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Fiber-based constructs have been produced as an alternative to conventional dressings for the
treatment of chronic wounds (CWs), showing good tenability, high surface area and regulable porosity.
A commonly used technique for processing such dressings is wet-spinning, which involves precipitating
a polymer solution into a coagulation bath containing a non-solvent of that polymer. This process
produces fibers with varying diameters and morphologies. In this study, we propose to engineer a triaxial
wet-spun fibrous system, consisting of three layers, modified with active agents for wound healing
applications. The innermost layer (core) was composed of polycaprolactone (PCL), which imparted the
fibers with high elasticity and mechanical properties. This layer was blended with cinnamon leaf oil
(CLO), enhancing the system with antibacterial and antioxidant capacities. The intermediate layer
contained sodium alginate (SA), conferring a moist environment, loaded with the alanine—alanine—pro-
line—valine (AAPV) tetrapeptide, responsible for regulating the local enzymatic activity. The outermost
layer, or shell, was composed of cellulose acetate (CA), which conferred high rigidity and porosity to the
fibers. This report represents the initial phase of a broader study, concentrating on the evaluation of the
morphological, physical, thermal, and mechanical properties of the proposed triaxial system. The fibers
demonstrated maximum elongations at break exceeding 300%, also achieving tenacities up to 41.40 +
0.03 MPa. They were also found to maintain their structural integrity when exposed to physiological-like
conditions, in which the triaxial fibers achieved 9.61 + 4.08% mass loss after 28 days of incubation, and
to exhibit high thermal stability. Furthermore, all fibers attained porosity between 10 and 60% and a
dressing composed of these triaxial wet-spun fibers was successfully knitted, serving as proof of

Received 6th November 2024, concept for the potential application of these fibers in dressing fabrication. The engineered fibers not
Accepted 1st April 2025 only possess high mechanical, thermal and structural stability, but also allow for a sustained and orderly
DOI: 10.1039/d4ma01105h release of two active agents, AAPV and CLO, simultaneously controlling local enzymatic activity and

reactive oxygen species (ROS) levels and fighting bacterial infections. Overall, the results confirmed the
rsc.li/materials-advances feasibility of the designed wet-spun fibers for future wound healing applications.
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1. Introduction

Fiber-based wound dressings have been highlighted in chronic
wound (CW) care for their good tenacity, high exudate absorption
capacity and oxygen permeability.’ Spinning techniques are often
employed to produce these kinds of dressings.” Wet-spinning has
gathered much interest in recent years because of its straightfor-
ward processing. This technique involves the injection of a poly-
meric solution that quickly changes phase when in contact with a
coagulation bath constituted by a non-solvent of the polymeric
solution. As a result, coagulation of the polymer occurs, forming
wet-spun fibers." Wet-spinning not only prevents thermal degra-
dation of polymers, but also allows the formation of structures with
a variety of diameters, organization levels and tunable chemical
and physical properties, dictated by the spinneret design, coagula-
tion bath and the polymeric solution properties (solvent, concen-
tration, presence or absence of additives, etc.).>® A wide range of
polymers, composites and active agents, including those sensitive
to temperature, can be processed through this technique.” For this
reason, wet-spinning is often chosen over other spinning techni-
ques, e.g. melt-spinning, for preventing material degradation.’
Additionally, it is considered a process with a faster mass fabrica-
tion of individual and collectable fibers, on which detailed analyses
and characterization can be performed, something that is not
possible with the electrospinning technique, for instance.>*°

To the authors’ knowledge, there are very few reports in the
literature regarding the production of triaxial wet-spun fibers
(three layers). As an example, triaxial wet-spun structures were
developed by Mirabedini et al., which consisted of a core of
poly(3,4-ethylenedioxythiophene)polystyrene sulfonate (PED-
OT:PSS), surrounded by an intermediate layer of chitosan
(CS) and an outermost layer (shell) of a carbon nanotube
(CNT)-loaded polymer for electronic applications. The presence
of three layers led to higher flexibility and structural stability
for their intended application."’ However, more examples
involving the use of this technique for coaxial and monolayered
fibers have been reported in the literature, including a study
from our group, in which polycaprolactone (PCL) and sodium
alginate (SA) coaxial wet-spun fibers (with two layers) were
produced. Such constructs achieved maximum elongations at
break up to 220% and showed high structural stability when
exposed to physiological media, along with an effective thermal
behavior."’ Braccini et al produced CS and hyaluronic
acid (HA) composite wet-spun scaffolds, in which their fila-
ments’ morphologies were successfully controlled by using a
non-solvent coagulation bath, also presenting an intercon-
nected porous structure.'” Additionally, Lu et al. applied the
wet-spinning technique to engineer hexagonal boron nitride
nanosheets, which presented excellent thermal conductivity
and, more importantly, a tensile strength of 192 MPa."

Several biodegradable polymers have been processed by
wet-spinning.’ One of the most frequent is PCL, a synthetic
polyester, due to its excellent mechanical properties, elasticity,
high solubility in organic solvents, biodegradability and tun-
able surface roughness.'*** This polymer can effectively blend
and form composites with different polymers and, for this
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reason, PCL has also been applied as a supporting material for
the production of wet-spun fibers, loaded with active agents, for
wound healing applications.'®'® Another option is cellulose
acetate (CA), a biocompatible polymer gifted with high rigidity
and mechanical resistance.'”'® These properties, combined with
good biodegradability, hydrolytic stability, chemical resistance
and water absorption capacity, led to the recognition of CA as an
appealing option for the production of wet-spun fibers." Sodium
alginate (SA) represents another promising alternative. It can
be extracted from the cell wall of brown algae and has been
employed for tissue engineering and drug delivery systems, due
to its biocompatibility, biodegradability, low toxicity, antiseptic
properties, fast ionic gelation after contact with divalent cations
and excellent hydration properties.'®*® Curiously, SA has been
recently used for the production of coaxial wet-spun fibers for
wound healing applications, whose swelling capacities were
essential for maintaining a moist environment and, as a con-
sequence, accelerate the healing process.”*°

