Next Materials 10 (2026) 101546

Contents lists available at ScienceDirect

Next Materials

journal homepage: www.sciencedirect.com/journal/next-materials

ELSEVIER

Research article , '.) :

Check for

Electrospun polycaprolactone membranes as controlled delivery systems of [
polymyxin B for wound dressings applications

Julien G. Mahy *" ®, Stéphanie D. Lambert”, Axel Lambert "®, Julie Bernard *",

Guérin Duysens "®, Ana Monteiro ", Stéphane Dutrieux ", Antoine Farcy °, Raphaél Riva ,
Christine Jérome ©, Olivier Jolois ", Rémi G. Tilkin >’

@ Department of Chemical Engineering — Nanomaterials, Catalysis & Electrochemistry (NCE), University of Liege, Liege, Belgium

b Centexbel, Rue du Travail 5, Grace-Hollogne 4460, Belgium
¢ Center for Education and Research on Macromolecules (CERM), University of Liege, Cesam-RU, Liege 4000, Belgium

ARTICLE INFO ABSTRACT

Keywords:

Wound healing
Antimicrobial properties
Controlled release
Electrospinning

Electrospun polycaprolactone (PCL) nanofibrous membranes loaded with 2 2 % w/w polymyxin B (PMB) were
developed as biodegradable antimicrobial wound dressings using two different solvent systems: organic
(dichloromethane/dimethylformamide, OS) and acidic (acetic acid/formic acid, Acid). The choice of solvent
significantly influenced fiber morphology, polymer crystallinity, mechanical properties, and drug-release ki-
netics. Both membranes exhibited well-defined bead-free nanofibers with diameters in the sub-micron range and
porosity > 85 %. PMB release showed a marked initial burst within the first hour (~ 35-55 % for OS membranes
vs. & 20-30 % for Acid membranes), followed by sustained diffusion over 7 days. Agar diffusion tests revealed
strong antibacterial activity against Staphylococcus aureus (inhibition zone 1.5 mm for OS-PMB, growth inhi-
bition under the sample for Acid-PMB) and Pseudomonas aeruginosa (5.0 mm and 0.6 mm, respectively), with no
bacterial growth under any PMB-loaded samples. All membranes proved non-cytotoxic (> 80 % cell viability).
The use of only two FDA-approved components, combined with a simple one-step electrospinning process and
tunable release via solvent selection, offers a highly scalable and clinically translatable platform for the local
delivery of polymyxin B in infected or at-risk wounds.

1. Introduction

The skin is the largest organ of the human body and acts as a barrier
against external, aggressive agents [1]. When compromised, it loses its
protective function, exposing the body to infection and inflammation
[2]. The wound healing process is complex and highly sensitive to mi-
crobial contamination, especially from fungi (Candida spp.),
Gram-positive (S. aureus), and Gram-negative (P. aeruginosa) bacteria
[3-5]. These infections delay healing, increase morbidity, and may even
lead to mortality [6].

Antibiotics—either systemic or topical—are traditionally used to
combat wound infections. However, systemic antibiotics present the risk
of promoting drug resistance due to overuse [3,7]. To address this, local
drug delivery via wound dressings has emerged as a preferred alterna-
tive, offering targeted action and reduced systemic exposure [4].

Wound dressings serve multiple purposes: protection, moisture
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retention, gas exchange, and increasingly, antimicrobial action [6,
8-10]. A moist environment accelerates granulation and epithelializa-
tion [6]. Ideally, a dressing should be biodegradable, non-toxic, non--
adherent to the wound, and easily replaceable [6,8,11].

Among dressing types—traditional, biological, and synthe-
tic—synthetic membranes, especially nanofiber-based systems, offer
promising features: small pore size to prevent microbial penetration,
high porosity to promote gas exchange, and a structure resembling the
extracellular matrix (ECM), favoring cell adhesion and proliferation
[7-9].

Electrospinning is a versatile, cost-effective method to fabricate
nanofibrous membranes with high surface area, tunable porosity, and
controllable fiber morphology [12-15]. These scaffolds closely mimic
the structure of the natural extracellular matrix (ECM), thereby pro-
moting cell adhesion, proliferation, and differentiation—features
particularly advantageous for skin tissue engineering and wound
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healing applications. Recent works have demonstrated its value in
wound healing applications, including antibacterial membranes [16],
multifunctional dressings [17,18], and composite scaffolds designed to
mimic the native skin environment [19,20].

However, electrospun biomaterials also present limitations, such as
insufficient mechanical strength, limited control over pore size for cell
infiltration, and challenges related to large-scale production or repro-
ducibility. To address these, recent works have explored functionaliza-
tion strategies or co-electrospinning of multiple polymers to improve
mechanical and biological performance. For example, Pan et al. [21]
developed a core-shell nanofiber system for dual drug release,
enhancing antibacterial and angiogenic properties. Li et al. [22] re-
ported electrospun mats incorporating bioactive peptides for enhanced
skin regeneration. Rahman et al. [23] demonstrated a multifunctional
scaffold with improved hemostatic and antimicrobial properties.

These studies illustrate the current trend toward multifunctional
electrospun scaffolds, though they often rely on complex architectures
or costly bioactive additives. In contrast, our work presents a simplified,
yet efficient antimicrobial dressing using only FDA-approved materials
and a two-component formulation, polycaprolactone (PCL) and poly-
myxin B (PMB), aiming to balance efficacy with scalability and
biocompatibility.

PCL is a synthetic, aliphatic polyester widely used in biomedical
applications due to its biocompatibility, biodegradability, and me-
chanical robustness [24,25]. Compared to natural polymers such as
gelatin or collagen, PCL offers several advantages: higher stability in
aqueous environments, tunable degradation rate (weeks to months), and
mechanical properties that can be adjusted to match soft tissue elasticity
[24]. Moreover, it does not require crosslinking agents to maintain
structural integrity in humid or physiological conditions, unlike gelatin
or collagen, which often degrade too quickly or require chemical
modification to be stable [24,25]. However, one limitation of PCL is its
hydrophobic nature, which can hinder cell adhesion—but this is often
counterbalanced by the high surface area and porosity of electrospun
scaffolds.

