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Abstract

Biogenic selenium nanoparticles (SeNPs) offer promising biomedical properties, although 
the polymeric environment can influence their physicochemical stability and cellular inter-
actions. In this study, SeNPs synthesized using Amphipterygium glaucum leaf extract were 
incorporated into a medium-molecular-weight poly(vinyl alcohol) (PVA) matrix to obtain 
a redispersible SeNPs@PVA89 nanocomposite. Spectroscopic, structural, morphological, 
thermal, and dispersion analyses showed that incorporating SeNPs preserved characteristic 
nanoscale and optical features while altering polymer organization. The hydrodynamic 
diameter increased from 153 to 320 nm, and the ζ-potential shifted from −53 to −22 mV, 
consistent with changes in the nanoparticle interfacial environment and a hydrated PVA 
layer. In human dermal fibroblasts, SeNPs@PVA89 induced concentration-dependent effects: 
metabolic activity was preserved at 3 and 6 μg/mL, whereas ≥12 μg/mL markedly reduced 
cell viability; at 3 μg/mL, morphology, F-actin organization, and wound closure were pre-
served. Nevertheless, confocal microscopy revealed punctate intracellular fluorescence, 
while transmission electron microscopy showed electron-dense material within membrane-
bound vesicles, alongside mitochondrial fragmentation, cristae alterations, and rough endo-
plasmic reticulum remodeling. Although the elemental identity of these electron-dense 
structures was not directly confirmed, the findings are consistent with cellular interaction 
and vesicular sequestration of the nanosystem. Overall, PVA-stabilized biogenic SeNPs 
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showed concentration-dependent cellular effects, with ultrastructural remodeling despite 
unchanged conventional cytocompatibility outcomes.

Keywords: selenium nanoparticles; poly(vinyl alcohol); biocompatibility; human dermal 
fibroblast; ultrastructural analysis

1. Introduction
Selenium nanoparticles (SeNPs) have attracted considerable interest for biomedical 

applications because their nanoscale dimensions and surface reactivity enable interactions 
with biological systems while offering antioxidant, antimicrobial, anti-inflammatory, and 
anticancer activities [1–4]. Compared with conventional inorganic and organic selenium 
compounds, SeNPs may provide a broader therapeutic window and reduced toxicity under 
appropriate exposure conditions [1,2]. However, their biological performance depends 
strongly on particle size, surface chemistry, aggregation state, and the stabilizing envi-
ronment, making control of their physicochemical properties essential for reproducible 
biological applications.

Biogenic synthesis is an attractive strategy for producing SeNPs because plant-derived 
metabolites can act as both reducing and surface-capping agents. Polyphenols, flavonoids, 
terpenoids, proteins, and polysaccharides in plant extracts may participate in nanoparticle 
formation and remain adsorbed on the nanoparticle surface, influencing dispersion, sur-
face charge, and biological interactions [5–8]. Amphipterygium glaucum, a medicinal plant 
native to Mexico, contains bioactive compounds capable of supporting the biosynthesis 
of SeNPs [5,6]. Nevertheless, biogenic nanoparticles remain susceptible to aggregation, 
oxidation, and changes in dispersion during processing, storage, and exposure to biological 
environments. These changes can alter nanoparticle availability and consequently modify 
cellular responses.

Polymeric stabilization offers a strategy to control nanoparticle dispersion and sur-
face behavior. Poly(vinyl alcohol) (PVA) is a hydrophilic, biocompatible polymer widely 
used in biomedical nanocomposites because of its chemical versatility, high density of hy-
droxyl groups, and ability to interact with nanoparticle surfaces [9]. PVA association with 
nanoparticles can modify the local interfacial environment through hydrogen bonding and 
steric interactions, affecting hydrodynamic size, surface charge, aggregation behavior, and 
polymer-chain organization. Consequently, evaluating PVA-stabilized SeNPs requires char-
acterizing not only nanoparticle morphology and composition, but also the physicochemical 
changes resulting from nanoparticle–polymer interactions.

Conventional viability measurements alone cannot fully establish the biological conse-
quences of these physicochemical characteristics. Assays based on metabolic activity, cell 
morphology, cytoskeletal organization, and migration provide valuable information on 
overall cellular function, but they may not detect early subcellular responses to nanoparticle 
exposure [10–13]. Nanoparticles may interact with the plasma membrane, associate with 
intracellular vesicular compartments, and alter mitochondria or the endomembrane system 
before measurable loss of cellular viability occurs. Transmission electron microscopy (TEM) 
is therefore particularly valuable because it enables direct visualization of cellular ultrastruc-
ture and can reveal mitochondrial alterations, rough endoplasmic reticulum remodeling, 
and electron-dense intracellular structures at nanometer-scale resolution [13,14].

Despite growing interest in selenium-based nanomaterials, the relationship between 
polymer-mediated stabilization, physicochemical behavior, and early ultrastructural re-
sponses in normal human fibroblasts remains poorly characterized. In particular, functional 
cytocompatibility may not indicate the absence of subcellular alterations after exposure to 
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stabilized SeNP formulations. Therefore, this study aimed to characterize biogenic SeNPs 
synthesized using A. glaucum extract and stabilized in a medium-molecular-weight PVA 
matrix, and to investigate their interactions with human dermal fibroblasts. We integrated 
spectroscopic, morphological, structural, thermal, and dispersion analyses with metabolic 
activity, wound-closure, cytoskeletal, fluorescence, and ultrastructural evaluations. The 
novelty of this work lies in going beyond developing a redispersible PVA-stabilized SeNPs 
formulation: by combining physicochemical characterization with functional and ultra-
structural analyses, we show that a nanocomposite may appear cytocompatible in conven-
tional assays yet still induce ultrastructural alterations detectable by TEM. In addition, the 
nanocomposite’s intrinsic fluorescence allowed us to examine its intracellular association 
by confocal microscopy, complementing the TEM observations.

2. Materials and Methods
2.1. Biogenic Selenium Nanoparticles

Biogenic selenium nanoparticles (SeNPs) were synthesized by reduction in sodium 
selenite (Na2 SeO3 ) using A. glaucum leaf extract as the reducing and capping agent, fol-
lowing the procedure previously reported by Hernández-Díaz et al. [15]. The SeNPs used 
in the present study followed the same formulation previously reported by our group; 
however, whereas that earlier work employed an aerogel-based formulation evaluated 
primarily through conventional cytotoxicity assays, the SeNPs here were independently 
re-characterized by UV–Vis spectroscopy, FTIR, TEM, dynamic light scattering (DLS), and ζ-
potential analysis and incorporated into a redispersible lyophilized PVA nanocomposite [16]. 
This approach allowed us to specifically characterize the SeNP–PVA interfacial environment 
and its relationship to ultrastructural, rather than purely viability-based, cellular responses.

