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ARTICLE INFO ABSTRACT

Keywords: In chronic wound (CW) scenarios, Staphylococcus aureus-induced infections are very prevalent. This leads to
Antibacterial effem_ abnormal inflammatory processes, in which proteolytic enzymes, such as human neutrophil elastase (HNE),
Controlled drug delivery become highly expressed. Alanine-Alanine-Proline-Valine (AAPV) is an antimicrobial tetrapeptide capable of

Core-shell microfibers
HNE inhibition
pH-sensitivity
Therapeutic peptides

suppressing the HNE activity, restoring its expression to standard rates. Here, we proposed the incorporation of
the peptide AAPV within an innovative co-axial drug delivery system, in which the peptide liberation was
controlled by N-carboxymethyl chitosan (NCMC) solubilization, a pH-sensitive antimicrobial polymer effective
against Staphylococcus aureus. The microfibers’ core was composed of polycaprolactone (PCL), a mechanically
resilient polymer, and AAPV, while the shell was made of the highly hydrated and absorbent sodium alginate
(SA) and NCMC, responsive to neutral-basic pH (characteristic of CW). NCMC was loaded at twice its minimum
bactericidal concentration (6.144 mg/mL) against S. aureus, while AAPV was loaded at its maximum inhibitory
concentration against HNE (50 pg/mL), and the production of fibers with a core-shell structure, in which all
components could be detected (directly or indirectly), was confirmed. Core-shell fibers were characterized as
flexible and mechanically resilient, and structurally stable after 28-days of immersion in physiological-like en-
vironments. Time-kill kinetics evaluations revealed the effective action of NCMC against S. aureus, while elastase
inhibitory activity examinations proved the ability of AAPV to reduce HNE levels. Cell biology testing confirmed
the safety of the engineered fiber system for human tissue contact, with fibroblast-like cells and human kera-
tinocytes maintaining their morphology while in contact with the produced fibers. Data confirmed the engi-
neered drug delivery platform as potentially effective for applications in CW care.

1. Introduction afflicted with CW at some point in their lifetime; hence, urgent steps
must be taken to develop more effective managing and treating thera-

Chronic wounds (CW) are responsible for chronic pain and loss of peutic strategies for CW care [1].
mobility, while also increasing the risk of patient mortality. It is esti- As an injury occurs, an inflammatory process takes place, during
mated that 1 to 2 % of the developed countries’ population will be which the extracellular matrix (ECM) instigates the production of

* Corresponding author.
E-mail addresses: catarina.miranda@2c2t.uminho.pt (C.S. Miranda), pg40181@alunos.uminho.pt (A.F.G. Silva), cseabra@ff.up.pt (C.L. Seabra), shreis@ff.up.pt
(S. Reis), nini@quimica.uminho.pt (M.M.P. Silva), silviap@quimica.uminho.pt (§.M.M.A. Pereira-Lima), spc@quimica.uminho.pt (S.P.G. Costa), natalia.homem@
dtx-colab.pt (N.C. Homem), helena.felgueiras@2c2t.uminho.pt (H.P. Felgueiras).

https://doi.org/10.1016/j.bioadv.2023.213488
Received 25 February 2023; Received in revised form 2 May 2023; Accepted 28 May 2023

Available online 1 June 2023
2772-9508/© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:catarina.miranda@2c2t.uminho.pt
mailto:pg40181@alunos.uminho.pt
mailto:cseabra@ff.up.pt
mailto:shreis@ff.up.pt
mailto:nini@quimica.uminho.pt
mailto:silviap@quimica.uminho.pt
mailto:spc@quimica.uminho.pt
mailto:natalia.homem@dtx-colab.pt
mailto:natalia.homem@dtx-colab.pt
mailto:helena.felgueiras@2c2t.uminho.pt
www.sciencedirect.com/science/journal/27729508
https://www.journals.elsevier.com/materials-science-and-engineering-c
https://doi.org/10.1016/j.bioadv.2023.213488
https://doi.org/10.1016/j.bioadv.2023.213488
https://doi.org/10.1016/j.bioadv.2023.213488
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioadv.2023.213488&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

C.S. Miranda et al.

platelet-derived factors. As a result, extrinsic and intrinsic coagulation
pathways are stimulated, forming a reservoir of cytokines and growth
factors. Neutrophils infiltrate the wound site and secrete reactive oxygen
species (ROS) and proteases, in order to eliminate bacteria and remove
products of damaged cells, also releasing other growth factors and cy-
tokines [2]. In acute wounds, these processes are divided in four main
stages: (1) hemostasis, involving the constriction of blood vessels, fol-
lowed by the activation of a coagulation cascade and formation of a clot;
(2) coagulation/inflammatory phase, resulting in blood vessels dilation,
allowing white blood cells, growth factors, enzymes and nutrients to get
to the wound site, raising exudates production; (3) proliferative phase,
concerning the granulated tissue formation, composed of collagen and
ECM; and (4) matrix remodeling, involving conversion of collagen type
III into type I responsible for the regression and decrease of the number
of blood vessels at the wound site. Unlike acute wounds, CW does not
follow the wound healing steps nor spend equal periods of time in each
step. CW present higher protease activity and pro-inflammatory cyto-
kines than other wound types, triggering an abnormal inflammatory
response. Moreover, bacterial infections are more common in CW,
causing the degradation of the underlying tissue at the wound site. In
infected scenarios, neutrophils secrete high amounts of cytokines and
proteases, including neutrophil elastase (HNE), an enzyme responsible
for the degradation of ECM and plasma proteins, in an attempt to destroy
the microbials present, leading to several dysregulations, namely in-
crease of local necrotic tissue and poor vascularization [3].

Bacterial infections induced by Staphylococcus aureus bacteria are
responsible for high mortality and morbidity rates and are considered a
major global health problem [3]. Indeed, nowadays, S. aureus is regar-
ded as one of the most dangerous pathogens to human health by the
World Health Organization (WHO). Statistics reveal that, in the United
States of America (USA), the annual incidence of such infections is of
38.2 to 45.7 per 100.000 person-years (2015) [4]. In European coun-
tries, 150.000 S. aureus infections occur every year, causing at least
7.000 deaths (2015) [5]. Although antibiotics have been commonly
administered to treat bacterial infections for many years, their excessive
consumption has led to an increase in the number of antibiotic-resistant
microorganisms, raising the need for alternatives. Antimicrobial pep-
tides (AMPs) consist of low molecular weight molecules with an overall
positive charge and are highly effective against Gram-positive and
Gram-negative bacteria as well as fungi and viruses [6]. According to
Homem et al., AMPs generally act by disrupting the bacteria cell
membrane integrity by establishing electrostatic interactions between
the negatively charged bacteria wall and the positively charged AMPs or
by altering the microbials’ lipid bilayer structure [7]. Many AMPs are
also known to possess the ability to promote re-epithelization, granu-
lation tissue formation, and ECM synthesis. The tetrapeptide Ala-Ala-
Pro-Val (AAPV) has been proven effective in inhibiting the action of
HNE, an enzyme that, in CW inflammatory scenarios, registers an
abnormally high activity. According to Santos et al., in such conditions,
HNE reaches 10-40 times the amount detected in acute wounds, causing
degradation of endogenous and supplemental growth hormones [8]. The
hydrophobic sequences present in the AAPV resemble amino acid re-
gions in elastin (a protein susceptible to HNE activity). This way, the
tetrapeptide can bind to subsites of HNE, inhibiting the enzyme
competitively. However, AMPs face limitations to their generalized use,
namely low bioavailability and stability in physiological media, poten-
tial toxicity (require large concentrations), and sensitivity to variations
in environmental conditions, to name a few. To overcome such chal-
lenges, AMPs can be incorporated within polymeric carriers, like co-
axial fiber-based constructs, which protect the active agent and guar-
antee that its biological activity is not lost, aside from controlling its
localized, sustained delivery [8].

Wet-spinning is a technique in which a polymeric solution is injected
into a coagulation bath composed of a non-solvent or a poor solvent of
that polymer. As the solution reaches the coagulation bath, precipitation
occurs and solid fibers can be generated. Wet-spun fibers tend to present
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high porosity and may be constructed with many levels of organization,
enabling cell permeation and infiltration [9]. In this study, co-axial wet-
spun fibers were produced with a core composed of polycaprolactone
(PCL), a synthetic polymer that presents excellent mechanical proper-
ties, intended to maintain the fibers’ structural integrity [10], mixed
with AAPV, for local enzymatic activity regulation. The shell was made
of a blend of sodium alginate (SA), a natural biodegradable polymer
with high swelling capacities, which purpose was to control local
moisture and absorb exudates [11], and N-carboxymethyl chitosan
(NCMC), a non-toxic and biodegradable chemically synthesized deriv-
ative of chitosan (CS), responsive to neutral-to-basic pH, which endowed
fibers with antibacterial activity against S. aureus. Two mechanisms of
antibacterial action have been suggested for CS: electrostatic stacking at
the bacteria cell surface, interfering with the bacterial metabolism, and
the blockage of RNA transcription from DNA, by the adsorption of
penetrated CS to DNA molecules. Considering CS is water insoluble,
NCMC, in which the free amino group is replaced by a carboxymethyl
group for enhanced water affinity, was here explored [12]. The NCMC
solubility in neutral-basic pH, characteristic of CW environments, was
expected to guarantee a controlled access to the fibers’ core and, thus, a
paced liberation of AAPV. HNE inhibition evaluations were conducted to
establish the AAPV’s maximum inhibitory concentration (ICy;), while
NCMC was subjected to antimicrobial testing to determine its minimum
bactericidal concentration (MBC) against S. aureus. Wet-spun fibers
modified with AAPV and NCMC, envisioned for a 24-hour application
period, were characterized by brightfield and scanning electron micro-
scopy (SEM) for their morphology, and by Fourier-transform infrared
spectroscopy (FTIR) and differential scanning calorimetry (DSC) for
confirming the presence of the four elements (PCL, AAPV, SA and
NCMC) within the co-axial structures. Elongation at break, swelling and
degradation studies were conducted to establish the fibers resilience
over time. Finally, AAPV and NCMC controlled release monitoring, and
bacteria and cell biology testing were carried out to verify the fibers
biological potential. To the authors’ knowledge, this is the first report on
the production of co-axial wet-spun fibers loaded with AAPV and NCMC
for treating CW. Although there are still not many reports on co-axial
wet-spun fibers for wound healing applications, in the future it is ex-
pected research to evolve towards that direction.

