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A B S T R A C T

Chitosan is a biocompatible and biodegradable polysaccharide with a plethora of biomedical and food appli
cations. Its functionalization with additional biopolymers and bioadditives allows to modify its antimicrobial, 
mechanical and tribological properties, as well as cell proliferation. Thus, the aim of this study was to investigate 
the physicochemical properties and in vitro biological activity of poly(vinyl alcohol)/chitosan electrospun 
nanofibers and casted films with an addition of Rosa damascena and Rosa rugosa extracts, as well as gold 
nanoparticles. Poly(vinyl alcohol)/chitosan nanofibers and films were both electrospun and dry-casted with 
morphology, wettability, mechanical, thermal, antimicrobial properties, as well as cytotoxicity being examined. 
Specific attention has been drawn to the methodological approach on nanofiber electrospinning. Results showed 
data variabilities in wettability, mechanical and thermal properties were a matter of material fabrication tech
nique, while those of swelling ability and degradation related to material composition. Antimicrobial activity, as 
well as lack of significant cytotoxicity were observed for both poly(vinyl alcohol)/chitosan nanofibers and films 
with an addition of rose extracts, as well as gold nanoparticles. Results reported in this study suggested poly 
(vinyl alcohol)/chitosan nanofibers and films with the investigated additives as promising biocompatible bio
materials with potential applications suggested such as external drug delivery in wound healing, topical ther
apies, biodegradable packings.
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1. Introduction

Nowadays, biopolymer materials, that can replace conventional 
plastics and non-renewable matter, are the main proposed alternatives 
defined in the actual strategy of the United Nations’ Sustainable 
Development Goals (United Nations). For decades, the scientific com
munity has focused on multiple compositional and methodological ap
proaches in biomaterial production regarding the needs of the food 
packaging industry, textiles manufacturing, bioelectronics production, 
the niche of medical supplies, etc (Perveen et al., 2023). Current trends 
consider plant (cellulose, hemicellulose, pectin, lignin, alginate, xan
than, dextran) and animal (chitin, chitosan, collagen, silk) poly
sacharides as integral compositional elements of biomaterials, with 
films, hydrogels, patches, coatings, foams, membranes, nano- and 
macro-scaffolds as its form-factors (Toker-Bayraktar et al., 2023).

Chitosan is the second most abundant polysaccharide in Nature and 
is a cationic derivative of deacetylated chitin (Budiarso et al., 2023). 
Chitosan is produced from renewable sources, mainly from 
waste-derived feedstock from the food industry, such as crab, shrimp, 
and prawn shells (Natolino et al., 2025). Biocompatibility, biodegrad
ability, adsorption capacity, and nontoxicity are among the crucial 
properties of chitosan applicability (Martau et al., 2019). In addition, its 
structural similarity to glycosaminoglycans in an extracellular matrix, 
such as hyaluronic acid and chondroitin sulfate, makes chitosan a 
promising candidate as a scaffold for biomedical and food applications 
(Kikani et al., 2024), (Alotaibi et al., 2023), (Rakkan et al., 2025), (Wang 
et al., 2025).

What is crucial is that the formation of chitosan nanoscaffolds is 
significantly limited by its polycationic nature, rigid backbone confor
mation, sparse chain entanglement, and strong intra- and inter- 
molecular hydrogen bonding (Taokaew and Chuenkaek, 2024). More
over, toxic solvents, such as trifluoroacetic acid and hexa
fluoroisopropanol are often used to handle chitosan spinability (Xu 
et al., 2009). To address the issue, blending with other polymers 
exhibiting high electrospinning properties is worth attention. Polymers 
that have been extensively used to enhance the spinability of chitosan 
comprise polyethylene oxide (Amiri et al., 2020), poly(vinyl alcohol) 
(Kulkarni et al., 2017), hyaluronic acid (Sun et al., 2019), polylactic acid 
(Chuah et al., 2023) due to its biocompatibility, biodegradability and 
lack of immunogenic effects.

With a clear path on the development of chitosan-based nano
scaffolds, the field of its application is a matter of modifications imple
mented. For instance, modification with Au, Ag, Cu nanoparticles (NPs) 
and essential oils contributes to antimicrobial activity of chitosan-based 
nanoscaffolds (Mohamady Hussein et al., 2020); crosslinking agents 
ensure their mechanical strength; graphene and silica enhance their 
thermal stability (Garnica-Palafox and Sánchez-Arévalo, 2016); plasti
cizers/antiplasticizers can modify wettability and moisture retention 
(Pinto et al., 2018); etc. In that way, incorporation of plant extracts in 
designing of an advanced biomaterials allows to ensure a set of unique 
properties, such as self-healing, underwater adhesion, stimuli respon
siveness, antimicrobial activity, reversible/irreversible interactions, etc 
(Michalicha et al., 2024). Rosa damascena (RD) and Rosa rugosa (RR) are 
examples of natural resources rich in polyphenols, flavonoids, terpenes, 
phenolic acids, and other compounds (Akram et al., 2020), (Cendrowski 
et al., 2020). Rose extracts offer various documented effects such as 
analgesic, anticonvulsive, hypnotic, cardiovascular, laxative, 
anti-diabetic, antimicrobial, antioxidant, etc (Wang, 2024). Detailed 
biological activity of the components of rose extract is associated with 
multifaceted antitumor effectiveness, including modulation of pathways 
associated with cell proliferation, migration, angiogenesis, metastasis, 
and cell death (Mishra et al., 2022).

The research described in this article aimed to provide a comparative 
analysis on physicochemical properties and in vitro biological activity of 
chitosan/poly(vinyl alcohol) casted films and electrospun nanofibers 
with an addition of Rosa damascena and Rosa rugosa extracts, as well as 

gold nanoparticles. The morphology of chitosan/poly(vinyl alcohol) 
casted films and electrospun fibers, their wettability, swelling ability, 
molecular, thermal and mechanical properties, as well as their cyto
toxicity and antimicrobial activity as a matter of material composition 
and fabrication were precisely investigated. Special attention was paid 
to the design and optimization of fabrication processes of chitosan/poly 
(vinyl alcohol) casted films and electrospun nanofibers with the addition 
of Rosa damascena and Rosa rugosa extracts. Moreover, gold nano
particles, obtained with the application of Rosa damascena extract were 
introduced to check their additive effect on the physicochemical prop
erties and biological activity of the investigated materials.