2.2. Preparation of SeNPs@PVA89
A medium-molecular-weight poly(vinyl alcohol) (PVA; 89 kDa; Sigma-Aldrich, St. 

Louis, MO, USA) was used to prepare the SeNPs@PVA89 nanocomposite. A 4% (w/v) PVA 
aqueous solution was prepared in double-distilled water at 90 °C under continuous stirring 
at 700 rpm for 1 h. The solution was cooled to room temperature for 30 min and then exposed 
to ultraviolet irradiation for 20 min. Biogenic SeNPs (10 mg/mL) were dispersed in 100 μL 
of double-distilled water and sonicated at 45 °C for 15 min. The PVA solution was then 
added under aseptic conditions and vortexed until the dispersion became macroscopically 
homogeneous. The resulting formulation was allowed to equilibrate for 30 min, then frozen 
at −80 °C, and lyophilized using a LyoQuest freeze dryer (Telstar, Barcelona, Spain). The 
resulting SeNPs@PVA89 nanocomposite was stored under sterile conditions until further 
characterization and biological evaluation.

2.3. Physicochemical Characterization
2.3.1. UV–Vis Spectroscopy

UV–visible spectra of biogenic SeNPs, PVA89, and SeNPs@PVA89 were recorded over 
200–500 nm using a NanoDrop 2000 spectrophotometer (Thermo Scientific, Waltham, MA, 
USA). Measurements were used to evaluate the characteristic absorption profile of the 
SeNPs before and after incorporation into the PVA matrix. Spectral data were processed 
using OriginPro 2024 (OriginLab Corporation, Northampton, MA, USA).

2.3.2. Fourier-Transform Infrared Spectroscopy
The chemical groups associated with biogenic SeNPs, PVA89, and SeNPs@PVA89 were 

analyzed by attenuated total reflectance Fourier-transform infrared spectroscopy (ATR-
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FTIR) using a TENSOR II spectrometer (Bruker Optics, Billerica, MA, USA). Spectra were 
collected over 4000–400 cm−1 .

2.3.3. Transmission Electron Microscopy of Biogenic SeNPs
The morphology and primary particle size of biogenic SeNPs were evaluated by trans-

mission electron microscopy (TEM) using a JEM-2100 microscope (JEOL, Tokyo, Japan) 
operated at 200 kV and equipped with a Gatan OneView 4K camera (Gatan, Inc., Pleasan-
ton, CA, USA). Particle size was determined from representative TEM micrographs by 
measuring 102 individual nanoparticles. The particle-size distribution was shown as a his-
togram with a superimposed Gaussian curve for visualization in OriginPro 2024 (OriginLab 
Corporation, Northampton, MA, USA).

2.3.4. Dynamic Light Scattering (DLS) and Zeta Potential
The hydrodynamic diameter of SeNPs was determined by dynamic light scattering 

(DLS) using a Litesizer 500 instrument (Anton Paar, Graz, Austria). Aqueous dispersions 
(1 mL) with low turbidity were analyzed in a capillary cell at 25 °C. Measurements were 
acquired over 3 min using 60 runs, with five independent replicates per sample.

The zeta potential was determined using the same instrument and capillary cell with 
an acquisition time of 10 min, an applied voltage of 50 V, 1000 measurements, and three 
independent replicates per sample.

2.3.5. Scanning Electron Microscopy (SEM) and EDS
The morphology of SeNPs@PVA89 was examined by high-resolution scanning electron 

microscopy (SEM) using a JSM-IT300 microscope (JEOL, Tokyo, Japan). Samples were 
mounted on carbon adhesive tape, sputter-coated with gold, and observed at an accelerating 
voltage of 15–20 kV with magnifications ranging from 100× to 50,000×.

2.3.6. X-Ray Diffraction (XRD)
The crystalline structure of biogenic SeNPs, PVA89, and SeNPs@PVA89 was analyzed 

using an Empyrean X-ray diffractometer (Malvern Panalytical, Malvern, UK) with Cu Kα
radiation (λ = 1.5406 Å). Samples were analyzed in reflection geometry on a flat-sample 
stage. Diffraction patterns were recorded in continuous scan mode over a 2θ range of 
10–90°, using an operating voltage of 40 kV, a current of 35 mA, a step size of 0.0263°, and a 
scanning rate of 0.2188° s−1 . Phase identification of the biogenic SeNPs was performed using 
Match! v4.2 (Crystal Impact, Bonn, Germany) with the Crystallography Open Database 
(COD), and the unit cell parameters were determined from the indexed reflections. For 
PVA89, peak positions (2θ) were determined using Plot2 Pro v.2.8.0 (Mike Wesemann, 
Berlin, Germany), and interplanar spacings (d) were calculated using Bragg’s law (λ = 2d 
sinθ, with λ = 1.5406 Å). The unit cell parameters of the monoclinic PVA crystal were then 
calculated from the (101), (200), and (111) reflections using Equation (1):

1
𝑑2 =

1
sin2(𝛽)

(


ℎ2

𝑎2 +
𝑘2 sin2(𝛽)

𝑏2 +
𝑙2

𝑐2 −
2hl cos(𝛽)

𝑎 𝑐
)


(1)

where h, k, and l are the Miller indices. The angles were fixed at α = γ = 90° and 𝛽 = 91.7°, 
according to the monoclinic cell reported by Nitta et al. [17].

2.3.7. Differential Scanning Calorimetry (DSC)
The thermal behavior of PVA and SeNPs@PVA89 was evaluated by differential scanning 

calorimetry (DSC) using a Q2000 calorimeter (TA Instruments, New Castle, DE, USA). 
Samples were placed in aluminium sample pans and analyzed over a temperature range 
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of −70 to 250 °C at a heating rate of 10 °C min−1 . Two consecutive heating scans were 
performed for each sample to evaluate their thermal transitions.

