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The fabrication of wound dressings able to promote and accelerate healing is a key challenge to manage
a variety of complex wounds including chronic disease or traumatic wounds. In this context,
electrospun-nanofibrous scaffolds involving bioactive nanoparticles (NPs) appear as a very promising
approach, which was investigated in the present work. We report the fabrication and evaluation of novel
bioactive wound dressings associating electrospun e-polycaprolactone (PCL) imbricated nanofibers (NFs)
and laser-synthesized silicon NPs (SiNPs) obtained from green, impurity-free physical routes. A
successful protocol of PCL NFs preparation and functionalization with SiNPs was achieved in aqueous
acidic solution in the presence of aminopropyltriethoxysilane (APTES). We demonstrated this proof of
concept by (1) assessing the effect of the main compositional and process parameters (high voltage, flow
rate, collector-injector distance) to yield reproducible NFs, (2) verifying by FTIR the chemical stability of
the PCL in the processing conditions, and (3) unveiling the key role of APTES used in the NFs
functionalization and their successful association with NPs. On the basis of HR-SEM observations, NFs
showed uniform SiNPs distribution throughout the fibers with structural stability in physiological medium.
XPS and TEM analyses allowed investigating the SiNPs, and their chemical composition was mainly
metallic Si with only top-surface oxidation. Then, physico-chemical, mechanical and bioactivity
properties of the NFs were evaluated at three increasing concentrations of SiNPs. All hybrid NFs-APTES-
NPs formulations prepared were evaluated from an in vitro biological point of view using two cell types
relevant to our final wound healing applications, namely human HaCaT keratinocytes and murine C2C12
myoblasts. In all cases, no cytotoxicity was detected for any of the developed biomaterials, and
a proliferative role of the SiNPs was unveiled. The absence of detectable inflammatory potential for all
biomaterials tested was also assessed via Griess assays, with even a mitigation effect of the inflammatory
response by the NPs. Based on these biological results, an optimized bioactive wound dressing
formulation was developed, showing high potential for the management of complex wounds combining
biocompatibility, pro-healing capabilities and eco-friendly production. The work opens up exciting
perspectives towards the design of efficient bioactive wound dressings based on hybrid electrospun-
nanofibers functionalized with laser-synthesized SiNPs.

dressings including cotton bandages and gauze remain widely
used in medical practice. However, although effective as phys-

The fabrication of wound dressings able to promote and
accelerate healing is still a key challenge to manage a variety of
complex wounds including in chronic diseases, traumatic
wounds, and immune-depressed patients. Traditional wound
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ical barriers, they lack bioactivity to favor tissue healing and
need to be replaced frequently, which may cause additional
local lesions or even facilitate infections.” Alternative wound
dressings based on hydrocolloids, hydrogels or alginate
compositions have been developed to maintain a moist envi-
ronment and to absorb exudates from the open wound.
However, excessive fluid retention may favor bacterial coloni-
zation.” Thus, they need to be used by trained medical practi-
tioners with extensive care and wound cleaning procedures,
which cannot always be achieved for example in the context of
emergency traumatology. In this view, the design of pro-healing

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d5ra09481j&domain=pdf&date_stamp=2025-12-23
http://orcid.org/0009-0003-4853-5960
http://orcid.org/0000-0001-9641-212X
http://orcid.org/0000-0003-4539-1677
http://orcid.org/0000-0002-6958-9453
http://orcid.org/0000-0002-8032-6443
http://orcid.org/0000-0001-5921-6322
http://orcid.org/0000-0002-8471-8719
http://orcid.org/0000-0003-2454-8436
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra09481j
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA016001

Open Access Article. Published on 02 January 2026. Downloaded on 2/8/2026 12:45:07 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

wound dressing devices remains an unmet medical need. Due
to their rather biomimetic structure resembling natural extra-
cellular matrices (ECM), electrospun polymer nanofibers (NFs)
have emerged as promising materials in the field of wound
repair.® Indeed, these fibrous structures can provide relevant
support to enhance cell adhesion and proliferation. Moreover,
their high surface area combined with inter-fiber porosity can
facilitate the efficient diffusion of nutrients.* Furthermore, the
versatility of NFs can offer great interest to bring synergetic
effects in view of ultimately combining hemostatic® and anti-
bacterial properties,® especially thanks to the possibility to
combine these fibrous (bio)polymers with biomolecules/drugs
or nanoparticles (NPs).”®

Among the different synthetic polymers explored for
electrospinning, e-polycaprolactone (PCL) is a widely used
biocompatible and FDA-approved polymer that has received
extensive interest for medical, implantable, and wound healing
applications.>* This polymer also presents a slow degradation
rate and high mechanical stability even in moist environments,
or directly implanted in vivo."'> Moreover, PCL presents excel-
lent processability through the electrospinning technique, and
its surface chemistry allows for fiber functionalization using
various bioactive agents, such as NPs.”* These characteristics
position PCL as an ideal candidate for the development of new-
generation wound dressings incorporating bioactive NPs.

However, to this day, most of the NPs explored in combi-
nation with PCL NFs were obtained from multistep chemical
processes implying the use of various reagents, stabilizers and
solvents, potentially harmful to the human body and limiting
their industrial scale biomedical applications.™

Driven by its flexibility and speed, we have previously intro-
duced an ultra-short femtosecond (fs) laser ablation approach
in liquid state, as a relevant process to design ultra-pure crys-
talline NPs for biomedical applications.”®™* Thanks to the
interaction of a fs laser beam with a solid target initially
immersed in a liquid, this method allows for the formation of
ultra-pure and very stable colloidal NPs. Moreover, by playing
with several parameters of the laser (e.g., fluence, beam time
duration, ablation/fragmentation, etc.), we have demonstrated
in preliminary studies the possibility to monitor their physico-
chemical properties including their size distribution and
chemical composition.

