with literature data, where maximum absorption is re
ported from 260 to 268 nm [4,54,55,65,67,68]. These absorption 
wavelengths correspond to the surface plasmon resonance (SPR) of these 
materials, which can undergo shifts depending on factors such as par
ticle size, shape and composition, as well as the environment in which 
they are present [63,67,69]. The SeCuNPs hybrid nanoparticles exhibit a 
distinct absorption profile, with two absorption bands. The first, 
observed at around 250 nm, is compatible with that of pure SeNPs, with 
a slight shift of up to 10 nm. The second band, with a λmax at approxi
mately 1000 nm, corroborates what is observed for nanomaterials 
containing selenium and copper [33,34,70].

Fourier-transform infrared (FTIR) spectra confirmed the presence of 
stabilizing agents on the NP surfaces and revealed interactions between 
groups and the nanomaterials (Fig. 1F). SeNPs-CHI and SeCuNPs_CHI 
displayed N–H stretching bands near 3719–3711 cm− 1 and O–H 
stretching bands between 3433 and 3464 cm− 1, slightly shifted from 
native chitosan (3736 and 3410 cm− 1). Similar shifts were observed for 
PVA-stabilized NPs: O–H stretching bands at 3418 cm− 1 (NPs) versus 
3426 cm− 1 (PVA), and methylene C–H deformation bands at 
1620–1597 cm− 1. These spectral shifts suggest hydrogen bonding or 
electrostatic interactions between polymer hydroxyl/amine groups and 
the NP surfaces, consistent with previous findings [54,71,72].

Comparing the spectra of CHI and SeNPs_CHI and SeCuNPs_CHI, it is 
possible to see shifts in the O–H bands from 3750 to 3730 cm− 1. 
Similarly, SeNPs_PVA and SeCuNPs_PVA showed shifts in the O–H 
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Fig. 1. Physicochemical characterization of the synthesized nanoparticles (NPs). (A) High-resolution transmission electron microscopy (HR-TEM) images showing 
morphology and size distribution. (B) Dynamic light scattering (DLS) histograms indicating hydrodynamic size. (C) Energy-dispersive X-ray spectroscopy (EDX) 
spectra confirming elemental composition; selenium (Se) peaks marked with pink arrows, copper (Cu) peaks with blue arrows. (D) Elemental mapping of Se and Cu in 
SeCuNPs by HR-TEM/EDX, showing uniform spatial distribution. (E) UV–visible absorption spectra of SeNPs and SeCuNPs stabilized with chitosan and PVA. (F) 
Fourier-transform infrared (FTIR) spectra showing characteristic functional groups and surface interactions with stabilizers.
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bands compared to PVA, from 3750 to 3730 and 3720 cm− 1, respec
tively. Such shifts are reported by several authors and suggest an 
interaction between the O–H groups of the stabilizers and the surface of 
the NPs, highlighting the importance of these groups for stabilization 
and dispersion of NPs [46,54,61,67,73,74].

Overall, the data confirm the successful synthesis of monometallic 
(SeNPs) and bimetallic (SeCuNPs) nanoparticles with well-defined size, 
composition, and surface functionality, stabilized by biocompatible 
polymers. These physicochemical characteristics support their further 
evaluation in antioxidant and photoprotective applications.

3.2. Antioxidant activity of SeNPs and SeCuNPs

The antioxidant capacity (AOC) of SeNPs and SeCuNPs was evalu
ated using three complementary assays: ABTS•+ and DPPH• radical 
scavenging methods, and the ferric reducing antioxidant power (FRAP) 
assay. Results were compared to well-known antioxidants of varying 
polarity and mechanisms of action: ascorbic acid, quercetin and 
Trolox®.

In the ABTS●+ assay (Fig. 2A), all nanoparticles exhibited excellent 
radical scavenging activity, with half-maximal inhibitory concentration 
(IC50) values ranging from 0.28 ± 0.03 to 0.30 ± 0.01 μg/mL. These 
values were statistically comparable to quercetin (IC50 = 0.33 ± 0.01 
μg/ mL; ANOVA with Tukey post hoc, p < 0.05) and significantly more 
potent, by 81 and 86%, than ascorbic acid and Trolox®, respectively. 
These findings surpass those reported in previous studies using similarly 
sized SeNPs, which achieved values near 2.7 μg/mL [75] or 40% inhi
bition at 1 mmol/L [54].