The basic materials presented herein are based on chitosan (a poly
mer of natural origin) and poly(vinyl alcohol) (a synthetic polymer), so 
that opens the possibilities for new proofs-of-concept concerning 
biodegradable while biocompatible materials containing also low- 
molecular-weight compounds of natural origin or supplemented with 
gold nanoparticles. Thus, these organic-inorganic hybrid materials 
produced according to the proposed sustainable way are a new gener
ation of reproducible materials with potential biological applications. 
Noteworthy, both the material synthesis path and biodegradability are 
in line with the “green chemistry” approach. To the best of our knowl
edge, few publications are comparing morphologically diverse materials 
with different dimensionality in the nanoscale: fibers (1D) versus films 
(2D) with the same chemical composition in terms of their wettability, 
mechanical and thermal properties as well as biological response to
wards eukaryotic and prokaryotic cells in vitro. Furthermore, this study 
is an only integrated analysis of the effect Rosa damascena and Rosa 
rugosa extracts on physicochemical properties and in vitro biological 
activity of chitosan-poly(vinyl alcohol) casted films and the corre
sponding electrospun nanofibers.

2. Materials and methods

2.1. Materials and reagents

Shrimp shell chitosan (CSM), with a weight average molecular 
weight (Mw) of 127 ± 8 kDa and degree of deacetylation of 89 ± 2 % 
(Krajewska et al., 2011), as well as poly(vinyl alcohol) (PVA) with Mw of 
89–98 kDa and a degree of hydrolysis of 99.0 % were purchased from 
Merck Group (Germany). Other reagents, used in the current study were 
of analytical grade and also purchased from Merck Group (Germany). 
For films and nanofibers preparation, CSM flakes were dissolved in 
0.1 M acetic acid at 65 ± 1 ◦C overnight to obtain a 2 wt% stock solution. 
Poly(vinyl alcohol) was dissolved in deionized water at 90 ± 1 ◦C, to 
obtain 12 wt% stock solution.

2.2. Extraction of Rosa damascena (RD) buds and Rosa rugosa (RR) 
petals

Dried buds of RD and petals of RR sourced from a local herbalist’s 
shop, originating from Morocco, were used in the study. A sample of 
400 mg of dry RD buds (petals and stamens) or RR petals were mixed 
with distilled water to achieve a final concentration of 10 mg/mL. The 
aqueous extracts were prepared by stirring the mixtures for 60 min at 
40 ± 1 ◦C. After allowing the mixtures to cool, the solutions were filtered 
using a syringe filter with a 0.22 µm pore size. The resulting extracts 
were stored in the dark at 21 ± 1 ◦C and used within a maximum of 7 
days.

2.3. Synthesis of Au@RD nanoparticles and its characterisation

The synthesis of Au@RD nanoparticles (Au@RD NPs) was performed 
according to a previously described method (Kyzioł et al., 2021). Briefly, 
the reduction of Au(III) was initiated by adding 2 mL of a 5 mM aqueous 
solution of tetrachloroauric(III) acid to 18 mL of an aqueous RD extract 
at a concentration 1 mg/mL resulting in a final concentration of 0.5 mM 
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tetrachloroauric(III) acid in the reaction mixture. Then, the reaction 
mixture was stirred continuously at 90 ± 1 ◦C, whereby a pink color was 
developed within 3 min indicating the onset of Au@RD NPs formation.

2.4. Chitosan-poly(vinyl alcohol) film casting

Blends were prepared in advance by thoroughly mixing overnight at 
21 ± 1 ◦C. Prior to mixing, pH of CSM solution was adjusted to 6 
(pKa(CSM) = 6.30). Then, the particular mixtures were cast into high 
impact polystyrene hexagonal molds, and left drying at 21 ± 1 ◦C and 
40 ± 5 % relative humidity (RH) for 24 h. After that, PVA/CSM-based 
films were thermally stabilized at 130 ± 1 ◦C for 1 h. Such a treat
ment of common to decrease of solubility due to the initiated PVA-CSM 
cross-linking and anti-plasticizing effect (Zakrzewska et al., 2023). After 
thermal treatment, the casted films were peeled off from the molds and 
stored in sealed containers in dark at 21 ± 1 ◦C and 40 ± 5 % RH. The 
composition of the polymer blends, and sample codenames are shown in 
Table 1.

2.5. Chitosan-poly(vinyl alcohol) nanofiber electrospinning

Similarly to films, polymer blends for electrospinning were prepared 
in advance by thoroughly mixing overnight at 21 ± 1 ◦C. Electrical 
conductivity and viscosity of PVA/CSM-based blends were determined 
by SevenCompact S230 conductivity meter (Mettler Toledo, USA) and 
SV-10 viscometer (A&D Company Ltd., Japan), respectively, with data 
reported as Fig.S1 in Supplementary Materials. A Fluidnatek LE-50 
(Fluidnatek, Spain) electrospinner with temperature and humidity 
control unit, equipped with a 21 G needle, was used to obtain nanofibers 
according to electrospinning parameters, provided in Table 1. The dis
tance between the end of the needle and the collector plate was fixed at 
13 cm. All nanofibers were obtained at 21 ± 1 ◦C and 40 ± 5 % RH. 
Following electrospinning, PVA/CSM-based nanofibers were thermally 
stabilized at 130 ± 1 ◦C for 1 h.

2.6. Scanning electron microscopy imaging

Scanning electron microscopy (SEM) imaging was performed using 
an Inspect F50 microscope (FEI) operated at an accelerating voltage of 
15 kV. The maximum beam current was set to 200 nA, with a resolution 
of 20 nm under high vacuum conditions. The sample stage allowed for 
movement along the X, Y, and Z axes (50 × 50 × 50 mm) with tilt angles 
ranging from − 15◦ to 75◦ and 360◦ rotation. Prior to analysis, the 

samples were sputter-coated with a thin layer of palladium to enhance 
surface conductivity and minimize charging effects during imaging. The 
real diameters of the fibers was determined by analysis of SEM images in 
the commercially available ImageJ program. Each time over 100 fibers 
from different microscopic images of the same sample were analyzed.