As for the antimicrobial agent, PMB is a cationic lipopeptide with
high affinity for the lipopolysaccharide layer of Gram-negative bacteria
[26,27]. Unlike silver ions or iodine, PMB is a biological molecule with a
well-characterized pharmacological profile and low cytotoxicity at
therapeutic concentrations. Compared to broad-spectrum antibiotics
like gentamicin or sulfadiazine, PMB offers a selective action against
multi-drug resistant Gram-negative bacteria, including P. aeruginosa, a
common and problematic pathogen in burn wounds [26,27]. Impor-
tantly, PMB can be incorporated directly into the polymer matrix
without complex encapsulation or chemical modification.

The design of our dressing relies on three core principles: (i) using a
minimal formulation composed only of PCL and PMB, (ii) leveraging
electrospinning to produce highly porous, nanofibrous membranes with
high drug-loading efficiency, and (iii) modulating polymer degradation
and drug release profiles through the choice of solvent system. Unlike
other strategies involving nanoparticles, drug carriers, or surface graft-
ing, our approach is simple, reproducible, and scalable, and uses FDA-
approved materials only, which facilitates potential clinical translation.

While various electrospun dressings have been reported, many rely
on complex encapsulation strategies (e.g., nanoparticles, clays) or
incorporate agents with environmental or cytotoxic drawbacks [28,29].
Moreover, the impact of solvent systems on polymer degradation, fiber
morphology, and drug release is often neglected, despite being critical
for therapeutic efficacy [30-32].

In this work, we aim to develop electrospun membranes based on
polycaprolactone (PCL) and loaded with polymyxin B (PMB), a potent
antimicrobial peptide. The membranes are produced using two solvent
systems — organic (dichloromethane / dimethylformamide) and acidic
(acetic acid / formic acid) - to investigate how solvent choice affects
polymer degradation, fiber morphology, drug release, and antimicrobial
performance. This organic solvent system has been chosen has it is
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widely used in the literature [33-35]. Yet, this system is known to be
toxic. The acidic system has therefore been chosen in order to reduce the
toxicity of the process. The principle of production and action is illus-
trated in Fig. 1.

Our objectives are to: (i) Compare the effects of solvent systems on
PCL degradation during electrospinning, (ii) Characterize the
morphology, porosity, and mechanical properties of the membranes,
(iii) Evaluate the kinetics of PMB release and its antimicrobial efficiency
against S. aureus and P. aeruginosa, (iv) Assess the cytotoxicity of the
membranes to ensure biocompatibility.

Compared to existing approaches, our system stands out for its
simplicity, full biodegradability, and use of FDA-approved materials,
without requiring complex carriers or post-treatments. This offers a
practical, scalable route toward safe and efficient antimicrobial wound
dressings.

2. Materials and methods
2.1. Materials

Polycaprolactone (PCL, (CgH1002);, Mn = 80 kDa) were purchased
from Sigma-Aldrich; Polymyxin B sulphate (PMB, CseH100N16017S) from
Apollo Scientific; dimethylformamide (DMF, HCO-N(CHs)2), dichloro-
methane (DCM, CH,Cl,), acetic acid glacial (AA, CH:COOH) from VWR;
formic acid (FA, HCOOH, > 98 %) from Carl Roth; tetrahydrofuran
(THF, C4HgO) and Triton X-100 (C;4H250(CoH40),(n = 9-10)) from
Fischer Scientific; Dulbecco’s Modified Eagle medium (DMEM) and
Fetal Bovine Serum (FBS) from Biowest; Penicillin/Streptomycin and
amphotericine from Capricorn; XTT assay from Roche; S. aureus (ATCC
25923) and (P. aeruginosa) (ATCC 25922) from ATCC. Unless indicated
otherwise, all these chemicals were > 99 % pure and were used without
further purification.

Phosphate Buffer Saline (PBS) was prepared from PBS tablets pur-
chased from PanReac AppliChem.

2.2. Methods

2.2.1. Electrospinning process

The electrospinning unit (Fig. 2) is a homemade vertical set-up
composed of a collector (aluminum plate with adjustable height) and
a needle (21 G) fed with the polymer solution at a constant flow rate
thanks to a push-syringe (NE-1800 from Quality In Sensing). The col-
lector is connected to a high voltage supply (SL8OPN60 from Spellman)
while the needle is connected to the ground. The needle is mounted on a
XY motor for the production of large membranes. The needle was moved
along the X axis over a length of 20 cm at a speed of 10 cm/min. The
electrospinning unit is housed in a hermetically sealed enclosure where
temperature and humidity levels are controlled by a regulating system.

Two solvent systems were used in this work: 50/50 AA/FA (called
Acid) and 50/50 DMF/DCM (called OS). All solutions were composed of
17 % m/v of PCL. In the case of the PMB containing samples, 0.34 % m/
v of PMB were added in the solution, which corresponds to a ratio
m_PMB/m_PCL of 2 %. The PMB concentration was selected to ensure
effective performances while minimizing disruption to the electro-
spinning process. Several studies showed a decrease in the viscosity of
the solution over time due to the acidic hydrolysis of PCL [30,31]. To
guarantee the reproducibility of the results, the duration of the mixing
step was fixed at 16 h and kept constant for all samples and all repli-
cates. The possible degradation of PCL was evaluated (see next section).

The flow rate was set to 0.014 mL/min for the Acid system and to
0.016 mL/min for the OS system. The distance between the needle and
the collector was fixed at 14.5 cm for the Acid system and 16 cm for the
OS system. The temperature was set to 25 °C and the relative humidity to
20 %. The duration of electrospinning was 3 h. The specific solution
composition and voltage for each membrane are shown in Table 1. The
choice of these parameters is based on a preliminary optimization,
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Fig. 2. Electrospinning experimental set-up.

Table 1
Solution composition and voltages.

Sample Solvent system % m/vPMB V (kV) Flow rate (mL/min)
Acid 50/50 AA/FA 0 16 0.014
Acid- 50/50 AA/FA 0.34 16 0.014
PMB
0os 50/50 DMF/DCM 0 12 0.016
0S-PMB 50/50 DMF/DCM  0.34 11 0.016

shown in 1 in the supplementary information.

2.2.2. Physico-chemical characterization

The viscosity of the polymer solutions was measured at 10 rpm under
room temperature using a RVDV2T viscosimeter from Brookfield and a C
spindle.