In the DPPH● assay, a similar antioxidant trend was observed 
(Fig. 2A). Nanoparticles stabilized with chitosan showed the strongest 
activity, particularly SeNPs_CHI (IC50 = 0.27 ± 0.02 μg/mL) and 
SeCuNPs_CHI (IC50 = 0.37 ± 0.03 μg/mL), outperforming quercetin 
(IC50 = 2.04 ± 0.02 μg/ mL), the most effective standard against the 
radical, by 82–87%. PVA-stabilized nanoparticles also showed potent 
activity, although with slightly higher IC50 values, still 73–75% lower 
than the standard. These results are associated with the high AOC of 
SeNPs previously described [54,63,67,76], and suggest that the 

antioxidant performance is influenced not only by the nanoparticle 
composition, but also by surface chemistry and stabilizer type. The su
perior efficacy of CHI-based nanoparticles may stem from synergistic 
effects between the Se core and the functional groups of chitosan, such 
as amino and hydroxyl groups, which are known to participate in radical 
scavenging [77].

The strong radical-scavenging performance of the NPs in both the 
ABTS●+ and DPPH● assays implies that their antioxidant mechanisms 
likely involve both electron transfer (ET) and hydrogen atom transfer 
(HAT) processes. Chitosan with a high degree of deacetylation and lower 
molecular weight has been shown to enhance antioxidant properties by 
increasing the accessibility of amino groups and solubility [77], which 
align our observations for CHI-stabilized NPs.

In the FRAP assay, all NPs demonstrated marked ferric reducing 
power relative to the standards (Fig. 2A). SeNPs, irrespective of stabi
lizer, showed 2.8–8.5-fold greater reducing capacity than quercetin and 
Trolox®. Among the hybrid NPs, SeCuNPs_PVA exhibited the highest 
FRAP activity, with sensitivity values 2.1-fold and 6.4-fold higher than 
quercetin and Trolox®, respectively. The ability to reduce Fe(III) to Fe 
(II) further supports the involvement of ET mechanisms in antioxidant 
action.

To rule out the influence of precursor compounds, control experi
ments were conducted with chitosan, PVA, and Se(IV) precursors at 50 
μg/mL. These exhibited negligible AOC (<10%) across all methods, 
confirmed that the observed antioxidant effects are intrinsic to the 
synthesized SeNPs and SeCuNPs.

Overall, the results demonstrate that both SeNPs and SeCuNPs 
possess remarkable antioxidant capacity, exceeding that of classical 
antioxidant standards. These findings are consistent with the known 
biological activity of selenium, including the modulation of redox en
zymes such as glutathione peroxidase (GPx), thioredoxin reductases 
(TRs), and iodothyronine deiodinases (DIO) [63,78–80].

The superior antioxidant and photoprotective performance observed 
for SeCuNPs compared to SeNPs may be attributed both to differences in 
physicochemical characteristics of the nanoparticles and to a synergistic 
interaction between selenium and copper at the nanoscale. On one hand, 
key parameters such as particle size, shape, agglomeration state, 