2.4. Biological Evaluation
2.4.1. Cell Culture

Human adult dermal fibroblasts (HDFa; ATCC®  PCS-201-012, American Type Culture 
Collection, Manassas, VA, USA) were cultured in MEM/F-12 medium (Gibco, Thermo Fisher 
Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; Corning 
Incorporated, Corning, NY, USA) and 1% antibiotic–antimycotic solution (Gibco, Thermo 
Fisher Scientific, Waltham, MA, USA). Cells were maintained at 37 °C in a humidified atmo-
sphere containing 5% CO2  and subcultured at approximately 80% confluence. All biological 
experiments were performed using passage-7 fibroblasts unless otherwise indicated.

2.4.2. MTT Metabolic Activity Assay
Human dermal fibroblasts were seeded in 96-well plates (Corning, Corning, NY, USA) 

at a density of 1 × 104  cells/well and allowed to attach for 24 h. We dispersed SeNPs@PVA89 
in complete culture medium at 10 mg/mL and serially diluted to final concentrations of 3, 
6, 12, 25, 50, 100, and 200 μg/mL. Cells were exposed to the corresponding formulation for 
24 h. Following exposure, the medium containing SeNPs@PVA89 was removed, and MTT 
solution (Thiazolyl Blue Tetrazolium Bromide; Sigma-Aldrich, St. Louis, MO, USA) was 
added at a 1:10 (v/v) ratio. After incubation for 2.5 h at 37 °C, the MTT solution was removed, 
and the resulting formazan crystals were dissolved in a 1:1 (v/v) mixture of isopropanol 
(Sigma-Aldrich, St. Louis, MO, USA) and dimethyl sulfoxide (DMSO; Sigma-Aldrich, 
St. Louis, MO, USA). Absorbance was measured at 570 nm using an xMark™ Microplate 
Spectrophotometer (Bio-Rad Laboratories, Hercules, CA, USA). Metabolic activity was 
expressed relative to untreated cells, which were considered 100%. Cell viability was 
calculated using the following Equation (2):

Cell Viability (%) =
Abs(sample)

Abs(control)
× 100 (2)

where Abs(sample) is the absorbance of cells treated with the corresponding formulation, 
and Abs(control) is the absorbance of untreated control cells, which was considered to 
represent 100% cell viability.

2.4.3. In Vitro Wound Healing (Scratch) Assay
Human dermal fibroblasts were seeded in 24-well plates at a density of 2 × 104  cells/well 

and cultured for 24 h. A linear scratch was subsequently generated across the cell monolayer 
using a sterile pipette tip, after which cells were exposed to SeNPs@PVA89 at 3, 25, 100, or 
200 μg/mL. Images were acquired immediately after scratching (T0) and after 24 and 48 h 
using an Axio Observer A1 inverted microscope (Carl Zeiss, Oberkochen, Germany). At 
the end of the experiment, cells were stained with crystal violet (Sigma-Aldrich, St. Louis, 
MO, USA) to facilitate visualization of the monolayer. The remaining cell-free area was 
quantified using ImageJ software version 1.54r (National Institutes of Health, Bethesda, 
MD, USA), and wound closure was calculated relative to the initial scratch area.

2.5. Cellular Imaging
2.5.1. Intrinsic Fluorescence of SeNPs@PVA89

Human dermal fibroblasts were seeded on glass coverslips (Corning, Corning, NY, 
USA) in 24-well plates at a density of 2 × 104  cells/coverslip and allowed to attach for 
24 h. Cells were then exposed to 3 μg/mL SeNPs@PVA89 for 24 h. Following exposure, 
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cells were fixed with 1% paraformaldehyde (PFA; Sigma-Aldrich, St. Louis, MO, USA)and 
examined by confocal laser scanning microscopy using an LSM 880 microscope (Carl Zeiss, 
Oberkochen, Germany).

2.5.2. Fluorescence Staining of F-Actin and Cell Nuclei
Human dermal fibroblasts were seeded on glass coverslips Corning, Corning, NY, 

USA) in 24-well plates at a density of 2 × 104  cells/coverslip and exposed to 3 μg/mL 
SeNPs@PVA89 for 24 h. Cells were subsequently fixed with 4% PFA (Sigma-Aldrich, St. 
Louis, MO, USA), permeabilized with 0.01% Tween-20 (Bio-Rad Laboratories, Hercules, 
CA, USA) in PBS (Gibco, Thermo Fisher Scientific, Waltham, MA, USA), and stained 
with phalloidin–fluorescein conjugate (Santa Cruz Biotechnology, Dallas, TX, USA) di-
luted (1:1000 in PBS containing 1% bovine serum albumin (BSA; Thermo Fisher Scientific, 
Waltham, MA, USA)) to visualize F-actin. Cell nuclei were counterstained with 0.0002% 
DAPI (Abcam, Cambridge, UK). Samples were examined using epifluorescence and confo-
cal microscopy.

2.5.3. Transmission Electron Microscopy (TEM) of Fibroblasts
Human dermal fibroblasts (HDF) were divided into untreated control and SeNPs@PVA89-

exposed groups. Treated cells were exposed to 3 μg/mL SeNPs@PVA89 for 24 h under standard 
culture conditions (37 °C, 5% CO2 ). We selected this concentration based on MTT and wound-
closure assays, which showed preserved metabolic activity and normal wound-closure behavior. 
After exposure, approximately 3 × 106  cells per condition were harvested and fixed in 100 mM 
cacodylate buffer (Sigma-Aldrich, St. Louis, MO, USA), pH 7.2, containing 2.5% glutaraldehyde 
(Electron Microscopy Sciences, Hatfield, PA, USA) and 4% PFA (Electron Microscopy Sciences, 
Hatfield, PA, USA) for 2 h at room temperature (20–25 °C). Cells were pelleted by centrifugation 
at 608× g for 5 min, washed four times with cacodylate buffer, and centrifuged after each 
wash. Samples were post-fixed with 1% osmium tetroxide (Electron Microscopy Sciences, 
Hatfield, PA, USA) for 1 h at room temperature, washed six times with cacodylate buffer, 
dehydrated through a graded ethanol series, and subsequently incubated in acetone for 5 min. 
Cell pellets were embedded in Durcupan ACM resin (Sigma-Aldrich, St. Louis, MO, USA; Cat. 
No. 44610) and polymerized at 60 °C for 48 h. Ultrathin sections of approximately 60 nm were 
collected on Formvar-coated copper grids, stained with 4% uranyl acetate for 20 min, followed 
by 0.35% lead citrate for 10 min (both from Electron Microscopy Sciences, Hatfield, PA, USA), 
and examined using a JEOL JEM-1010 transmission electron microscope (JEOL, Tokyo, Japan) 
operated at 100 kV. Untreated HDF processed under the same conditions were used as the 
ultrastructural control.

