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A B S T R A C T

Chronic wounds represent a serious worldwide concern, being often associated with bacterial infections. As the
prevalence of bacterial infections increase, it is crucial to search for alternatives. Essential oils (EOs) constitute a
promising option to antibiotics due to their strong anti-inflammatory, analgesic, antioxidant and antibacterial
properties. However, such compounds present high volatility. To address this issue, a drug delivery system
composed of coaxial wet-spun fibers was engineered and different EOs, namely clove oil (CO), cinnamon leaf oil
(CLO) and tea tree oil (TTO), were loaded. Briefly, a coaxial system composed of two syringe pumps, a coagu-
lation bath of deionized water, a cylindrical-shaped collector and a coaxial spinneret was used. A 10 % w/v
polycaprolactone (PCL) solution was combined with the different EOs at 2 × minimum bactericidal concen-
tration (MBC) and loaded to a syringe connected to the inner port, whereas a 10 % w/v cellulose acetate (CA)
solution mixed with 10 % w/v polyethylene glycol (PEG) at a ratio of 90:10 % v/v (to increase the fibers'
elasticity) was loaded to the syringe connected to the outer port. This layer was used as a barrier to pace the
release of the entrapped EO. The CA's inherent porosity in water coagulation baths allowed access to the fiber's
core. CA was also mixed with 10 % w/v polyethylene glycol (PEG) at a ratio of 90:10 % v/v (CA:PEG), to increase
the fibers' elasticity.

Microfibers maintained their structural integrity during 28 days of incubation in physiological-like environ-
ments. They also showed high elasticities (maximum elongations at break >300 %) and resistance to rupture in
mechanical assessments, reaching mass losses of only ≈ 2.29 % - 57.19 %. The EOs were released from the fibers
in a prolonged and sustained fashion, in which ≈ 30 % of EO was released during the 24 h of incubation in
physiological-like media, demonstrating great antibacterial effectiveness against Staphylococcus aureus, Staphy-
lococcus epidermidis, Escherichia coli and Pseudomonas aeruginosa, the most prevalent bacteria in chronic wounds.
Moreover, microfibers showed effective antioxidant effects, presenting up to 59 % of reduction of 2,2-diphenyl-1-
picrylhydrazyl (DPPH) activity. Furthermore, the coaxial system was deemed safe for contact with fibroblasts
and human keratinocytes, reaching metabolic activities higher than 80 % after 48 h of incubation. Data
confirmed the suitability of the engineered system for potential therapeutics of chronic wounds.
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1. Introduction

Chronic wounds are normally recognized by their inability to heal in
an appropriate period of time, stalling at the inflammatory phase of the
healing cascade [1]. This type of wound is considered a major threat to
global health, being frequently associated with high mortality and
morbidity rates [2,3]. They can greatly impact the health and quality of
life of patients and their effects should not be underestimated. Bacterial
infections are frequent in chronic wounds, resulting in the degradation
of the wound tissue [4]. Staphylococcus aureus, Staphylococcus epi-
dermidis, Escherichia coli and Pseudomonas aeruginosa represent four of
the most prevalent bacteria in chronic wounds [2,3]. In fact, according
to a systematic review between 2007 and 2018, the incidence of E. coli
infections has been determined to be about 73,000 every year in the
United States (USA), whereas P. aeruginosa caused around 51,000
healthcare-associated infections annually in the same country, as re-
ported in a study conducted between 2011 and 2014 by the National
Healthcare Safety Network (NHSN) [5,6]. Moreover, according to the
Center for Disease Control and Prevention (CDC), the incidence of
S. aureus-induced infections was of 119,000 during the year 2017 [7]. In
addition, the World Health Organization (WHO) stated that during the
year of 2020 that 7 out of 100 hospitalizations in developed countries
were related with S. epidermidis infections [8].

Since the invention of penicillin, antibiotics have been commonly
used as the first line of treatment for bacterial infections. Yet, their
excessive use has increased the need for alternative solutions [9].
Essential oils (EOs) are plant-derived products and have been recognized
as promising alternatives or co-adjuvant therapeutics for the treatment
of bacterial infections [10,11]. Such compounds have shown effective
antimicrobial, antioxidant and anti-inflammatory properties, without
significant side effects compromising human health [12]. Examples of
EOs that have gained considerable importance for fighting microbial
pathogens are clove oil (CO), cinnamon leaf oil (CLO) and tea tree oil
(TTO), which antimicrobial, antioxidant and anti-inflammatory prop-
erties have been addressed in many reports [13,14]. CO can be attained
from the aromatic flower buds and leaves of Eugenia caryophyllata,
which is mainly composed of eugenol (78 %), β-caryophyllene (13 %)
and eugenol acetate. The various therapeutic effects of CO are due to the
presence of eugenol that not only is considered a safe product, but also
possesses exceptional antibacterial, antifungal, anti-inflammatory, as
well as high analgesic and antioxidant properties [15]. CLO is extracted
from cinnamon barks and leaves and is primarily composed of cinna-
maldehyde. It displays similar biological traits to CO [16]. In addition,
TTO is obtained fromMelaleuca alternifolia and shows high antimicrobial
properties due to its main component, terpinen-4-ol [17]. Despite their
beneficial biological features, EOs may cause cytotoxic effects when
present at higher concentrations and low stability in physiological-like
media, besides presenting high volatility [11]. To overcome such limi-
tations, EOs can be loaded onto polymeric structures, such as coaxial
fibers produced via wet-spinning, that protect the compounds from the
surrounding environment and allow their controlled, sustained release
overtime without loss of biological functions [18].