Fig. 2. (A) Antioxidant activity of SeNPs and SeCuNPs evaluated by ABTS●+ and DPPH● radical scavenging assays (expressed as IC50 values), and the ferric reducing 
antioxidant power (FRAP) assay (expressed as sensitivity values). (B) In vitro sun protection factor (SPF) values of BZF-3 (reference compound) and synthesized 
nanoparticles at 15 and 25 μg/mL. Data represent mean ± SD (n = 3). Statistical analysis was performed by one-way ANOVA followed by Tukey's post hoc test (p <
0.05). Different letters indicate statistically significant differences among groups.
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chemical composition, surface charge, and surface functionalization 
strongly influence biological interactions, redox activity, dispersion 
stability, and potential adverse effects. Accordingly, the differences 
observed between SeNPs and SeCuNPs, as well as between chitosan- and 
PVA-stabilized systems, can be partially explained by variations in these 
parameters. In particular, reduced particle size, hybrid composition, and 
polymer-mediated surface interactions may enhance contact with 
reactive oxygen species and facilitate electron-transfer processes [81]. 
These results align with previous findings demonstrating that engi
neered nanomaterials can modulate oxidative stress through redox- 
related pathways, with surface properties playing a pivotal role in 
cellular response and ROS scavenging [82]. On the other hand, the 
observed synergy may also be attributed to the complementary redox 
properties of both elements. Selenium plays a key role in the catalytic 
cycle of antioxidant enzymes such as glutathione peroxidase (GPx), 
while copper is an essential cofactor in superoxide dismutase (SOD1), 
which catalyzes the dismutation of superoxide radicals [64,79,80]. The 
coexistence of Se and Cu on the nanoparticle surface may provide a 
broader redox-active interface, allowing more effective neutralization of 
diverse reactive oxygen species (ROS). In addition, the hybrid compo
sition may enhance light absorption through dual-band surface plasmon 
resonance, as observed in the UV–Vis spectra, which could contribute to 
the improved photoprotective properties [36,70]. Although the exact 
molecular mechanism of this synergy remains to be fully elucidated, 
these findings indicate that the combination of selenium and copper 
within a single nanostructure can significantly potentiate its biological 
functions. Further mechanistic studies, including redox cycling assays 
and enzymatic activity analyses, will be required to clarify the precise 
interactions responsible for these effects.

3.3. In vitro Sun protection factor (SPF)

The sun protection factor (SPF) of the synthesized NPs was assessed 
spectrophotometrically using an in vitro method previously described 
[45]. Preliminary UV–Vis absorption scans confirmed that all NPs 
exhibited significant absorbance in both the UVA (320–400 nm) and 
UVB regions (290–320 nm). The absorbance at 290 nm was used to 
establish the linearity range, which was found to be between 1 and 30 
μg/mL for all nanoparticle formulations (Supporting Information 
Fig. S2).

Based on this linearity, SPF values were calculated at concentrations 
of 15 and 25 μg/mL for each NP formulation and compared to the 
standard compound benzophenone-3 (BZF-3). The synthesized NPs 
showed SPF values in the range of 7.14 to 11.66 (SeNPs_CHI), 7.90 to 
12.79 (SeCuNPs_CHI), 7.58 to 12.29 (SeNPs_PVA) and 8.61 to 13.80 
(SeCuNPs_PVA), for 15 and 25 μg/mL, respectively (Fig. 2B).

All synthesized NPs demonstrated higher SPF values than BZF-3 
reference compound at equivalent concentrations. Notably, 
SeCuNPs_PVA showed the highest SPF, nearly doubling the protection 
offered by BZF-3 at 25 μg/mL. The SPF values achieved exceeded the 
minimum threshold (SPF ≥ 6) established by the Brazilian regulatory 
agency ANVISA [83], indicating their potential suitability as active 
protective agents.

Statistical analysis (one-way ANOVA followed by Tukey's post hoc 
test, p < 0.05) confirmed significant differences in SPF performance 
among the tested formulations, particularly favoring the SeCuNPs_PVA 
(Fig. 2B).

The photoprotective performance of the nanoparticles is closely 
related to their optical properties. The UV–Vis spectra revealed that 
SeNPs exhibited a single absorption band in the UVB region (~258–260 
nm), while SeCuNPs presented dual absorption bands, with one peak 
around 250 nm and a second, broader peak in the near-infrared region 
(~896–918 nm), which aligns with UVA absorbance and is character
istic of surface plasmon resonance (SPR) phenomena [36,70]. This dual- 
band behavior supports a mechanism based on broad-spectrum UV 
absorption, rather than light scattering. Given that the nanoparticles 

have sizes well below 100 nm, Rayleigh scattering is expected to be 
minimal, and the observed SPF values are likely driven by true photon 
absorption. The improved photoprotective capacity of SeCuNPs can thus 
be attributed to their enhanced electronic structure and SPR properties, 
which enable efficient absorption in both the UVA and UVB regions. 
These findings reinforce the potential of SeCuNPs as next-generation 
UV-absorbing agents.