2.6. Statistical Analysis
Data are presented as mean ± standard deviation (SD) from three independent biolog-

ical replicates. MTT data were analyzed using repeated-measures one-way ANOVA with 
the Geisser–Greenhouse correction followed by Tukey’s multiple-comparisons test. Wound-
closure data were analyzed by two-way ANOVA followed by Tukey’s multiple-comparisons 
test. Statistical significance was established at p < 0.05. Analyses were performed using 
GraphPad Prism version 9 (GraphPad Software, San Diego, CA, USA).

3. Results and Discussion
3.1. UV–Vis and FTIR Spectroscopy

The biogenic SeNPs used in this study match the formulation previously synthesised 
and reported by Hernández-Díaz et al. [15]. Before incorporating them into the PVA matrix, 
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we independently recharacterized the nanoparticles under the experimental conditions 
used in the present study.

As shown in Figure 1A, free SeNPs showed an absorption band centered at approxi-
mately 275 nm. This band was maintained after incorporation into the PVA matrix, with 
no appreciable shift in the absorption maximum. Absorbance intensity decreased for 
SeNPs@PVA89. This difference may be related to changes in the effective nanoparticle 
concentration, light scattering, or the local environment of the particles within the poly-
mer matrix [18,19]. Interactions between PVA hydroxyl groups and surface-associated 
molecules on the biogenic SeNPs may also contribute to this change [20]. However, since 
the absorption maximum remained at approximately the same wavelength, no substantial 
change in the characteristic optical response of the SeNPs was observed after incorporation 
into PVA. The UV–Vis profile was also maintained after freeze-drying and reconstitution, 
indicating that the processing procedure did not produce an evident change in the optical 
characteristics of the nanoparticles [21].

Figure 1. UV–Vis and FTIR spectroscopic characterization of free SeNPs and SeNPs@PVA89. 
(A) UV–Vis absorption spectra of free SeNPs and SeNPs@PVA89 after incorporation into the PVA ma-
trix. (B) FTIR spectra showing the characteristic absorption bands of free SeNPs and SeNPs@PVA89 
following NC formation.

The FTIR spectra are shown in Figure 1B. Free SeNPs exhibited bands associated 
with functional groups derived from phytochemical constituents of the A. glaucum extract, 
which have been previously associated with the reduction and stabilization of the biogenic 
nanoparticles [15]. Bands assigned to Se–O vibrations were also observed, consistent with 
the presence of surface-associated selenium species [5].

After incorporation into PVA, the SeNPs@PVA89 spectrum showed the polymer’s 
characteristic bands, along with changes in several regions of the spectrum. The broad O–H 
stretching band shifted from approximately 3283 to 3300 cm−1  and became broader. This 
change is consistent with a modified hydrogen-bonding environment of the PVA hydroxyl 
groups after nanoparticle incorporation. The CH2  stretching and deformation bands were 
also observed near 2940 and 1417 cm−1 , respectively [22,23].

In the fingerprint region, the band near 1140 cm−1  decreased in intensity after nanocom-
posite formation. This band is commonly associated with C–O stretching and has been used 
as an indicator of PVA crystalline organization [24]. The observed change may therefore 
reflect changes in polymer-chain organization. The band near 1090 cm−1  also changed after 
incorporating SeNPs, splitting into two bands. This behavior suggests a change in the local 
vibrational environment of the C–O groups [25].

The band near 843 cm−1  decreased in intensity and shifted to approximately 833 cm−1 . 
This region has been associated with C–C skeletal and out-of-plane C–H vibrations in 
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PVA [22,26]. The observed shift may reflect changes in the local conformation or orga-
nization of the polymer chains after nanoparticles incorporation. In addition, the band 
near 669 cm−1  observed in the free SeNPs was attenuated and partially overlapped in the 
SeNPs@PVA89 spectrum. This change may be associated with modification of the vibra-
tional environment of surface-associated selenium species within the polymer matrix [27].

Overall, the UV–Vis results show that the characteristic absorption of the biogenic 
SeNPs was maintained after incorporation into PVA, freeze-drying, and reconstitution. 
The FTIR spectra showed changes in the O–H stretching region and, in several bands, 
associated with the PVA backbone, together with attenuation of the band associated with 
surface selenium species. These changes are consistent with interactions between the 
biogenic SeNPs and the hydroxyl-rich PVA matrix. The spectroscopic results support 
the incorporation of the SeNPs into PVA without major changes in their characteristic 
UV–Vis absorption.

3.2. Morphological and Colloidal Characterization of SeNPs@PVA89
Transmission electron microscopy (TEM) showed that the biogenic SeNPs exhibited 

a predominantly quasi-spherical morphology with a relatively narrow size distribution 
(Figure 2A,B). A total of 102 individual nanoparticles were measured, giving particle 
diameters ranging from 11 to 23 nm, with a mean diameter of 14.77 ± 2.47 nm and a median 
of 14.0 nm. The size distribution was centered around the median value and was adequately 
described by a Gaussian fit. Small cluster-like assemblies were occasionally observed; 
however, extensive particle coalescence was not evident in the analyzed micrographs.

Figure 2. Morphological and dispersion characterization of biogenic SeNPs and SeNPs@PVA89. 
(A) Representative TEM micrograph showing the quasi-spherical morphology of the biogenic SeNPs; 
scale bar = 100 nm. (B) Particle-size distribution of biogenic SeNPs determined from TEM mi-
crographs (n = 102), showing a mean diameter of 14.77 ± 2.47 nm and a Gaussian fit to the size 
distribution. (C) Hydrodynamic diameter of free SeNPs and SeNPs@PVA89 determined by DLS. 
(D) ζ-potential of free SeNPs and SeNPs@PVA89.

This behavior is likely attributable to attractive interparticle forces, including van der 
Waals interactions, as well as to the adsorption of phytochemicals and other biomolecules, 
such as proteins and polysaccharides, derived from the A. glaucum extract used during syn-
thesis. These surface-associated biomolecules act as natural capping and stabilizing agents, 
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providing steric and electrostatic stabilization while limiting uncontrolled nanoparticle 
aggregation [28,29].

Despite these small assemblies, we observed no evidence of extensive aggregation or 
particle coalescence, indicating that the biosynthetic process yielded biogenic SeNPs with a 
morphology suitable for homogeneous incorporation into the PVA matrix.