Among several laser-synthesized NPs, SiNPs (silicon) appear
as promising candidates to be explored as bioactive agents
embedded into PCL NFs. Indeed, beside their ability to be used
as efficient theranostic tools as we have shown before,'®* SiNPs
are biocompatible and biodegradable, made from silicon
element which is naturally present in the human body.”***
Moreover Si plays an active role in collagen production, a key
component for tissue remodeling;**>* and promotes platelet-
endothelial tissue interaction, which is also relevant for
hemostasis and wound healing applications.”® Very recently, we
have also proved the ability of SiNPs to promote the prolifera-
tion and differentiation of myoblasts." By incorporating SiNPs
into PCL NFs, we thus hypothesize that functionalizing of NFs
may enhance cell proliferation and tissue regeneration, leading
to a pro-healing effect of the developed dressing.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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In this context, in the present work, we aimed to develop
a novel bioactive pro-healing wound dressing designed by origi-
nally combining PCL NFs with laser synthesized SiNPs. The
preparation and functionalization of the PCL NFs with SiNPs will
be investigated here in aqueous acidic solution and in presence
of aminopropyltriethoxysilane (APTES), to develop an environ-
mentally friendly protocol. APTES was here selected as amino-
silane linker between the PCL NFs and the SiNPs basing our
results on core-shell NP functionalization using APTMS." A
similar approach can be encountered in the literature for the
grafting of NPs or metals onto nanofibers, but generally for waste
cleaning purposes.”** APTES has also been employed in wound-
healing applications with no adverse effects, although usually
through dipping techniques or pre-grafting of NPs, adding
complexity to the product synthesis. In our case, we propose here
a “one-pot” protocol, to simplify the process and allow for high
tunability enabling eventual large-scale production.**-*>

Various parameters in terms of polymer solution (e.g. dissolved
polymer mass) and electrospinning conditions (high voltage, flow
rate, collector-injector distance) will be checked, to obtain uniform
PCL-NPs hybrids. In this contribution, after assessing the main
physico-chemical characteristics of the PCL-NFs hybrids prepared,
various in vitro biological properties will be investigated on the
optimized dressing compositions, in terms of cytocompatibility/
proliferation of murine myoblasts and human keratinocytes, and
the related (non)inflammatory response.

Materials and methods
Materials

e-Polycaprolactone (PCL) with an average molecular weight of
80000 Da and aminopropyltriethoxysilane (APTES) were
ordered from Sigma Aldrich (Germany). Glacial acetic acid and
pure ethanol were bought from Fisher Chemicals (France).
Ultrapure water was obtained using a MilliQ water purifier.
Silicon wafers were ordered from Goodfellow (UK).

Laser-ablative synthesis of Si NPs and characterization

Si-NPs were synthesized using a femtosecond laser (Light
Conversion Carbide CB1-05 Yb:KGW) and a Si wafer target, at
a pulse duration of 400 fs, delivering 75.8 pJ per pulse, and with
a repetition rate of 10 kHz at 1028 nm. The Si wafer was placed
at the bottom of a beaker, submerged by 10 mL of ultrapure
water, and submitted to the laser beam for 10 min. A scanner
system coupled with the laser beam permitted the focalization
of the laser on the surface of the wafer, granting optimal abla-
tion. The ablation pattern was designed as a square surface of 5
x 5 mm, with a scanning speed of 2.00 m s~ to avoid over-
lapping in the ablation points. The SiNPs crystallographic
properties were characterized with a high-resolution trans-
mission electron microscope (HR-TEM, JEOL JEM 3010)
working in imaging and diffraction modes.

To prepare the different NP concentrations, the initial SINP
suspension (C1) was centrifuged at 14 000 rpm for 15 minutes
and the adequate amount of supernatant was discarded. The
pellet was then redispersed in the remaining liquid using an
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ultrasound bath for 15 minutes. By discarding three quarters of
the supernatant from C1, we obtained a fourfold concentrated
suspension named C4. The same process was repeated upon C4
to yield C16. The concentration of the SiNPs was measured by
inductively coupled plasma mass spectrometry (ICP-MS),
resulting in 14 pg mL ™" for C1, 56 pg mL ™" for C4 and 224 pg
mL ™" for C16. SiNPs hydrodynamic diameter in solution and
zeta potential were assessed using a Zetasizer Nano ZS instru-
ment (Malvern Instruments).

XPS analysis

XPS measurements were carried out using a Thermo Scientific
K-alpha instrument. Photoelectron emission spectra were
recorded using Al-Ka radiation (kv = 1486.6 eV) from a mono-
chromatized source, with an X-ray spot size of 400 um. The pass
energy was set to 30 eV (0.1 eV step) for high-resolution scans
and 100 eV (1 eV step) for survey scans. A flood gun was
employed to neutralize charging effects. Measurements were
done on freeze-dried SiNPs suspension after several cycles of
vacuum pumping to remove trace moisture.

Preparation of the electrospinning solutions and
functionalization with laser synthesized SiNPs

In comparison to our previous work, PCL beads were solubilized
in an aqueous acetic acid solution, following an eco-friendly
protocol. Briefly, each electrospinning solution of PCL was elab-
orated by mixing PCL beads in a solution of glacial acetic acid
and ultra-pure water (or an aqueous suspensions of Si-NPs) in
a9:1 ratio. The final fraction of PCL in the liquid was 17% w/v for
a total volume of 6 mL. The mixture was brought to 65 °C under
vigorous stirring for 1 h until complete polymer dissolution. The
functionalization of PCL with SiNPs has been achieved by using
APTES at a volume fraction of 1.7%, which has been optimized to
ensure functionalization and electrospinnability.

Electrospinning process and fiber characterization

The polymer solution was poured into a 5 mL Luer-lock plastic
syringe which was then placed in a pump and connected to the
electrospinning device (Spinbox, Bioinicia Fluidnatek, Spain).
Electrospinning parameters such as collector distance and
applied voltage were explored to generate uniform NFs.
Throughout all experiments, the feed rate was fixed at 0.005
mL min . All experiments were conducted at room tempera-
ture. The obtained nanofibers were observed through SEM (Jeol
JSM-6390) and HR-SEM (Jeol JSM-7900F) working at 10 and 30
kv respectively. NF width measurements were made using
Image] software, measuring over 150 individual NF over
multiple micrographs for each sample. For complementary
analyses on the chemical nature of the fibres, FTIR spectra were
recorded using a Bruker Vertex 70 spectrometer in the 80-

4000 cm ™" range, using 100 scans and a resolution of 4 cm ™.