Previous research from the team has focused on the produc-
tion of coaxial wet-spun fibers of PCL and SA loaded with an
antimicrobial peptide (AMP), which not only enabled a con-
trolled release of the AMP, but also showed great mechanical
properties as well as structural stability when exposed to
physiological-like media, proving their suitability for wound
healing applications.'® In addition, PCL and CA coaxial fibers
were also produced and loaded with essential oils (EOs), reach-
ing higher maximum elongations at break and thermal stability
compared to the peptide-loaded fibers, in response to the EOs’
plasticizing effect and their affinity towards PCL.*" The present
research combines information acquired from the two previous
wet-spun systems, to generate an innovative triaxial (three
layered) wet-spun fiber for use in the treatment of chronic
wounds. Here, PCL and CLO (cinnamon leaf oil; antimicrobial
potential) were loaded into the fibers’ core, for endowing the
fibers with high mechanical properties and elasticity. CLO is
mainly composed of eugenol and cinnamaldehyde, endowing it
with high antibacterial, antioxidant and anti-inflammatory
properties.”"** Yet, the plasticizing effect and high volatility
of CLO, together with the hydrophobic behavior from the two
compounds, justified the presence of an intermediate layer
with affinity towards water. To accomplish that, SA, a polymer
with excellent hydration properties, loaded with the peptide
alanine-alanine-proline-valine (AAPV), was employed as the
intermediate layer. AAPV presents the capacity to inhibit the
activity of human neutrophil elastase (HNE), an enzyme which
presents abnormally high levels of activity during inflammatory
processes, thus accelerating the wound healing process.*” Still,
to address issues associated with the low mechanical perfor-
mances of SA which could lead to an early degradation of fibers,
an external layer (shell) containing CA was proposed. In the
end, this combination of polymers and bioactive agents was
expected to generate a structurally stable and porous triaxial
wet-spun system. To understand the implications of each
component for the physical, chemical, thermal and mechanical
properties of the fibers, the morphology, chemical composi-
tion, thermal responses and mechanical behaviors of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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system were evaluated. In addition, the fibers’ hydration capa-
cities and stability in physiological media were also studied.
A knitted dressing made from the engineered triaxial fibers was
produced as proof-of-concept. This way, a wound dressing
composed of the proposed triaxial wet-spun system not only
would maintain the properties of the existing fiber-based dres-
sings but would also be able to offer protection of the active
agents from the surrounding media. Moreover, such type of
dressing would possess both antibacterial and antioxidant
properties, as well as enzymatic regulation capacities, which
are fundamental to accelerate and facilitate the wound healing
process.”!

This work marks the first research effort on the production
of triaxial fibers loaded with both a peptide and an EO for
potential wound healing applications.

2. Materials and methods

2.1. Materials

CA (C14H16N,;; Mn 50000; CAS number 67-56-1), PCL (CHj;-
(C6H100,),CH3; Mn 80 000; CAS number 24980-41-4) and SA (from
brown algae, medium viscosity; NaCsH,Og; CAS number 9005-38-3)
were obtained from Sigma-Aldrich (St. Louis, Missouri, USA). N,N-
Dimethylformamide (DMF; C;H,NO; M, 73.09 g mol '; CAS
number 68-12-2) was acquired from Merck (Darmstadt, Germany).
Calcium chloride (CaCly; Mw 110.99 g mol~'; CAS number 10043-
52-4; anhydrous) was employed as a coagulation/crosslinking agent
during wet-spinning and was obtained from Chem-Lab (Zedelgem,
Belgium).

AAPV was synthesized as described in ref. 10. Pure cinnamon
leaf oil (CLO, origin Cinnamomum zeylanicum Blume, p = 1.049)
was obtained from Folha d’Agua Company (Santo Tirso,
Portugal).”* Sodium phosphate dibasic (Na,HPO,; M, 141.98;
CAS number 7558-79-4; Sigma-Aldrich), monosodium phosphate
monohydrate (KH,PO,; M, 137.99; CAS number 10049-21-5;
Sigma Aldrich), potassium chloride (KCl; M,, 74.56 g mol };
CAS number 7447-40-7; Merck) and sodium chloride (NaCl; M,,
58.44 g mol~'; CAS number 7647-14-5; Merck) were used in the
preparation of phosphate buffer saline solution (PBS at 0.01 M:
1.44 g L™ of Na,HPOy, 0.24 ¢ L ™" of KH,PO,, 0.20 g L' of KCI
and 8.00 g L' of NaCl, adjusted to physiological pH 7.4). All
reagents were used without further purification. The solutions
were prepared utilizing ultrapure water (Milli-Q Gradient A10
Water Purification System, Millipore Corporation, MA, US), with

a resistivity greater than 18 MQ cm ™.

2.2. Wet-spun fiber production

10% w/v PCL and CA solutions were separately prepared in
DMF and allowed to stand for 1 h, whereas a 2% w/v SA solution
was prepared in distilled water (dH,0) and allowed to stand for
3 h - concentrations were selected based on previous research
from the team.'® The three polymeric solutions were stirred
continuously at 50 °C. CLO was combined with the PCL
solution at 16.40 mg mL™', corresponding to 4x its MIC
(amount determined in ref. 21) and left to homogenize for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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1 h at 50 °C (PCL-CLO solution). AAPV was added to the SA
solution at 50 pg mL ™", a concentration defined according to
ref. 25 (SA-AAPV solution). Viscosities were measured using a
Brookfield DV-II + Pro viscometer (Boston, USA) with spindle
21, with speeds of 50-70 rpm at 17-35 °C. All solutions were
ultrasonicated to remove air bubbles prior to fiber production.
The wet-spinning setup consisted of three syringe pumps (NE-
300, New Era Pump Systems, Norleq, Santo Tirso, Portugal) to
control the rate and ejection volume, a triaxial spinneret (sealed
needles of three layers with 21, 15 and 11 Gauge, from inner to
the outer layer) and a large tray containing 500 mL of a 2% w/v
calcium chloride coagulation bath, at room temperature (RT).
All fibers were collected automatically using a cylindrical-shaped
collector at speeds of 9-13 rpm and dried for 1 h at RT. Syringes
connected to the inner port (core), the intermediate port (core 2)
and the outer port (shell) of the triaxial spinneret were loaded
with PCL or PCL-CLO solutions, SA or SA-AAPV solutions, and
CA solution, respectively. PCL and PCL-CLO were ejected at
0.11 mL min ™, SA and SA-AAPV were ejected at 0.13 mL min *,
whereas CA was ejected at 0.15 mL min ™', forming PCL-CLO/SA-
AAPV/CA fibers (final composition). All speeds were optimized.
According to the literature, higher speeds may facilitate future
up-scale production, that is why they were selected in this
study.>**"*° Control fibers were produced without the shell (just
PCL or PCL-CLO and SA or SA-AAPV), without the intermediate
layer (just PCL or PCL-CLO and CA) and without the core (hollow
fibers of SA or SA-AAPV and CA). Control fibers were also
produced containing only the core (PCL or PCL-CLO), only the
intermediate layer (SA or SA-AAPV) and only the shell (CA).
Moreover, fibers were ejected without some of the components
of the triaxial system, namely CLO and AAPV (PCL/SA/CA), CLO
(PCL/SA-AAPV/CA), and AAPV (PCL-CLO/SA/CA). Processing para-
meters for control samples were same as those of the complete
system. After drying, the fibers were stored in a cabinet desicca-
tor (Sicco, Griinsfeld, Germany) at 19 °C and a relative humidity
of 41%, for further testing. Although several reports state that
fibers should be dried at higher temperatures, here, drying
conditions were selected in order to prevent EO evaporation
and any interferences with the AMP activity.”®*® The identifi-
cation of the fibers used ““/”” for separating elements belonging to

different layers and “—" for components within the same layer
(Table 1).
2.3. Microfibers’ physical, chemical, thermal and mechanical

characterization

2.3.1. Brightfield microscopy. The fibers’ morphology was
assessed by brightfield microscopy using an inverted Leica DM
IL LED microscope (Leica Microsystems, Weetzlar, Germany).
Five images were collected at 5x and 10x magnifications, and
the average fiber thicknesses (5 measurements per image) were
determined via Image]®™ software (version 1.53, National Insti-
tutes of Health, Bethesda, Maryland, USA).