Although protoprotective studies have predominantly focused on 
titanium dioxide and zinc oxide nanoparticles, currently approved as 
inorganic UV filters in sunscreens [84,85], selenium-based nano
materials remain underexplored in this field. However, emerging evi
dence suggests their promise. For instance, a topical formulation 
containing SeNPs (200 mg) stabilized with sodium lauryl sulfate solu
tion (4% w/v) and probiotic ingredients achieved an SPF of 29.77 [38], 
supporting the relevance of this approach.

The results presented here demonstrate that SeNPs and SeCuNPs not 
only exhibit strong antioxidant activity but also significant UV-block 
capabilities, indicating their potential use as multifunctional compo
nents in sunscreen or dermocosmetic formulations.

These results suggest that the observed dual functionality may occur 
at distinct skin compartments. The photoprotective effect is likely 
confined to the stratum corneum, where the nanoparticles can effi
ciently absorb UV radiation, while the antioxidant activity would 
require interaction with the viable epidermis, where ROS generation 
takes place. Although the current study did not assess skin penetration, 
the particle size and surface properties of the NPs suggest a limited but 
possible interaction with upper viable layers, as described for other 
metal-based systems. Future studies will be needed to confirm this, 
including permeation, cytotoxicity, and biocompatibility analyses in 
skin models to ensure efficacy and safety for topical applications.

3.4. In vitro Photostability study

Photostability refers to the ability of a substance to retain its struc
tural and functional integrity upon exposure to solar radiation, and it is a 
critical parameter in ensuring the safety and efficacy of sunscreen for
mulations. A lack of photostability can reduce photoprotective perfor
mance and potentially lead to adverse dermatological effects, including 
photoallergy and phototoxicity, due to the formation of degradation 
byproducts in the skin [86,87].

The photostability of SeNPs and SeCuNPs was evaluated over a 2 h 
exposure period, reflecting the recommended sunscreen reapplication 
interval [88]. UV–Vis absorption spectra revealed that all nanoparticle 
formulations exhibited an increase in absorbance following UV exposure 
(Fig. 3). At a fixed wavelenght of 300 nm, the absorbance of SeNPs-CHI 
increased by 21% at both tested concentrations (15 and 25 μg/mL). 
SeNPs_PVA showed slightly lower increases of 13% and 9%, respec
tively. The hybrid SeCuNPs_CHI formulation exhibited absorbance in
creases from 14 to 20%, whereas SeCuNPs_PVA showed mmore 
moderate changes, increasing from 14 to 16% with rising concentration.

These findings demonstrate good photostability across all formula
tions, with absorbance values retained at approximately 80% or higher 
throughout the 2 h irradiation period. The observed increases in ab
sorption may be attributable to slight changes in nanoparticle size dis
tribution induced by prolonged irradiation, as reported by Gubitosa 
et al. [43] in studies involving ellagic acid-coated gold nanoparticles 
stabilized with chitosan. Similar post-irradiation effects have been noted 
in commercial UV filters and formulations, where shifts in absorbance or 
degradation necessitate the inclusion of stabilizing agents such as 
octocrylene or bemotrizinol for compounds like avobenzone 
[87,89–91].

To better quantify photoprotective stability, SPF values were calcu
lated at multiple irradiation time points for each NP formulation and 
concentration. As shown in Table 1, SPF values increased progressively 
over the exposure period, particularly for chitosan-stabilized NPs, where 
variations ranged from 17% to 24%, compared to 11% to 15% for PVA- 
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stabilized NPs. These data suggest slightly greater photostability for 
PVA-based formulations, despite the higher initial SPF values of CHI- 
stabilized NPs.

Overall, the photostability profiles of SeNPs and SeCuNPs reinforce 
their suitability as multifunctional components in topical photo
protective systems, combining strong UV absorption with structural 
resilience under irradiation.

4. Conclusions

This study demonstrated that selenium-based nanoparticles (SeNPs) 
and selenium–copper hybrid nanoparticles (SeCuNPs), stabilized with 
chitosan or polyvinyl alcohol, possess robust multifunctional properties 
with direct relevance for biotechnological and dermocosmetic applica
tions. The nanoparticles exhibited remarkable antioxidant activity, with 
IC₅₀ values significantly superior to classical standards, and operated via 
mechanisms involving both electron and hydrogen atom transfer. In 
parallel, all formulations showed enhanced photoprotective perfor
mance, with SPF values exceeding those of the commercial reference 
compound BZF-3, especially for the SeCuNPs_PVA formulation.