2.7. Raman spectra

Exploration of the molecular properties of PVA/CSM-based casted 
films and electrospun nanofibers was conducted according to the pro
tocol reported previously (Chibrikov et al., 2023). Raman spectra were 
recorded using the alpha300R confocal Raman microscope (WITec, 
Germany) in single spectra mode at a temperature of 19 ± 1 ◦C and 
33 ± 2 % RH. The Raman microscope wavelength of 532 nm at a power 
of 10 mW was used for excitation through the EC Epiplan-Neoflural 
100X objective (Zeiss, Germany). For each sample, 5 spectra were ac
quired at random points over the range 4000 cm− 1 - 150 cm− 1 with a 
spectral resolution of 2.1 cm− 1 Raman shift. Spectral data analysis was 
carried out using ChemoSpec R package, and included Savitzky-Golay 
smoothing, baseline correction with asymmetric least squares tech
nique, and spectra normalization using the probabilistic quotient 
normalization method. Normalized Raman spectra were processed for 
principal component analysis (PCA) to reduce data dimensionality.

2.8. Mechanical properties

Macroscale mechanical properties of the samples were determined 
by means of a uniaxial tensile test with a constant strain rate. Material 
strips of an approximate length of 25 ± 3 mm, width of 3.0 ± 0.5 mm, 
and thicknesses of 0.02 ± 0.01 mm (electrospun nanofibers) and 
0.12 ± 0.01 mm (casted films), were stored in a desiccator for at least 
72 h at a 21 ± 1 ◦C and 25 ± 3 % RH prior further analysis. Mechanical 
testing was performed using a tensile stage microtester (Deben Microt
est, UK) equipped with a 200 N load cell. In laboratory tests, samples 
were mounted in a way giving 10 mm as an effective length of a stripe, 
capable of stretching. Specimens were subjected to stretching with a 
constant strain rate of 1 mm/min up to 10 mm (100 %) deformation with 
10 repetitions for each sample type. The Young’s modulus of the sample 
was calculated according to Eq. (1): 

E =
l0 × s
w × t

(1) 

where E is Young’s modulus of sample (MPa), l0 is initial length of 
sample (mm), s is inclination of an elastic region slope, w is sample width 
(mm), and t is sample thickness (mm).

The experimental stress-strain curve may be found in Fig.S4 of the 
Supplementary Materials.

2.9. Wettability, swelling ability and degradation

The wettability of both nanofibers and films was evaluated through 
automatic contact angle measurement using a DSA25E goniometer 
(KRÜSS, Germany) by the double sessile drop method using 2 μL liquid 
drops (ultrapure distilled water). The contact angle was calculated as an 
average of at least 20 measurements. Surface free energies (SFE) were 
calculated as dispersive (γd) and polar (γp) components using the Owens- 
Wendt-Rabel-Kaelble method. By polar SFE component γp, the sum of 
the intermolecular interaction (polar, hydrogen, induction, acid–base, 
etc.) contributors were considered, while dispersion was considered as 
dispersive SFE component γd. Measurements were conducted in tripli
cate at 21 ± 1 ◦C and 40 ± 5 % RH.

Swelling ability and degradation of PVA/CSM-based nanofibers and 
films were investigated by sample incubation in phosphate buffered 
saline (PBS, pH = 7.4) at 37 ± 1 ◦C to mimic the physiological condi
tions of the human body. The samples with the weight of approximately 

Table 1 
Composition of polymer blends for film casting and nanofiber electrospinning, 
and parameters and nanofiber electrospinning process.

Codename Composition Electrospinning 
parameters
Voltage 
(kV)

Flowrate 
(mL/h)

PVA/CSM PVA: 14 mL of 12 % w/v 
solution 
CSM: 4 mL of 2 % w/v solution 
dH2O: 2 mL

22 0.5

PVA/CSM/RD PVA: 14 mL of 12 % w/v 
solution 
CSM: 4 mL of 2 % w/v solution 
RD: 2 mL of 4 % w/v solution

21 0.5

PVA/CSM/RR PVA: 14 mL of 12 % w/v 
solution 
CSM: 4 mL of 2 % w/v solution 
RR: 2 mL of 4 % w/v solution

21 0.5

PVA/CSM/ 
Au@RD NPs

PVA: 14 mL of 12 % w/v 
solution 
CSM: 4 mL of 2 % w/v solution 
Au@RD colloid: 2 mL of 4 % 
w/v solution

25 0.4
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50 mg were placed in separate vessels on a horizontal shaker operating 
at 110 rpm. During the assay, the PBS volume was maintained constant. 
For in vitro swelling test, samples were weighed at the beginning of the 
experiment (0 h) and again after 1 h, 1 day, 7 days, and 14 days of in
cubation. Swelling ability was calculated according to Eq. (2): 

Swelling ability[%] =
Wi − W0

W0
× 100% (2) 

where Wi is the weight of the swollen sample after a particular incu
bation time (mg), W0 is the weight of dried sample before incubation 
(mg).

For in vitro degradation test, samples were weighed at the beginning 
of the experiment and again after 1 day, 7 days, and 14 days of incu
bation. After each time interval, samples were dried at 37 ± 1 ◦C for 3 
days prior weighting. Mass loss of each sample was calculated according 
to Eq. (3): 

Weight loss[%] =
W0 − Wi

W0
× 100% (3) 

where W0 is the weight of the sample before incubation and Wi is the 
weight of the dried sample after incubation.

2.10. Thermal properties

For calorimetric analysis, 2.0 ± 0.2 mg of sample pieces were sealed 
in aluminium crucibles (TA Instruments, USA). Prior to analysis, sam
ples were stored in a desiccator for at least 72 h at 21 ± 1 ◦C and 25 
± 3 % RH. Calorimetric analysis was conducted by means of differential 
scanning calorimetry (DSC) using DCS 250 differential scanning calo
rimeter (TA Instruments, USA). The experimental setup included sample 
heating in a temperature range of 20–400 ºC with a heating rate of 10 
ºC×min− 1 and nitrogen gas flux of 50 mL×min− 1. At the defined con
ditions, the limitation of heat transfer inside the material and in the 
external gas phase is negligible. Prior to the experiment, temperature 
and heat flow calibration of the equipment was done with indium under 
similar conditions as for samples.