2.3.2. Scanning electron microscopy (SEM). The cross sec-
tion of the spun fibers was imaged using a field emission
scanning electron microscope (FE-SEM, Zeiss Sigma VP) with
a secondary electron detector at an acceleration voltage of 2 kVv.

Mater. Adv., 2025, 6, 3237-3252 | 3239
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Table 1 List of wet-spun fiber typologies analyzed in this research
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Fiber typology Core composition Intermediate layer composition Shell composition
PCL PCL — —
PCL-CLO PCL blended with CLO — —
SA — SA —
SA-AAPV — SA blended with AAPV —
CA — — CA
PCL/SA PCL SA —
PCL-CLO/SA PCL blended with CLO SA —
PCL/SA-AAPV PCL SA blended with AAPV —
PCL-CLO/SA-AAPV PCL blended with CLO SA blended with AAPV —
SA/CA — SA CA
SA-AAPV/CA — SA blended with AAPV CA
PCL/CA PCL — CA
PCL-CLO/CA PCL blended with CLO — CA
PCL/SA/CA PCL SA CA
PCL-CLO/SA/CA PCL blended with CLO SA CA
PCL/SA-AAPV/CA PCL SA blended with AAPV CA
PCL-CLO/SA-AAPV/CA PCL blended with CLO SA blended with AAPV CA

Each fiber sample was subjected to the freeze-drying process
before analysis. Briefly, the sample was covered with alumi-
nium foil and put in a plastic Petri dish filled with deionized
water. Nitrogen at —196 °C was then added to the Petri dish.
Then, after samples were completely frozen, they were broken
into ice cubes which were then melted at RT overnight, prior to
analysis. The samples were then sputter coated with gold/
palladium (80 Au/20 Pd) for 45 s with a Q150R S plus (Quorum,
UK) sputter to improve the conductivity. The images were
captured at a magnification of 70-500x and processed with
Image]® software.

2.3.3. Attenuated total reflectance-Fourier transform infra-
red spectroscopy (ATR-FTIR). The surface chemistry and
chemical composition of the fibers were analyzed by ATR-FTIR
using an IRAffinity-1S (Shimadzu, Kyoto, Japan), coupled with a
HATR 10 accessory containing a diamond crystal. Spectra were
recorded in the wavenumber range of 400-4000 cm ™, with 200
scans being performed at 2 cm ™" resolution.

2.3.4. Differential scanning calorimetry (DSC). DSC ana-
lyses were conducted using a compensated DSC instrument
(DSC 6000, PerkinElmer). Samples weighing approximately
7 mg were placed in aluminum pans and exposed to a heating
gradient of 10 °C min~", from 25 to 450 °C, under a nitrogen
atmosphere of 20 mL min~'. The DSC device was calibrated
using high-purity indium and zinc.

2.3.5. Thermogravimetric analysis (TGA). TGA experiments
were conducted using a STA 7200 Hitachi (Fukuoka, Japan).
Samples were placed in aluminum crucibles. The temperature
ranged from 25 to 500 °C and samples were exposed to a
heating gradient of 10 °C min~ ', under a nitrogen atmosphere
of 200 mL min .

2.3.6. Porosity levels. The porosity degree of each wet-spun
fiber typology was determined by using an adapted version
of a protocol described in ref. 30, considering the main
fiber constituents. Briefly, 2 cm filaments from each fiber
were immersed in 3 mL of absolute ethanol for 1 h at RT.
Each filament was then weighed immediately after its immer-
sion (wet weight) and after drying at RT (dry weight). The

3240 | Mater. Adv., 2025, 6, 3237-3252

porosity levels were then calculated using the following
expression:*°

P (%) = wet weight — dry weight

(1)

Pethanol X Vsamplt:

where peanol Iepresents the density of ethanol at RT and
Vsample corresponds to the volume of each sample.

2.3.7. Mechanical performance. The maximum elonga-
tions at break of the wet-spun fibers were determined in the
conditioned state (20 £ 2 °C and 65% =+ 2% relative humidity
[RH]) using a Textechno Herbert Stein Favigraph (Dohrweg,
Germany), associated with the TexTechno Favigraph software,
following the standard EN ISO 5079. Filaments of 5 cm in
length were analyzed at RT with an optimized holding distance
(gauge length) starting at 10 mm and increasing until
the fibers’ maximum elongation at break was reached. The
crosshead speed was established at 10 mm min~"', using a
loading cell of 20-100 cN. The area of each sample was
calculated and tenacity (MPa) was determined using the follow-
ing expression:

. Force (N
Tenacity (MPa) = W(r(nzi

x 1075 (2)
Representative curves, regarding the tenacity and maximum
elongation for each fiber typology, were determined, using the
GraphPad Prism 8.0 Software (GraphPad Software Inc, USA).
2.3.8. Degree of swelling (DS). The fibers’ DS was assessed
in PBS at 37 °C. 10 mg samples were weighed before and after
72 h immersion (at which point saturation was reached). DS
was determined using the following expression:'°
W — W,
DS (%) =——4x
v

Vg

100, (3)

where ws represents the weight of the swollen fibers (wet state)
after each incubation period (in mg) and wd represents the
weight of the fibers in their dried state (in mg) prior to PBS
immersion.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Water retention (WR) was also determined using the follow-
ing expression:*'

Ws — Wq

WR (%) =< sD

x 100, (4)
where SD represents the swelling degree (DS without %).

2.3.9. Fiber degradation. The fiber degradation profile was
measured by incubating 10 mg of each type of fiber in PBS
media at 37 °C for up to 28 days. Media were exchanged every
week. After 1, 3, 7, 14, 21 and 28 days of incubation, the
samples were weighed. Mass loss was determined using the
following expression:’

B 100, (5)

1

mass loss (%) =

where m; (in mg) represents the weight of the hydrated fibers at
time 0 h (fibers were initially hydrated in dH,O until saturation)
and my (in mg) corresponds to the fibers’ weight after each
incubation period.