The fiber morphology was investigated via scanning electron mi-
croscopy (SEM, TESCAN Clara microscope) with accelerating voltage of
15 kV, after being sputter coated for 1 min with gold using an AGAR
high-resolution sputter-coater. The fiber diameters were measured on
SEM images using Image J image analysis software. For each sample, a

total of 100 measurements were made on 4 different SEM images, each
representing a non-overlapping random field of view for each electro-
spun membrane configuration.

The porosity (percentage of void) was determined by recording the
mass of the membrane before and after immersion in ethanol for 15 min.
The following equation was then used to calculate the porosity via Eq. 1.

(mgon — mdry)/ PEtoH

Porosity(%) =
(%) (Myon — mdry)/ PEon T mdry/ Prmem

x 100 1)

where mq,y is the mass of the dry membrane (g), mg;oy is the mass of the
membrane after immersion in ethanol (g), pmem is the density of PCL (i.e.
1.145 g/cm?®) and pgon is the density of ethanol (i.e. 0.789 g/cm?®). This
measurement was carried out on 3 samples.

Membrane thicknesses were measured using a digital micrometer
(MDC-25PX from Mitutoyo) with the membranes placed between two
microscope slides. The thickness of the two microscope slides was sub-
tracted to the measurement value. This measurement was carried out on
3 samples.
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2.2.3. Mechanical properties and conformability

The mechanical properties of the membranes in traction mode were
measured using a 3366 model from Instron, equipped with a load cell
which had a maximum load of 100 N and a repeatability of 0.25 %. The
test speed was 100 mm/min and the gripping distance was 20 mm. The
tested samples were rectangular-shaped specimens measuring 7 cm in
length and 2 cm in width. The representative stress—strain curves were
reported for each sample. This measurement was carried out on 3
samples.

The conformability was studied by determining the extensibility and
permanent set, based on the norm ISO 13726:2023 using a 3366 model
from Instron, equipped with a load cell which had a maximum load of
100 N and a repeatability of 0.25 %. Shortly, 2 parallel marks were
drawn on the sample. The distance between the two marks (L;) was
measured. The sample was then extended by 20 % of the marked dis-
tance at a rate of 300 mm/min and the maximum load was measured.
The sample was then held at this extension. After 60 s, the sample was
removed and let to relax for 300 s. The distance between the two marks
was measured again (Lg). The extensibility was given by Eq. 2.

Extensibility (N/cm) = maximum load / sample width (2)
The permanent set was given by Eq. 3.
Permanent set (%) = (L¢-L;)/L; x 100 3

This measurement was carried out on 4 samples.

2.2.4. Degradation study

The degradation of the PCL during the electrospinning process was
checked by differential scanning calorimetry (DSC), thermogravimetric
analysis (TGA), and gel permeation chromatography (GPC). DSC was
realized using a Discovery DSC2500 from TA instruments, following the
norm ISO 11357-1:2023. The rate of heating was 10 °C/min from
—90-100 °C, where a typical sample weight was around 2 mg. Peak
height and peak area in the thermogram were ascribed to the melting
point (Tp) and melting enthalpy (AHp,), respectively. The degree of
crystallinity X; was calculated via Eq. 4.

Xc (%) = AHp, / AHS, x 100 (C))

with AHp, the measured melting enthalpy and AHY the melting
enthalpy of fully crystalline PCL (139.5 J/g) [36].

TGA was performed using a TGA5500 from TA instruments with a
heating rate of 10 °C/min under nitrogen atmosphere between 30 and
600 °C and under air atmosphere between 600 and 900 °C.

SEC was carried out in THF at 45 °C at a flow rate of 1 mL/min with a
Viscotek 305 TDA liquid chromatograph equipped with 2 PSS SDV linear
M columns calibrated with polystyrene standards. Samples were dis-
solved in THF, filtered with a 0.22 pm filter.

The presence of specific functional groups was checked by Fourier
transformed infrared (FTIR) spectroscopy in ATR mode (iD7 ATR from
ThermoScientific) using a Nicolet iS5 from ThermoScientific. The
following instrumental settings were used: absorbance, range from 4000
to 400 cm™ %, 16 scans, resolution 2 cm ™. The spectra were normalized
to the peak corresponding to C=O stretching (around 1720 cm_l).

2.2.5. Release

The kinetics of PMB release were determined by immersing 0.1 g of
sample in 10 mL of PBS solution in closed vials. This analysis was per-
formed in duplicates. Membranes were incubated at 37 °C. At scheduled
times (i.e. 30 min, 1 h, 4 h, 24 h, 2 days, 3 days, 7 days), the supernatant
was removed, stored at —20 °C until analysis, and replaced by fresh PBS.
The antimicrobial concentration was assessed via the Lowry method
(absorbance measurement at 750 nm, UV-1800 from Shimadzu; Modi-
fied Lowry Protein Assay Kit from Thermo Scientific) [37]. A second
order calibration curve (R*> = 0.9999) was produced by using PMB as
standard (1, 2, 5, 10, 25, 50, 100, 150, 200, 250 pg/mL).
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2.2.6. Antimicrobial activity

Prior to antimicrobial testing, all samples were sterilized by UV
irradiation for 20 min (10 min on each face). Specimen were cut into a
disk 25 mm in diameter.

Antimicrobial activity of the sample was assessed by agar diffusion
plate test, following the norm ISO 20645:2004. The level of antibacterial
activity was assessed by examining the extent of bacterial growth in the
contact zone between the agar and the specimen, and if present, the
extent of the inhibition zone around the specimen. Two bacterial strains
were used for the assay: Staphylococcus aureus (ATCC 6538) and Pseu-
domonas aeruginosa (ATCC 9027). Bacteria were grown overnight in
tryptone soy agar (TSA) at 37 °C. Then, one colony was used for inoc-
ulation of a trypticase soy broth (TSB) incubated at 37 °C to reach suf-
ficient turbidity. TSA agar plates were inoculated with bacterial
suspension. Samples were laid down on inoculated plates. Plates were
incubated at 37 °C. After 24 h and 48 h, plates were analyzed under
binocular magnifier and the inhibition zone around the specimen was
measured. Measurements were carried out on 3 references.