2. Materials and methods
2.1. Materials

SA (from brown algae, medium viscosity), PCL (Mw 80,000), CS (Mw
100-300 kDa), ethyl cyanoglyoxylate-2-oxime (Oxyma), 1,3-diisopro-
pylcarbodiimide (DIC), dichloromethane (DCM), chloroacetic acid,
deuterium oxide (D20), elastase from human leukocytes, trypsin in-
hibitor from soybean, N-Methoxysuccinyl-Ala-Ala-Pro-Val-p-nitro-
anilide (N-MeO-Suc-Ala-Ala-Pro-Val-p-NA), Dulbecco’s Modified Eagle
Medium (DMEM, high glucose, GlutaMAX, pyruvate)Penicillin-
streptomycin (10,000 U/mL), Trypsin-EDTA (0.25 % w/v) were pur-
chased from Gibco Life Technologies (California, USA), Fetal Bovine
Serum (FBS) was purchased from Biowest (Missouri, USA), Trypan blue,
Sodium resazurin, Triton X-100 were purchased from Sigma-Aldrich (St.
Louis, Missouri, USA) and Hoechst 33342 was purchased from Invi-
trogen Thermo Fisher Scientific Corporation (Massachusetts, USA).
Lactate dehydrogenase (LDH) cytotoxicity detection kit was obtained
from Takara Bio Inc. (Shiga, Japan). 2-chlorotritylchloride resin and 9-
fluorenylmethyloxyicarbonyl-aminoacids (Fmoc-AA) were acquired
from AAPPTec Peptide (Louisville, USA). N,N-dimethylformamide
(DMF), acetic acid (AcOH), acetonitrile (ACN), piperidine, 9-fluorenyl-
methyloxicarbonyl (Fmoc), dichloromethane, sodium hydroxide
(NaOH), sodium carbonate (NayCO3), 2,2,2-trifluoroethanol (TFE) and
trifluoroacetic acid (TFA) were acquired from Merck (Darmstadt, Ger-
many). Dimethyl sulfoxide (DMSO) was acquired from Fisher (Maha-
rashtra, India). Calcium chloride (CaCl,, anhydrous) was employed as
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coagulation/crosslinking agent during wet-spinning and was supplied
from Chem-Lab (Zedelgem, Belgium). Tris-hydrochloride (Tris-HCI) was
purchased from Roche (Basel, Switzerland).

Sodium phosphate dibasic (NagHPO4, Sigma-Aldrich), monosodium
phosphate monohydrate (NaH;PO4, Merck) and sodium chloride (NaCl,
Merck) were used in the preparation of phosphate buffer saline solution
(PBS at 0.1 M: 1.44 g/L of NayHPOy4, 0.24 g/L of KHPO4, 0.20 g/L KCl
and 8.00 g/L of NaCl, adjusted to physiological pH 7.4). Gram-positive
bacterium S. aureus (ATCC 6538) was supplied by American Type Cul-
ture Collection (ATCC, Virginia, USA). For bacteria growth, trypticase
soy broth (TSB) and trypticase soy agar (TSA) were purchased from
VWR (Alfragide, Portugal), while mueller hinton broth (MHB) was ob-
tained from CondaLab (Madrid, Spain). All reagents were used without
further purification.

Mouse fibroblast cell line (L929) was purchased from the European
Collection of Authenticated Cell Cultures (ECACC, Salisbury, UK) and
the human keratinocytes cell line (HaCaT) was purchased from Cell
Lines Service GmbH (CLS, Eppelheim, Germany).

2.2. Synthesis and characterization of Ala-Ala-Pro-Val (AAPV) and
Fmoc-Ala-Ala-Pro-Val (Fmoc-AAPV)

The AAPV peptide was prepared by solid phase peptide synthesis,
using a 2-chlorotritylchloride resin pre-loaded with valine (0.53 mmol/g
functionalization). The coupling steps were carried out using Fmoc
amino acids (5.0 eq. relatively to the resin functionalization), DIC (5.5
eq.) and ethyl cyanoglyoxylate-2-oxime (Oxyma) (5.5 eq.) in dry DMF
and 6 h of stirring at room temperature (RT). After each coupling, the
Fmoc group was removed with 20 % piperidine in DMF and the resin
was washed with DMF (3x) and MeOH (3x). This washing cycle was
repeated four times. The separation of the peptide from the resin was
performed with the cleavage cocktail AcOH/TFE/DCM at 1/2/7 (v/v/
V).

The peptide was precipitated from the reaction mixture with cold
diethyl ether, centrifuged and dried. The Fmoc-AAPV peptide was pre-
pared similarly to AAPV with the exception that the last Fmoc group was
not removed prior to the separation of the peptide from the resin, with
the peptide being precipitated from the reaction mixture with cold
diethyl ether and petroleum ether.

The peptides’ purity was checked by analytical High-Performance
Liquid Chromatography (HPLC) using a Lichroscoper RP-18 column,
pump Jasco PU-980, UV-975 detector and Shimadzu C-R6A chromato-
pac from Elsichrom (Valloxvagen, Sweden). TFA and an ACN/distilled
water (dH0) mixture at 1/1 (v/v), with 0.1 % (v/v) TFA were used as
eluent for AAPV and Fmoc-AAPV, respectively, and the peptides
detected at 214 nm. The peptides’ structure was confirmed with *H and
13C Nuclear Magnetic Resonance Spectroscopy (NMR, Bruker Avance III
400, Switzerland), using 20 pL TFA per mL of DMSO-dg as solvent.

2.3. Synthesis and characterization of NCMC

NCMC was synthesized according to Song et al. [12]. Briefly, 7.5 g of
chloroacetic acid were dissolved in 30 mL of dH50, with the solution pH
being adjusted to 7.0 with 3 M NaOH aqueous solution. 1.5 g of CS,
previously dried overnight at 50 °C, were then added to the mixture,
which was heated to 90 °C. During 4 h, the pH was adjusted to 7.0, every
30 min, using 20 % w/v NagCOs. The solution was diluted in dH,0 (1/1
v/v) and filtrated using Whatman n° 4 filter paper. Afterwards, 95 % v/v
ethanol was added to the recovered filtrate solution (1/3 v/v), which
was centrifugated twice for 10 min at 4000 rpm. The supernatant was
discarded between centrifugations and replaced by new 95 % v/v
ethanol. Finally, pure ethanol was added to the collected precipitates
and the content was again filtered. The precipitate was dried at 37 °C
overnight. The NCMC degree of substitution (DS) was determined using
the potentiometric titration method reported by Ge et al. [13], and its
structure was confirmed by NMR, using D,0 as solvent (as reported in
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Section 2.2). FTIR analysis was also conducted, comparing NCMC
spectra with pure CS FTIR spectra to confirm the modification at the CS
amine groups (wavenumbers ranging between 400 and 4000 cm ™!, 200
scans being performed at 2 em ™! resolution).

2.4. Determination of minimum inhibitory and bactericidal
concentrations (MIC and MBC) of AAPV and NCMC

AAPV and NCMC MICs against S. aureus were determined using the
broth microdilution method [14], which adapts the standard published
by the Clinical and Laboratory Standards Institute (CLSI) and the Eu-
ropean Committee on Antimicrobial Susceptibility Testing (EUCAST)
[15].

Stock solutions of AAPV and NCMC were prepared at concentrations
of 4.096 mg/mL and of 10.240 mg/mL in dH,0, respectively. 100 pL of
each solution were added to the first column of a 96-well plate (in
triplicate). Subsequently, serial dilutions (1/2 v/v) were performed in
MHB, reaching a final volume of 50 pL in each well. The bacterium
suspension prepared in MHB at 1 x 10° colony forming units (CFUs)/mL
was then added to the wells (50 pL; final bacterium concentration of 5 x
10° CFUs/mL). As control, MHB (negative) and the bacterium suspen-
sion free from AAPV/NCMC (positive) were used. Absorbances were
read with an EZ READ 2000 Microplate Reader (Biochrom, Cambridge,
UK) at 600 nm, before and after the 24 h incubation period at 37 °C and
120 rpm. MIC was identified by differences in absorbance readings. The
MBC was determined by culturing the bacterium solution at MIC and its
vicinities (before and after MIC value). To accomplish that, aliquots
were collected, serially diluted in PBS (101 to 104), plated in TSA, and
then incubated at 37 °C for 24 h, at which point grown colonies were
observed and counted.

2.5. HNE inhibitory assay

HNE activity and its inhibition by AAPV were determined following
an adapted version of the procedure described by Melzig et al. [16].
Briefly, 125 pL of substrate solution (N-MeO-Suc-Ala-Ala-Pro-Val-p-NA
dissolved in Tris-HCI buffer, pH 7.5) were added to 405 pL of 0.1 M Tris-
HCI. Then, 50 pL of testing solutions, consisting of AAPV at concentra-
tions between 0.10 and 200.00 pg/mL in Tris-HCI buffer (pH 7.5), were
added to the mixture. 20 pL of enzyme solution (HNE diluted in Tris-HCl
buffer at 45 mU) were combined with the mixture and vortexed for 1
min, prior to incubation at 37 °C for 1 h; in CW, HNE is present at
concentrations between 36 and 54 mU/mL [17]. In the end, 500 pL of
soybean trypsin inhibitor prepared in Tris-HCl buffer were added to stop
the reaction, and absorbances were read at 405 nm, using an EZ Read
2000 Microplate Reader. Samples without the testing peptide were used
as controls. Experiments were conducted in triplicate, with three
absorbance readings being done per replicate (mean averaging nine
measurements). Data were reported in ICy;, the concentration that
guarantees maximum HNE inhibition.