Specific enthalpies were calculated according to the Eq. (4): 

ΔH =

∫ Tend

Tstart

dQ
dt

dt (4) 

where ΔH is specific enthalpy, (J/g), Tstart is time of exo-/endotherm 
start (s), Tend is time of exo-/endotherm end (s), dQ

dt is normalized heat 
flow (W/g), dt – integration time (s).

Temperatures and enthalpies of surface water evaporation and ma
terial decomposition were evaluated with TRIOS software (TA In
struments, USA) analysis tools. Experimental thermogram of casted CSM 
film can be found in Fig.S5 of the Supplementary Materials.

2.11. Antioxidant activity

To assess the scavenging potential of RD and RR extracts, Au@RD 
NPs, PVA/CSM nanofibers and films, 2,2-diphenyl-1-picrylhydrazyl 
(DPPH) assay was used according to the adopted spectroscopic 
method of Brand-Wiliams (Javed et al., 2023). An ethanol solution of 
quercetin at a final concentration of 1 mg/mL was used as a reference 
antioxidant. Respectively, to 20 mL of reference solution, RR or RD 
extract (40 mg/mL), Au@RD NPs (1 mL of the freshly prepared colloid 
diluted to 20 mL), 1.5 mL of 0.2 mg/mL DPPH solution in ethanol were 
added. Then, 1 × 1 cm sample pellicles were placed in 20 mL of distilled 
water containing 1.5 mL of 0.2 mg/mL DPPH solution in ethanol. The 
mixtures were kept aside on the magnetic stirrer in the dark for 30 min 
to complete the reaction. Then, absorbance was measured at 517 nm 
against an equal amount of DPPH and ethanol as a blank. The percentage 
of DPPH• scavenging was estimated using the Eq. (5): 

DPPH⦁scavenging[%] =
A0 − A1

A0
× 100% (5) 

where A0 is the absorbance of the reference sample and A1 is a sample 
absorbance.

2.12. Evaluation of in vitro biocompatibility – cell attachment and 
proliferation assays

HaCaT cells (epidermal human keratinocyte, CSL, Germany) were 
cultured on PVA/CSM-based samples. Scaffold materials were cut into 
1 × 1 cm squares and sterilized by quick immersion in 70 % (v/v) 
ethanol, followed by washing with phosphate-buffered saline (PBS) in 
triplicate. The procedure was repeated in triplicate and samples were 
then put into 12-well culture plates. Approximately 3 × 104 cm cells 
were seeded directly on each sample. Then, cells were cultured in Dul
becco’s modified eagle medium (DMEM) supplemented with 1 % (v/v) 
fetal bovine serum and 1 % (v/v) penicillin/streptomycin and incubated 
at 37 ± 1 ◦C under a humidified atmosphere of 5 % (v/v) carbon dioxide 
for 1 day and 3 days. The medium was changed for a fresh one every 
other day. Cells cultured on polystyrene culture plates (Corning, USA) 
were treated as a reference sample. After 1 day and 3 days, cytotoxicity 
was determined by Alamar Blue assay (Sigma-Aldrich, USA). In brief, 
cells were washed with PBS and incubated with resazurin sodium salt 
solution (25 µM in PBS) for 4 h at 37 ± 1 ◦C in the dark. The fluores
cence associated with the cellular metabolic activity was measured at 
605 nm (excitation wavelength 560 nm) with a multimode microplate 
reader (Infinite 200 M PRO NanoQuant, Tecan, Switzerland). Cytotox
icity was expressed as a percentage of viable cells after treatment with 
films and fibers in reference to untreated cells (control). The experiment 
was repeated in triplicate.

The adhesion and morphological changes of HaCaT cells on nano
fibers and films were observed using SEM (NanoSEM 200, FEI, Eind
hoven, The Netherlands) after incubation for 3 days. The cells growing 
on nanofibers or films were washed with PBS and immersed in a 2 % (v/ 
v) glutaraldehyde solution at 4 ± 1 ◦C for 4 h, then soaked with 20 %, 
40 %, 60 %, 80 % (v/v), and absolute ethanol for 20 min.

2.13. Statistical analysis

All quantitative results were obtained from at least three samples and 
three independent experiments, with all the parameters reported as 
mean value and its standard deviation. Data analysis and visualization 
were performed in RStudio 2024.12.1 Build 563 (Posit Software, USA). 
Differences were analyzed using two-way (type of material and its 
composition; if other is not mentioned) analysis of variance (ANOVA) 
and the Tukey test for honestly significant differences at a significance 
level of p = 0.05.

3. Results and discussion

3.1. Film casting and nanofiber electrospinning

For nanofiber electrospinning, a set of input parameters, namely 
blend conductivity and viscosity, was tested to evaluate its effect on 
fiber and network structure (Fig.S1, Fig.S2). It was shown that the 
electrospinning of polymer blends with decreased conductivity allowed 
to obtain more homogeneous fibers without any beads and thickenings 
(Fig.S2c). In contrast, low viscosity of the polymer blend leads to 
spindle-shaped beads instead of nanofibers (Fig.S2d), while, its high 
viscosity promoted polymer chain entanglement, resulting in larger 
nanofibers (Fig.S2f). The viscosities of PVA/CSM/RR, PVA/CSM/RD 
and PVA/CSM/Au@RD NPs solutions were significantly lower 
compared to PVA/CSM one. This drop is a consequence of the addition 
of low-molecular-weight compounds, plant extracts, as well as Au 
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nanoparticles, which led to the weakening of contact and interactions 
between chains of PVA and CSM polymers in solution. It was reported 
that the morphology of electrospun nanofibers depends on blend con
ductivity, viscosity, and surface tension (Xue et al., 2019) so that making 
the electrospinning of polyelectrolyte blends challenging. In such a case, 
not viscosity, but rather repulsive forces between polyelectrolytes are 
the key factors limiting electrospinning. The electric field and polarity 
applied during electrospinning play a significant role regarding the 
surface properties of electrospun fibers (Stachewicz et al., 2012). When 
positive voltage is applied to a needle, electropositive functional groups 
of a polymer are repelled, and electronegative groups are aligned to
wards fiber surface. In blends and the used pH = 6, CSM possesses 
protonated amino groups (-NH3

+), so that its chains are repelled from the 
fiber surface, resulting PVA chains (bearing electronegative -OH groups) 
ordering towards the surface. Thus, only when the viscosity reached a 
critical point of ~600 mPa×s, a homogeneous nanofiber structure was 
achieved. During the optimization process, the influence of surfactant 
was also examined, and the respected data is provided in Supplementary 
Materials as Chapter S1.