2.2.7. Cytotoxicity

Prior to cytotoxicity testing, all samples were prepared following the
norm ISO 10993-12:2021. Sterilization by UV irradiation for 30 min
was carried out before extraction.

The cytotoxicity was assessed via the enumeration of remaining
living cell after contact with an extract of the sample, following the norm
ISO 10993-5:2009. First, an extract of the membrane was prepared by
placing 1.25 cm?/mL of material in full growth culture medium (DMEM,
10 % FCS, penicillin, and streptomycin) at 37 °C — 200 rpm for 24 h.

The cytotoxicity was then measured by the cell viability by dehy-
drogenase mitochondrial activity of fibroblast cells (L929 clone) using
XTT assay. Cells were seeded in 12-well tissue culture plates at a con-
centration of 1 x 10° per well and incubated overnight in full growth
medium at 37 °C, 5% CO,. Medium was removed and extracts were
added to the cells for 24 h (37 °C, 5 % CO,). Positive control (HDPE
film), negative control (Triton X-100 0.05 %), and non-treated controls
(culture medium) were conducted simultaneously. All samples were
carried out in triplicates. After 24 h of treatment, 50 pl of XTT solution
was added in each well and plates were incubated in darkness for 2 h (37
°C). Reading absorbance of the plates was conducted by using plate
spectrophotometer at 450 nm. The absorbance of cells in contact with
culture medium alone was used as blank.

A decrease in the number of living cells causes a decrease in total
dehydrogenase activity mitochondria of the sample. This reduction is
directly linked to the quantity of XTT byproduct formed, which is
measured by optical density at 450 nm (Spectrophotometer Spectramax
340PC 384 from Molecular Devices). To calculate the reduction in
viability compared to the blank, Eq. 5 was used:

Viability (%) = OD450e / OD450b x 100 5)

Where OD450e is the mean optical density of the extract, OD450b is the
mean optical density of the blank. The lower the viability percentage is,
the higher the cytotoxic potential of the sample under test is. The norm
ISO 10993-5 states that if the viability is < 70 %, the sample has cyto-
toxic potential.

2.2.8. Statistical significance

To assess the statistical significance, a one-way analysis of variance
(ANOVA) followed by post hoc Tukey’s test was conducted, using a
significance level of p = 0.05. The assumption of homogeneity of vari-
ances was tested beforehand using Levene’s test.
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3. Results and discussions
3.1. Degradation of PCL

The degradation of PCL during the electrospinning process was
investigated through DSC, TGA, and SEC measurements. The DSC and
SEC results can be seen in Table 2. Regarding TGA, a typical TGA curve
is presented in Fig. 3 while all the curves are presented in 2 of the
supplementary information (Figure SI-1).

The resulting molar mass was greatly influenced by the solvent sys-
tem chosen to perform electrospinning. Indeed, compared to the raw
material (PCL pellet), a significant decrease of about 10 kDa was
observed for the samples prepared in acidic conditions (Acid and Acid-
PMB), while no significant degradation was detected for the one pre-
pared with organic solvents (OS and OS-PMB). No significant degrada-
tion was found between the sample with or without PMB. This
degradation is due to the ester hydrolysis of the PCL (primary degra-
dation pathway) [38,39]. This reaction is catalyzed by acids (especially
at pH < 3 like in this case) and is known to result in a decrease of the
molar mass. As the OS and OS-PMB membranes do not present a
degradation, it is hypothesized that the electrospinning process does not
have an influence on the molar mass. To check this hypothesis, films
were prepared in the same preparation conditions (PCL film Acid = film
prepared in Acid conditions; PCL film OS = film prepared in OS condi-
tions). Here again, a significant decrease was observed for the Acid
conditions, while no significant degradation was detected for the OS
conditions. The decrease was even larger for the films than for the
electrospun membrane because PCL stayed longer in contact with the
acids due to their slow evaporation rate. This shows that the degradation
of PCL was indeed caused by the choice of medium rather than by the
electrospinning process. Several studies showed similar results [30,31].
They also found a decrease in the viscosity of the solution over time due
to this acidic hydrolysis. To guarantee the reproducibility of the results,
the duration of the mixing step was kept constant for all samples and all
replicates.

The effect of the choice of solvent on the calorimetric properties was
also investigated by DSC. The thermal analysis showed a significant
increase in crystallinity (X.) between the raw PCL and the OS / OS-PMB
membranes. No significant degradation was found between the sample
with or without PMB. During the electrospinning process, the PCL mo-
lecular chains are stretched during the flight of the polymeric solution.
The membranes once formed present more aligned chains than a
randomly processed pellet, promoting the formation of crystalline areas
[40,41]. A significant increase in crystallinity was also observed be-
tween the raw PCL and the Acid / Acid-PMB membranes. This increase
was larger than the one of the OS / OS-PMB membranes. No significant
degradation was found between the sample with or without PMB. In this
case, besides the effect of the electrospinning process, the lower molar
mass enhances chain packing and leads to the formation of more perfect
lamellar crystal structures, which require higher temperatures to melt
[32]. Despite these changes in crystallinity, no change in melting tem-
perature (Tp,) could be detected, indicating that the crystalline zones
were similar (Table 2). The significantly higher crystallinity of the Acid /
Acid-PMB compared to the OS / OS-PMB membranes can be explained
by the volatility of the solvent. Indeed, the higher the volatility of the

Table 2

DSC and SEC results (mean =+ standard deviation).
Sample M, (kDa) Tm (°C) X, (%)
PCL Pellet = raw material 73.8 +£2.3 56.3 + 0.1 51.5+ 0.5
Acid 62.6 + 3.8 57.0 £ 0.1 58.5+ 0.4
Acid-PMB 63.8 +£2.1 57.4+£0.2 59.8 £ 0.6
(0} 71.8 + 3.4 58.1 +£0.1 55.7+ 0.5
OS-PMB 81.7+7.1 57.4 £ 0.1 56.6 + 0.7
PCL film Acid 52.7 £ 1.8 / /
PCL film OS 745+1.1 / /

Next Materials 10 (2026) 101546

Evolution of weight (%)
—— Derivative (%/°C)

25
100 4
420
& 801
= %)
-g_) 415 g\o
'g 60 2\/
5 .-
§ 40 2
2 g
=) [0
3 fa)
@ 20- 105
0 A 0.0
T T T T
0 200 400 600 800

Temperature (C°)

Fig. 3. Typical TGA curve (black line) and its derivative (red line). Sample =
PCL pellet.

solvent, the faster it evaporates during fiber formation, resulting in fi-
bers with lower crystallinity [40,42].