2.4. Dressing production and characterization

A dressing made from the engineered triaxial fibers (PCL-CLO/
SA-AAPV/CA) was produced using a Vanguard Circular Single
Jersey Tricolab (Pennsylvania, USA) knitting machine with
20 needles, connected to an Omron SYSDRIVE 3G3XV Inverter
(Kyoto, Japan) to control velocity. The dressing was produced at
a speed of 3 ranks per minute in which the opening and closing
of the dressing was defined by the distance between the needles,
controlled by screws. The obtained knitted dressing was photo-
graphed, from a distance of 9 cm and at 10x magnification, using a
108 MP camera of a Redmi Note 12 Pro mobile phone. Contexture
was determined by photographing the dressing using a LinenTest™
6.5 x 20 mm folding magnifier (Carson, Newport, USA) and

(a) (b)
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counting the number of columns and ranks. The thickness was
measured with an analog micrometer from Mitutoyo (USA) with
0.01 mm resolution and 18 Pa of applied pressure (10 measure-
ments). Finally, mass per unit of area was also determined by using
an analytical balance (3 measurements).

2.5. Statistical analysis

All measurements were conducted in triplicate unless other-
wise stated in the Experimental sections. Numerical data were
reported as mean =+ standard deviation (SD). Data were treated
using GraphPad Prism 8.0 Software (GraphPad Software Inc,
USA). Normality analysis was performed, and the results were
analyzed using one-way ANOVA and Tukey tests. Statistically
significant differences were considered at p < 0.05.

3. Results and discussion

3.1. Fiber morphology

The morphology of the engineered wet-spun fibers was assessed by
brightfield microscopy and SEM (Fig. 1 and Fig. S1 (ESI}), respec-
tively). Regarding the monolayered fibers, the combination of CLO
with PCL led to an increase in their inner diameter compared to
pristine PCL (Fig. 1e). The main component of CLO, eugenol, is
known to exhibit a strong affinity for PCL. This is primarily due to
the hydroxyl groups in eugenol interacting strongly with the
carbonyl groups in PCL.**> This factor, along with the reduction
in the viscosity of the polymeric solutions upon the addition of
CLO (292.500 cP and 231.00 cP for PCL and PCL-CLO solutions at
RT, respectively; Fig. S2 in the ESIf) and the changes in the
configuration of the PCL polymeric chains, contributed to the
expansion of the fibers’ diameters as there were no restrictions
from any intermediate or outer layers.”*> Contrary to this

Shell thicknesses (um)
§85¢88

H

°

CA

AIC
SA-AAPVICA

LIC,
PCLSA-AAPVICA
PCL-CLO/SAICA:
PCL-CLOISA.

PCL-CLOISA-AAPV

SAICA.
PCL-CLOICA
PCLISA-AAPVICA-
PCL-CLOISAICA

PCL-CLOISA-AAPVICA

PCL-CLO/SA-AAPVICA

Fig. 1 Micrographs of (a) PCL-CLO, (b) SA/CA and (c) PCL-CLO/SA-AAPV/CA wet-spun fibers’ morphology obtained by brightfield microscopy and (d)
PCL-CLO/SA-AAPV/CA fibers' morphology obtained by SEM. Distribution of (e) core thicknesses, (f) intermediate layer thicknesses, (g) shell thicknesses
and (h) complete fiber diameters of all wet-spun fiber typologies. Data are reported as mean =+ SD (n = 5). Statistical significance was determined via the
Tukey test by applying multiple comparisons between the different fiber typologies (*p < 0.0226, **p < 0.0078, ***p < 0.006, ****p < 0.0001).
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observation, in the coaxial fibers, the inner diameters were larger
than those of the monolayered fibers, despite the presence of an
intermediate/outer layer (SA or SA-AAPV or CA) that would restrict
the core’s dilation. As previously evidenced in work conducted by
our team, when SA is in contact with PCL, the latter tends to
precipitate very quickly, increasing its volume and partially incor-
porating the SA layer.'® This theory is also supported by the fact
that the intermediate layers’ thicknesses experienced a significant
decrease in size for all PCL-containing coaxial fibers (Fig. 1f).
Similar outcomes were observed during the production of SA/
PCL electrospun composite structures, in which PCL layer’s thick-
nesses were superior to SA layer’s thicknesses.*>** On the other
hand, in SA or SA-AAPV hollow fibers along with SA/CA and SA-
AAPV/CA coaxial fibers, the thicknesses were superior due to the
formation of flattened structures and the absence of PCL layers.
The presence of AAPV slightly increased the SA layer’s thickness,
possibly due to the changes introduced by AAPV in the SA
polymeric chains’ configuration, generating a less compact struc-
ture, also evidenced by a decrease in the solution’s viscosity (5600
cP and 1250 cP for SA and SA-AAPV solutions at RT, respectively;
Fig. S2 in the ESI}). There are still no reports in the literature
addressing the chemical interactions between AAPV and SA; never-
theless, it is likely that such interactions occurred through the
hydroxyl groups from both SA and AAPV. Moreover, the outer
layers’ thicknesses were larger in CA fibers, due to the absence of
both PCL or PCL-CLO and SA or SA-AAPV inner layers which, once
again, allowed more freedom to the CA’s polymeric chains to
expand (Fig. 1g).>*® As expected, the presence of a third layer
(triaxial fibers) resulted in larger total diameters (Fig. 1h). Here,
again, it is likely that the SA or SA-AAPV intermediate layer is
partially incorporated into the PCL or PCL-CLO innermost layer
since a reduction in the intermediate layer thickness in compar-
ison with PCL and CA layers was observed (Fig. 1f).

3.2. ATR-FTIR

ATR-FTIR spectra were collected from all wet-spun fiber typol-
ogies to confirm the presence of all components in the fibers
(Fig. 2 and Table S1 in the ESIt). The presence of PCL in all
PCL-containing fibers was confirmed by the detection of peaks
centered at ~1728 cm™' and 2950 cm ™, associated with
carbonyl groups and C-H stretching vibrations, respectively.
Bands in the range of 1173-1246 cm™ "' were also observed,
attributed to C-O-C vibrations of PCL.**> On the other hand, in
all SA-containing fibers, peaks at 1600 cm™* and 1420 cm ™'
were detected, related to COO~ vibrations characteristic
of the SA polymer. Moreover, a pronounced band, centered
at ~3300 cm™ ', was observed, attributed to the ~-OH groups
characteristic of SA.” The presence of CA in CA-containing
fibers was confirmed by the peaks centered at 1738 cm ™' and
1660 cm ™, corresponding to C=O0 stretching vibrations. Char-
acteristic vibrations of CH,, acetyl ester groups and C-O
stretching vibrations were also detected by peaks centered at
1438, 1222 and 1044 cm™, respectively.*® Due to the very small
concentrations of CLO and AAPV loaded in the fibers, their
presence could not be confirmed via this technique.