After completing the optimization of the electrospinning process, the 
applicable compositions of PVA/CSM-based blends and defined elec
trospinning parameters were implemented and are shown in Table 1 and 

Fig.S1. The highest value of conductivity was observed for the PVA/CSM 
blend, while the decreases were statistically significant for both PVA/ 
CSM/RD, PVA/CSM/RR, and PVA/CSM/Au@RD NPs (Fig.S1a). Simi
larly, the addition of RD and RR aqueous extracts decreased blend vis
cosity in a statistically significant manner (Fig.S1b), still being 
acceptable for electrospinning.

For all the samples, electrospinning resulted in well-formed and 
smooth fibers with no visible defects. Moreover, the electrospun mats 
showed high uniformity in terms of fiber size distribution with a poly
dispersity index below 0.1 for all investigated nanofibers (Fig. 1).

The diameter of the PVA/CSM fibers and those with the addition of 
rose extracts (PVA/CSM/RD, PVA/CSM/RR) did not differ significantly 
and was determined to be ca. 105 nm (Fig. 1a-c). A slight increase was 
observed in the case of the addition of Au colloid to PVA/CSM blend 
(115 nm; Fig. 1d). Compositional changes affect the morphology of 
electrospun fibers, with the most prominent changes reported for PVA/ 
CSM nanofibers, being determined by the component’s ratio. The ad
ditives themselves, in the form of rose extracts or Au colloid, do not 
affect the quality and diameter of the obtained fibers under the same 
spinning conditions. This could be explained by the fact that their 
introduction even changes the solutions properties (conductivity, vis
cosity) but it still makes possible the electrospinning of homogeneous 

Fig. 1. Scanning electron microscopy images of PVA/CSM-based nanofibers: a) PVA/CSM sample; b) PVA/CSM/RD sample; c) PVA/CSM/RR sample; d) PVA/CSM/ 
Au@RD NPs sample. Imaging parameters and scale bars are provided at the bottom of each specific subfigure. For each subfigure, a histogram of fiber width dis
tribution is provided, as well as its statistical analysis. For one-way ANOVA, treatments with the same letter show a lack of statistically significant differences between 
the samples.
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fibers (Table 1, Fig. S1, Fig. S2). Similarly, the applied thermal treatment 
at 130 ◦C for 1 h did not cause any significant changes in the 
morphology and size of the resulting nanofibers (Fig. S3).

3.2. Molecular properties

An averaged Raman spectra of PVA/CSM-based nanofibers and films 
are provided in the Supplementary Materials and shown in Fig.S7. Peaks 
corresponding to characteristic wavenumbers of structural bonds in 
CSM and PVA were observed, with detailed information on spectra 
interpretation provided in Table S1 of the Supplementary Materials. Due 
to the high degree of PVA hydrolysis, a band of residual acetate (at 
~1708 cm− 1) showed low intensity. For PVA/CSM-based nanofibers 
and films with RR and RD additives, bands at 1600–1400 cm− 1 and 
1000–900 cm− 1 can be assigned to aryl, alkenes and methyl groups of 
phenyl ethyl alcohol, citronellol, geraniol and nonadecane originating 
from rose extracts (Jentzsch et al., 2015). In all spectra, a broad band in 
the range of 3000–2800 cm− 1 corresponds to hydroxyl group stretching 
vibrations of PVA, CSM, as well as phenolic compounds from RR and RD 
extracts, with its broad shape suggesting intra- and inter-molecular 
hydrogen bonding. To reduce data dimensionality, a graphical sum
mary of the spectral changes in PVA/CSM-based nanofibers and films 
was obtained by evaluating the loadings of the principal components of 
the sample spectra. The PC1 versus PC2 scores plot (which describes 
approximately 48 % of the data variance) is shown in Fig. 2. For all 
sample groups, data showed the split into three major statistical groups – 
fibers, films, and control (CSM film). This is evidenced predominantly by 
the loadings of the PC2 component – positive for nanofibers and nega
tive for films. Control CSM film shows both negative PC1 and PC2 
loadings, in contrast to those of PVA/CSM-based samples, where PVA 
appears as the predominant component of both fibers and films. It was 
also observed that in terms of chemical composition, data variability is 
lower for PVA/CSM-based fibers, compared to the electrospun films, 
while the difference between specific sample groups showed the oppo
site trend. This suggests that PVA/CSM-based films are more structurally 
homogeneous, whereas the electrospun nanofibers are more similar in 
chemical composition.

3.3. Mechanical properties

As for the mechanical properties of PVA/CSN-based nanofibers and 

films, distinctive two-group data split was observed according to the 
sample type (nanofibers or films), with data represented in Fig. 3a. In 
case of PVA/CSM-based nanofibers, no statistically significant differ
ences among samples were observed, with values ranging in between 
0.04 and 0.25 GPa. Current values correspond to those reported previ
ously (Bazzi et al., 2022), yet with no specific effect of the additives.

In contrast, casted films with no rose extracts showed the highest 
Young’s modulus of 2.75 ± 0.38 GPa. Current values are slightly higher 
than those reported previously, which can be a matter of reduced 
moisture content and storage conditions (Bonilla et al., 2014). In the 
case of casted films, statistically significant decrease of the Young’s 
modulus was observed for the films with addition of rose extracts, which 
may be defined by the reduction of the intra- and inter-molecular 
hydrogen bonds network of CSM and PVA in favour of those of amine 
groups of chitosan and carbonyl groups of RD and RR flavonoids 
(Abdelghany et al., 2019). What is of high interest here, is that decrease 
of Young’s modulus with an addition of Au@RD NPs is supposed to be 
not only the matter of the disintegration of hydrogen bond network, but 
also of the physical disruption of a fiber network, due to large NPs di
ameters, both physical (20.6 ± 2.7 nm) and hydrodynamic (85.0 
± 8.0 nm) (Kyzioł et al., 2021). Additionally, there was a clear rein
forcing effect of PVA observed, as evidenced from data on mechanical 
properties of CSM-based films (Fig. S10a).