2.6. Wet-spun fibers production

2 % w/v SA and 10 % w/v PCL solutions were prepared for 3 h in
dH,0 and for 1 h in DMF, respectively, both stirred continuously at
50 °C. NCMC was added to a portion of the SA solution at 2 x MBC in
dH,0 and homogeneously blended for 1 h at 50 °C (SA-NCMC solution).
On its turn, AAPV was combined with the PCL solution cooled at RT (to
prevent peptide denaturation) at ICy; in DMF and left to homogenize for
1 h at RT (PCL-AAPV solution). Viscosities were measured using a
viscometer Brookfield DV-II + Pro (Boston, USA), spindle 21, with
speeds of 5-40 rpm and temperature of 16-30 °C. All solutions were
ultrasonicated using a J.P.Selecta Ultrasons-HD 5 L (Barcelona, Spain),
to remove air bubbles prior to fiber production. The wet-spinning setup
was composed of two syringe pumps (NE-300, New Era Pump Systems,
Norleq, Santo Tirso, Portugal), to control the rate and volume of
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extrusion, a co-axial spinneret and a large tray containing the 2 % w/v
CaCly coagulation bath, at RT. All fibers were collected manually, dried
for 1 h at RT and washed for 10 min in dH50 for coagulation bath salt
elimination. Syringes connected to the inner port (core) and the outer
port (shell) of the co-axial spinneret were loaded with PCL-AAPV solu-
tion and SA-NCMC solution, respectively. PCL-AAPV was extruded at
0.10 mL/min, whereas SA-NCMC was extruded at 0.15 mL/min, forming
SA-NCMC-PCL-AAPYV fibers. Control fibers were produced without the
shell (PCL and PCL-AAPV), without the core (hollow fibers of SA and SA-
NCMC) and without some of the components of the co-axial system,
namely NCMC and AAPV (SA-PCL), NCMC (SA-PCL-AAPV), and AAPV
(SA-NCMC-PCL). Processing parameters for control samples were equal
to those of the complete system. In the end, they were stored in a cabinet
desiccator (Sicco, Griinsfeld, Germany) at 19 °C and a relative humidity
of 41 %, for further testing. Microfibers were developed to sustain a 24 h
period of contact with a prospective wound.

2.7. Microfibers’ physical, chemical, thermal and mechanical
characterization

2.7.1. Brightfield microscopy

The fibers’ morphology was assessed by brightfield microscopy using
an inverted Leica DM IL LED microscope (Leica microsystems, Wetzlar,
Germany). Five images were collected at 5x and 10x magnifications,
and the average fiber thicknesses (5 measurements per image) were
determined via ImageJ® software (version 1.53, National Institutes of
Health, Bethesda, Maryland, USA).

2.7.2. Scanning electron microscopy (SEM)

Micrographs were collected by using a dual column ultra-high res-
olution field emission SEM (NOVA 200 Nano SEM, FEI Company, Texas,
USA) with 10 kV of accelerating voltage. Samples were initially coated
with a 10 nm film of gold-palladium (Au-Pd, 80-20 % w/v), using a 208
High-Resolution Sputter-Coater (Cressington Company, Watford WD19
4BX, UK) coupled to an MTM-20 High-Resolution Thickness Controller
(Cressington Company). Images were collected with a magnification of
500x and processed with Image J® software.

2.7.3. Attenuated total reflectance-Fourier transform infrared 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 obtained in wavenumbers ranging between 400 and 4000
cm ™}, with 200 scans being performed at 2 cm™! resolution.

2.7.4. Differential scanning calorimetry (DSC)

DSC analyses were conducted using a Mettler Toledo-equipment
model DSC-821e equipment (Columbus, USA) coupled to a cooling
accessory (Labplant cryostat RP-60, Huddersfield, UK). Samples were
placed in an aluminum crucible (Mettler Toledo, ME-26763, Columbus,
USA) and were exposed to a heating rate of 10 °C/min, from 25 to
450 °C, under argon atmosphere at 35 mL/min. Assays were performed
using as reference an empty crucible.

2.7.5. Mechanical performance

The maximum elongations at break of the wet-spun fibers were
determined using a Housefield H5KS dynamometer (Artilab, Kerkdriel,
Netherlands), associated with the QMAT Materials Testing & Analysis
software, following the standard ISO 2062 - 2009. Filaments of 10 cm in
length were analyzed at RT with a holding distance, also known as gauge
length, starting at 100 mm, which continuously increased until reaching
the fibers’ maximum elongation at break. The crosshead speed was
established at 25 mm/min, using a loading cell of 2.5-250.0 N, applied
with a load range of 5 N and a pre-load of O N.
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2.7.6. Degree of swelling (DS)

The fibers DS was assessed in PBS at 37 °C. 10 mg samples were
weighted before and after 24 h immersion (at which point saturation
was reached). DS was determined using the following expression (Eq.
(1)):

DS(%):WS?Wd

x 100, (@]

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

2.7.7. Fiber degradation

The fibers degradation profile was assessed in PBS by incubating 10
mg samples of each type of fiber, at 37 °C for up to 28 days. Media were
exchanged every week. After 1, 3, 7, 14, 21 and 28 days of incubation,
samples were weighted. Mass loss was determined using the following
expression (Eq. (2)):

mass loss (%) = mi — mf x 100, (2)

mi

in which mi (mg) represents the weight of the hydrated fibers at time 0 h
(fibers were initially hydrated in dH»O, until saturation) and mf (mg)
corresponds to the fibers’ weight after each incubation period.

2.8. AAPV and NCMC release kinetics

A chemically modified version of AAPV (Fmoc-AAPV) was used in
this assay, since an overlapping of maximum absorbances between all
fiber compounds was observed, making it impossible for AAPV release
kinetics tracking. This way, by including a fluorescent group (Fmoc), it
was possible to monitor the release by fluorimetry.

An Fmoc-AAPV calibration curve in PBS at concentrations between
0.010 and 0.500 pg/mL was elaborated using a Fluoromax-4 Spectro-
fluorometer 384 TC (Horiba Jobin Yvon, USA) and FluorEssence soft-
ware. Fmoc-AAPV-loaded fibers were immersed in PBS for 1, 2, 4, 6 and
24 h of incubation at 37 °C and 120 rpm, and aliquots of 150 pL were
collected at each time point. Absorbances were then read in the range
290-400 nm. Differences in absorbance between Fmoc-AAPV-loaded
and unloaded fibers were established to eliminate SA and/or PCL in-
fluence on the release profiles. Results were reported as absorbance vs
wavenumber.

Release kinetics of NCMC could not be evaluated due to an overlap of
maximum absorbances with both SA and PCL. Modification of NCMC
with fluorescent components was also impossible as polymer viscosity
altered, conditioning significantly fibers wet-spinning and, thus, modi-
fying the original processing parameters and the fibers’ physical and
mechanical properties.

2.9. Fibers’ inhibitory effect against HNE

AAPV-loaded fibers were incubated in PBS at 37 °C and 120 rpm for
1, 2, 4, 6 and 24 h. After each incubation period, aliquots of 150 pL were
collected; these represented the testing solutions. HNE inhibition ex-
periments were conducted as reported in Section 2.5. Absorbances were
read at 405 nm (EZ Read 2000 Microplate Reader) and data were re-
ported as ICy. Experiments were conducted in triplicate, with three
absorbance readings being done per replicate (mean averaging nine
measurements).

2.10. Bacteria inhibition: time-kill kinetics

Time-kill kinetics tests were conducted according to standard ASTM
E2149-01, adapted as reported by Homem et al. [18]. The antibacterial
profile of the wet-spun fibers was evaluated againsta 1 x 10° CFUs/mL
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S. aureus suspension in TSB. Samples of 10 mg were immersed in 1 mL of
bacterium suspension and incubated at 37 °C and 120 rpm for 1, 2, 4, 6
and 24 h. At each time point, bacteria suspensions were serially diluted
in PBS (10" to 104), plated in TSA, and incubated at 37 °C for 24 h.
Grown colonies were counted, and results were expressed in log
reduction and number of surviving colonies (CFUs/mL). All measure-
ments were performed in triplicate (three measurements were done per
replicate, with data averaging nine values) and data were processed
using the GraphPad Prism 8.0 software. In addition, bacteria viability
was examined using the LIVE/DEAD® BacLight™ Bacterial Viability Kit
L13152, with SYTO 9 and propidium iodide staining reagents, respec-
tively for live and dead bacteria colonies labelling.

2.11. Cytocompatibility testing

2.11.1. Cell culture conditions

The cytocompatibility and cell proliferation of all fiber typologies
towards mouse fibroblast cell line (L929) and human keratinocytes cell
line (HaCaT) were evaluated using direct contact assay. The cyto-
compatibility testing (metabolic activity and cell lysis analyses) was
performed according to the international standard ISO 10993-5:2009.
Cells were thawed and sub-cultured in DMEM medium supplemented
with 10 % (v/v) inactivated FBS (30 min, 56 °C) and 1 % v/v penicillin-
streptomycin, at 37 °C in a humidified atmosphere of 5 % COo, until
reaching 90 % confluence. Thereafter, cells were chemically detached
from cell culture flasks using trypsin-EDTA at 0.25 % w/v. The number
of cells was determined using a Neubauer Chamber, labelling cells with
trypan blue (ratio 1/1) and cells were counted using a Motic® Inverted
Microscope (Motic, Barcelona, Spain). Cells were seeded in 96-well tis-
sue culture polystyrene (TCPS, VWR®, Pennsylvania USA) plates, at the
density of 5 x 10* cells per well, and incubated for 24 h at 37 °C in a
humidified atmosphere of 5 % CO,. The experiments were performed
using fibroblast cells in passage 10-15 and keratinocytes cells line in
passage 20-25.