The particle size determined by TEM differed considerably from the hydrodynamic 
diameter obtained by dynamic light scattering (DLS). Free biogenic SeNPs exhibited a hy-
drodynamic diameter of approximately 153 nm, which increased to approximately 320 nm 
after incorporation into PVA (Figure 2C). This difference is expected because DLS mea-
sures the hydrodynamic size of dispersed particles, including the nanoparticle surface 
and its associated hydrated layer. In biogenic SeNPs, this interfacial region may contain 
surface-associated phytochemicals, whereas after incorporation into PVA, it may also include 
hydrated polymer chains. Therefore, the larger DLS-derived diameter of SeNPs@PVA89 
does not represent an increase in the primary particle size observed by TEM [30,31].

The ζ-potential also changed after incorporation into the polymer matrix, decreasing 
in magnitude from approximately −53 mV for free SeNPs to −22 mV for SeNPs@PVA89 
(Figure 2D). This change is consistent with partial shielding of negatively charged surface 
groups by the PVA matrix [32]. Since PVA is a non-ionic polymer, the lower magnitude of the 
ζ-potential does not necessarily indicate a loss of colloidal stability. The hydrated polymer 
environment may instead contribute to steric stabilization of the nanoparticles and modify 
the relative contribution of electrostatic interactions to their dispersion behavior [33].

The simultaneous increase in hydrodynamic diameter and decrease in ζ-potential 
magnitude indicate a change in the incorporation into PVA [34,35]. These observations are 
consistent with the FTIR results, which showed changes in the hydrogen-bonding environ-
ment of the PVA hydroxyl groups and in several bands associated with the polymer chains. 
The DLS and ζ-potential measurements therefore provide additional evidence of an altered 
nanoparticle–polymer interface after incorporation into PVA, while the TEM results indicate 
that the primary particle size and overall morphology of the SeNPs were retained [36–39].

3.3. Morphological Characterization of SeNPs@PVA89 by SEM
Scanning electron microscopy revealed that the lyophilized SeNPs@PVA89 nanocom-

posite exhibited a porous three-dimensional morphology with interconnected cavities and 
lamellar-like regions (Figure 3A). This architecture is consistent with structures generated 
during freeze-drying, where ice-crystal formation and subsequent sublimation produce 
voids within the polymer matrix [40]. The observed morphology therefore primarily reflects 
the processing history of the nanocomposite rather than the intrinsic morphology of the 
individual nanoparticles [41]. The EDS spectrum confirmed the presence of selenium in 
the nanocomposite, together with the carbon and oxygen signals characteristic of the PVA 
matrix (Figure 3B).

Elemental mapping showed that the selenium signal was distributed throughout the 
analyzed regions of the PVA matrix, with no obvious localized enrichment (Figure 3C). This 
relatively homogeneous distribution supports effective incorporation of SeNP-associated 
material within the polymer network after mixing and freeze-drying. Our group previously 
reported a comparable distribution pattern in guar gum-based nanocomposites contain-
ing biogenic SeNPs, where EDS mapping also showed a broadly homogeneous selenium 
distribution throughout the polymeric matrix [6]. Together with the spectroscopic and dis-
persion analyses, these findings indicate that the preparation process enabled incorporation 
of biogenic SeNPs throughout the PVA-based nanocomposite while preserving a relatively 
uniform elemental distribution.
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Figure 3. Morphological characterization and elemental analysis of SeNPs@PVA89 by scanning 
electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS). (A) Representative 
SEM micrograph showing the porous morphology of the lyophilized NC; (B) corresponding EDS 
spectrum; (C) EDS elemental mapping displaying the homogeneous distribution of selenium (red) 
throughout the polymeric matrix, supporting a relatively homogeneous distribution of selenium 
throughout the analyzed regions of the polymer matrix.

3.4. Structural and Thermal Changes Induced by SeNPs Incorporation into PVA
X-ray diffraction analysis confirmed the crystalline nature of the biogenic SeNPs and 

revealed structural changes in the PVA matrix after nanocomposite formation (Figure 4A,B). 
Free SeNPs showed diffraction peaks characteristic of crystalline elemental selenium, con-
sistent with JCPDS card No. 06-0362 and previous reports on plant-mediated selenium 
nanoparticles [42,43]. Analysis of the diffraction peaks of the SeNPs indicated a monoclinic 
unit cell with parameters a = 4.9046 Å, b = 9.9897 Å, c = 6.8598 Å, and 𝛽 = 90.26°.

The diffraction pattern of PVA89 showed a characteristic semicrystalline reflection 
centered at 19.9320°, corresponding to a d-spacing of 4.4510 Å, the (101) crystal plane, 
and ordered packing of PVA chains stabilized by intermolecular hydrogen bonding [43]. 
Moreover, we detected two other XRD peaks at 22.9369° and 41.0424°, indexed to the 
(200) and (111) crystal planes, corresponding to d-spacings of 3.8742 Å and 2.1974 Å, 
respectively. After incorporating SeNPs, the intensity of this reflection decreased, while 
the secondary reflection near 40.9° became markedly attenuated or was no longer clearly 
resolved. These changes indicate reduced crystalline organization in the polymer matrix 
after nanocomposite formation [44].

https://doi.org/10.3390/colloids10060079

https://doi.org/10.3390/colloids10060079


Colloids Interfaces 2026, 10, 79 11 of 22

Figure 4. Structural and thermal characterization of biogenic SeNPs and the SeNPs@PVA89. (A) XRD 
pattern of biogenic SeNPs showing the characteristic reflections of crystalline selenium. (B) XRD 
patterns of PVA89 and SeNPs@PVA89, showing reduced peak intensity at approximately 19.9° and 
40.9° after nanoparticle incorporation. (C) DSC thermograms of PVA89 and SeNPs@PVA89 show 
changes in the NC thermal transition profile.

The decrease in diffraction intensity is consistent with disruption of regular PVA chain 
packing by the incorporated nanoparticles and their associated surface species. Rather than 
indicating a loss of structural integrity, this behavior suggests a redistribution of polymer-
chain organization around the nanoparticle interface. Similar reductions in crystalline 
order have been reported in PVA-based nanocomposites when nanoparticles interfere with 
hydrogen-bonded polymer-chain packing [44–46].