3.4. Wettability, swelling ability and degradation

Contact angle studies revealed that thermally stabilized samples of 
PVA/CSM-based nanofibers and films have a moderate hydrophilic 
surface (Fig. 4a). The average contact angle of PVA/CSM-based nano
fibers was in the range of 35–45◦ and corresponds to the data reported 
previously (Liu et al., 2023). The current parameter is considered as 
crucial in terms of the development of antibacterial materials as the 
hydrophilicity of the polymer matrix promotes interactions between 
eucaryotic/prokaryotic cells and surfaces, as well as enhances the 
antibacterial effect of biocidal components (RD, RR, Au@RD NPs) on its 
surface (Li et al., 2018). Statistically significant increase was observed 
for PVA/CSM/RR nanofibers, suggesting the presence of relatively high 
amounts of phenols and flavonoids in Rosa rugosa (Olech et al., 2017), 
which increase material hydrophobicity (Krysa et al., 2025).

Corresponding PVA/CSM-based films were characterized by statis
tically higher values of contact angle. It is suggested to be defined by 
smoother surface morphology of casted films, which limit the Wenzel 
effect. In addition, electrospinning may enhance more prominent sur
face exposition of hydroxyl groups due to the higher value of surface 
area of electrospun nanofibers, compared to casted films (Ding et al., 
2006). In the case of PVA/CSM/Au@RD NPs films, incorporation of 
Au@RD NPs resulted in the highest increase of sample hydrophobicity, 
which was confirmed by the statistically significant increase of contact 
angle value to 68.46 ± 8.75◦. Such an effect related to the introduction 
of Au@RD NPs to fibrous materials has not been observed previously, 
but is supposed to correspond to nanoparticle size, shape and surface 
distribution patterns (Spano et al., 2012). While changes in polar surface 
free energy (Fig. 4b) of PVA/CSM-based nanofibers and films were 
opposite to the wettability pattern, dispersive surface free energy 
(Fig. 4c) followed its pattern.

Swelling ability and weight loss of PVA/CSM-based nanofibers and 
films as a function of incubation time is presented in Fig. 5. Swelling 
abilities of both PVA/CSM-based nanofibers and films shared the same 
pattern – rapid hydration up to 110–140 % of its initial mass, followed 
by a plateau (Figs. 5a, 5b). Compositional differences contributed to 
data variability the most, reporting PVA/CSM to show the highest 
swelling ability. It was assumed that the components of a RR and RD, 
possibly phenols and flavonoids, could suppress moisture uptake, 
assumingly interfering hydrogen bond network. It may be also indirectly 
confirmed with an increasing swelling ability of PVA/CSM/RR and 
PVA/CSM/RD nanofibers and films, suggesting rearrangement of the 

Fig. 2. Principal component (PC) analysis of PVA/CSM-based nanofibers and 
films. Principal component analysis of spectral data collected from PVA/CSM- 
based nanofibers and films showing a two dimensional score plot with 
average loadings of PC1 and PC2 for each type of sample. Data with different 
lower case and upper case letters have significantly different PC1 and PC2 
values, respectively. The control sample (CSM film) is marked with the 
grey color.
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hydrogen bonding network by the buffer absorption. In turn, degrada
tion kinetics followed the trends of previously reported data (Fathi et al., 
2020), while differing as a matter of a sample form-factor. As far as no 
statistically significant differences in weight loss for PVA/CSM-based 
nanofibers and films as a matter of incubation time were observed 
(Fig. 5c), degradation was on average slower for PVA/CSM/RD and 
PVA/CSM/RR casted films (Fig. 5d).

3.5. Thermal properties

Obtained thermograms showed broad endothermic peak ranging 
maximum from 45 to 50 ºC, and 75–80 ºC for casted films and electro
spun nanofibers, respectively, attributed to water evaporation 
(Fig. S8a). It is common for CSM-based materials due to hydrogen bond 
interactions between water and hydroxyl/amino groups of chitosan 

Fig. 3. Mechanical and thermal properties of PVA/CSM-based nanofibers and films: a) Young’s modulus; b) specific enthalpy of water evaporation; c) specific 
enthalpy of PVA decomposition; d) specific enthalpy of sample decomposition. Treatments with the same letter show a lack of statistically significant differences 
between the samples. For subfigures b-d, respected peak temperatures are provided in supplementary Materials as fig. S8.
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Fig. 4. Goniometric characterisation of thermally stabilized PVA/CSM-based nanofibers and films: a) wettability; b) polar surface free energy; c) dispersive surface 
free energy. Treatments with the same letter show a lack of statistically significant differences between the samples.

Fig. 5. Evaluation of swelling and degradation kinetics of thermally stabilized PVA/CSM-based nanofibers and films: a) swelling ability of electrospun nanofibers; b) 
swelling ability of casted films; c) weight loss of electrospun fibers; d) weight loss of casted films. Treatments with the same letter show a lack of statistically 
significant differences between the samples.
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(Vargas et al., 2011). As for specific enthalpy of water evaporation, data 
for fibers were statistically higher, compared to casted films, with no 
difference as a matter of sample composition (Fig. 3b). It can be defined 
by higher polymer crystallinity in PVA/CSM-based electrospun nano
fibers, as well as stronger hydrogen bonding of porous nanofiber 
network (Enayati et al., 2016). After removing physically bonded water, 
PVA/CSM-based nanofibers and films exhibited considerable thermal 
stability. At the 220–230 ºC range (Fig.S8b) the samples showed an extra 
endothermal peak attributed to the PVA melting point (Nakano et al., 
2007). Specific enthalpy of PVA melting was also in a narrow range of 
60–90 J/g, with statistically significant data fluctuation regarding 
sample form-factor, and a moderate one as a matter of sample compo
sition (Fig. 3c). Further on, the samples showed an exothermal peak of 
decomposition around 290–340 ºC (Fig.S8c), which is in touch with the 
data, reported previously (John et al., 2017). It is assumed that PVA 
shifts peak temperatures and specific enthalpies of material decompo
sition to some higher values, supposedly by stabilizing interactions be
tween glucosamine units (Casey and Wilson, 2015). The differences in 
specific enthalpy of sample degradation (Fig. 3d) may presumably be a 
matter of sample porosity and surface area, as for the electrospun 
nanofibers decomposition rate may be faster, compared to casted films. 
Relatively high thermal stability of biomaterials, reported in the current 
study, may be beneficial to address specific aspects of its practical use, 
namely stability during sterilization, retention of an in vitro stability, 
etc.. Noteworthy, the thermal stabilization of the investigated films and 