2.11.2. Cell viability assessment

After 24 h of incubation, the metabolic activity of the cells was
evaluated by resazurin staining. Briefly, 0.01 mg/mL of sodium resa-
zurin in medium solution was added to the wells and incubated for 2 h at
37 °Cand 5 % CO, atmosphere. Afterwards, 100 pL of supernatant were
transferred to a black 96-well plate (Falcon®, Arizona, USA) and the
fluorescence was measured (Aex = 560 and Aem = 590 nm) using a
microplate fluorometer (Cytation 5 Cell Imaging Reader - BioTek In-
struments, Vermont, USA). The percentage of metabolic activity was
evaluated by Eq. (3) as an indicator of cells viability:

Flu, — Flu,,

Metabolic activity (%) = m x 100, 3)

where the Flug is the fluorescence of the samples, Fluy, is the fluores-
cence of the negative control, the untreated cells, and Fluy, is the fluo-
rescence of the positive control, the treated cells with 2 % v/v Triton X-
100 solution.

2.11.3. Cell lysis assessment

Cell lysis was evaluated using lactate dehydrogenase (LDH) assay,
according to the manufacturer. After 24 h incubation of cells with all
fiber typologies, plates were centrifuged at 250g for 10 min (Centrifuge
5810R, Eppendorf®, Hamburg, Germany) and the supernatant was
collected to a new 96-well plate. Then, LDH cytotoxicity detection kit
was added at 1/1 v/v ratio and incubated at RT for 15 min, protected
from light. The absorbance was read at 490 nm and 690 nm in a plate
reader (Cytation 5 Cell Imaging Reader- BioTek Instruments, Vermont,
USA). The cell lysis by LDH release into the cell culture medium was
calculated by Eq. (4):
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where the Abs; is the absorbance of the samples, Absy, is the absorbance
of negative control that are treated cells with 2 % (v/v) TritonTM X-100
solution, and Absp, is the fluorescence of positive control that are un-
treated cells.

2.12. Cell proliferation by Hoechst staining

Cell proliferation was evaluated by exposing fibers in direct contact
with cells for 1 and 2 days. The cells were stained with Hoechst 33342 at
0.1 pg/mL for proliferative profile evaluation. The positive control
group (non-exposed cells to fibers), negative control (cells exposed to
DMSO) and the fibers’ control group were stained with Hoechst as well.
The calibration curve was performed by cell counting and the fluores-
cence measurement of cell nuclei (Fluorescence = 0.0033 [Cell] +
466.39, R% = 0.992 for L929; Fluorescence = 0.0021 [Cell] + 449.83, R?
= 0.996 for HaCaT). The cell nuclei were read at 361 nm and 497 nm
(Cytation 5 Cell Imaging Reader, — BioTek Instruments, Vermont, USA).
Cell concentration was determined using the calibration curves prepared
for 1929 and HaCaT.

2.13. Cell morphology observation by brightfield microscopy

Cells were visualized at brightfield using an optical microscope.
Light microscope images were obtained at the beginning of the experi-
ment (t = 0 h) and after 24 h of incubation in contact with the samples,
as to evaluate the cell morphology and the possible presence of damaged
areas. The images were acquired at a 10x magnification objective of
0.25 N.A. using a Motic TM Camera S12 coupled with Motic Image Plus
3.0 software (Motic, Barcelona, Spain).

2.14. Statistical analysis

All measurements were conducted in triplicate unless otherwise
referred 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 results were analyzed using One-way ANOVA,
Dunnett and Tukey tests. Statistically significant differences were
considered at p < 0.05.

3. Results and discussion
3.1. AAPYV synthesis and characterization

The AAPV peptide was prepared by solid phase peptide synthesis
using a 2-chlorotritylchloride resin pre-loaded with valine. AAPV was
obtained as a white powder solid with ~94 % yield (=0.131 g). A purity
of ~98 % was estimated by analytical HPLC, with a retention time of
4.49 min (Fig. S1 in Supporting Information). For such purpose, 1 mg of
AAPV was dissolved in 100 pL of eluent and tested with a flow of 0.6 mL/
min at 214 nm. with an ACN/dH»0 (1/4 v/v) with 0.1 % TFA mixture as
eluent. The peptide structure was confirmed by 'H and !3C NMR spec-
troscopy using DMSO-ds combined with TFA as solvent, corroborating
data from previous reports (Section S1 — NMR Signals, in Supporting
Information) [19].

The peptide’s antibacterial properties were evaluated for the first
time against the Gram-positive bacterium S. aureus. The MIC/MBC was
established at 2.048 mg/mL. AAPV antibacterial mechanisms of action
have yet to be disclosed in the literature. However, the small size of the
peptide may enable its permeation through the bacterium membrane.
Another possibility, considering the similarities in MIC/MBC and the
large associated concentrations, may be related with the encirclement
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and isolation of the bacterial cells, with many peptide molecules acting
against one bacterium cell, or with the blocking of specific regions along
the cell membrane this way preventing exchange of nutrients and other
viability-related factors, ultimately leading to the bacterium death [20].
Regardless, the obtained concentrations were considered elevated for
fiber incorporation (not economically viable), which precluded the use
of AAPV for its antibacterial effectiveness.

Despite its antimicrobial limitations, AAPV is known for its capacity
to inhibit the activity of HNE, an enzyme which levels reach abnormally
high ranks during inflammatory processes in CW [19]. Because of that
HNE-related inhibitory profile, AAPV is still labelled an AMP [19]. In the
case of inflammation, active HNE stimulates keratinocyte hyper-
proliferation, which can be balanced by low molecular weight peptide
inhibitors, including AAPV [20]. Hydrophobic sequences of the peptide
resemble amino acid regions of elastin, which are susceptible to HNE
activity; hence, leading to the binding of the peptide to HNE subsites and
resulting in a competitive HNE inhibition [17] The ability of AAPV to
inhibit the HNE activity in CW-mimicking scenarios was examined using
AAPV concentrations ranging from 0.100 to 200.000 pg/mL. Data re-
ported a HNE maximum inhibitory concentration (ICy;) for the AAPV at
50 pg/mL, (Table S1 in Supporting Information). HNE inhibitory effect
decreased at AAPV concentrations above the ICy (<10 %). The same
observation was reported in a study conducted by Namjoshi et al., in
which HNE ability to digest the substrate decreased at the presence of
larger concentrations of inhibitors [21]. Plausible explanations for such
occurrence can be either related to the competition between the several
peptide molecules present in solution or to the formation of agglomer-
ates, thus reducing the availability of the peptide molecules for binding
to the enzyme sites. On the other hand, HNE inhibition became more
effective with increasing AAPV concentrations from 0.100 pg/mL up to
ICy. In fact, HNE inhibition did not vary significantly with AAPV con-
centrations above 3.130 pg/mL. These results may be explained by a
potential equilibrium reached between the number of peptide molecules
and the enzyme sites available for binding. This hypothesis gains
strength when analyzing the results obtained with AAPV concentrations
below 3.130 pg/mL; here, HNE inhibition was significantly reduced,
most likely because of the insufficient amount of AAPV molecules
available for binding to the enzyme activity-blocking sites. Although
further research has been conducted towards the coupling of lipidic
amino acids to AAPV towards an improvement of the peptide perme-
ability across the stratum corneum, such peptide modifications still
display lower HNE inhibitory effects than the native AAPV peptide
[19,21]. To prevent the limitations associated with higher AAPV con-
centrations on HNE inhibition, the peptide was loaded onto the engi-
neered co-axial fibers at the determined ICy; value. Even though AAPV at
ICy only guaranteed ~16.5 % HNE activity inhibition, such effect was
already deemed satisfactory since this enzyme intervenes as well in
regenerative processes, working as a protecting wound agent against
pathogens as it is released by neutrophils [16].

3.2. NCMC synthesis and characterization

CS has gained considerate attention towards wound healing appli-
cations. In fact, reports have proven the ability of CS to promote surface-
induced thrombosis and blood coagulation, to accelerate tissue repair
and to instigate tissue granulation, aside from protecting the wound
from bacterial infections [22]. However, CS presents low solubility at pH
above 6.5. Many approaches to synthesize CS derivatives have been
addressed. Song et al. proposed a methodology for the selective alkyl-
ation of CS by means of pH and temperature control, which can lead to
higher reactivity of NH; groups [12]. By reacting CS with chloroacetic
acid in a neutral aqueous solution and by using 20 % w/v NapCOs as an
acid binding agent, carboxymethyl groups can be introduced in free
amine groups of CS, giving rise to NCMC. NCMC has been considered a
promising derivative of CS for wound healing, by presenting excellent
biocompatibility, biodegradability, low toxicity and effective
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antimicrobial activity [23].

NCMC was synthesized based on the protocol described by Song et al.
with a yield of ~71.5 %, which was influenced by variations in tem-
perature and pH during the reaction and mass losses throughout the
successive filtrations and centrifugations required for removal of
unreacted CS [12]. Optimal reaction conditions were established at
90 °C for temperature, 4 h for reaction time and a mass ratio of
chloroacetic acid/CS of 5/1. Low Mw CS (100-300 kDa) was used for the
synthesis of NCMC, since both medium and high Mw did not perform as
effectively (complete dissolution of CS was not accomplished). One
explanation for such occurrence relies on the viscosity of CS which is
directly proportional to its Mw, thus limiting the dissolution in the
water/chloroacetic acid medium [24].