All these changes did not affect the TGA results (Fig. 3 and 2 of the
supplementary information), showing that the thermal degradation of
the membrane was not affected by the addition of PMB and the choice of
solvent. For all the samples (typical curve in Fig. 3), a single degradation
step in the range from 320 to 480-490 °C with a temperature of
maximum decomposition rate of 409-411 °C was observed, which cor-
responds to previous studies [43-45]. It has been shown that this
degradation is due to two simultaneous processes: (i) the statistical
rupture of the polyester chains yielding HoO, CO2, hexenoic acid, and
small chain fragments of PCL and (ii) the release of e-caprolactone as
results of an unzipping depolymerization process [43,44].

The presence of specific functional groups was checked by FTIR (see
3 in the supplementary information). The FT-IR peaks in the membrane
spectra were similar to those in the spectrum of the pure PCL pellets,
suggesting that there were no significant structural changes due to the
choice of solvent or the addition of PMB in PCL matrix, such as new
chemical bond formation between the PCL chains and PMB [46,47].

3.2. Morphology

The PCL membranes produced by electrospinning were analyzed
using scanning electron microscopes to evaluate the quality and regu-
larity of the fibers. The fiber diameter was measured using ImageJ
software and denoted in Table 3. The images of the 4 samples are rep-
resented in Fig. 4.

Acid and Acid-PMB membranes (Figs. 4a and 4b) showed inter-
twined non orientated fibers, with some beads, as previously observed
during the electrospinning of PCL in organic acids [30,48]. These beads
form when surface tension forces are strong enough to displace the so-
lution along the jet, creating localized regions with minimal
surface-to-volume ratio [48]. The addition of PMB seemed to produce

Table 3
Morphology data (mean =+ standard deviation).
Sample Fiber diameter Porosity = Membrane Viscosity
(um) (%) thickness (um) (Pa.s)
Acid 0.218 + 0.055 92+1 50 £7 1.284
Acid- 0.188 + 0.025 93+1 80+7 1.206
PMB
os 1.490 £ 0.289 91 +1 120 £8 2.605
0S-PMB 1.226 £+ 0.579 91+2 150 £ 10 1.833
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Fig. 4. SEM images of (a) Acid, (b) Acid-PMB, (c) OS, and (d) OS-PMB samples.

slightly less regular fibers. The presence of beads on the Acid and
Acid-PMB membranes could affect the release of antimicrobials and,
therefore, adjustments in the electrospinning process could be consid-
ered to obtain membranes composed of uniform fibers without beads.
Regarding the fiber size, these samples presented an uneven fiber size
distribution, where some densely intertwined areas make diameter
measurement difficult. However, less dense areas revealed an average
diameter of 0.218 +£0.055 pm (Acid) and 0.188 +0.025 pm
(Acid-PMB), without significant difference, showing that the addition of
2 % of PMB did not impact the morphology. These values are consistent
with previous studies using organic acids [30,48,49].

For the membranes from solvent solutions (OS and OS-PMB), a clear
difference was observed in the morphology of the fibers compared to
those from acidic solutions (Figs. 4c and 4d), especially regarding the
fiber size as the average diameter was 1.490 + 0.289 pm (OS) and
1.226 + 0.579 pm (OS-PMB). These diameters were significantly larger
than the ones observed for the membranes from acidic solution. Yet, no
significant difference was observed between OS and OS-PMB, showing
that the addition of 2 % of PMB did not impact the morphology. These
values are consistent with previous studies using organic solvents [46,
49,50].

The difference of morphology between the membranes produced
with Acid and OS solutions can be explained by several factors. First, this
difference comes from the fact that acidic solutions display lower vis-
cosities than those containing solvents (Table 3), which promotes the
formation of finer fibers with pearls. It has been proven that increased
molecular entanglement suppresses the early development of bending
instability, extending the stable jet region and leading to the formation
of thicker fibers [30,51]. The lower viscosity of the Acid membranes
compared to the OS membranes can be linked to the decrease of molar
mass, as previously presented in the degradation study. Another
parameter aligned with this behavior is electrical conductivity. Indeed,
it has been shown that the average fiber diameter increases as conduc-
tivity decreases, as it can be hypothesized for the DCM/DMF solution
compared to the AA/FA based on their dielectric constant [50,51].

Finally, the larger flow rate for the OS/OS-PMB membranes compared to
the Acid/Acid-PMB ones also promotes larger fibers as, an increased
flow rate delivered a larger volume of polymeric solution to the jet,
which in turn results in thicker fibers, as was previously observed [52,
53].

The porosity of the membrane was also measured using a liquid
impregnation technique. Knowing the porosity of the membranes is
essential to understand their permeability. The void fractions are pre-
sented in Table 3. The results showed a high void fraction for all the
membranes (i.e. 91-93 %), similar to values obtained in previous studies
[46,54,55]. No significant difference between the samples could be
observed, showing that the electrospinning parameters have little
impact on the porosity.

The thickness of PCL membranes determined using a micrometer is
summarized in Table 3. As a reminder, the membranes were all elec-
trospun for an equal duration. The membranes produced from organic
solvents were significantly thicker than the ones produced from acids.
This can be explained by the geometric constraints caused by the thicker
fibers of the OS/OS-PMB membranes, resulting in increased thickness.
Another explanation comes from the lower width of the produced
membranes (around 6 cm for OS/0S-PMB membranes and 9 cm for the
Acid/Acid-PMB membranes), leading to a larger accumulation of matter
on a smaller surface area and therefore to a thicker membrane.
Comparing the thickness of electrospun membranes with other studies is
quite hard given the fact that it depends on the duration of electro-
spinning and the surface on which the electrospinning is performed,
which are hardly provided.

3.3. Mechanical properties and conformability

The typical strain-stress curves are shown in Fig. 5 and the me-
chanical properties and the conformability in Table 4.