Differential scanning calorimetry supported the structural changes observed by XRD 
(Figure 4C). PVA89 exhibited a melting transition at approximately 223 °C, whereas 
SeNPs@PVA89 showed a lower melting transition near 180 °C. This decrease indicates 
that incorporating SeNPs altered the polymer matrix’s thermal organization and reduced 
the stability of crystalline domains [47].

Changes in melting behavior after nanoparticle incorporation have been associated with 
disrupted intermolecular interactions and less regular polymer-chain packing in PVA-based 
nanocomposites [45–48]. In the present system, the lower melting transition is consistent 
with the FTIR and XRD results, which together indicate a modified hydrogen-bonding 
environment and reduced crystalline order after PVA interacts with the biogenic SeNPs.

Taken together, the XRD and DSC results indicate that incorporating biogenic SeNPs 
affects PVA’s structural organization without eliminating the characteristic features of 
the polymer matrix. These changes are consistent with the formation of a nanoparticle–
polymer interfacial region in which PVA chain packing is partially disrupted, supporting 
spectroscopic evidence of interaction between the hydroxyl-rich polymer and the surface-
associated groups of the biogenic SeNPs.

3.5. Concentration-Dependent Effect of SeNPs@PVA89 on HDF Metabolic Activity
After physicochemical characterization, we evaluated the biological performance 

of SeNPs@PVA89 using complementary in vitro assays to assess its effects on fibroblast 
metabolic activity, cell migration, cytoskeletal organization, and intrinsic fluorescence. 
These assays were selected to assess the principal functional parameters commonly used in 
the biological evaluation of biomaterials before ultrastructural analysis.

3.6. MTT Assay
The effect of SeNPs@PVA89 on HDF metabolic activity was evaluated after 24 h of 

exposure using the MTT assay (Figure 5). A clear concentration-dependent response was 
observed. At 3 and 6 μg/mL, metabolic activity remained comparable to that of untreated 
controls, with mean values of approximately 100% and 99%, respectively, and no significant 
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differences between these groups. In contrast, exposure to concentrations of 12 μg/mL and 
above resulted in a marked decrease in metabolic activity.

Figure 5. Dose-dependent effect of SeNPs@PVA89 on the metabolic activity of primary human dermal 
fibroblasts (HDF), as determined by the MTT assay after 24 h of exposure. Data are presented 
as mean ± SD (n = 3 independent biological replicates). Statistical analysis was performed using 
repeated-measures one-way ANOVA with the Geisser–Greenhouse correction, followed by Tukey’s 
multiple-comparisons test. For clarity, only selected comparisons with the untreated control are 
indicated in the graph: ** p < 0.01, ns = not significant.

Specifically, metabolic activity decreased to approximately 22% at 12 μg/mL, 23% 
at 25 μg/mL, 38% at 50 μg/mL, 24% at 100 μg/mL, and 13% at 200 μg/mL. The 3 and 
6 μg/mL groups differed significantly from all concentrations ≥12 μg/mL. In contrast, most 
comparisons among the higher-concentration groups were not significant, suggesting that 
metabolic activity fell into a low-response range once the threshold between 6 and 12 μg/mL 
was exceeded.

This concentration-dependent behavior is consistent with previous reports describing 
a biphasic biological response to SeNPs exposure, in which low concentrations are generally 
better tolerated. In contrast, higher concentrations are associated with reduced cellular 
metabolic activity and cytotoxic responses [49–52]. Previous studies in human dermal 
and gingival fibroblasts have likewise reported preserved cellular function at low SeNPs 
concentrations and a progressive decline at higher doses. However, the exact threshold 
varies by nanoparticle size, synthesis route, surface chemistry, stabilizing agents, and 
cell type [50–52].

These findings indicate that stabilization within PVA did not eliminate the charac-
teristic concentration-dependent response of the biogenic SeNPs formulation. Under the 
conditions evaluated, 3 and 6 μg/mL preserved HDF metabolic activity, whereas concentra-
tions ≥12 μg/mL produced a pronounced reduction. Based on these results, 3 μg/mL was 
selected for subsequent cellular imaging and ultrastructural analyses because it represented 
the lowest tested concentration with preserved metabolic activity and was also used to assess 
whether subcellular changes could occur in the absence of overt functional impairment.

3.7. Concentration-Dependent Effect of SeNPs@PVA89 on HDF Wound Closure
The effect of SeNPs@PVA89 on HDF wound closure was evaluated after 24 and 48 h of 

exposure relative to the initial scratch (T0) (Figure 6). We observed a clear concentration- 
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and time-dependent response. After 24 h, treatment with 3 μg/mL did not significantly 
affect wound closure compared with untreated controls. Although cultures exposed to 
25 μg/mL also showed a reduction in the cell-free area at this time point, interpreting 
wound closure at concentrations above 3 μg/mL requires considering the marked reduction 
in metabolic activity observed in the MTT assay.

Figure 6. Concentration-dependent effect of SeNPs@PVA89 on fibroblast wound closure evaluated 
by the scratch assay after 24 and 48 h of exposure. (A) Representative micrographs of the scratched 
monolayer immediately after scratching (T0) and at 24 and 48 h. (B) Quantitative analysis of wound 
closure at 24 h and 48 h. Data are presented as mean ± SD (n = 3 independent biological replicates). 
Statistical analysis was performed using two-way ANOVA followed by Tukey’s multiple-comparisons 
test. * p < 0.05, **** p < 0.0001. ns = not significant.

At 48 h, HDF exposed to 3 μg/mL continued to close the scratch progressively while 
maintaining an apparently intact surrounding monolayer. In contrast, cultures treated 
with 25 μg/mL showed areas of cell detachment despite a visible reduction in the scratch 
area. At 100 and 200 μg/mL, pronounced disruption of the monolayer was evident, with 
loss of the characteristic spindle-shaped morphology, cellular contraction, and extensive 
detachment. Under these conditions, changes in the remaining cell-free area cannot be 
interpreted as a direct measure of migratory capacity because cell loss substantially alters 
the wound-region geometry.

This distinction matters because the in vitro scratch assay does not measure cell mi-
gration alone. Wound closure results from the combined contributions of cell migration, 
proliferation, and survival, particularly over prolonged incubation periods [53]. Accord-
ingly, the impaired or unstable closure observed at higher SeNPs@PVA89 concentrations is 
more consistent with fewer and less-intact HDFs available to repopulate the scratched area 
than with isolated inhibition of cellular migration.