ATR-FTIR spectra of CS and NCMC were collected and compared for
confirming the successful chemical modification of the polymer
(Fig. la). Peaks at 1668, 1597 and 1404 cm~! were detected in CS
spectra, being assigned to amides I, II and III absorption bands,
respectively [25]. Whereas, in NCMC spectra, two strong peaks were
observed at 1590 and 1404 cm™), attributed to asymmetrical and
symmetrical COO™ groups stretching vibrations. CS’s characteristic
peaks at 1597 and 1668 cm ™! were replaced by a peak at 1590 cm ™! in
NCMC spectra, indicating that carboxymethylation occurred on the free
amine group of CS. In addition, the peak at 1032 cm ™! of CS, related to
OH groups, remained unchanged, revealing that carboxymethylation
did not occur in the OH groups of CS. NMR spectrum of NCMC (Fig. 1b)
reported signals in the range of 4.40-5.00 ppm, which were related to
hydrogen bonded to the carbon atom C1. Whereas the signal centered at
2.90-3.10 ppm referred to hydrogen bonded to the carbon atom C2 of
the glucosamine ring. In addition, signals centered in the range
3.30-4.00 ppm corresponded to hydrogen atoms bonded to carbon
atoms C3, C4, C5 and C6 of the glucopyranose. NMR data attested to the
successful synthesis of NCMC, which was also consistent with [12].
Additionally, the DS of amine groups into carboxymethyl groups was
determined at ~0.98. According to Ge et al., a substitution of CS into
NCMC can be deemed successful when DS is superior to 0.85 [13].

NCMC showed bacterial inhibition towards the Gram-positive bac-
terium S. aureus. MIC of NCMC against S. aureus was found at 1.536 mg/
mL, with MBC being established at 3.072 mg/mL. Several reports in
literature have confirmed the antibacterial activity of CS derivatives,
including NCMC [12,13,23]. Nevertheless, the mode of action of CS
derivatives is still not fully understood. According to Wen et al., one
possible mechanism is related to alterations in cell permeability caused
by electrostatic interactions between the positive CS backbone and
negatively charged cell surface. Such interactions can also result in the
leakage of intracellular constituents, leading to cell death [23]. Another
possibility relies on the penetration of CS through the plasma mem-
brane, binding with the nucleic acid and affecting the DNA expression of
the bacterial cell, compromising its replication abilities and other bio-
logical functions highly important for the bacterium survival [26]. Since
the substitution of amine groups by carboxymethyl groups is not com-
plete, it is possible that NCMC may present a somewhat similar anti-
microbial profile to CS. Considering, S. aureus has been reported as one
of the most prevalent bacteria present in CW, NCMC was loaded into the
fibers at 2xMBC [27]. This loading concentration was selected based on
previous works conducted by our team in which the incorporation of
antimicrobial agents into polymer constructs led to a reduction of the
agents’ antimicrobial activity. Such agents remained trapped in the
polymeric matrices, establishing polymeric interactions and, therefore,
losing reactive groups that otherwise would be available for interacting
with the microorganisms [18].

3.3. Wet-spun fibers morphology
Viscosities of SA, SA-NCMC, PCL and PCL-AAPV solutions were

determined at varying RT, to resemble fibers production conditions
(Fig. S2 in Supporting Information). Results confirmed that viscosities of
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Fig. 1. (a) ATR-FTIR spectra of CS and NCMC (2000-800 cm™Y), and (b) 'H NMR spectra of NCMC in D,0.

SA and SA-NCMC solutions were inversely proportional to temperature, which explains the small fluctuations registered in shell thickness during
as it has already been addressed in many reports [28]. Moreover, it was co-axial fiber production (Fig. 2c). The addition of NCMC to SA
evident that the SA solution was more viscous than the PCL solution, decreased the solution’s viscosity (Fig. S2 in Supporting Information).
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Fig. 2. (a) Micrographs of SA-NCMC-PCL-AAPV wet-spun fibers morphology, obtained by brightfield and SEM microscopy. (b) Micrographs of PCL-AAPV and SA-
NCMC wet-sun fibers obtained by brightfield microscopy. (c) Distribution of fiber diameters and thicknesses. Data are reported as mean + SD (n = 5). Statistical
significance was determined via Tukey test applying multiple comparisons between the different fiber typologies (*p < 0.001).
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Such observation can be justified with the low viscosity inherent to CS-
derivatives [24], the use of a low Mw polymer for NCMC synthesis, or
with the possible interruptions NCMC introduced in the polymeric
chains of SA via chemical bonding, generating more easily breakable
sites and thus altering the rheological properties of the solution. That
same effect was observed with the addition of AAPV to the PCL solution;
the low Mw of AAPV also translates into a lower viscosity [19].
Nevertheless, as AAPV was incorporated into the PCL solution at a lower
concentration than NCMC, the reduction in viscosity faced by PCL was
less pronounced than that endured by SA.

SEM micrographs of the fibers’ cross-section are shown in Fig. 2a,
also confirming the formation of co-axial structures. Fibers’ thicknesses
were measured using Image J® software. Residual fluctuations of
thicknesses between the same fiber typology were observed. As shown
earlier, these were expected because of differences in polymer viscosity
with temperature variations (Fig. S2 in Supporting Information).
Regarding the hollow and monolayered fibers, it was seen that the
addition of NCMC and AAPV to SA and PCL, respectively, led to an in-
crease in the fibers’ thickness. Such observations can be justified by the
alterations of each of the additive components introduced in the poly-
meric chains (binding can be done through the main and the side
chains), resulting in less compact structures [18]. Additionally, the
decrease in solutions’ viscosities, which confirmed the loading of such
components, significantly altered the solutions’ rheological properties
and thus their ejection towards the coagulation bath. PCL and PCL-
AAPYV fibers presented smaller thicknesses than the SA and SA-NCMC
hollow fibers. Because of their hollow interior, SA-NCMC fibers tended
to collapse as they were being collected. As a result, flattened structures
with visible folds were formed, justifying the larger thicknesses detected
(Fig. 2b).

Regarding the co-axial fibers, it was observed that the shell’s thick-
ness was significantly inferior to the core, possibly due to interactions
between PCL and SA. To confirm that theory, a small amount of PCL
solution was put in contact with SA solution (Fig. S3 in Supporting In-
formation). After a few seconds, PCL quickly precipitated in the presence
of the SA solvent (dH,0) and grew in volume (without altering the total
volume of the combined solutions), which shows that the PCL matrix
incorporated part of the SA, thus explaining the increase in thickness of
the core components compared to the monolayer testing [29]. It is likely
that the OH groups content of each polymer to facilitate bond formation
[30]. Similar observations were made by Dodero et al. when producing a
multilayer membrane via electrospinning composed of SA and PCL [31].
Although there are several reports on SA and PCL composites, to the
authors’ knowledge their chemical interactions are still not fully
explained.

Additionally, the presence of NCMC and AAPV at the shell and core
of the fibers, respectively, caused further reduction of the shell thick-
ness. These bioactive additives led to changes in the conformation and
organization of both SA and PCL polymeric chains, generating more
interactions between fiber components at different locations (core and
shell). Furthermore, contrary to the monolayer fibers (PCL-AAPV and
SA-NCMC) where side chains had more freedom, here they were
restricted by the presence of another layer, reducing fiber dilatation
[18].

3.4. ATR-FTIR of the engineered wet-spun fibers

ATR-FTIR spectra were collected for all engineered fibers (Fig. 3) and
characteristic peaks were identified (Table S2 in Supporting Informa-
tion). In SA-containing fibers (Fig. 3a and c), two visible bands at 1600
and 1420 cm ™!, being related to COO~ vibrations, along with a band at
3300 cm ! characteristic of OH groups, confirmed the presence of this
polymer [18]. On its turn, presence of PCL was verified in all PCL-
containing fibers by characteristic peaks at 1725 cm™!, related to
C—=0O stretching vibrations, which was less pronounced on co-axial fi-
bers since PCL was present in the innermost layer of the fiber
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Fig. 3. ATR-FTIR spectra of (a) SA, NCMC and SA-NCMC fibers, (b) PCL, AAPV
and PCL-AAPV fibers, and (c) the co-axial wet-spun fibers.

conditioning its detection [32]. Moreover, bands at 2867 and 2950 cm !
associated with CH stretching vibrations also confirmed the presence of
this polymer, together with bands at 1173 and 1246 cm ™! referring to
C—O—C vibrations [33]. Considering NCMC and AAPV were loaded at
small concentrations, it was not possible to confirm their presence in the
co-axial fibers via ATR-FTIR, even though viscosity alterations imposed
by these additives had been previously observed confirming their pres-
ence and influence in the base polymers (Fig. S2 in Supporting
Information).

3.5. Thermal characterization

DSC thermograms were collected for all fibers to assess their thermal
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behavior (Fig. 4 and Table S3 in Supporting Information). Two main SA
characteristic peaks were observed on SA-containing fibers, one broad
endothermic peak centered at ~138 °C (onset at 86 °C) and a higher
endothermic peak centered at ~235 °C (on set at 167 °C). The first was
related to the loss of water molecules from SA, whereas the second
resulted from the polymer thermal decomposition, associated with
degradation, dehydration and depolymerization reactions from the
carboxylic groups of SA [18]. The addition of NCMC to the fibers
resulted in the introduction of an endothermic peak centered at 176 °C
(on set at 165 °C) linked to NCMC melting and evaporation of water
molecules present in the sample [34]. Moreover, an overlap of broad
exothermic peaks occurred at ~219 °C (on set at 184 °C). This can be
associated with the degradation and depolymerization reactions of
carboxylic groups of both SA and NCMC, along with polysaccharide ring
dehydration and decomposition of acetylated CS [18]. Literature reports
address these same thermal events at higher temperatures (=270 °C) for
carboxymethyl chitosan (CMC). It is likely that such shifts in tempera-
tures detected for NCMC to result from the interactions established with
SA. Furthermore, no glass transition temperature (Ty) was registered,
indicating the amorphous nature of NCMC [34].