Digital evaluation of the porosity of the NF membranes

The porosity of the NFs samples was evaluated digitally from
SEM micrographs using Image], following a described
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procedure.*® To summarize, the pictures were converted in
grayscale and their contrast and brightness was automatically
adjusted. The images were processed using the software's native
algorithm. A Gaussian blur was then applied to homogenize the
surface of the NFs. A threshold of 70% was applied, selecting
the upper and intermediate layers of the NFs structure, and
transforming the image in black and white. The porosity of the
sample was calculated using the following equation:

.. . A
Digital porosity (%) = A_p x 100

t
where A, is the area of the pores and A, the total area of the
pictures. The DP was evaluated from multiple pictures of each
sample.

Water uptake test

Square samples of 2 x 2 cm of electrospun NFs were cut, lifted
from their aluminum foil support, and placed in Eppendorf
tubes filled with 50 mL of deionized water. After each timepoint,
the samples were removed from the tubes and surface water was
eliminated by lightly tapping absorbent lint-free paper on the
samples. The electrospun mats mass was measured, and the
water uptake was calculated using the following equation:

Wyet — Wdry

water uptake (%) = x 100

Wary
where Wy, is the weight of the wet sample and wq,y is the weight
of the dry sample, before the experiment. The samples were
then air-dried at room temperature overnight and weighed
again to control for dry mass variation.

Stability test in phosphate buffered saline (PBS)

To evaluate the nanofiber dressings stability in aqueous media,
2 x 2 cm samples were cut and placed in Eppendorf tubes filled
with 15 mL of PBS. After 1, 3 and 7 days, each sample was
removed from the PBS, rinsed with deionized water, and dried
overnight at room temperature. The samples were then weighed
to control for mass variation and observed using SEM.

Mechanical properties evaluation of the nanofibrous samples

Rectangular samples of 3 x 1 cm of electrospun NFs were cut
with a scalpel, following a plastic template. The membranes
were then placed lengthwise in the vice grips of an INSTRON
tensile machine (model 3367, INSTRON SA, France) equipped
with a 500 N load sensor. Test speed was set to 10 mm min "
and the stress-strain curves were recorded, presenting two
quasi-linear regions; one between 0 to 5% strain, and the
second between 20 to 60% strain. Calculating the slope of the
linear regressions of these two regions allowed us to obtain the
apparent Young's modulus and apparent yield modulus,
respectively.

Nanofibrous sample preparation for biological testing

Square samples of 2 x 2 cm of electrospun fibers were depos-
ited in 48-well plates using 3D-printed PLA tubes for support,
and soaked in ethanol for sterilization at least for 30 min. The

© 2026 The Author(s). Published by the Royal Society of Chemistry
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plates were left to dry under sterile atmosphere, and then
washed with PBS.

In vitro cell cultures

Murine myoblasts C2C12 (ATCC) were cultured according to
a previously published protocol.® The medium consisted of DMEM
GlutaMAX (Gibco) supplemented with 10% heat inactivated Foetal
Bovine Serum (Euroclone), penicillin (100 TU mL™", Gibco) and
streptomycin (100 mg mL ™", Gibco). Healthy human keratinocytes
HaCat (ATCC) were cultured in PromoCell's Keratinocyte Base
Medium 2, supplemented with penicillin (100 IU mL ™", Gibco) and
streptomycin (100 mg mL™", Gibco). The cells and media were
placed in T-75 flasks (Sarstedt) at 37 °C and 5% CO,. The images
and counting of the cells were obtained using a reverse microscope
(EVOS XL Core, Invitrogen, Thermo Fisher, USA).

Cell survival assay using the ISO 10993-5 method

Following the described and standardized ISO 10993-5 method
for evaluating cytocompatibility of medical devices,** 700 pL of
culture medium was placed in each well of a 48-well plate
containing the samples, which was then put in the incubator for
48 h. Separately, murine myoblast C2C12 were seeded into 48-
well plates at 10000 cells per well, and 700 pL of culture
medium (DMEM, 10% FBS, 1% PS) per well. After 48 h, the
culture medium from the cells-containing wells was then
replaced by the culture medium extracted from the wells con-
taining the nanofibrous samples. The control wells received
fresh, untampered culture medium. Cell viability was then
determined by standard MTT colorimetric assay. The formazan
crystals were dissolved in a 1: 1 mixture of Ethanol/DMSO. The
absorbance was measured at 570 nm.

Cell counting by observation

Nanofibrous samples were placed in 48-well plates as described
previously. HaCat human keratinocyte cells were seeded at
a density of 50 000 cells per well and Keratinocyte Base Medium
2 was used as medium. The plate was placed in the incubator at
37 °C and 5% CO,, and pictures were taken after 24 and 48 h
using an EVOS XL Core reverse microscope for hand-counting.
Control wells contained only cells and culture medium.
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Griess inflammation assay

The membrane samples were prepared as previously described
and seeded with 50 000 HaCat cells in a 48-well plate. Control
wells contained only cells and culture medium. After 48 h of
incubation, 250 pL of the medium was sampled and mixed with
250 pL of the Griess reagent (1% sulfanilamide and 0.1%
naphthylethylenediamine dihydrochloride in 2.5% phosphoric
acid) before being covered from light for 15 min. Each 500 puL
sample/reagent mix was then placed in a UV/vis microcuvette
and absorbance was measured at 540 nm. For statistical anal-
ysis, each absorbance point was then converted to nitrite
concentration using a previously established calibration curve
ranging from 0 to 100 pM.

Statistical analysis

All experiments were performed at least in triplicate. Data were
statistically analysed using one-factor ANOVA and the adequate
multiple comparison tests. A P-value <0.05 was considered as
statistically significant.