3242 | Mater. Adv, 2025, 6, 3237-3252

View Article Online

Materials Advances

(a)

800— gaL °‘§ -—v
3 ~
o = : :
< — - L
g N
= 400 ey :
B SA-AAPV : iM
200
CA o - - -
0 T T T T T T T
4000 3000 2000 1000
(b) Wavenumber (cm™)
800 —{-PELISA_ S
FCL-CLEISA—— ) E—
8 Q| PeusaArPY J. W
g |rocosme i D
% 400 SACA - i
© : i
= SA-AAPVICA
2 e — 2
200 | Peuica
PCL-CLOICA
0 T I T I T [ T
4000 3000 2000 1000
(©) Wavenumber (cm")
800_ PCLISA!CA. § -
8 600 - PCL/SA-AAPVICA
[
©
£
g PCL-CLO/SAICA
£ 400 — .
2 =
—
* :
200 _ PCL-CLO/SA-AAPVICA
0 T I T l : T l T
4000 300 2000 1000

Wavenumber (cm")

Fig. 2 ATR-FTIR spectra of (a) CLO (liquid form), AAPV (powder form) and
PCL, PCL-CLO, SA, SA-AAPV and CA, all in monolayered form; (b) PCL/SA,
PCL-CLO/SA, PCL/SA-AAPV, PCL-CLO/SA-AAPV, SA/CA, SA-AAPV/CA,
PCL/CA and PCL-CLO/CA in coaxial form; and (c) PCL/SA/CA, PCL/SA-
AAPV/CA, PCL-CLO/SA/CA and PCL-CLO/SA-AAPV/CA in the form of
triaxial fibers.

3.3. Thermal response

The thermal behavior of all wet-spun fiber typologies was
assessed by DSC and TGA (Fig. 3 and Table S2 in the ESIY).
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A PCL characteristic peak centered at ~58 °C (onset at 49.89 °C)
was detected on PCL monolayered fibers, representing the first
melting temperature of the polymer, along with the fusion of its
short polymer segments (Fig. 3a).® Apart from this, such
sample presented high thermal stability up to ~350 °C, suffer-
ing only 3% mass loss until that temperature (Fig. 3d). Such
observation is in accordance with reports that state that PCL’s
main thermal degradation temperature is, in fact, ~350 °c.’?
The same characteristic PCL peak suffered a small shift upon
the addition of CLO (PCL-CLO monolayered fibers; from
58.42 °C to 51.22 °C), which is in line with observations
reported in several other studies (Fig. 3a).>”*® In fact, according
to Phaiju et al, the present result confirms the effective mis-
cibility between PCL and the EO, due to the low differences of
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the melting temperatures.’” Additionally, mass losses were
detected in the TGA spectrum of CLO-loaded fibers, at earlier
temperatures (mass loss of x~10%) until 100 °C, coherent with
the TGA spectra of CLO, which presented a slight degradation
at ~100 °C (thermal degradation associated with the release of
occluded water and of the solvents used in the synthesis) and
was completely degraded at ~200 °C. This decrease in the
fibers’ thermal stability can be explained by the incorporation
of CLO, which may have influenced the polymeric chains’
orientation, also decreasing the crystallinity of the structure
and resulting in earlier degradation steps.*® SA hollow fibers
presented a peak centered at x~143 °C (onset at 141.87 °C),
frequently attributed to the thermal degradation of the poly-
mer, involving dehydration and depolymerization reactions
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Fig. 3 DSC (left) and TGA thermograms (right) of (a) and (d) CLO (liquid form), AAPV (powder) and PCL, PCL-CLO, SA, SA-AAPV and CA monolayered, (b)
and (e) PCL/SA, PCL/SA-AAPV, PCL-CLO/SA, PCL-CLO/SA-AAPV, SA/CA, SA-AAPV/CA, PCL/CA and PCL-CLO/CA coaxial and (c) and (f) PCL/SA/CA,
PCL-CLO/SA/CA, PCL/SA-AAPV/CA and PCL-CLO/SA-AAPV/CA triaxial wet-spun fibers, respectively.
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from its carboxylic groups.” The AAPV presence in the fibers
resulted in slightly earlier degradation, occurring at higher
rates (e.g., PCL-CLO/SA-AAPV fibers lost ~30% of mass until
~ 150 °C; Fig. 3e). This observation may result from alterations
in the conformation and organization of SA polymeric chains,
influenced by AAPV, thus leading to a less thermally stable
structure.”*® On the other hand, two characteristic CA peaks
were observed in CA fibers, in which the first one was centered
at ~164.32 °C (onset at 160.69 °C) and the second was centered
at ~271.91 °C (onset at 266.42 °C). It is likely that the former
peak is associated with the glass transition temperature of the
polymer, whereas the latter represents the crystallization of CA
amorphous domains present on its polymeric chains.***° From
a general perspective, such fibers presented high thermal
stability until 300 °C, after which, they degraded at faster rates
until ~380 °C, due to the breakdown of glycosidic bonds.***°
The presence of PCL, SA and CA characteristic peaks was
preserved in all coaxial fibers (Fig. 3b). However, PCL’s melting
temperature suffered small shifts and reductions in enthalpies
(e.g., from 58.42 °C with an enthalpy of 63.73 J g * for PCL
fibers to 46.20 °C with an enthalpy of 10.24 J ¢~ for PCL-CLO/
CA fibers)."® Moreover, on PCL/SA coaxial fibers, mass losses
were observed early (until 250 °C) because of SA, whose initial
degradation step usually occurs at ~120 °C (Fig. 3e).° Although
the thermal interactions between PCL and SA are not fully
disclosed in the literature, it is predicted that both melting and
glass transition temperatures of PCL decrease due to the
presence of alginate polymeric chains and its water molecules,
also affecting the mobility of the two polymers and their
thermal stability.**

On the other hand, PCL/CA fibers presented a shift regard-
ing their first degradation step (from 200 °C to 250 °C), in
relation to CA fibers. One explanation for the present outcome
relies on the contact between PCL, a semicrystalline polymer,
and CA, an amorphous polymer, reducing PCL’s melting point
and disrupting its crystallization processes.’ Afterwards,
at temperatures between 300 and 400 °C, such fibers also
presented lower mass losses than CA fibers, confirming that
the presence of PCL on both PCL/SA and PCL/CA coaxial fibers
translated into higher thermal stability for both coaxial fiber
typologies.'® Finally, PCL/SA/CA triaxial fibers showed small
mass losses (x~10%) until ~100 °C and enthalpies related to
SA’s characteristic peak also decreased (e.g., from 403.49 J g™ *
on SA fibers to 254.99 ] ¢~ on PCL-CLO/SA/CA fibers) (Fig. 3c).
Such alterations were likely caused by the presence of the SA
component, which was surrounded by a PCL core and a CA
shell. Consequently, the SA intermediate layer was endowed
with higher protection from the surrounding environment
which delayed its thermal degradation. A second event of mass
loss was then observed at x~200 °C, coinciding with the CA
degradation temperature, followed by a faster rate of mass loss
at ~300 °C, which refers to the main degradation step of PCL
(as evidenced in the TGA spectra of the PCL fibers) (Fig. 3f).>
Such results enabled the detection of the three polymers and
CLO, while showing the effective thermal stability of all engi-
neered samples.
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3.4. Porosity