PCL-containing fibers presented an endothermic peak centered at
~59 °C (onset at 56 °C) referring to the first melting temperature of PCL
and the fusion of its short polymer segments. A second melting tem-
perature was also registered with an endothermic peak at ~133 °C
(onset at 123 °C). Moreover, degradation of the polymer segments
initiated at ~200 °C, which was consistent with previous reports [35].
The incorporation of AAPV onto the fibers did not induce any visible/
significant alterations on the thermograms since the peptide was loaded
at a very low concentration (50 pg/mL). As expected, PCL characteristic
peaks were less pronounced on co-axial fibers because of the influence of
the shell components (SA and NCMC) [36]. Such observation was also
consistent with ATR-FTIR data (Fig. 3). Still, even though less pro-
nounced, the main thermal events characteristic of both SA and PCL
polymers were observed on all co-axial structures, with similar onset
temperatures, in comparison with monolayer and hollow fibers. Most
importantly, the presence of NCMC was corroborated.

3.6. Mechanical testing

Maximum elongations at break of wet-spun PCL-containing fibers
were analyzed using 10 cm long filaments. Such tests were carried out
with the purpose of evaluating the fibers’ mechanical resistance. SA and
SA-NCMC hollow fibers could not be examined since after wet-spinning
collection they became flattened, with many easily breakable sites along
with many visual folds, resultant from fiber collapse towards the hollow
interior. Reports have addressed the poor mechanical properties of SA
on its own as an obstacle for several applications [37]. Nevertheless, that
does not significantly influence fibers ejection, since the final applica-
tion depends on the properties of all fiber compounds working together.

In general, high elastic capacities (maximum elongations at break
superior to 133 %) were obtained for the remainder fiber typologies
(Fig. 5), due to the inherent elasticity of PCL [38]. In the monolayered
fibers, it was noticeable that the addition of AAPV slightly decreased
fibers’ elongation, since the proportion of the elastic component (PCL)
was reduced. As seen earlier, AAPV decreased the viscosity of PCL and
altered its chains’ organization/structure, introducing weaker links
(Fig. S2 in Supporting Information).

Results showed that co-axial fibers presented higher maximum
elongations and better mechanical performances than PCL and PCL-
AAPV monolayered fibers (Fig. 5 and Table S4 in Supporting Informa-
tion). This is justified with the presence of the shell that offered pro-
tection and delayed the rupture of the core (Fig. S in Supporting
Information). Additionally, the thickness of the core was higher in the
co-axial fibers than monolayered fibers, due to the partial incorporation
of SA present in the shell (Fig. S3 in Supporting Information). Several
reports attest to these data, showing that higher mechanical properties
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are attained by PCL-based co-axial fibrous structures compared to
monolayered constructs [39].

The addition of NCMC led to a decrease in the fibers’ elongations,
which was also expected considering its effect in the SA solution’s
rheological behavior, along with the potential alterations and chain
interruptions NCMC introduced in the conformation and structure of the
SA (presence of weaker structural sites by NCMC binding). In fact,
several reports have been published, addressing NCMC as a CS-derived
polymer with poor mechanical properties [40]. As a result, SA-PCL co-
axial fibers presented the highest maximum elongations, since they did
not include AAPV nor NCMC in their composition, and thus fibers’
elasticity was not compromised by these additives. By comparing SA-
NCMC-PCL with SA-PCL-AAPV fibers, it was possible to conclude that
the incorporation of AAPV had a smaller influence in the fibers’ elas-
ticity than NCMC, an expected outcome considering the loading
amounts. Therefore, from the co-axial fiber group, SA-NCMC-PCL-AAPV
fibers displayed the lowest maximum elongations; yet, still within
acceptable ranges for the foreseen application.

3.7. Swelling capacity

The degree of swelling of the produced wet-spun fibers was deter-
mined by measuring mass alterations after incubating the materials in
PBS at 37 °C until saturation was reached (24 h). Testing was conducted
in PBS solution because of its resemblance with the osmolarity and ion
concentration of human biological fluids [10]. Samples were weighted
after different periods of incubation so the moment at which equilibrium
was reached could be detected. At 24 h of incubation variations in mass
were no longer detected, so swelling ratios could be determined
(Table 1).

SA and SA-NCMC hollow fibers reported the highest swelling de-
grees, namely 836.38 + 115.60 and 1337.90 £ 86.82 %, respectively,
confirming the affinity of SA towards water. Many studies on SA-
containing fibers and hydrogels have addressed the excellent hydra-
tion properties and swelling capacities of SA, with swelling occurring
instantly in contact with PBS and achieving values up to ~476 % [11].
Here, the degree of swelling was even superior, most likely a result of the
large surface area of the fibers (inner and outer surface exposed to
medium). According to Bajpai et al., this can also be related to the
presence of residual Ca®' from the coagulation bath that, when in
contact with PBS, undergo ion-exchange processes with Na™ ions, also
binding with COO— groups from SA. Electrostatic repulsions between
negatively charged COO— groups take place, causing chain relaxation
and resulting in higher swelling degrees. The ion-exchange process may
also be responsible for generating a looser structure, as phosphate ions
from PBS interact with Ca?", forming calcium phosphate and, therefore,
raising the water intake of the fibers [41]. Loading NCMC onto the SA
hollow fibers increased almost 1.6-fold their swelling degree. NCMC also
displays excellent water-retention ability and affinity [12]. NCMC pre-
sents a similar molecular structure to alginate, in reference to the
carboxyl groups, therefore leading to an excellent miscibility and
compatibility between SA and NCMC, made of intermolecular bonds (i.
e., hydrogen). Such observations are in accordance with research con-
ducted by Fan et al., in which blends of alginate and CMC showed im-
provements in water-retention capacity over the pure alginate fibers
(398 % vs 91 %) [42]. Additionally, considering the alterations intro-
duced by NCMC on the SA polymeric chains, as seen by the increment in
shell thickness (Fig. 2), it is also possible that new conformation ar-
rangements and polymer chain expansion to have increased the fiber
surface area and, with that, allowed for more free OH— groups to
become exposed and available for interactions with PBS water
molecules.

PCL and PCL-AAPYV fibers presented the lowest degrees of swelling
(49.20 £ 18.19 and 54.25 + 9.06 %, respectively), reflecting the hy-
drophobic character of PCL, which limits the interactions with water
molecules via polymer repulsion [87,88]. Such observation is coherent
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with a report from Lee et al., in which the addition of PCL onto SA beads
limited the degree of swelling because of the length of the hydrophobic
PCL chains [43]. AAPV addition slightly improved the PCL fibers
swelling behavior, as AAPV possesses many hydrophilic groups [89].
Additionally, as previously addressed, the incorporation of AAPV into
the PCL solution altered its rheological behavior and, with that, possibly
the conformation and structural arrangement of the polymer chains.
Such improvement in degree of swelling upon addition of AAPV and
NCMC was also noticeable on the SA-PCL-AAPV (277.27 + 5.96 %), SA-
NCMC-PCL (283.40 + 26.27 %) and SA-NCMC-PCL-AAPV (324.36 +
68.94 %) fibers. In fact, SA-PCL displayed the lowest swelling ratios
amongst the co-axial fibers (172.82 + 13.24 %). This happened because
PCL was present at a greater polymer proportion, even partially incor-
porating SA at the fibers’ core and, thus, blocking its ability to absorb
water, and exposing more hydrophobic groups, limiting wettability.
Furthermore, SA-NCMC-PCL-AAPV fibers presented higher degrees of
swelling in relation to SA-PCL-AAPV and SA-NCMC-PCL fibers, possibly
due to the presence of two hydrophilic additives (AAPV and NCMC).

Biomaterials Advances 151 (2023) 213488
3.8. Degradation profile

The stability of unloaded and NCMC- and AAPV-loaded wet-spun
fibers in PBS was evaluated up to 28 days of incubation at 37 °C. Once
again, PBS adjusted to pH 7.4 was selected to approximate testing
conditions to physiological environments, to which NCMC is responsive
[44].

Fibers’ degradation was assessed visually and by tracking mass al-
terations over time (Table 1). Data revealed that SA and SA-NCMC
hollow fibers were the least stable fibers. After 14 days of incubation
in PBS, hollow fibers suffered high mass losses and it was no longer
possible to determine their weight. Such observations were expected due
to the absence of PCL, which main function was to maintain the fibers’
structural integrity for longer periods of time, and to the hollow interior
of the fibers, which conditioned the mechanical resilience of the struc-
tures (Fig. 5) and flattened the fibers, evidencing many folds (Fig. 2b). In
fact, several studies on the degradation of SA fibers immersed in PBS
have reported a fast degradation, mainly caused by the hydrolysis of
B-1,4 glycoside bonds present in alginate molecules [45]. Similar ob-
servations were also addressed in a research by Homem et al., in which
SA fibers were highly hydrated, resulting in the loss of their structural
forms and causing the formation of agglomerates after 7 days of incu-
bation in simulated body fluid [18]. As expected, the addition of NCMC
led to higher mass losses, since NCMC also presents hydrophilic prop-
erties and, as previously referred, establishes interactions via intermo-
lecular hydrogen bonds with SA, interrupting the polymer chain and
altering its structural conformation (Fig. 5). Such results are also in
accordance with several studies on the degradation of SA and CMC blend
structures on PBS, in which the incorporation of CMC increased degra-
dation, compared to SA pure structures [18]. On the other hand, PCL-
containing fibers kept their structural integrity throughout the 28 days
of incubation. Similar outcomes have been reported, showing, for
instance, that the incorporation of PCL onto polymer composite fibers
can diminish the overall degradation profile of the scaffolding system
when incubated in PBS [46].