The stress-strain response of the fibrous scaffolds exhibited two
distinct stages: an initial linear elastic region followed by a nonlinear
plastic deformation phase, typically ending with the fracture of the
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Fig. 5. Typical stress-strain curves. (black) Acid, (red) Acid-PMB, (blue) OS,
and (green) OS-PMB.

Table 4
Mechanical properties and conformability of the membranes (mean =+ standard
deviation).

Sample Young’s Strain Stress Extensibility Permanent
Modulus at at (N/cm) set (%)
(MPa) break break
(%) (MPa)
Acid 21.1 +£3.7 83.9 9.1 3.4+0.3 3.7+£0.7
+11.9 + 2.7
Acid- 20.9 +£3.8 85.1 8.0 3.4+0.2 3.7+£04
PMB +11.1 + 1.7
oS 11.8 £ 0.7 406.7 2.2 21+0.1 29+05
+ 50.7 +0.2
0sS- 120+ 1.5 462.0 2.3 2.0+0.3 1.7 £0.8
PMB +67.3 + 0.3
membrane.

When comparing the membrane types, a significant difference be-
tween the Acid / Acid-PMB and the OS / OS-PMB membranes could be
noticed. The Acid and Acid-PMB membranes indeed showed a signifi-
cantly larger Young’s modulus, a significantly larger stress at break, and
a significantly lower strain at break, indicating that they were stiffer and
more brittle. It can be hypothesized that this observation is due to the
fact that the Acid membranes are composed of more crystalline fibers
than the OS and OS-PMB membranes (see Table 2) [47]. It has also been
shown that a higher voltage, as it is the case for the Acid/Acid-PMB
membranes compared to the OS/OS-PMB ones is linked to higher me-
chanical properties [46,56,57]. Indeed, at high voltages, conglutination
frequently arises during the electrospinning of scaffolds, enhancing the
material’s tensile strength and Young modulus through the development
of a network of interwoven fibers.

Regarding the addition of PMB, no significant difference could be
observed. This is linked to the fact that they present similar porosity,
fiber diameters, and crystallinity.

Compared to commercially available wound dressings, all the
membranes showed properties similar to the ones measured on com-
mercial wound dressings (1-35 MPa for the Young’s modulus, 1-8 for
the strain at break, 0.1-5 MPa for the stress at break) [58]. The higher
stress at break for the Acid and Acid-PMB membrane does not pose a
problem as it simply means that it will be more resistant. These values
were also consistent with the properties of the skin present in the
literature (3-50 MPa for the Young’s modulus, 0.2-2 for the strain at
break, 1-32 MPa for the stress at break) [59].
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The conformability can be determined via two parameters: the
extensibility and the permanent set. The extensibility is the force needed
to deform a material to a given extension. The higher the value, the
lower the extensibility. The permanent set is the increase in length of a
material after it has been stretched and relaxed. A low value for per-
manent set indicates that the wound dressing can recover its original
shape and properties after being stretched.

When comparing the membrane types, it could be observed that the
Acid and Acid-PMB membranes presented a significantly higher exten-
sibility than the OS and OS-PMB membranes. This could be explained by
the fact that Acid and Acid-PMB membranes are less elastic than the OS
and OS-PMB ones (higher Young’s modulus). The difference between
the Acid membrane and the OS membrane permanent set was not
significant.

As for the mechanical properties, the addition of 2 % of PMB did not
have a significant effect on the conformability.

Compared to commercially available wound dressings, all the
membranes showed values in the range suitable for a flexible dressing.
They were comparable to commercial foam (2.2-4.0 N/cm for extensi-
bility and 1.5-3.9 % for permanent set) and hydrocolloid (0.9-3.7 N/cm
for extensibility and 0.1-7.6 % for permanent set) wound dressings.

The mechanical properties and conformability of wound dressing are
essential properties for wound dressings. First, these properties define its
ability to be handled by nurses/doctors/patients [60-62]. The wound
dressing must indeed have sufficient resistance to be correctly handled
without a risk of breaking. These properties also influence the patient’s
comfort and mobility. When applied to a part of the body that moves,
such as a joint, the dressing should allow sufficient freedom for move-
ment. A dressing that stretches easily and returns to its original length
after being stretched would be more comfortable for the patient to wear.
The selection of where it should be placed therefore depends on these
properties, as non-flexible wound dressing should rather be placed in
fixed area.

These properties also define the dressing’s ability to mold to the
shape of the wound and the surrounding skin, creating a secure fit that
ensures it stays in close contact with the tissue [62]. This is important to
maintain moist conditions required for healing, prevent the formation of
dead space where wound fluid and bacteria may accumulate (reducing
the risk of infections), and avoid leakage of wound exudate (minimizing
the risk of maceration).

3.4. PMB release

Fig. 6 illustrates the release kinetic profiles. To ensure clarity, these
figures are divided in two parts: (a) profiles over the full period (7 days)
and (b) amount of PMB released after the first hour. This second figure is
expressed as the amount of PMB released after 1 h, with the amount of
PMB released up to 1 h being subtracted.

Both release kinetics profiles highlighted a fast release of PMB within
the first hour, called burst, followed by a slower release up to 7 days. It is
assumed that this burst is mostly due to the fraction of the PMB present
on or close to the external surface of the electrospun fibers, which can
easily and rapidly desorb upon immersion. Based on the fiber size, it
would be expected to observe a faster release from the Acid membrane
because they present a smaller diameter and therefore a larger surface
area. This phenomenon actually comes from the difference in solubility
in the polymer matrix. Indeed, PMB is soluble in the Acid solution (AA
and FA), the active agent is therefore uniformly dispersed in the PCL
matrix. On the contrary, PMB is not soluble in the OS medium (DCM and
DMF). The PMB is therefore dispersed in the PCL matrix under the form
of small aggregates. It is expected that these aggregates are large enough
to be at the surface of the fibers, leading to a large amount of released
PMB at the beginning. This burst ensures a fast antimicrobial activity of
the wound dressing.