Importantly, the nanoparticles also displayed notable photostability 
under simulated UV irradiation, a critical attribute for the development 
of durable and safe topical products. The combined antioxidant and 
photoprotective effects position these nanomaterials as promising 
multifunctional platforms for use in next-generation sunscreen formu
lations or dermoprotective agents.

This work represents an initial proof-of-concept, and further 

investigations are required to support translational applications. In 
particular, future studies will be focused on in vitro and in vivo vali
dation, including preclinical safety and efficacy assessments using an
imal models or reconstructed skin systems, to confirm biological 
compatibility, protective performance, and long-term safety under 
physiological conditions. Addressing these aspects will be essential for 
advancing selenium- and selenium–copper-based nanoparticles toward 
practical cosmetic and biomedical use.
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Investigation. Ari S. Guimarães: Writing – original draft, Methodology, 
Investigation. Amanda G. da Veiga: Writing – original draft, Method
ology, Investigation, Conceptualization. Angel Perez-Roldan: Writing – 
original draft, Methodology, Investigation. Josue Carinhanha: Writing 
– review & editing, Formal analysis, Data curation, Conceptualization. 
Cintya D. Angeles do E.S. Barbosa: Writing – review & editing, Su
pervision, Formal analysis, Data curation, Conceptualization. Jose L. 
Luque-Garcia: Writing – review & editing, Supervision, Resources, 
Project administration, Funding acquisition, Formal analysis, Data 
curation, Conceptualization. Daniela S. Anunciação: Writing – review 
& editing, Validation, Supervision, Project administration, Formal 
analysis, Data curation, Conceptualization.

Fig. 3. UV–Vis absorption spectra of SeNPs and SeCuNPs recorded at different irradiation times (T₀ min to T₁₂₀ min) under simulated solar exposure. (a) SeNPs_CHI at 
15 μg/mL; (b) SeNPs_CHI at 25 μg/mL; (c) SeNPs_PVA at 15 μg/mL; (d) SeNPs_PVA at 25 μg/mL; (e) SeCuNPs_CHI at 15 μg/mL; (f) SeCuNPs_CHI at 25 μg/mL; (g) 
SeCuNPs_PVA at 15 μg/mL; (h) SeCuNPs_PVA at 25 μg/mL.

Table 1 
In vitro sun protection factor (SPF) values of SeNPs and SeCuNPs at concentrations of 15 and 25 μg/mL, measured after 0, 30, 60, 90, and 120 min of UV irradiation. 
SPF values were calculated using the Mansur method based on UV absorbance measurements. Data represent mean ± SD (n = 3).

Time (min) SPF (UVA and UVB radiation)

SeNPs_CHI SeNPs_PVA SeCuNPs_CHI SeCuNPs_PVA

15 μg/mL 25 μg/mL 15 μg/mL 25 μg/mL 15 μg/mL 25 μg/mL 15 μg/mL 25 μg/mL

T0 7.14 ± 0.02 11.66 ± 0.15 7.58 ± 0.13 12.29 ± 0.20 7.90 ± 0.10 12.79 ± 0.11 8.61 ± 0.05 13.80 ± 0.03
T30 7.51 ± 0.07 12.24 ± 0.04 7.75 ± 0.06 12.46 ± 0.04 8.16 ± 0.04 13.19 ± 0.02 8.83 ± 0.06 14.24 ± 0.08
T60 7.95 ± 0.08 12.59 ± 0.07 7.98 ± 0.08 12.76 ± 0.05 8.48 ± 0.10 13.69 ± 0.04 8.98 ± 0.10 14.43 ± 0.06
T90 8.38 ± 0.14 13.31 ± 0.03 8.32 ± 0.10 13.14 ± 0.06 8.76 ± 0.18 14.37 ± 0.10 9.28 ± 0.11 14.86 ± 0.15

T120 8.83 ± 0.49 14.26 ± 0.09 8.75 ± 0.15 13.59 ± 0.11 9.27 ± 0.32 15.23 ± 0.15 9.76 ± 0.18 15.62 ± 0.33
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