Interestingly, PCL and PCL-AAPV fibers registered mass increments,
most likely caused by bonds generated between PCL and salts from PBS.
According to Shamsah et al. and Huang et al., the carbonyl group of PBS
presents high nucleophilicity, caused by the polarity of an ester group.
As a result, strong hydrogen bonds are formed between the carbonyl
group of PBS and the methylene group of PCL [46]. On the other hand,
co-axial fibers suffered from the fast shell degradation effect introduced
by SA and/or NCMC, while also experiencing the binding of PCL with
PBS salts. Data demonstrated that the effect of shell degradation over-
lapped PBS salts binding to PCL, with all co-axial fibers undergoing mass
loss throughout the 28 days of incubation. This is in agreement with
several studies exploring the production of SA and PCL structures, in

Table 1
Wet-spun fibers degradation profiles over 28 days of incubation in PBS. Data are presented as average percentage of mass loss + SD (n = 3).
Fiber Mass loss (%)
Day 1 Day 3 Day 7 Day 14 Day 21 Day 28
SA 1.30 £ 0.52 11.18 + 3.99 74.37 £ 0.79
A
SA-NCMC 5.62 £ 2.79 12.23 + 7.08 81.43 +£1.97 j
k / Z | /|
PCL —4.27 £ 11.36 —6.78 + 2.26 —6.22 +7.19 —10.66 + 13.99 —13.94 +£10.81 —30.67 + 19.90
PCL-AAPV —6.10 + 28.12 —8.64 + 3.01 —7.85 £+ 15.75 —20.64 +£1.33 —14.48 £+ 2.06 —33.78 £12.58
SA-PCL 14.87 + 5.85 12.42 +1.81 11.44 + 4.55 16.41 +1.24 2.71 £ 1.05 3.46 £ 1.94
SA-PCL-AAPV 16.64 + 9.01 16.65 + 10.53 13.80 + 12.34 21.59 +1.13 2.85 +1.77 6.11 +1.83
SA-NCMC-PCL 18.08 + 3.69 20.96 + 5.73 14.08 + 3.24 22.91 + 8.66 3.38 +£2.87 6.07 +£1.84
SA-NCMC-PCL-AAPV 20.37 £10.56 23.16 £ 11.76 16.17 + 14.35 25.34 £ 5.55 4.36 + 3.42 6.84 + 4.07
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which the SA layers’ fast degradation profile compromised the structural
integrity of the entire material [37].

Between all co-axial fibers, SA-PCL was the ones that registered the
lowest mass losses, due to the absence of AAPV and NCMC. The addition
of AAPV to the core increased bonds with water molecules since AAPV
presents a hydrophilic character, whereas the incorporation of NCMC
altered the conformation of SA polymeric chains, forming intermolec-
ular hydrogen bonds [42]. Therefore, SA-NCMC-PCL-AAPV presented
higher degradation rates in comparison with SA-NCMC-PCL and SA-
PCL-AAPV fibers, due to the presence of both AAPV and NCMC (supe-
rior hydrophilic characters), which is in line with the results obtained in
the swelling behavior experiments (Section 3.7).

3.9. AAPV release kinetics

The AAPV’s release kinetics from the wet-spun fibers was followed
by loading fibers with Fmoc-AAPV (yield 78 %), a modified version of
AAPV in which a Fmoc group remained attached to the N-terminal
alanine (characterization in Section S3 in Supporting Information). Such
modification endowed the peptide with fluorescence, which allowed the
detection of the release of AAPV in a selective manner by fluorimetry, no
longer overlapping with the detection of the remaining fiber compounds
by absorption spectroscopy. It should be noticed that the presence of the
Fmoc group did not alter the mechanical and physical properties of the
fibers. Data was collected after 1, 2, 4, 6 and 24 h of incubation in PBS at
37 °C (Fig. 6).

The absence of a shell in the PCL-AAPV fibers resulted in a quick
burst release of the peptide during the first hour of incubation (~16.94
%). After this period, release was done at a slower pace, considering less
amount of peptide was available along the fibers. From all tested sub-
strates, PCL-AAPV registered the highest release profiles. These obser-
vations were expected considering the main function of the shell is to act
as a protective barrier, controlling the release of the encased bioactive
agents, and here such protection was absent [9].

On the other hand, SA-PCL-AAPV and SA-NCMC-PCL-AAPV fibers
showed similar release profiles, being more prolonged in comparison
with PCL-AAPYV fibers and achieving the maximum rate at the 6 h target
(Fig. 6). SA-NCMC-PCL-AAPV fibers showed a slightly higher release
profile than SA-PCL-AAPV fibers because of the presence of NCMC,
which is responsive to the pH of the medium (physiological) [44]. As
previously addressed, the incorporation of NCMC onto the shell led to
the formation of interactions via hydrogen bonds with SA, causing a
faster shell degradation in comparison with SA-PCL-AAPV fibers
(Table 1). As shell degradation occurred, its protective effect decreased,
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therefore allowing for a greater release of AAPV from the fibers’ core
and, thus, explaining the higher release rates observed for the SA-NCMC-
PCL-AAPV samples.

3.10. HNE inhibition via AAPV-loaded fibers

HNE activity was followed for 1, 2, 4, 6 and 24 h in PBS at 37 °C in
contact with AAPV-loaded fibers to assess their ability in inhibiting the
enzyme performance and, once again, confirm AAPV incorporation
(Fig. 7). Data from fibers free from AAPV was also collected so the
polymers’ interference could be eliminated from the results.

In the first hour of incubation, an initial burst release of AAPV was
detected (Fig. 5), explaining the elevated HNE inhibition (~17.11 % for
PCL-AAPV, ~18.33 % for SA-PCL-AAPV and ~19.18 % for SA-NCMC-
PCL-AAPV fibers). Consequently, as more AAPV was released from the
fibers’ surface in the first instances of contact, less AAPV was available
at the 2 h mark, explaining the decrease in HNE inhibition. Yet, after 2 h
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Fig. 7. HNE inhibition profile induced by AAPV-loaded wet-spun fibers. Data
are reported as mean + SD (n = 9). Statistical significance was determined via
Tukey, applying multiple comparisons between the different fiber typologies
(significance between PCL-AAPV and SA-PCL-AAPV: p < 0.006 at 4 h, no sig-
nificance was found at 1, 2, 6 and 24 h; significance between PCL-AAPV and SA-
NCMC-PCL-AAPV: no significance was found; significance between SA-PCL-
AAPV and SA-NCMC-PCL-AAPV: p < 0.006 at 2 h, p < 0.0001 at 4 h, no sig-
nificance was found at 1, 6 and 24 h).
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of incubation in PBS, the efficacy of the AAPV-loaded fibers against HNE
increased. As time passes and as the fibers absorb and desorb molecules
from the surrounding medium, the AAPV loaded at the fibers’ core can
migrate to the surface, thus enabling more peptide molecules to be
released and to become available to act against HNE. It is also likely that,
due to the interactions between PCL and PBS (Table 1), the PBS salts to
have blocked momentarily the release of AAPV from the fibers’ core,
conditioning its inhibitory effect. At the 6 h mark, the highest percent-
ages of HNE inhibition were observed for all fibers, which is consistent
with the highest release rate of AAPV (Fig. 6). After this point, as AAPV
was at a smaller amount in the fibers, smaller inhibitory effects were
detected against the enzyme.

PCL-AAPV displayed lower HNE inhibitory profiles in comparison
with the AAPV-loaded co-axial fibers, possibly due to the affinity of PCL
towards PBS salts (Table 1), which could have limited the availability of
AAPV. SA-PCL-AAPV and SA-NCMC-PCL-AAPYV fibers presented similar
HNE inhibition during the first 6 h of incubation in PBS. However, at the
6 h mark, HNE inhibition became more important on the NCMC-
containing fibers. Although there are no reports addressing the NCMC
effect on the HNE activity, Chopra et al. demonstrated that CS can
inhibit elastase activity [47]. Since the modification of CS into NCMC
did not occur in all amine groups, it is possible that this inhibitory effect
may be present as well in NCMC, thus explaining the higher HNE inhi-
bition compared to the SA-PCL-AAPV fibers. Moreover, as previously
observed, the presence of NCMC caused a faster shell degradation, in
comparison with a shell of pure SA (Table 1). Therefore, it is also
possible that this faster shell degradation to have resulted in more
exposure to the AAPV molecules.

3.11. Bacteria inhibition

S. aureus growth inhibition induced by NCMC-loaded and unloaded
fibers was examined after 1, 2, 4, 6 and 24 h of incubation at 37 °C.
Results were expressed in log reduction and number of colonies forming
units (Fig. 8 and Fig. S6 in Supporting Information, respectively). After
2 h of incubation, SA-NCMC hollow fibers presented the highest log
reduction, possibly due to their flattened structure and fast shell
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degradation (Table 1). Although it was not possible to map NCMC
release kinetics in PBS, due to overlaps of maximum absorbances from
many fiber compounds, it is expected NCMC to follow a similar release
profile to AAPV, being even instigated by the pH of the surrounding
media (7.4). It is likely that the SA-NCMC shell degradation caused the
fast release of NCMC, becoming highly available to inhibit S. aureus
activity. To the authors’ knowledge, there are still no reports on the
mode of action of NCMC. Nevertheless, it is known that CS derivatives
develop molecular-level interactions with the cell membrane of bacteria
[48]. In addition, several researches addressed that the damage of
bacteria cell membranes is related to electrostatic, ionic, or hydrophobic
interactions and that the density of the electric charges on the surface of
the bacteria strongly influences the amount of CS or CS derivatives
adsorbed, which alter the membrane’s structure and permeability [48].
Furthermore, as previously discussed, NCMC also possesses hydrophilic
characteristics, having reported high degrees of swelling, which enabled
NCMC to establish strong interactions by hydrogen bonding with water
molecules from PBS. It is also possible that, in parallel with those in-
teractions, the breaking of pre-established SA-NCMC bonds might have
occurred, therefore, releasing high amounts of NCMC and substituting it
with water molecules. Nevertheless, the antibacterial effect from such
fibers reduced after the 2 h mark, possibly due to the less amount of
NCMC being available after this first interaction with the surrounding
environment.