When looking at the amount of PMB released after the first hour, it
can be noticed that the release profiles of the Acid-PMB and OS-PMB
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Fig. 6. Release kinetics profile of the electrospun membranes: (black) Acid, (red) Acid-PMB, (blue) OS, and (green) OS-PMB. (a) Full release kinetics profile (b)
Profile of the PMB released after the first hour (PMB release up to 1 h is subtracted).

samples are similar. The PMB released after this burst comes from the
molecule diffusion inside the PCL matrix towards the external medium.
The higher crystallinity of the Acid membranes compared to the OS ones
can explain the slower diffusion of the PMB inside the PCL matrix.

These results were in line with previous studies studying the release
of PMB from electrospun polymers, where a burst was found in the first
hours (up to 24 h) followed by a slower release [63-65] over 2-30 days.
Yet, in those studies, the PMB was not directly encapsulated in the
polymer but a carrier (i.e. modified silica, halloysite nanotubes) was
used to encapsulate the PMB, which has a large influence on the
encapsulation and release. Our results therefore show that similar re-
sults can be obtained with a simpler technique.

3.5. Antimicrobial evaluation

An agar diffusion test was performed using S. aureus (Gram +) and
P. aeruginosa (Gram -) to assess the antimicrobial efficiency of the
electrospun membranes. This test consisted of placing the membrane in
direct contact with an agar plate seeded with bacteria. If the membrane
presented an antimicrobial activity, the bacteria would have not grown
around it and the agar would have remained transparent, forming an
inhibition zone between the membrane and the beginning of the blurry
zone. If the membrane did not present an antimicrobial activity, the
bacteria would have grown around/on it and the agar would have
become blurred. The size of the inhibition zones is presented in Table 5
while the pictures of the antimicrobial tests are shown in 4 of the sup-
plementary information.

As expected, the controls (= Acid and OS) which do not contain PMB,
did not present an antimicrobial activity (no inhibition zone and no
growth under the sample). Regarding S. aureus, an antimicrobial activity
was observed for the OS-PMB membrane with an inhibition zone of
around 1.5 mm with no growth under the sample, while, for the Acid-
PMB membrane, no inhibition zone was observed, only an inhibition

Table 5

Zone of inhibition (in mm, mean + standard deviation) after 24 and 48 h of
culture. / = no zone of inhibition and bacteria growth under the sample. 0 = no
zone of inhibition and no bacteria growth under the sample.

24h 48 h
Sample S. aureus P. aeruginosa S. aureus P. aeruginosa
Acid / / / /
Acid-PMB 0 0.6 +0.8 0 0.6 +0.8
0os / / / /
0OS-PMB 1.5+0.2 5.0+0.2 1.4+03 45+0.3

of growth under the sample. Regarding P. aeruginosa, a clear antimi-
crobial activity was observed for the OS-PMB membranes (inhibition
zone of about 5 mm and no growth under the sample) and the Acid-PMB
(inhibition zone of about 0.6 mm and no growth under the sample). No
significant difference could be observed between 24 and 48 h, meaning
that the diffusion of PMB had already taken place after 24 h.

The difference between the OS-PMB and Acid-PMB is explained by
different factors. First, the quantity released in 24 h by the OS-PMB is
significantly higher than the one released by Acid-PMB, as shown in the
previous section. Then, the activity of the PMB may have decreased due
to its exposition to the acids.

The difference between S. aureus and P. aeruginosa comes from the
activity of PMB against different bacterial strains. Indeed, PMB presents
different minimum inhibitory concentration against these two strains
(5 ug/mL for P. aeruginosa and 40 ng/mL for S. aureus, see 5 in the
supplementary information). These results confirmed the results present
in the literature. Indeed, it has been reported that PMB is usually used
against Gram - bacteria [26,27] and is considered to be ineffective in the
treatment of Gram + bacteria.

3.6. Cytotoxicity

The cytotoxicity was checked via a XTT test following the ISO
10993-5 norm. The results can be seen in Fig. 7. A significant decrease in
survival rate can be observed between the HDPE control and the sam-
ples. Yet, according to the ISO 10993 norm concerning the biological
evaluation of medical devices, all samples can be considered as non-
cytotoxic as they show a survival rate higher than 70 %. This also in-
dicates that the membranes do not release any cytotoxic compounds.
Statistical analysis indicated no significant differences among the sam-
ples. The innocuity of PCL and PMB was expected from previous studies
[47,65].

3.7. Practical implications, limitations, and clinical perspectives

The electrospun PCL/PMB membranes developed in this study offer a
number of practical advantages for wound care applications. The use of
only two FDA-approved components—polycaprolactone and polymyxin
B—simplifies the formulation and enhances the biocompatibility and
regulatory acceptance of the system. Furthermore, the absence of com-
plex carriers, surface treatments, or crosslinking agents makes the pro-
cess highly reproducible and amenable to scale-up using existing
industrial electrospinning platforms.

From a clinical perspective, the membranes exhibit sustained
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Fig. 7. Cytotoxicity results.

antimicrobial activity and favorable mechanical properties, suggesting
their potential for use as dressings for infected or at-risk wounds. The
duration of action is also advantageous, as these membranes remain
effective for a longer period and therefore require less frequent changes
than commercial products, which typically need to be replaced daily.
The ability to modulate the release profile via the choice of solvent
system could enable tailored treatments for different wound types or
healing stages.

However, the present study also presents several limitations. First,
the evaluation was limited to in vitro assays; in vivo testing is necessary to
validate biocompatibility, healing efficacy, and real-time degradation
behavior. Second, while solvent systems influenced drug release and
membrane properties, long-term storage stability and sterilization
compatibility remain to be assessed. Finally, the antibacterial
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performance was tested against two strains only; broader-spectrum
studies, including biofilm models, would further strengthen the
conclusions.

Despite these limitations, this work provides a promising foundation
for developing practical, scalable, and safe antimicrobial wound
dressings.

3.8. Comparisons

To contextualize our findings within the broader field of electrospun
antimicrobial wound dressings, we compared our PCL/PMB membranes
with similar systems from recent literature [66-69]. Table 6 summarizes
key parameters, including materials, fiber morphology, mechanical
properties, drug release kinetics, antimicrobial activity, and cyto-
compatibility. Our system, utilizing a simple two-component formula-
tion with FDA-approved PCL and PMB, demonstrates comparable fiber
diameters, tunable mechanical properties suitable for flexible wound
sites, sustained release over 7 days with an initial burst for rapid action,
strong antimicrobial efficacy against S. aureus and P. aeruginosa, and
non-cytotoxic behavior (> 70 % cell survival). Notably, the choice of
solvent systems (acidic vs. organic) allows modulation of release and
antimicrobial performance, offering advantages in scalability and clin-
ical translation over more complex multi-layer or hybrid designs.