Results and discussion
Production and characterization of PCL nanofibers

In a first step, we focused on the production by electrospinning
of NFs made of pure PCL, to serve as reference for the study.
Using our previous results as a starting point,>**® we have
established a novel eco-friendly protocol to prepare PCL solu-
tion by dissolving the PCL beads in an acetic acid solution (see
details in the Experimental section). The acetic acid/deionized
water ratio, percentage of PCL in the solution, temperature
and dissolution time were optimized to ensure full homoge-
neous PCL bead dissolution. The electrospinning parameters
were also optimized by varying the applied tension and collector
distance, in order to minimize the number of defects such as
polymer bead or spindle-like formation beside the fibres, and to
homogenize the average diameter of the fibres themselves
(Table 1).

All NFs samples were characterized by SEM observations.
During the optimization process, we started our investigations
by using our previously explored parameters, namely 12.75 cm
and 11.5 kV. This set allowed us to obtain extremely thin NFs
(averaging 207 nm) but presenting a large number of undesir-
able beads, likely due to imbalance between the axisymmetric
and whipping instabilities of the jet. In fact, the wave-like

Table 1 Electrospinning parameters optimization for pure PCL nanofibers, and average diameter size obtained. Fixed parameters: 10 min

duration and 0.005 mL min~* flow rate

Collector distance (cm) Applied voltage (kV)

Presence of polymer beads Average fibers diameter (nm)

13.75 10
13.75 13.5
13.75 15.5
13.75 20
14.25 15.5
14.25 20
14.75 15.5

© 2026 The Author(s). Published by the Royal Society of Chemistry

+ 306 + 45
+ 279 + 65

277 + 58
+ 291 + 78
- 264 + 50
n 298 + 75
+ 232 + 62
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Fig.1 (A) Macroscopic view of the (NPs-free) electrospun nanofibrous
membrane, (B) SEM microscopy observation, (C) FTIR spectrum of
pure PCL electrospun nanofibers with the main bands assignments.

deformation induced by the axisymmetric mode has been
described as a source of defects in NFs.*””** In order to favor the
whipping motion of the polymer jet, and thus reduce the
number of beads,?” the distance was then increased to 13.75 cm,
and applied voltages were tested ranging from 10 to 20 kV by
increments of 0.5 kV. A voltage of 15.5 kV was found to produce
beadless and homogeneous NFs with an average diameter of
277 + 58 nm. To further decrease the NFs size, the distance was
increased by 0.5 cm and voltages were tested again.

The optimal parameters were determined to be 14.25 cm and
15.5 kv, yielding a characteristic mat of NFs (Fig. 1A) presenting
an average size of 264 £ 50 nm, assessed from SEM micrograph
analysis using Image]J as seen on Fig. 1B.

The related IR spectrum (Fig. 1C) was also acquired to check
that the PCL vibrational signature was retained after the
electrospinning process. Results obtained were consistent with
the literature,***> as characteristic bands for PCL were found as
follows: asymmetric CH, stretching (2942 cm™'), symmetric
CH, stretching (2863 cm ™), carbonyl stretching (1726 cm %),
asymmetric C-O-C stretching (1238 cm™') and symmetric
C-0O-C stretching (1170 cm ™).

The NFs developed here (in the absence of SiNPs) will serve as
control sample for the rest of the study, with the aim to unveil the
added “bioactive” value (e.g. the modulation of biological response
towards pro-healing properties) of the NPs inclusion in the device.
Prior to attempting to prepare the PCL-NPs hybrids, a special
attention was first given to the generation of the SiNPs themselves,
through pulsed laser ablation in liquid media (PLAL).

608 | RSC Adv, 2026, 16, 604-616
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Production and characterization of laser-synthesized silicon
NPs

As we mentioned in the introduction, laser-synthesised NPs
exhibit several benefits over chemical methods to elaborate
ultra-pure Si functional NPs free from residual impurity and
organic stabilizing molecules. Moreover, we have also shown
that such SiNPs can play a crucial role in favoring cell prolif-
eration. Following the protocol described in the Experimental
section, the colloidal suspensions of SiNPs were produced by
means of a femtosecond laser. Laser ablation in water allowed
us to produce homogeneous, size-controlled metallic NPs where
only a small portion of the outer layer of the NPs is oxidized, as
was described in a previous study.*

The colloidal suspensions synthesized were firstly character-
ized using HR-TEM and X-ray diffraction. Exploration work was
conducted to determine the ideal parameters to produce
uniform, homogenous and spherical SiNPs. Considering the
future use of these NPs, i.e. their inclusion in NFs, we aimed for
an average diameter between 15 and 100 nm, to ensure that the
particles’ size did not exceed the diameter of the fibres, while not
producing too small NPs to limit eventual sources of toxicity.***

As shown in Fig. 2, while optimizing the parameters, we
observed more aggregation in the samples obtained at 60 kHz,
as well as less homogenous samples and very distinct multiple
NP size populations. At 75.8 nJ per pulse, a frequency of 60 kHz
led to two distinct populations of NPs, the smaller one with an
average diameter of 25 nm, and the larger one with an average
of 136 nm (Fig. 2A and B). Increasing the pulse energy to up to
80 pJ produced two different populations of smaller sizes
overall, 17 nm and 87 nm respectively, but a higher population
of wider NPs (Fig. S3). The most homogenous and dispersed
population of Si-NPs with an average diameter of 30 nm, well
within the desired diameter range, was obtained working with
10 kHz repetition rate, 400 fs pulse duration, 75.8 pJ per pulse
(Fig. 2C and D). This behavior could be attributed to the
generation of cavitation bubbles which could disrupt the NP
production mechanism by scattering and absorbing part of the
energy deposited by the laser, leading to a less homogenous and
less efficient ablation process.*”**

Considering these observations, we steered away from the
higher repetition rates to obtain more monodispersed NPs.
These optimized parameters allowed us producing a NP pop-
ulation suitable for use in electrospun wound dressings. Elec-
tron diffraction analysis (Fig. 2E) allowed us to confirm the
polycrystalline nature of the SiNPs, as the diffraction rings
corresponding to the (111), (220), (222), (311), (331) and (400)
planes of the cubic structure of metallic Si were found in our
samples, corresponding to the standard pattern provided by the
ESRF. The zeta potential of the SiNPs was found to be negative,
with a value of —43 + 2 mV illustrating partial oxidation.