SA-NCMC-PCL and SA-NCMC-PCL-AAPV co-axial fibers presented
lower log reduction, in comparison with SA-NCMC fibers. Since both
fibers typologies displayed superior structural stability in PBS (Table 1),
it is likely that the NCMC could be released in a more controlled and
prolonged manner, explaining the smaller antibacterial effect compared
to the hollow fibers. In fact, both co-axial fiber typologies presented
similar log reduction values throughout the 24 h of incubation in PBS,
achieving higher rates at the 6 h mark. However, SA-NCMC-PCL-AAPV
still presented a slightly higher log reduction. One plausible explana-
tion for that is associated with an interference caused by the presence of
AAPV which, as previously disclosed, presented antibacterial activity
against S. aureus (MIC/MBC of 2.048 mg/mL). Such hypothesis was also
supported by the fact that PCL-AAPV and SA-PCL-AAPV presented
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Fig. 8. S. aureus log reduction in contact with all wet-spun fibers incubated in PBS for 1, 2, 4, 6 and 24 h. Data are reported as mean + SD (n = 3). Statistical
significance was determined via Tukey test applying multiple comparisons between the different fiber typologies *p < 0.05; **p < 0.003; ***p < 0.0005.
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higher log reductions in comparison with AAPV and NCMC unloaded
fibers. Interestingly, both fiber typologies also induced superior bacteria
inhibition at the 6 h mark, coinciding with the higher release of AAPV
from the fibers (Fig. 6). In the future, additional work will be conducted
on the AAPV antimicrobial profile and its potential synergisms with
other bioactive agents, including NCMC. As expected, the bacteria
viability tendency was for the number of dead colonies to increase with
longer periods of incubation (Table S5 in Supporting Information). Yet,
between 6 and 24 h testing, coinciding with a smaller impact of AAPV
and NCMC, the live bacteria multiplicated, making the fibers incapable
of combatting their growth and stopping their proliferation, which is
also evident by a smaller log reduction in Fig. 8.

AAPV and NCMC unloaded fibers still reported residual log reduction
values which may be justified with the presence of remaining Ca>* salts
from the coagulation bath since calcium ions have been reported to
possess antibacterial properties [49]. All in all, it was noticeable that
NCMC-loaded fibers showed the highest log reduction against S. aureus,
confirming the antibacterial properties of this CS derivative.

3.12. Cytocompatibility

Cytocompatibility examinations via cell metabolic activity and cell
lysis assays were conducted by direct contact of all wet-spun fibers with
1929 and HaCaT cell lines (Fig. 9). These cell lines were selected based
on their predominance on the epidermis (keratinocytes) and connective
tissue (fibroblasts), thus better approximating the testing conditions to
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real-life scenarios [50].

According to ISO standard 10,993-5:2009, a cytotoxic effect is
defined by a reduction in cell viability (cell lysis) of >30 %. Such effect
was detected on SA-NCMC fibers (cell lysis of ~30.89 %) for L929 cell
line and on SA, SA-PCL and SA-PCL-AAPV fibers for HaCaT cell line
(~49.89 %, ~36.00 % and ~33.33 %, respectively). It has been reported
that HaCaT is more susceptible to lysis than 1929 cells when in contact
with somewhat toxic substances [51]. Higher cell lysis percentages for
SA and SA-NCMC hollow fibers may be related to their faster degrada-
tion profiles (release of many polymer fragments to the medium, which
may block cell nutrient exchanges and other biological pathways
essential to cell survival). In addition, the high hydrophilic character of
the SA-based fibers and, hence, this polymer’s great affinity towards
water may limit protein adsorption [52]. Water molecules are the first to
bind to a surface, paving the way for proteins to bind and generate
surface recognition sites for cell attachment. If such event is condi-
tioned, fibers’ biocompatibility becomes compromised [53]. Because of
its hydrophobic nature, the addition of PCL to the fibers decreased this
effect. In fact, PCL and PCL-AAPYV fibers presented the lowest cell lysis
percentages for both cell lines (inferior to 10 %) along with the highest
metabolic activity (higher than 70 %).

Many reports have shown that the addition of PCL to SA structures
not only improves its biocompatibility but also leads to an increase in
cell activity [52]. One possible explanation for such results may be
related to the high structural integrity of such fiber typologies, which did
not release polymer fragments and, therefore, caused no interference
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Fig. 9. Cytocompatibility evaluation: (a) fibroblasts from L929 and (b) keratinocytes from HaCaT cell lines were used to assess (I) the metabolic activity by resazurin
assay and (II) cell lysis by LDH assay, after 24 h of direct contact with the wet-spun fibers. Data are reported as mean + SD (n = 3). Statistical significance was
determined via Dunnett test applying multiple comparisons between the different fiber typologies and each respective positive control (*p < 0.05).
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with nutrient exchanges or other biological activities. Additionally,
structures produced via wet-spinning technique are usually highly
porous and present an interconnected porous structure, generating a
large surface area, which features have been proven to promote cell
attachment and proliferation [9].

PCL and PCL-AAPV fibers presented similar cell lysis, with differ-
ences between SA-PCL and SA-PCL-AAPV fibers and between SA-PCL-
NCMC and SA-NCMC-PCL-AAPYV fibers being also very reduced on this
front. Such observations attest to the safety of the AAPV peptide and
demonstrate its little influence on cells’ metabolic activity. Although
there are no reports on the cytocompatibility of AAPV, it is known that
low molecular weight peptides loaded at small concentrations into
scaffolding systems do not induce cytotoxic effects on cells [54]. On the
other hand, the incorporation of NCMC was seen to improve the meta-
bolic activity of both cells, compared to the NCMC-unloaded co-axial
fibers. These results are consistent with several researches addressing
the influence of CS derivatives, including NCMC, on mouse fibroblast-
like cells [55]. To the authors’ knowledge, CS mechanisms of action
towards the metabolic activity of both cell lines are not yet fully un-
derstood. One hypothesis relies on the presence of cationic amine groups
along the CS chains, which bind with anionic growth factors, conse-
quently regulating their biological functions and affecting the metabolic
activities of both tested cell lines [56]. According to Wen et al., CS binds
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with anionic transforming growth factor-p (TGF-f), which promotes fi-
broblasts senescence, forming polyelectrolyte complexes. They reported
that CS can downregulate the expression of TGF-p and delay cell
senescence [57]. In general, all wet-spun fiber typologies guaranteed
good cytocompatibility levels, which is in agreement with the literature

[9]1.
3.13. Cell proliferation

Cell proliferation was evaluated by direct contact of all wet-spun
fibers with L929 and HaCaT cell lines for 24 h and 48 h of incubation
via the Hoechst staining method (Fig. 10). PCL and PCL-AAPV fibers
promoted the highest cell proliferation for both cell lines. The contri-
butions of PCL for cell attachment and proliferation are well described
[52,58]. The explanations provided earlier to describe the PCL contri-
butions to cell cytocompatibility can also be employed here, namely the
superior structural integrity of PCL versus SA [53]. Additionally, wet-
spinning, by generating structures with a rougher topography
(increased porosity), may have allowed for more cells to bind and to
establish strong interactions and, consequently, generate a supportive
environment conducive to their proliferation.

Similarly to the results obtained from cell viability assays (Fig. 9), SA
and SA-NCMC induced the lowest cell proliferation, most likely in
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response to the fibers’ fast degradation and high hydrophilicity which
may have compromised cell functions, protein surface adsorption, and
subsequent cell attachment [52]. Moreover, NCMC-loaded co-axial fi-
bers attained higher cell proliferation than SA-PCL and SA-PCL-AAPV
fibers, attesting to this CS derivative enhancing effect on cell adhesion
and proliferation [55].

Although there are no significant increments in cell proliferation
during the first 24 h of incubation with both cell lines maintained their
viable and well-defined morphologies after contact with all wet-spun
fibers (Fig. S7 in Supporting Information), at the 48 h mark cell prolif-
eration increased. This indicates that the slight negative effects induced
on cell proliferation upon initial contact with the fibers were quickly
overcome by the cells, potentiating these fibers’ application for wound
therapies longer than 24 h.

4. Conclusions

AAPV and/or NCMC-loaded co-axial wet-spun fibers were success-
fully produced for potential applications in the treatment of CW for a 24-
hour period. Most wet-spun fibers maintained their structural integrity
in physiological-like media, over time, revealing as well great elasticity
and mechanical resilience; the only exception being the SA and SA-
NCMC hollow fibers. These fibers were, however, endowed with excel-
lent hydration capacity. Co-axial fibers guaranteed a controlled and
prolonged release of AAPV, which HNE inhibitory action was proven
effective. On its turn, NCMC-containing fibers were deemed antibacte-
rial against S. aureus, particularly at the 6 h mark. Cytocompatibility
evaluations confirmed the safety of the engineered fibers (also without
inducing any alterations in cell morphology), while cell proliferation
studies showed the fibers contribution to the increment in fibroblasts
and keratinocytes numbers. Overall, this first report on co-axial wet-
spun fibers for potential wound care therapies attested to the adequacy
of the engineered system and demonstrated its ability to combine many
intervention tools in one single structure. Future experimentation is still
required to improve the scaffold’s properties and will be performed to
alter the structure of NCMC so its release can be more easily mapped,
while also improving its antibacterial effectiveness. Moreover, AAPV
synergisms with other bioactive molecules will need further exploration.
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