The porosity levels were determined by sample immersion in
absolute ethanol for 1 h (Fig. 4a). This evaluation is fundamental
for the foreseen use in wound dressings, as it influences
moisture balance, gas exchanges, and absorption and manage-
ment of exudates.*” A highly porous structure enhances moisture
retention and gas exchange, being fundamental to the main-
tenance of a moist wound environment and an easier passage of
oxygen, supporting tissue repair.*> Moreover, porosity can play
an important role in the mechanical properties of fibrous
structures, namely in their stiffness and strength.** Although a
structure endowed with high porosity is frequently more flexible,
it is also more fragile and attains lower tensile strengths.*

All wet-spun fibers attained porosity levels lower than 60%.
Such values can potentially benefit the overall properties of the
constructs since too high porosity rates impact their mechan-
ical performances, as the presence of voids generates more
easily breakable sites throughout the structure.*”> However, it is
still crucial for wound healing-applied fibers to present a
balance of sufficient pores so that the surface area can be
enhanced for allowing exudate absorption and management to
be efficient, simultaneously preventing the infiltration of exter-
nal pathogens, which would be challenging in highly porous
4647 As a result, reaching the correct balance of
porosity in wet-spun fibers towards an enhanced healing sys-
tem, while simultaneously not compromising other relevant
properties (e.g., mechanical performances) remains as one of
the most difficult requisites to be accomplished. PCL and SA
monolayered fibers presented the lowest porosity as expected
(13.71% and 11.83%, respectively), as both polymers are not
considered porous in their pristine forms.***° In this group of
fibers, the presence of AAPV and CLO additives did not signifi-
cantly alter the porosity levels of the samples, as both mole-
cules were loaded at low concentrations. Nevertheless, a slight
increase in porosity was evidenced in the PCL/SA coaxial fibers
loaded with AAPV and/or CLO. Although PCL and CLO share
chemical interactions between hydroxyl groups and carbonyl
groups, the presence of a SA external layer may have limited
such chemical interactions due to its partial incorporation in
the PCL layer, as stated in Section 3.1. To the authors’ knowl-
edge, the chemical interactions and affinities between PCL and
SA are not yet well documented in the literature. One explana-
tion for such interactions is associated with the presence of
hydroxyl groups in both polymers, allowing for the formation of
chemical bonds.?® This way, a less dense network is formed, in
which more pores would be opened. Regarding CA hollow
fibers, the results showed high porosity levels. It is likely that
the paper-like consistency, characteristic of this polymer, might
have contributed to the formation of a large number of pores
when in contact with the aqueous coagulation bath.>® Similar
outcomes have been observed in lignin-cellulose man-made
fibers and polyamide-CA membranes.’*** Both PCL/CA and SA/
CA coaxial fibers and the triaxial fibers reached elevated
porosity (51.31%, 51.73% and 48.77%, respectively) because
of the presence of the external CA layer and potential residual
salt entrapment on the surface of the triaxial samples during

scenarios.
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Fig. 4 Representation of (a) porosity levels of each wet-spun fiber typology; (b) SEM images of PCL-CLO/SA-AAPV/CA fibers' surface topology. Data are
reported as mean + SD (n = 3). Statistical significance was determined via Tukey tests by applying multiple comparisons between the different fiber
typologies (statistical differences were found between PCL and CA, PCL-CLO/SA, PCL/SA-AAPV, PCL-CLO/SA-AAPV, SA/CA, SA-AAPV/CA, PCL/CA,

PCL-CLO/CA and triaxial fibers: ****p < 0.0001).

coagulation (Fig. 4b and Fig. S1d in the ESIt). Data indicated
that those groups of fibers present higher porosity, in relation
to PCL and SA monolayered samples. Further testing
would be required in order to confirm the capacity of the
produced triaxial wet-spun system to reach such balance in
porosity levels.

3.5. Mechanical analysis

The mechanical behavior of all wet-spun fiber typologies was
assessed by determining their maximum elongations at break
and tenacities (Table S3, ESIf). In Fig. 5, the mechanical
properties are illustrated by representatives, showing the influ-
ence of each component (e.g., PCL; SA; CA polymers) on the
fibers’ mechanical performances. SA and SA-AAPV hollow fibers
attained low maximum elongations (less than 28 + 6.24%), not
only due to the poor mechanical properties inherent to SA, but
also due to their flattened structures and heterogeneities in
fiber diameters that could be seen macroscopically.'® Contra-
rily, CA fibers presented the lowest maximum elongations at
break (~29 + 5.01%). However, such samples showed high
tenacity, resultant from the inherent rigidity of the polymer, as
discussed in several reports.”® PCL and PCL-CLO monolayered
fibers showed an increase in the maximum elongations com-
pared with the previously mentioned groups of fibers (increases
of ~400% and =~600%, respectively). Such outcome was
expected due to the high elastic properties of PCL.>*"> Here,
the presence of CLO enhanced both maximum elongations and
tenacity of PCL pristine fibers, likely due to the high affinity

© 2025 The Author(s). Published by the Royal Society of Chemistry

between the two compounds, which translated into the for-
mation of a stronger and denser structural network. In fact,
several reports have addressed the strong affinity between
PCL and eugenol (the main component of CLO) through
intricate interactions between carbonyl and hydroxyl groups,
respectively.®® The elastic properties of PCL also caused high
maximum elongations at break in PCL and SA-containing
coaxial fibrous samples. In fact, such group of fibers achieved
higher elongations compared to PCL monolayered samples
(>200% increase in the case of PCL/SA-AAPV samples). One
explanation for such occurrence is related to the presence of an
external layer (SA or SA-AAPV) that functioned as a barrier and
delayed the rupture of the coaxial fibers (Fig. 5g)."° PCL/CA
and PCL-CLO/CA samples also presented high maximum elon-
gations at break (<600%) and a pronounced increase in the
tenacities compared to pristine PCL fibers. This is explained by
the simultaneous presence of PCL and CA polymers, endowed
with high mechanical properties, along with the presence of a
shell, protecting the sample from its rupture (Fig. 5k).>*>°
Moreover, PCL and CA have high affinity to each other, con-
tributing to the formation of mechanically resistant structures.””
However, the absence of PCL (SA/CA and SA-AAPV/CA samples)
resulted in lower maximum elongations at break in such fibrous
systems.>*>> still, both fiber typologies attained high tenacities
(greater than ~26%), since CA is characterized by very high
rigidity and tensile strength.>*° Triaxial fibers attained similar
maximum elongations at break compared to the coaxial sam-
ples. According to previous studies, the PCL matrix can partially
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Fig. 5 Representatives of stress—strain curves of all engineered wet-spun fibers: (a—e) individual fiber layers and their additives (controls); (f-m) coaxial
forms modified with respective additives (controls); (n—p) triaxial forms modified with bioactive agents (controls); and (qg) final triaxial fiber will all additives
included. Tensile tests were repeated 10 times for each fiber typology.
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incorporate the SA matrix during coaxial fibers’ production, also
evidenced by the reduced thicknesses of the intermediate layers
of the triaxial fibers (Fig. 1f and Fig. S3, ESI{)."® Here, the
separation between the three layers is also difficult to distin-
guish, resulting from interfacial adhesion. Such event altered the
configurations of PCL polymeric chains and their respective
mobilities, generating structures with easily breakable sites
and reducing the fibers’ mechanical resistance (Fig. 1).” Also,
all PCL-containing fibers achieved maximum elongations
exceeding 400%, confirming the elastic nature of the samples
and evidencing that the porosity levels of the fibers did not affect
their mechanical behaviors (Fig. 4). From a general perspective,
such tenacity levels and maximum elongations of the triaxial
fibers show their potential to be incorporated in a wound
dressing, with high durability and structural integrity.’*>