In Fig. 2F, XPS analyses of the freeze-dried SiNPs unveiled
the presence of peaks at 98.3 eV (Si2ps/,), 98.9 eV (Si2py,) for Si
core atoms (Si®) and 103.4 eV (Si2p) for SiO, (Si**) on the surface
of the NPs. As the NPs were synthesized in aqueous medium,
some amount of surface oxidation is indeed to be expected.
However, taking into account the typical thickness probed by

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Size distributions and TEM analysis of Si-NPs produced via laser
ablation in water. (A) TEM photograph of Si-NPs obtained with 60 kHz,
75.8 nJ; (B) size distribution of Si-NPs obtained with 60 kHz, 75.8 pJ;
(C) TEM photograph of Si-NPs obtained with 10 kHz, 75.8 uJ; (D) size
distribution of Si-NPs obtained with 10 kHz, 75.8 uJ; (E) electron
diffraction rings of Si-NPs for ablation parameters: 10 kHz, 400 fs, 75.8
uJ per pulse. (F) High resolution XPS spectrum of the Si2p signals of the
SiNPs.

XPS with an Al source, (less than 10 nm) the detection of
metallic Si on the Si2p spectrum - thus in the topmost layers of
the NPs - confirms that the oxide layer is not representative of
the whole NP, but rather describes a core-shell structure con-
taining a large metallic core and covered by a thin silicon oxide
layer, as we have previously described for NPs produced via laser
ablation. Corroborated with the electron diffraction pattern
described above, we can thus confirm that the NPs produced are
mostly consisting of pure, metallic silicon with a thin oxide
layer of only few nm.

In view of modulating the amount of SiNPs to be combined
with the NFs in the subsequent step of the process, different
concentrations of NPs in suspension were prepared. This was

© 2026 The Author(s). Published by the Royal Society of Chemistry
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carried out by means of centrifugation and controlled super-
natant extraction, as described in the experimental section.
Three suspensions were thus prepared, referred to as C1, C4
and C16, with the respective NPs concentrations (determined by
ICP-MS) of 14; 56 and 224 pg mL ™.

Production and characterization of hybrid NPs/NFs
combinations

Taking the pure PCL NF scaffolds as reference, the functional-
ization of the NFs with the generated SiNPs was explored in
a systematic way. To this end, another polymer medium was
prepared, replacing the water by the SiNPs suspensions ob-
tained via laser ablation. However, these formulations did not
allow us to obtain bead-free fibers. Furthermore, the HR-SEM
analysis in backscattered electron (BED-C) imaging mode
showed that the NPs were not included inside the electrospun
NFs. This phenomenon was attributed to the known hydro-
phobicity of the PCL, which could have prevented the incorpo-
ration of the water suspended SiNPs.

Based on these observations, protocol improvement was
sought through the addition of a linking moiety for improving
the interface between the hydrophobic polymer scaffold and the
hydrophilic NPs. Considering the chemical structure of the
polymer, and the surface chemistry of the laser synthesized NPs,
it was determined that an amino silane would be well suited for
this role, as the silane moiety would potentially be able to bond to
the SiNPs, and the amine endgroup could possibly play a role in
the dispersion of the NPs at the particle/fibers interface.*** As
mentioned in the introduction, we chose APTES to promote the
link between the SiNPs and the PCL NFs due to their comple-
mentary chemistry. This functionalization step was done in
a “one pot” manner and did not complexify the synthesis process.

Building on this strategy, the optimal volume of APTES was
determined aiming to maintain ideal electrospinning ability of the
polymer melt. Thus, APTES in a volume fraction of 1.7% was
added in all subsequent formulations tested below. This was
found to be sufficient to produce bead-free fibers in all samples,
even in the presence of concentrated suspensions of NPs. We
named these formulations P-A-Cx, where P-A stands for PCL-
APTES and x is the relative concentration of NPs. Additionally,
rheology studies allowed us to observe a sharp decrease in viscosity
following the addition of APTES, going from 1934 cP when using
pure PCL down to 1130 cP when APTES was added. This relative
decrease in viscosity when APTES was employed compared to pure
PCL could possibly be attributed to a tensioactive action of this
amino silane, favoring the dispersion of the fibers, and limiting
inter-fiber interactions. On the other hand, introducing an
increasing concentration of SiNPs led to an increase of the
suspension viscosity, with 1747, 1836 and 1886 cP for P-A-C1, P-A-
C4 and P-A-C16, respectively (Fig. S4). This viscosity rise is
consistent with literature observations, as increasing concentra-
tions of NPs in suspension likely leads to increased interactions
between particles, hindering fluid movements.>>*

HR-SEM analysis allowed us to observe in detail the obtained
hybrid NPs/NFs membranes. Using BED-C imaging, we were able
to observe large amounts of SiNPs included in the fibers and well
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EDS spectrum of a P-A-C4 sample. (F) Nanofibers size distribution.

distributed throughout their structure (Fig. 3A-C). NFs obtained
when APTES was added to the polymer medium presented
a much more homogenous morphology, noticeably without any
bead nor other defects. FTIR spectra showed the addition of
a characteristic N-H vibration at 1568 cm ™', confirming the
successful integration of APTES in the nanofiber structure
(Fig. 3D). Si was also detected through EDS, illustrating the
integration of the NPs in the samples (Fig. 3E). Further explora-
tion of electrospinning parameters using these new formulations
led us to reduce the diameter of the nanofibers even further, to an
average as low as 245 + 44 nm when the applied tension was
increased to 19 kV (Fig. 3F). These new parameters were used to
produce three different formulations of functionalized PCL-
APTES-Si-NPs nanofiber wound dressings with increasing
concentrations of Si NPs: C1, C4 and C16. These dressings were
then subjected to further physico-chemical evaluation, such as
porosity, water uptake, stability, and mechanical properties.