This concentration dependence aligns with previous studies showing that selenium-
based nanomaterials’ effects on wound-related cellular responses vary markedly with 

https://doi.org/10.3390/colloids10060079

https://doi.org/10.3390/colloids10060079


Colloids Interfaces 2026, 10, 79 14 of 22

nanoparticle concentration, formulation, stabilizing matrix, and cell type [54–61]. For ex-
ample, selenium-containing systems designed for controlled delivery have been reported 
to enhance wound closure under specific experimental conditions. Nejati et al. observed 
enhanced fibroblast migration in a HAMA/GelMA hydrogel containing SeNPs [58]. Other 
studies have also reported improved wound closure in keratinocyte or macrophage models 
exposed to SeNP formulations [60,61]. However, these findings should not be directly 
extrapolated to the present system because nanoparticle presentation and selenium bioavail-
ability differ substantially among formulations.

In the present study, SeNPs@PVA89 at 3 μg/mL preserved both HDF metabolic activity 
and wound-closure behavior, whereas higher concentrations were associated with progres-
sive loss of cellular integrity. These complementary findings support selecting 3 μg/mL 
for subsequent cytoskeletal and ultrastructural analyses, allowing cellular responses to 
be examined under an exposure condition in which conventional functional endpoints 
remained largely preserved.

3.8. Confocal Microscopy and F-Actin Organization
To determine whether exposure to a functionally tolerated concentration of SeNPs@PVA89 

induced detectable changes in cellular architecture, HDF were examined after 24 h of exposure 
to 3 μg/mL of the nanocomposite (Figure 7). Epifluorescence microscopy showed that treated 
cells largely retained the characteristic spindle-shaped morphology observed in untreated 
controls, with preserved nuclear morphology and an overall F-actin organization comparable 
to that of control HDF. No widespread disruption of actin filaments, loss of cell spreading, or 
severe alterations in cellular architecture were evident under these conditions.

A limited number of treated cells exhibited thinner cytoplasmic extensions and subtle 
local variations in F-actin organization. Because these changes were qualitative and not 
observed across the cell population, they should be interpreted cautiously and do not 
provide evidence of a generalized cytoskeletal response. Overall, the preservation of HDF 
morphology and F-actin architecture is consistent with the MTT and wound-closure results 
obtained at 3 μg/mL.

Previous studies have also reported preserved fibroblast morphology and cytoskeletal 
organization after exposure to low concentrations of biogenic SeNPs. Tritean et al. observed 
maintained morphology and F-actin organization in primary human dermal fibroblasts 
exposed to 2.5 μg/mL biogenic SeNPs [50]. More generally, maintaining an organized actin 
cytoskeleton is associated with preserved cell spreading and functional interactions with 
biomaterial surfaces [62].

Confocal microscopy revealed discrete punctate fluorescent structures distributed 
throughout the cytoplasm of HDF exposed to 3 μg/mL SeNPs@PVA89, predominantly 
localized perinuclearly, whereas comparable punctate signals were not detected in untreated 
controls (Figure 7C,D). These fluorescent structures were observed in cells with preserved 
overall F-actin organization, indicating that the intracellular fluorescent signal was not 
accompanied by overt disruption of the actin cytoskeleton.

We further evaluated the nanosystem’s intrinsic fluorescence without exogenous fluo-
rophores (Figure 8). Untreated HDF did not exhibit detectable autofluorescence under the 
imaging conditions employed, whereas SeNPs@PVA89-exposed cells displayed punctate 
fluorescence in the green (Figure 8A), red (Figure 8B), and blue (Figure 8C) spectral chan-
nels. The merged intracellular pattern was predominantly cytoplasmic and was consistent 
with the discrete fluorescent structures observed in Figure 7.

https://doi.org/10.3390/colloids10060079

https://doi.org/10.3390/colloids10060079


Colloids Interfaces 2026, 10, 79 15 of 22

Figure 7. Effect of SeNPs@PVA89 on fibroblast morphology and F-actin organization after 24 h of ex-
posure. (A) Untreated control fibroblasts and (B) fibroblasts exposed to 3 μg/mL of the NC, observed 
by epifluorescence microscopy after staining with phalloidin (F-actin, green) and DAPI (nuclei, blue). 
(C) Confocal image of untreated fibroblasts showing normal F-actin organization. (D) Confocal 
image of fibroblasts exposed to 3 μg/mL of the NC, showing preserved F-actin organization and 
discrete punctate intracellular fluorescent structures predominantly distributed within the cytoplasm. 
The arrow and yellow circle indicate changes observed in the treated cells (scale bar, 20 μm).

Intrinsic fluorescence has been reported for selenium-based nanosystems and may 
depend on particle size, crystallinity, synthesis route, and surface chemistry [63–67]. In the 
present formulation, biomolecules adsorbed on the SeNP surface during biogenic synthesis 
may also influence the multichannel fluorescence. The PVA matrix likely contributes pri-
marily by maintaining the physicochemical environment and nanoparticle dispersion rather 
than acting as the fluorophore itself. This interpretation is consistent with the spectroscopic, 
DLS, ζ-potential, XRD, and DSC results, which together indicate interaction between the 
SeNPs surface and the PVA matrix.

Although the punctate fluorescence is compatible with intracellular association of 
SeNPs@PVA89, fluorescence microscopy alone does not establish the elemental identity of 
the fluorescent structures or definitively demonstrate intracellular selenium localization. 
Therefore, we interpreted the fluorescence findings alongside TEM observations to assess 
the intracellular fate and ultrastructural response of HDF exposed to the nanocomposite.
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Figure 8. Intrinsic multichannel fluorescence of SeNPs@PVA89 in HDF after 24 h of exposure. Con-
focal images were acquired without exogenous fluorescent probes. Fluorescence associated with 
SeNPs@PVA89 was detected in the (A) green, (B) red, and (C) blue spectral channels, showing 
a punctate intracellular distribution predominantly within the cytoplasm. Untreated HDF did not 
exhibit detectable autofluorescence under the same imaging conditions. Images were processed using 
identical settings for comparison.

3.9. Ultrastructural Response of HDF to SeNPs@PVA89
Transmission electron microscopy revealed clear ultrastructural differences between 

untreated HDF and cells exposed to 3 μg/mL SeNPs@PVA89 for 24 h (Figure 9). Untreated 
cells maintained normal nuclear morphology, elongated mitochondria with well-defined 
cristae, a normally organized rough endoplasmic reticulum (RER), and occasional lipid 
droplets (Figure 9A). In contrast, treated HDF showed mitochondrial fragmentation, dis-
rupted cristae architecture, dilated and rearranged RER cisternae, and concentric membrane 
structures. An increased number of membrane-bound cytoplasmic vesicular compartments 
was also observed (Figure 9B).