Compared to recent literatures summarized in Table 6, the present
PCL/PMB system is distinguished by its deliberate minimalism, being
composed exclusively of two FDA-approved components, poly-
caprolactone and polymyxin B, without requiring additional polymers,
natural polysaccharides, hydrogels, anticancer agents, multilayer ar-
chitectures, nanoparticles, or chemical crosslinking. Despite this
extreme simplicity, our single-layer membranes exhibit fiber diameters
in the nanofibrous range comparable to or smaller than those reported in
the referenced works, mechanical properties particularly well-suited to
wounds located on mobile body areas thanks to their high elongation
and conformability, and a sustained release of polymyxin B over seven
days preceded by a marked and solvent-tunable initial burst that ensures
rapid onset of antimicrobial action. The antibacterial efficacy against
both Staphylococcus aureus and Pseudomonas aeruginosa, two of the

Table 6
Comparison with recent literature.
Study Materials Fiber Diameter Mechanical Drug Release Profile  Antimicrobial Activity Cytocompatibility
(Polymers/Drug) (nm or pm) Properties
This work PCL/PMB (2 % w/ Nanofibrous (well- Tunable; elongation Burst in first hour Strong against S. aureus (OS:  Non-cytotoxic (>70 %

Viscusi et al.
(2023) [69]

Song et al.
(2024) [68]

Erdogan et al.
(2025) [671]

Nazemoroaia
et al. (2025)
[66]

w)

PCL-PVP/Quercetin
(15 % wt)

Bilayer: Outer PCL/
ENR (0.05-0.25 %
w/V); Inner PCL-
Gel/BLM (0.1 % w/
v)

Multi-layer: Outer/
Inner PCL; Middle
PCL-CS/Tig (3 %
w/w)

Asymmetric:
Bottom CS-Alg
hydrogel/10-HDA
(1-3 % w/v); Top
PCL-SS

defined, tunable;
specific values not
quantified in
morphology data)

PCL/PVP: 1.58 um;
Loaded: 2.34 pm

Nanofibers (specific
diameters not
reported)

PCL: 689

+ 186 nm; PCL-CS-
Tig (single): 125

+ 19 nm; Multi-
layer: 298 + 98 nm
Electrospun top
layer (specific
diameters not
reported)

and tensile suitable
for mobile wounds (e.
g., Acid: higher
crystallinity, OS:
lower)

Not reported

Elongation at break:
26.35 + 1.61 %;
Tensile modulus:
15.25 + 1.56 MPa

Tensile strength:
7.44 MPa

Not reported (focus
on swelling/
degradation)

(higher for OS), then
sustained up to 7 days
(similar profiles post-
burst)

Sustained over 7 days;
plateau at 82 % (PBS)
and 71 % (pH=3)
after ~50 h; initial
burst 78 % (PBS) and
63 % (pH=3)at7 h
Not detailed (focus on
loading and activity)

Biphasic; ~38 % in
60 min; follows
Korsmeyer-Peppas
kinetics (diffusion +
relaxation)

Not detailed (focus on
loading and in vivo
healing)

1.5 mm inhibition zone,
Acid: inhibition under
sample) and P. aeruginosa
(0S: 5 mm, Acid: 0.6 mm);
no growth under samples
Not tested

Excellent (bacteria not
specified; outstanding
against infections)

Significant against E. coli
and S. aureus (inhibition
zones not quantified)

Demonstrated antibacterial
properties

survival rate per ISO
10993-5; no significant
differences among samples)

Reduces viability: ~20 %
(KG1 cells, direct contact,
72 h); ~40-80 % (MRC5
cells, conditioned medium,
24-48 h)

Good biocompatibility;
promotes wound healing
and inhibits A431 cell
proliferation

> 95 % viability (HUVECs,
2 days)

Enhanced cell proliferation
at 1 % 10-HDA; accelerates
in vivo wound healing
without inflammation
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most clinically problematic pathogens in chronic and burn wounds, re-
mains strong and relevant, whereas several of the compared systems rely
on natural compounds (quercetin, 10-HDA) with weaker or predomi-
nantly Gram-positive activity or require the addition of a second broad-
spectrum antibiotic (enrofloxacin, tigecycline). Cytocompatibility is
excellent and fully compliant with ISO 10993-5 (> 70 % cell viability),
equivalent or superior to the best values reported in the literature and
without the deliberate cytotoxicity toward cancer cell lines intentionally
sought in certain oncological applications. Although sophisticated
multilayer [67,68] or asymmetric hydrogel-nanofiber [66] designs offer
complementary functionalities such as enhanced exudate absorption or
immunomodulation, they significantly increase formulation complexity,
production steps, cost, and regulatory burden. In contrast, the present
single-step electrospun PCL/PMB platform, using only materials already
approved by regulatory agencies, achieves comparable or superior
performance across most critical parameters while remaining the
simplest, most reproducible, and most readily scalable system among
the recent comparable studies, thereby facilitating its industrial transfer
and clinical translation.

4. Conclusions

In conclusion, the aim of the present project is the development of an
electrospun membrane with antimicrobial properties for wound dres-
sing applications. The membranes were developed by electrospinning
PMB and PCL together. The impact of the selection of the solvents used
for the electrospinning process (acids or organic solvents) on the
physico-chemical properties of the membranes was studied. The results
showed that the exposition of PCL with the acids lead to a degradation of
the polymer but with low impact on the calorimetric properties of the
membranes. The solvents nevertheless greatly affected the morphology
and fiber size of the membranes, which in turns influenced the me-
chanical properties and conformability. Regarding the mechanical
properties and conformability, the produced membranes proved to be in
a suitable range to be used as wound dressing where a movement can be
expected. The release of PMB was also assessed over 7 days. Both
membranes presented a fast release over the first 1 h, with a larger
release in the case of the membranes produced in the OS conditions.
These membranes also showed the best antimicrobial results. Finally, all
membranes were shown to be non-cytotoxic.
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