Digital porosity evaluation of the NF samples

Breathability is a major concern in the development of new
wound dressings, as gaseous exchange and moisture manage-
ment are critical to avoid maceration and thus higher risks of
infection. The porosity of our materials was evaluated digitally,
through image analysis as described in the experimental
section (Fig. 4A). Here, membranes electrospun for 5 to 20
minutes were evaluated and compared. We report no significant
variation in porosity over the different formulations of identical
electrospinning duration (Fig. 4B). However, we obtain statis-
tical differences between the two sets, with an average porosity
of 30.20 £ 0.23% for mats electrospun for 5 min and 29.94 +
0.20% for mats electrospun during 20 min (F = 10.3, p = 0.003).

610 | RSC Adv, 2026, 16, 604-616

Although the magnitude of this difference remains limited,
it is consistent with the expected variation in porosity, as
a longer process duration increases the number of nanofiber
layers and thus material deposition. Interestingly, these results
also show that the chemical composition of the nanofibers -
when electrospinning parameters are fixed - is not a major actor
in the final porosity of the material. This highly porous struc-
ture could present advantageous properties in terms of
breathability and moisture management.

Measurements of structural stability and water uptake of the
NFs

As stated previously, the developed dressings were further
evaluated in PBS to simulate contact with physiological fluids
(Fig. 5A) and deionized water to evaluate the water uptake of the
NFs (Fig. 5B). The goal of these tests was to assess the NFs
membranes usability as a wound-dressing.

In this sense, the dressings were immersed in PBS to eval-
uate their stability in these conditions. After immersion times of
24 h, 72 h and 7 days, the nanofiber's width, overall structure,
and mass were evaluated. These specific timepoints were
selected as it is recommended to replace a dressing every 2-3
days, up to 7 days for chirurgical wounds.*® The resulting vari-
ations in size of the NF membranes are reported in Fig. 5A. We
have observed no variations in mass over the course of the
experiment. No significant variation in size of the NF dressings
was observed, despite a slight increase in diameter (average
increase of 5.12 nm) over the course of the 7 days experiment,
which remained statistically insignificant.

This slight variation in size could be due to some extent of
water absorption in the NF membranes, dilating the NFs.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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These results confirm that the PCL membranes can maintain
their morphology when immersed in liquid for 7 days.
Considering the expected use of these NFs as external wound
dressings, and not implantable devices, total immersion is most
unlikely. Thus, this experiment confirms the suitability of our
NFs for use in bandages or small-scale external dressings.

As a predictive tool for the exudate absorption capabilities of
the NFs, we determined the water uptake of NFs when
immersed for up to 7 days. The results reported in Fig. 5B show
a clear effect of the nanostructure of the material, as even pure
PCL NFs - constituted of a hydrophobic material — can absorb
between 443 and 506% of their own weight in water over the
course of 7 days. The addition of APTES to the formulation
slightly increased the water uptake of the membrane, going
from 500 to 516%. A similar trend was observed with the
increasing concentrations of SiNPs, with water uptakes
increasing from 512% to 537% for P-A-C1, 494% to 549% for P-
A-C4 and 611% to 661% for P-A-C16 over the duration of the
experiment. This evolution can be explained by the synergic
effects of multiple phenomena. Firstly, the high surface area
and high porosity of the NFs scaffolds help with water sorption,
as these nanostructures induce capillary forces that retain water
even in a typically hydrophobic material. Consequently,
smoother and finer nanofibers should increase the water uptake
and hydrophilicity of the dressings, following the Lucas-
Washburn equation.**** Secondly, the grafting of hydrophilic

© 2026 The Author(s). Published by the Royal Society of Chemistry
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and polar moieties onto nanofibers is a proven method for
wettability increase of hydrophobic materials.”® By introducing
—-OH, -COOH or -NH, groups on the surface of the electrospun
mats, by the means of plasma treatment,* hydrolysis,”® ami-
nolysis® or covalent bonding,* the surface wettability can be
modulated. In our case, the addition of APTES introduces -NH,
in the PCL matrix, favoring interactions with water and thus
increasing the water uptake of the membranes. Thirdly, the
introduction of SiNPs in the polymer matrix also seems to
significantly increase the water uptake in a dose-dependent
manner. The NPs are dispersed in water and present an oxi-
dated layer and surface charges, increasing the favorable
interactions with water. This wettability-improving effect of NF
functionalization by NP has been reported multiple times not
only over various polymers,*>* but also with PCL nanofibers.*>*
All these factors are important for the improved properties and
water absorption capabilities of the nanofibrous scaffolds.

Mechanical evaluation of the NF formulations

Finally, the mechanical resistance of the NF mats was evaluated
to assess their suitability for use as a dressing. Thus, the
samples’ apparent Young modulus, yield modulus and tensile
stress at break were evaluated. As shown in Fig. 6, the stress/
strain curves were recorded using a tensile testing equipment,
and the results are reported in Table 2. We can observe two
quasi-linear regions in the stress-strain curves produced. This
phenomenon is recurrent in NFs mechanical evaluation, as the
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Fig. 6 Stress/strain curves of the various NF samples.

mats are constituted of individual fibers and not bulk mate-
rial.*#* Thus, under low strain, the NFs can rearrange and
orient themselves to some extent along the strain orienta-
tion.***¢ These phenomena explain the qualification of our
calculated moduli as apparent, as the cross-sectional area does
not take into account the porosity of our nanofibrous material.
We describe the modulus calculated in the low strain region,
where the usual Young's modulus would be determined, as the
apparent Young's modulus. The second linear region, from the
first inflexion point to the yield point, can be described as the
yield modulus, and was determined from 20 to 60% strain.