Figure 9. Transmission electron microscopy (TEM) of human dermal fibroblasts after 24 h of expo-
sure to SeNPs@PVA89. (A) Untreated control fibroblast showing a well-preserved ultrastructure, 
including elongated mitochondria (arrow) and occasional lipid droplets (*). (B) Fibroblast exposed 
to 3 μg/mL of SeNPs@PVA89, showing ultrastructural alterations in fibroblasts, characterized by 
abundant vacuoles, rough endoplasmic reticulum (RER), and mitochondria. Different stages of 
nanoparticle internalization by fibroblasts are shown, with the nanoparticles appearing as electron-
dense structures (arrowheads).
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Electron-dense structures were detected within some of these membrane-bound compart-
ments. Their morphology was compatible with nanoparticle-associated material; however, their 
elemental composition was not directly confirmed. Therefore, these observations should be 
interpreted as morphological evidence consistent with intracellular association and vesicular 
sequestration rather than as definitive proof of intracellular selenium localization [63].

Similar intracellular compartmentalization of functionalized SeNPs has been reported 
in endosomal-, lysosomal-, and mitochondria-associated regions [68–70]. Bissardon 
et al. [68], showed that functionalized SeNPs, at sub-toxic concentrations, accumulated 
in lysosome-related organelles and associated with mitochondrial regions in prostate can-
cer cells. Although that study used a different cellular model, it supports the idea that 
SeNP-containing systems may remain intracellularly compartmentalized under exposure 
conditions that do not immediately cause extensive cell death.

The mitochondrial and RER alterations observed in the present study are also consistent 
with previous reports identifying these organelles as early targets of nanoparticle-induced 
cellular stress [69–73]. In particular, SeNPs exposure has been associated with mitochondrial 
dysfunction, altered redox homeostasis, and endoplasmic reticulum stress (ER stress) in 
different experimental models [70–74]. Moreover, multiple cytotoxic mechanisms induced 
by selenium compounds have been described, including glycolysis inhibition, microtubule 
depolymerization, autophagy inhibition, ROS generation, induction of caspase-dependent 
and -independent apoptosis, cell cycle arrest, ER stress, and DNA damage [75,76]. However, 
we did not directly measure these mechanisms; therefore, the present TEM findings should 
be interpreted as ultrastructural evidence of organelle remodelling rather than proof of a 
specific molecular pathway.

Importantly, the ultrastructural alterations detected at 3 μg/mL, namely mitochon-
drial fragmentation, cristae disruption, RER remodeling, and membrane-bound vesicular 
compartments containing electron-dense structures, occurred under the same exposure 
conditions in which HDF metabolic activity, wound-closure behavior, and overall F-actin 
organization remained largely preserved. This divergence suggests that conventional cyto-
compatibility endpoints alone may not capture the full cellular response to SeNPs@PVA89 
and supports ultrastructural analysis as a useful complement to functional assays for un-
derstanding the nano–bio interactions of PVA-stabilized SeNPs.

From a tissue-engineering perspective, this distinction matters because biomaterials for 
regenerative applications should not only preserve cell viability and gross functional behavior 
but also maintain cellular homeostasis at the subcellular level. The present findings therefore 
support a more comprehensive evaluation strategy for nanoparticle-containing biomaterials, 
in which ultrastructural assessment complements conventional cytocompatibility assays to 
define biologically better-tolerated conditions for future tissue-engineering applications.

The original contribution of this study goes beyond the development of a redispersible 
formulation of biogenic SeNPs stabilized with PVA. By integrating physicochemical char-
acterization with functional, fluorescence, and ultrastructural analyses in human dermal 
fibroblasts, it shows that a nanocomposite may appear cytocompatible under conventional 
assays and still induce ultrastructural alterations detectable by TEM. In addition, the in-
trinsic fluorescence of the nanocomposite, possibly influenced by precursor chemistry 
and the phytochemical composition of the plant extract, enabled confocal visualization of 
punctate intracellular signals that, together with the TEM observations, provided a more 
comprehensive characterization of the cellular interactions with SeNPs@PVA89.

4. Conclusions
Biogenic SeNPs synthesized using A. glaucum extract were successfully stabilized 

within a medium-molecular-weight PVA matrix, preserving their nanoscale characteristics 
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and characteristic optical response while altering the physicochemical environment of the 
polymer–nanoparticle system. Spectroscopic, dispersion, structural, thermal, and elemen-
tal analyses supported the formation of SeNPs@PVA89, with changes in hydrodynamic 
behavior, surface potential, polymer-chain organization, and crystalline structure consistent 
with interactions between the biogenic nanoparticle surface and the PVA matrix.

The biological response of HDF was strongly concentration-dependent. At 3 and 
6 μg/mL, metabolic activity remained preserved, whereas concentrations ≥12 μg/mL pro-
duced a marked decrease in the MTT response. At 3 μg/mL, HDFs also maintained wound 
closure, overall morphology, and F-actin organization. Nevertheless, confocal microscopy 
revealed discrete intracellular fluorescence, while TEM showed mitochondrial fragmen-
tation, altered cristae, RER remodelling, and membrane-bound vesicular compartments 
containing electron-dense structures. Although we did not directly confirm the elemental 
identity of these intracellular structures, their morphology was consistent with intracellular 
association and vesicular sequestration of the nanosystem.

These findings show that meeting conventional cytocompatibility endpoints does not 
necessarily rule out a subcellular response. The ultrastructural alterations detected under 
functionally tolerated exposure conditions provide additional biological information that 
complements metabolic, wound-closure, and cytoskeletal assays. Although we did not 
directly investigate the underlying mechanisms, the mitochondrial and RER alterations ob-
served here may represent a cellular stress response preceding overt functional impairment.

From a tissue-engineering perspective, this distinction matters because biomaterials in-
tended for regenerative applications should be evaluated not only for cell viability and gross 
functional behaviour, but also for their effects on subcellular organisation. SeNPs@PVA89 
therefore provides a useful model for examining how polymer-stabilized biogenic nanopar-
ticles interact with normal human fibroblasts. At the same time, the combined physico-
chemical, functional, fluorescence, and ultrastructural approach used here offers a more 
comprehensive basis for evaluating nanoparticle-containing biomaterials intended for future 
regenerative applications.
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