fibers the crystallinity of the resulting blends increased significantly 
implying that the stability also would increase in aqueous media 
(Table S2). As for the comparative analysis of CSM and PVA/CSM-based 
nanofilms and fibers (Fig. S10), addition of PVA limited moisture uptake 
of a material (Fig. S10b), as well as improved its thermal stability 
(Fig. S10c).

3.6. Antioxidant activity and in vitro biocompatibility

Antioxidant activity of PVA/CSM-based nanofibers and films is 
shown in Fig. 6a. The highest DPPH scavenging activity was exhibited 
by rose extracts (RD, RR) as controls, which correspond to data reported 
(Xie et al., 2022). Predominant mechanisms of RR and RD antioxidant 
activity lie in single electron and hydrogen atom transfers (Kim et al., 
2022). In contrast, Au@RD NPs showed scavenging activity at a rela
tively low level (comparable to those of PVA/CSM-based nanofibers and 
films), so that flavonoids, glycosides and phenols of rose extracts 
determine the main antioxidant capabilities of nanofibers and films 
studied (El-Borady et al., 2023). The latter have shown a statistically 
significant increase of scavenging activity for PVA/CSM/RR, and 
PVA/CSM/RD samples, compared to PVA/CSM nanofibers and films. In 
contrast, a moderate increase in scavenging activity for PVA/CS
M/Au@RD NPs was rather a plausible additive effect of its separate 
components.

The viability of HaCaT cells, grown on PVA/CSM-based nanofibers 

Fig. 6. Antioxidant and biological activities of PVA/CSM-based nanofibers and films: a) antioxidant activity; b) surviving fraction for HaCaT cells determined after 
1 day of cell incubation; c) surviving fraction for HaCaT cells determined after 3 days of cell incubation. Subfigures d-k represent SEM images of the fixed HaCaT cells 
after 3 days of incubation on PVA/CSM-based casted films (d-g) and electrospun nanofibers (I-k): d, h) PVA/CSM; e, I) PVA/CSM/RD; f, j) PVA/CSM/RR; g, k) PVA/ 
CSM/Au@RD NPs. for subfigures a-c, treatments with the same letter show lack of statistically significant differences between the samples, while for subfigures b-c, 
values above 80 % (dashed line) define lack of acute cytotoxicity.
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and films is shown in Fig. 6b and Fig. 6c. Viability decreased with an 
addition of rose extracts, yet still not causing significant alterations in 
the cell surviving rate. It allows to consider current biomaterials as 
biocompatible in accordance with ISO 10993–5 standard (Tests for in 
vitro toxicity, 2009). In addition, there was a statistically significant 
decrease in surviving fraction percentage as a matter of duration (Fig. 
S9), with a less prominent trend for both nanofibers and films with an 
addition of rose extracts. This confirms the adhesion of cells to the 
surface and indicates their proper proliferation.

Additionally, cell morphology, viability and proliferation were 
examined by means of SEM (Figs. 6d-6k). Cells adhered to the sample 
surface confirming its proper proliferation. A dense monolayer of HaCaT 
cells was formed on PVA/CSM-based films (Figs. 6d-6g), while single 
cells were visible on respected nanofibers (Figs. 6h-6j). It corresponds to 
recent observations, reporting cells proliferation rate to be much higher 
for smooth surfaces, compared to rough (Huo et al., 2024). Apart from 
roughness, the wettability of the substrate is an essential factor for cell 
proliferation, affecting its adhesion, growth, survival, and intercellular 

communications (Morán et al., 2019). It was reported that a ~60 ◦

contact angle is an optimum for eucaryotic cells to adhere and grow of 
on smooth surfaces (Lv et al., 2018). In our case, the highest cell 
adhesion was achieved by the combined effect of moderate hydrophi
licity and lack of surface roughness, while a limited cell adhesion was 
reported for hydrophilic nanofiber networks (Fig. 4a). Moreover, it is 
suggested that cell adhesion to nanofiber surface was in general weaker, 
as multi-step sample washing for SEM imaging was applied, removing 
loosely attached HaCaT cells. In addition, most of the cells grown on 
hydrophilic nanofiber networks were round-shaped, while those grown 
on PVA/CSM-based films surfaces displayed a better spread appearance.

3.7. In vitro antibacterial activity

In line with the aforementioned findings, further studies including 
exploration of antimicrobial activity of CSM-based casted films with rose 
extracts, gold nanoparticles, and selected antibiotics were carried out. 
According to preliminary studies, PVA-based casted films and 