The presence of APTES in the NF mats increases both moduli
roughly twofold when compared to pure PCL NFs. Whereas the
apparent Young's modulus remains stable when increasing the
concentration of SiNPs, the yield modulus seems to increase
slightly following the increasing concentration of SiNPs in the
NFs. Additionally, stress at break is also increased on average by
a factor of 2.6 when APTES is present in the NF mats. This
behavior is typical of a reinforcement of the composite material,
presenting increased rigidity. Interestingly, we observed a slight
decrease in maximum load/stress and strain when comparing the
PA sample to those incorporating the SiNPs. Increasing the SiNPs
concentration seems to counteract this phenomenon, with values
obtained for the PAC16 sample reaching those of the PA sample.

This effect has also been previously described, with low
concentrations of NP in NF scaffolds, which can produce
localized clusters acting as defects in the polymer structure,
thus increasing the stress.®”*® Increasing the concentration can
lead to the formation of a network of NPs, better able to effi-
ciently distribute stress throughout the fibers.®”**”® Overall, the
mechanical properties of the electrospun PCL mats are
enhanced by the APTES-SiNPs functionalization.

Table 2 Mechanical properties of the electrospun NFs formulations
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Fig. 7 Results of indirect MTT assay (ISO 10993-5) on all nanofibrous
biomaterials formulations.

Cytocompatibility evaluation of the PCL-APTES-SiNPs
formulations using C2C12 cells

Multiple approaches were studied for the biological evaluation
of our dressings. In a first stage, we aimed at validating the
cytocompatibility of the device in vitro. These tests were carried
out on murine myoblast C2C12 to assess the possible toxicity of
the NFs-NPs hybrid biomaterial in the case of open wounds with
direct contact with different types of cells including muscular
lineages. Such cells are regularly encountered in the literature,
including in the evaluation of wound healing devices.”” Our
previous work on the in vitro evaluation of NPs in suspension
has also been run with this cell line, granting valuable experi-
ence in the experimental setup.®

Standard MTT procedure was tested on our nanofibrous
membranes. However, unreliable results were obtained due to
the absorption of the dissolved formazan on the samples,
retaining a characteristic purple color indicative of the
impregnation of the fibrous scaffolds by this MTT reactant
(Fig. S6). This issue has been described in the literature for
different types of fibrous materials including PCL and other
polymers, and for different biological assays such as MTT,
Alamar blue or others, illustrating the difficulty with the bio-
logical evaluation of nanofiber-based materials.”*”*

Therefore, as an alternative method, we followed the ISO-
10993-5 procedure (Fig. 7), which is a standard in the medical
device industry.**

Apparent Young's modulus Yield modulus

Maximum load Stress at break Strain at break

(MPa) (MPa) (N) (MPa) (%)
PCL 18 +3 5.1 £ 0.5 1.4 £ 0.1 4.3+ 0.2 66 + 3
P-A 39 £3 12.0 £ 1.1 4.1 + 0.3 11.9 + 0.8 83 L8
P-A-C1 39 +3 11.2 £ 0.7 3.4+04 9.9 £ 1.1 75 £ 18
P-A-C4 37 4 12.9 + 0.8 3.7 £0.3 10.7 £ 0.9 75 £ 3
P-A-C16 38+ 6 13.2 £ 0.8 4.0 £ 0.1 11.7 £ 0.3 76 + 3
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This approach relies on an indirect cytotoxicity assay, where
DMEM culture medium is incubated for 24 hours in the presence
of the tested material before being transferred to pre-seeded cells.

By conducting the MTT assay in this manner, we can avoid
interference from the absorption issue on electrospun nano-
fibers. If toxic compounds, such as released NPs or ions, or else
nanofiber fragments were present in the medium, their effects
on the overall cytocompatibility could then be quantified.

Each nanofiber film was cut into 2 x 2 cm squares and
carefully withdrawn from the aluminum foil on which they were
deposited during the electrospinning process. Each sample was
weighed to ensure no significant variation in material quantity.
They were then placed into the culture wells, secured with
custom 3D-printed biocompatible PLA inserts to maintain the
samples planarity and control their flotation in the wells.
Culture medium was placed in the wells and put to incubation
for 24 h. The extracted medium was then applied to the C2C12
cells, and viability was assessed via the MTT assay after 48 hours
of exposure, in accordance with the ISO 10993-5 guidelines.
Interestingly, no significant difference was observed between
the samples and the control (consisting in cells cultivated in
classical DMEM medium), confirming the absence of any
toxicity related to the nanofibers, NPs, or their derivatives.

Biological evaluation of the PCL-APTES-SiNPs formulations
using HaCat cells

Additional in vitro evaluation was then carried out human ker-
atinocytes HaCaT, in order to extend our biocompatibility
assessments to a human lineage and also to undergo tests on
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Fig. 8 Inverted microscope pictures of HaCaT cells seeded onto the
nanofibrous membranes, 10x magnification: (A) PCL-APTES at 48 h
and (B) P-A-C16 at 48 h. (C) Cell counts of HaCaT cells on nanofibrous
membranes through direct observation at 24 and 48 h. Asterisks above
the error bars represent statistical difference when compared to
control (one-factor ANOVA followed by Tukey HSD, p < 0.05).

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

a key cell type of the skin, taking into account the theoretical
external usage of the dressings.

Due to the previously described technical challenges in the
biological evaluation of our fibrous formulations, reagent-based
or staining methods, such as CellTiter-Glo or Hoechst staining,
were not suitable for evaluating our samples. Instead, we opted
for cell counting, through direct observation of the cells on the
dressings (Fig. 8).

By seeding 50000 keratinocytes onto the nanofibrous
samples, cell outlines were clearly visible under an inverted
microscope (Fig. 8A and B), allowing us to estimate cell
numbers and assess keratinocyte proliferation on the dressings.
This could be done for the APTES-modified PCL fibers with or
without associated SiNPs. The results then pointed out the
normal cell morphology on the scaffolds, inferring the absence
of noticeable detrimental effect on the cells. Note that in the
case of pure PCL (without APTES modification), the structure of
the nanofibrous dressings was more opaque and did not
provide sufficient transparency for reliable cell counting.
However, since our experiments above showed no difference
between pure PCL and PCL-APTES in terms of cell survival on
C2C12 cells, no specific issue could reasonably be stated.