3.6. Swelling capacity

The hydration properties of the fibers were assessed by deter-
mining their swelling degrees and water retention (WR) after
being in contact with PBS for 7 days (Fig. 6). SA hollow fibers
degraded at day 7, due to the low mechanical properties of such
constructs.”' This result was expected since SA is character-
ized by poor mechanical performance and, consequently, by
the low structural integrity of SA-containing constructs.”® Still,
SA presented excellent hydration capacity as demonstrated by
WR rates greater than 200% up to day 3 of incubation (Table S4,
ESIt).>® Apart from that, the presence of residual salts from
the CaCl, coagulation bath may have also contributed to
the high swelling ratios of the fibers, as Ca>* ions could have
gone through ion-exchange processes with Na' ions from
PBS, simultaneously binding with the COO™ groups of SA.
Consequently, the electrostatic repulsion between COO™ groups
of SA could have resulted in chain relaxation and allowed for
higher swelling degrees.®® The addition of AAPV increased the
swelling ratios and WR of the fibers. Since both SA and AAPV
present a hydrophilic nature, water molecules from PBS are
likely to be drawn to fibers more intensely, leading to a higher
WR and, subsequently, an enhancement of their swelling
ratios.'® Although the chemical interactions between SA and
AAPV are not fully understood, it is likely that their affinity was
promoted via their hydroxyl and carboxyl groups. Additionally,
the changes in SA polymeric chains’ configurations could have
led to polymeric chain expansion, as evidenced by the increase of
the intermediate layer’s thickness upon addition of AAPV
(Fig. 1f), resulting in a more porous fiber and enabling more
free hydroxyl groups to be exposed for interacting with water
molecules from PBS.*!

In contrast, the addition of CLO strongly reduced both the
degree of swelling and water retention of PCL monolayered fibers,
since both CLO and PCL display hydrophobic properties.®> CA
monolayered fibers also attained low swelling ratios. Such observa-
tion was expected due to the increased hydrophobic profile of CA
compared to cellulose.®** Similarly, SA/CA and SA-AAPV/CA fibers
attained low hydration capacities since the outermost layer was
composed of CA, limiting the infiltration and subsequent interac-
tions of both SA and AAPV with PBS."****" The low degrees of
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swelling from PCL/CA and PCL-CLO/CA coaxial fibers were pre-
dictable due to the absence of any hydrophilic element.*®%*%*
Among all PCL- and SA-containing coaxial fibers, PCL-CLO/SA-
AAPV samples reached the highest degree of swelling and WR.
PCL has the ability to block the interactions between SA and water
molecules and, consequently, the polymer’s capacity for absorbing
water. Because of that, more hydrophobic groups are exposed to
PBS, hence reducing fibers’ hydration properties.*® However, in this
particular group of fibers, CLO contributed to an increase in
swelling. One explanation may be related to the interactions of
CLO with PCL, which altered the configurations of its polymeric
chains (also evidenced by the increase in diameter with the loading
of CLO onto PCL monolayered fibers) and reduced PCL’s ability to
interfere with the interaction of SA with water molecules. In light of
all these polymers and active agents’ mutual interferences, triaxial
fibers displayed the lowest swelling ratios. Here, the presence of
both PCL and CA, endowed with hydrophobic profiles, resulted in a
lower amount of water molecules being absorbed into the fibers,
leading to a decrease of WR and interfering with the interactions
established between SA polymeric chains/AAPV (hydrophilic com-
ponents) and water molecules from PBS.'%*%364
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Data are presented as average percentage of mass loss £ SD
(n = 3). Statistical significance was determined via the Tukey
test applying multiple comparisons between the different fiber
typologies - significance between PCL and SA; SA/AAPV: p <
0.0074 on day 1, significance between PCL and SA: p < 0.0123;
PCL and PCL/SA-AAPV: p < 0.0196 on day 3; significance
between PCL/SA and SA; SA-AAPV: p < 0.0060 on day 7;
significance between PCL/SA and PCL-CLO/SA-AAPV: p <
0.0045 on day 14; significance between PCL and PCL/SA; PCL/
SA-AAPV: p < 0.0174 on day 21; significance between PCL/SA
and PCL/SA-AAPV; SA-AAPV/CA: p < 0.0476 on day 28.

3.7. Degradation profile

The stability of the wet-spun fibers in physiological media was
assessed via their incubation in PBS at 37 °C and pH 7.4. Fibers’
degradation was detected visually and by tracking mass losses
throughout 28 days of incubation (Fig. 7). SA and SA-AAPV
hollow fibers were completely degraded after the first 14 days of
incubation (Table S5, ESIt), likely by polymer dissolution into
the media, a result which had also been reported in a previous
study conducted by our research team.'® In fact, such occur-
rence was expected due to the poor mechanical properties of
SA, its high affinity towards water (Fig. 5; leading to partial
dissolution in PBS), along with the visible flattened structure of
the two fiber typologies (Fig. S4, ESIT).%'*>8

On the other hand, all the remaining fibers retained their
structural integrity throughout the 28 days of incubation in PBS
(Fig. S5, ESIT), as a result of the presence of PCL and/or CA
polymers, both characterized by high mechanical and struc-
tural properties.>™>® Such conclusion was also supported by
the high maximum elongations at break and tensile strengths
attained for all PCL-containing fibers (Fig. 5). Other researchers
have reported similar outcomes; for instance, Schmitt et al
developed a scaffold composed of PCL wet-spun fibers for
cardiac tissue engineering applications, showing that PCL
endowed the structures not only with high elongations and