Fig. 7. Determination of antibacterial activities of CSM-based films against bacterial strains. Measurement of optical density at 600 nm (indirect contact method): a) 
Gram-negative escherichia coli (dh5α); b) Gram-positive bacillus paramycoides (op311). subfigures c)-n) represent SEM images of the DH5α (c)-h)) and OP311 (I)-n)) 
bacteria strains on the surface of CSM-based casted films after 1 day of incubation on lysogeny broth agar plates (direct contact method): c) CSM; d) CSM/RD; e) 
CSM/RR; f) CSM/Au@RD NPs; g) CSM/RD/VAN; h) CSM/RR/VAN; I) CSM; j) CSM/RD; k) CSM/RR; l) CSM/Au@RD NPs; m) CSM/RD/VAN; n) CSM/RR/VAN. For 
subfigures a-b, antibacterial activity was evaluated by determining an optical density of lysogeny broth, with lower values responding to higher activity. Data on 
optical density are provided on figure as mean values with standard deviation. Treatments with the same letter show a lack of statistically significant differences 
between the samples. Differences were analyzed using one-way (medium constituents) analysis of variance (ANOVA) and the tukey test for honestly significant 
differences at a significance level of p = 0.05. for subfigures c-n, imaging parameters and scale bar are provided at the bottom of each specific subfigure. Material 
preparation, as well as methodology on antibacterial activity determination is provided in supplementary Materials as chapter S2.
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electrospun nanofibers showed a lack of adhesion for the direct contact 
test on agar, while showing a lack of any bacteriostatic/bactericidal 
effect in vitro direct contact test in broth. In addition, the introduction of 
antibiotics (gentamicin, vancomycin) to current materials may serve as a 
promising introduction to the research on the effects of additivity/syn
ergy of bioactive plant extracts and antibiotics. As evidenced by the 
data, rose extract additives resulted in a moderate yet statistically sig
nificant bacteriostatic effect to Gram-positive OP311 bacteria strain, 
compared to bare CSM and control (Fig. 7b). It can be a matter of 
flavonoid incorporation into bacteria cellular membrane, as well as 
suppressing its DNA/RNA synthesis (Cendrowski et al., 2020). In 
contrast, no bacteriostatic effect to Gram-negative DH5α bacteria strain 
was reported for CSM-based films with the rose extract additives 
(Fig. 7a). It is supposed to be a matter of the presence of lipopolysac
charide extracellular membrane of DH5α bacteria strain, acting as a 
physical barrier for flavonoids and polyphenols of rose extracts. How
ever, the integrity of the extracellular membrane of DH5α bacteria strain 
is supposed to be a matter of flavonoid and polyphenol concentrations in 
the rose extracts (Zhou et al., 2020).

In order not to increase the concentration of extracts, which would 
be associated with increased toxicity, it was decided to use the addition 
of antibiotics, selectively dedicated to Gram-negative (gentamicin) and 
Gram-positive (vancomycin) bacteria. It can be assumed that this 
approach would be beneficial due to the additive or synergic effects 
between these two components. This is also very valuable due to the 
potential possibility of reducing the overused antibiotic doses, so that 
the bacteria will not develop resistance mechanisms or will develop one 
at a slower rate. As suggested, the presence of gentamicin resulted in a 
statistically significant antibacterial activity for the Gram-negative 
DH5α strain, while vancomycin revealed the one activity for the 
Gram-positive OP311 strain. Such activities correspond to those re
ported previously (Hodiamont et al., 2022). Noteworthy, the significant 
decrease in OD values can be observed in the case of the CSM/RD/VAN 
film (0.553 ± 0.145) compared to CSM/VAN (0.942 ± 0.020) for the 
Gram-positive OP311 bacteria strain (Fig. 7b). The aforementioned data 
was confirmed with the results of SEM imaging (Fig. 7c-n), so that 
extensive bacteria-free regions were formed for CSM-based films with 
vancomycin and rose extracts (CSM/RD/VAN, CSM/RR/VAN) incu
bated on lysogeny broth agar plates with OP311 bacteria strain 
(Fig. 7m-n). Noteworthy, in the case of both strains (DH5α and OP311), a 
statistically significant difference was observed in the antibacterial ac
tivity in the case of the rose extracts mixed with appropriate antibiotics 
when compared to extracts alone (both direct and indirect contact ap
proaches; Fig. 7a, Fig. 7b). These results are very promising and further 
researches are required on the additive/synergetic effect of these com
ponents as reducing the doses of used antibiotics, especially in the 
current strategy to combat antibiotic-resistant bacteria strains.

4. Conclusions

In this study, the exploration of sample wettability, swelling ability, 
molecular, thermal and mechanical properties, supported by the cyto
toxicity and antimicrobial activity studies allowed to estimate the role of 
material composition and fabrication technique on overall physico
chemical properties and in vitro biological activity of the resulting ma
terials of different nano-dimensionality: casted films (2D) and 
electrospun nanofibers (1D).

Results have shown that PVA/CSM-based blends require strict 
compositional and conditional settings to be spinnable, determined by 
the polyelectrolytes it is composed of. Despite similarities in blend 
composition, the fabrication technique defined structural homogeneity 
of PVA/CSM-based casted films, while electrospun nanofibers were 
closer in chemical composition. Noteworthy, the addition of rose ex
tracts and Au@RD NPs to the composition of PVA/CSM-based films 
caused a decrease in their Young modulus, possibly due to the rear
rangement of the PVA-CSM hydrogen bonding network. In addition, the 

fabrication technique highly affected the thermal properties of PVA/ 
CSM-based films and nanofibers, with the high surface area of the 
latter resulting in higher moisture uptake and lower thermal stability. 
However, components of rose extracts (flavonoids, phenols) limit the 
swelling ability of PVA/CSM-based nanofibers and films, interfering 
with the hydrogen bond network.

Moreover, the current study supports an idea of Wenzel effect as a 
crucial determinant of PVA/CSM-based nanofiber wettability, affecting 
cell morphology, viability and proliferation. The addition of RD and RR 
extracts positively affected the antioxidant activity of PVA/CSM-based 
nanofibers and films, while the effect of Au@RD NPs was supposedly 
additive. The addition of both RD and RR extracts, as well as Au@RD 
NPs moderately decreased HaCaT cell viability, yet still not causing 
significant alterations in the cell survival rate and not showing acute 
cytotoxicity. In turn, statistically significant antibacterial activity was 
proved for CSM films with mixtures of rose extracts and the appropriate 
antibiotics. The most considerable effect was observed for the CSM/RD/ 
VAN film in the case of the Gram-positive OP311 bacteria strain.

All the data indicated above, as well as its thorough analysis, allow us 
to consider chitosan-poly(vinyl alcohol) casted films and electrospun 
nanofibers with the addition of RD and RR, as well as Au@RD NPs as 
promising biocompatible biomaterials, finding their potential applica
tions in wound healing applications, tissue engineering, food packaging 
and beauty industry products.
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biomaterials and scaffolds. Cellulose 30 (5), 2731–2751. https://doi.org/10.1007/ 
s10570-023-05078-y.
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