As Fig. 8C shows, 24 h after seeding, the cell count on the
PCL-APTES sample (thus without NPs) was slightly lower than in
the control, though this decrease was not statistically signifi-
cant. The nanofibrous scaffolds containing Si-NPs exhibited in
contrast a slightly higher cell count compared to the control,
but again not in a statistically significant manner.

This first timepoint confirmed that cells could adhere to and
survive on the nanofibrous membranes upon initial contact,
with no negative impact from APTES or SiNPs in the different
formulations.

At 48 h, a relative increase in cell numbers was observed
across all formulations. Between 24 and 48 h, the control wells
showed an average increase of 32%, while PCL-APTES increased
by 36%, P-A-C1 by 41%, P-A-C4 by 62%, and P-A-C16 by 69%.
The cell counts on PCL-APTES remained slightly lower than in
the control, as expected, but within an acceptable range for
biocompatibility. Interestingly, all Si-NPs-containing samples
exhibited significantly higher cell numbers than the control,
with the effect increasing proportionally to the NPs concentra-
tion. Notably, P-A-C16 produced the highest proliferation, with
nearly twice as many cells counted on its surface compared to
the control. These results confirm the previous observations,
mainly that APTES is safe to use in a limited quantity in the
wound dressing, and our results show that increasing concen-
trations of laser-synthesized Si-NPs drastically improves cell
proliferation. The understanding of this phenomenon is of
importance, as contemporary literature mainly focuses on
silicon oxides as a source of biological activity. In the context of
laser synthesized NPs, although the extreme outermost layer of
the material is oxidized, most of the NP is composed of pure
elemental silicon. Laser synthesized SiNPs have been unveiled
as a promising material for theranostics but have not been fully
explored as a proper growth-inducing alternative for tissue
engineering. In some of our lab's previous work, these NP have
been described as promoting murine cell growth and
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Fig. 9 Griess inflammation assay results on human keratinocytes
(HaCaT) in contact to different nanofibrous membranes prepared with
increasing Si-NPs contents. Asterisks above the error bars represent
statistical difference when compared to control (one-factor ANOVA
followed by Tukey HSD, p < 0.05).

differentiation, shedding light on their potential for wound
healing applications.” The mechanism of action is still elusive,
and requires further exploration to fully grasp the potential of
laser synthesized SiNPs. In this cited study, murine C2C12 gene
expression was measured and markers of proliferation Ki-67,
mobility C-met and muscle differentiation were found to be
overexpressed, illustrating the effect on cellular machinery.

In a second stage, we aimed at evaluating the potential
inflammatory response of our developed nanofibrous wound
dressings, including our best formulation in terms of prolifera-
tive potential, namely the P-A-C16 sample. To this end, we used
the established Griess assay.””*”” In this test, the nitric oxide
(NO) released from cells under inflammatory stress is detected
and quantified photometrically in the nitrite form upon reaction
with the Griess reagent. Although HaCaT cells are keratinocytes
and therefore cannot fully replicate the entire inflammatory
response of all skin cell types and immunity cells, they can
provide a relevant model to assess initial inflammatory response
of epidermal cells, i.e. the first cells in prolonged contact with the
dressing. The HaCaT cells were cultured onto the nanofibrous
membranes, and after 48 h of incubation the culture medium
was sampled and tested for the presence of NO using the Griess
reagent and compared to a previously established calibration
curve. This assay (Fig. 9) uncovered the presence of minute
amounts of NO released when cells were put in contact with the
nanofibrous samples containing APTES (with or without Si-NPs),
reaching a maximum of 4.6 uM in the PCL-APTES (PA) sample.
This value is found well within homeostatic values (<8-10
uM),”8% thus illustrating the non-proinflammatory potential of
all of our developed wound dressings. Furthermore, previously
obtained cytocompatibility assays showed no statistically signif-
icant difference between pure PCL and P-A samples, supporting
the idea of non-detrimental NO levels.

We may also note that a decrease of the detected nitrite
concentration was observed upon increasing the SiNPs
concentration in the samples, down to a concentration as low as
2.3 uM, which seems to correspond to an increased prolifera-
tion and activation of cell survival mechanisms, and could be
linked to the bioactivity of the SiNPs themselves.****
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Conclusion

In this contribution, we developed various formulations of
innovative bioactive wound dressings composed of a network of
imbricated polymeric nanofibers (e-PCL), possibly functional-
ized with APTES, and associated with silicon (Si) NPs. In our
approach, such SiNPs have been prepared using a “green” laser-
based/solvent-free (PLAL) technology. In the hybrid NFs-NPs
wound dressings obtained, the SiNPs were found to be well
distributed throughout the fibers structure without forming
clotting or clustered heterogeneous domains, allowing us to
increase the SiNPs concentration on-demand. We thus ran
a systematic investigation to determine the role of different
compositional and process parameters, with the aim to identify
optimized production conditions. The physico-chemical char-
acterization of the PCL fibers with or without NPs or APTES was
undergone by FTIR, indicating that the polymer was not altered
during the production process. The addition of APTES onto the
PCL nanofibers clearly enhanced the homogeneity, mechanical
properties and water absorption of the fibers, and yielded lower
fiber diameters around 245 nm. The different formulations
were not found to be degraded or morphologically affected
upon immersion in PBS for up to 7 days, illustrating their
robustness and potential usability as a wound dressing. Their
biocompatibility as well as the specific biological role of the
particles themselves were verified in vitro using two cell types,
namely C2C12 myoblasts and HaCaT keratinocytes. A prolifer-
ative effect was also underlined for the NPs and proportionally
with their concentration in the device. Griess tests finally
highlighted reasonable inflammatory response for all the
biomaterials tested, and mitigation of the inflammation by the
increasing concentration of NPs was even noticed.

Taking into account the biocompatibility of the dressings,
produced by coupling the “green” electrospinning and laser abla-
tion methods, we anticipate that such hybrid bioactive devices
could allow progressing in the management of complex wounds.
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