500
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g !
»
S -500]
9 -
]
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[+
=
-1000—
-1500 T T T
hour 4 day 7 day 28
—  PCL === PCL-CLO/SA =— PCL-CLO/CA
=== PCL-CLO == PCL/SA-AAPV === PCL/SA/CA
== SA === PCL-CLO/SA-AAPV === PCL-CLO/SA/CA
== SA-AAPVY == SAICA == PCL/SA-AAPV/CA
== CA === SA-AAPV/CA == PCL-CLO/SA-AAPVICA
= PCL/SA == PCL/CA

Fig. 7 Wet-spun fibers’ degradation profiles over 28 days of incubation in
PBS. Data are presented as average percentage of mass loss + SD (n = 3).
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Young’s modulus but also with elevated structural stability
after exposure to physiological media.®® In addition, Yuan
et al. confirmed the high rigidity derived from the CA compo-
nent in dry-jet wet-spun fibers.®¢

Interestingly, PCL and PCL-CLO monolayered fibers presented
negative mass losses, likely due to interactions between PCL and
PBS salts. Although the mechanisms involved in such interactions
are not yet reported in the literature, according to Zhang et al., the
functional groups of both PCL and PBS are capable of being
retained effectively upon the formation of PCL/PBS composites.®”’
One explanation for such occurrence is associated with the for-
mation of a new hydrogen bond system between the carbonyl and
methylene group of PCL.*” During the initial 7 days of incubation,
CLO led to mass increments, probably because of the changes
introduced in the configuration and organization of the PCL
polymeric chains upon the interaction.>® However, this effect was
less pronounced after the 7-day mark, which is explained by the
volatile nature of CLO and its instability in physiological media
(Table S5, ESIT).°*% In contrast, there were no mass increments in
CA monolayered fibers. To the authors’ knowledge, there are no
reports on the chemical interactions between CA and PBS salts. Still,
as CA presents hydrophobic character, it is reasonable to assume a
low affinity towards PBS, an aqueous-based buffer.®>** Because of
CA’s inherent rigidity, mass losses were negligible.***** As pre-
dicted, the addition of SA and AAPV (SA/CA and SA-AAPV/CA coaxial
fibers) resulted in higher mass losses (reduced mechanical perfor-
mances), potentially affecting the configuration of the CA polymeric
chains and, thus, compromising the fibers’ structural integrity.>"°

PCL/SA, PCL/SA-AAPV, PCL-CLO/SA and PCL-CLO/SA-AAPV
coaxial fibers have likely suffered from the simultaneous diffusion
of buffer particles, the shell degradation effects and SA dissolution.
The quick degradation of SA and SA-AAPV layers led to higher
exposure of PCL to the media and, therefore, diffusion of the media
onto PCL predominated, justifying the mass increments observed
for the four fiber typologies."®*® PCL/CA and PCL-CLO/CA did not
appear to suffer from the effect of PCL binding with PBS salts. The
presence of CA on the outer layer of the fibers functioned as a
barrier, being endowed with high rigidity and structural properties,
which limited the interactions of PCL with PBS.'%*%**¢* Hence, the
influence of PCL binding with PBS salts on the degradation profiles
of the triaxial fibers was also low, once more, due to the presence of
the CA outer layer.'***%%* Generally, the triaxial fibers showed low
mass losses, translated into high structural stability imposed by the
simultaneous influence of PCL’s elastic behavior and CA’s high
rigidity.'>*>***®> On the other hand, the loading of CLO also
displayed some influence on the mass losses of such fibers in
the initial 7 days, prior to its evaporation (Table S5, ESI+).> Still, the
influence was lower compared with the monolayered fibers, as the
shell components probably hindered the interactions between PCL
and CLO.? All in all, the results proved the fibers’ high stability in
physiological media, attesting to their suitability for the desired
application.

3.8. Dressing production

A wound dressing formed of PCL-CLO/SA-AAPV/CA triaxial
fibers was produced with a circular single jersey knitting

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Photograph of the produced dressing collected at (a) macroscopic scale (photograph was taken at 9 cm distance); (b) brightfield microscopy at

5x magnification.

machine (Fig. 8). The produced dressing attained 771.70 +
0.138 um thickness, corresponding to an increase of 219 pm in
comparison with the average total diameter of PCL-CLO/SA-
AAPV/CA fibers. Such increment resulted from the combination
of several filaments that passed through each needle of the
knitting machine in order to attain a more efficient and poten-
tially resilient production of the dressing. The engineered struc-
ture possessed an average number of 14 wales and 7 courses per
cm?, with 7.360 + 2.827 mg cm™> of mass per unit of area. Such
task was successfully achieved due to the high elasticity of PCL,
as previously discussed in Section 3.5. It is noteworthy that the
presence of two external layers (the intermediate layer of SA and
the outermost layer of CA) offered protection to a possible fiber’s
rupture. These preliminary results are a proof-of-concept of the
potential of the engineered triaxial fibers for future applications
in wound dressings. Nevertheless, further work is required
towards optimizing dressing production, including conducting
a complete analysis of the produced knitted fabric and study of
the processibility of the fibers within varying knitting structures
(such as rib, pique and interlock knit, interlaced structure or
jacquard weave), and through all that determine the most
efficient structure for the foreseen purpose. Additionally, the
elasticity of the CA layer could be improved by applying surface
modification techniques, such as graft copolymerization with
acrylate monomers, coating with elastomeric materials like
silicone rubber, or surface functionalization by adding amino
groups. These modifications can help mitigate potential rupture
events and allow for stronger tensile strengths to be employed
during knitting before scaling up to larger production.

4. Conclusions

Triaxial wet-spun fibers were successfully produced and pro-
cessed in the form of a small dressing in this research. Micro-
scopic observations confirmed the effective construction of the
triaxial system. The engineered fibers attained good mechanical,
physical and thermal properties, along with the capacity to
preserve their structural integrity when exposed to physiological
medium. The external layer of the fibers showed higher porosity,
resulting from its contact with Ca®" salts from the coagulation
bath, which allowed for the opening of pores of pivotal impor-
tance for the controlled release of active agents. All data

© 2025 The Author(s). Published by the Royal Society of Chemistry

presented, along with the fact that the system is composed of
biodegradable polymers and active agents loaded at low concen-
trations, confirmed the potential and feasibility of this triaxial
fibrous system for a future application as a wound dressing for
the treatment of CWs. Further improvements in attaining higher
homogeneity of the fibers’ diameters, morphologies and lower
interfacial layer adhesion will be required, involving the use of
different spinnerets and the addition of stretching and washing
baths. The enhancement of elasticity of the intermediate and
outermost layers will also be necessary, along with the develop-
ment of different textile dressing structures composed of the
proposed triaxial system towards the optimization of the wound
dressing production. The porosity of such dressing should also
be followed by more accurate porosity assessments, including
the use of micro-CT or mercury intrusion porosimety.
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