Wet-spinning is a fiber producing technique involving the injection
of a polymeric solution into a non-solvent coagulation bath, which re-
sults in a fast precipitation of the polymer and solvent removal, ulti-
mately, forming solid microfibers. The generated fibers are
characterized by possessing high porosities, wide rays of organizations,
dimensions, physical and chemical properties, and for enabling cell
infiltration and maturation when organized in scaffolding systems
[18,19]. Many natural polymers, including alginate, gelatin, chitosan
and cellulose have been processed by wet-spinning, resulting in fibers
with a tunable variety of diameters and structural organizations [1].
Cellulose acetate (CA) is a cellulose modified polymer obtained through
the modification of three hydroxyl groups per molecule of cellulose by
an acetyl group. CA, being a polysaccharide as well, is mostly recognized
by its high mechanical properties, moisture absorption and

permeability, making it a promising polymer for medical uses [20].
Synthetic polymers, such as polylactic acid (PLA), polyglycolic acid
(PGA), polyethylene glycol (PEG) and poly(ε-caprolactone) (PCL), have
also been frequently used to generate wet-spun fibers [21]. PCL is a
semi-crystalline polyester, endowed with good solubility, biocompati-
bility, biodegradability, a low melting point and excellent mechanical
properties, also possessing a hydrophobic behavior. It is compatible with
many other polymers, making it ideal for engineering scaffolds and
implantable systems for biomedical applications [22]. Likewise, PEG is
recognized as a potential material for such applications, since it displays
high biocompatibility, non-toxicity, non-immunogenicity and has been
approved by the Food and Drug Administration [23,24].

This work aims at producing coaxial wet-spun fibers as a different
therapeutic solution for the treatment of chronic wounds, endowed with
strong antibacterial and anti-oxidant properties, as well as good me-
chanical performances and high structural stabilities when exposed to
physiological media. Such fibers were produced with a PCL core, to
ensure fibers' structural integrity, mixed with the EOs CO, CLO and TTO,
to endow the fibers with antibacterial properties [12,25]. The shell of
the fibers was made of CA, generating a porous layer that allowed access
to the core, combined with the plasticizer polyethylene glycol (PEG), for
improving elasticity [26]. Although several research studies of wet-
spinning can be found in literature, this project constitutes the first co-
axial wet-spun fibrous system (with two layers) incorporating EOs,
capable of effective antibacterial and anti-oxidant activities and effec-
tive mechanical performances. The morphology of the system was
assessed by brightfield and scanning electron microscopy (SEM) and
detailed analyses of mechanical and thermal properties were performed.
Additionally, the structural resistance of the coaxial fibers to external
agents present in the physiological media was investigated, along with
the release profiles of the entrapped EOs. Several biological tests,
including examinations of skin cell cultures, were also conducted to
determine the safety of the engineered structure.

2. Materials and methods

2.1. Materials

CA (Mn 50,000), PCL (Mn 80,000), PEG (Mn 20,000), 1,1–diphenyl-
2-picrylhydrazyl (DPPH), Dulbecco's Phosphate Buffered Saline (DPBS),
Trypsin-EDTA, Tryptan Blue solution and Fetal Bovine Serum (FBS)
were obtained from Sigma-Aldrich (St. Louis, Missouri, USA). N,N-
dimethylformamide (DMF) was acquired from Merck (Darmstadt, Ger-
many). Dimethyl sulfoxide (DMSO) and 6-hydroxy-2,5,7,8-tetramethyl-
chroman-2-carboxylic acid (Trolox) were acquired from Fisher
(Maharashtra, India). Dulbecco's Modified Eagle Medium (DMEM),
Penicillin-streptomycin, Alamar Blue and LDH kit were acquired from
Invitrogen (Massachusetts, USA). Triton was acquired from Bio-Rad
Laboratories (California, USA). Pure cinnamon leaf oil (CLO, ρ =

1.049), pure clove oil (CO, ρ =0.900) and pure tea tree oil (TTO, ρ =

0.895) were obtained from Folha d'Água Company (Santo Tirso,
Portugal). Sodium phosphate dibasic (Sigma-Aldrich), monosodium
phosphate monohydrate (Merck), potassium chloride (Merck) and so-
dium chloride (Merck) were used in the preparation of phosphate buffer
saline solution (PBS at 0.1 M: 1.44 g/L of Na2HPO4, 0.24 g/L of KH2PO4,
0.20 g/L KCl and 8.00 g/L of NaCl, adjusted to physiological pH 7.4).
Gram-positive bacteria S. aureus (ATCC 6538) and S. epidermidis (ATCC
35984), along with Gram-negative bacteria E. coli (ATCC 25922) and
P. aeruginosa (ATCC 25853) were supplied by American Type Culture
Collection (ATCC, Virginia, USA). For bacteria growth, trypticase soy
broth (TSB), trypticase soy agar (TSA), nutrient agar (NA) and nutrient
broth (NB) were purchased from VWR (Alfragide, Portugal), while
Mueller Hinton broth (MHB) was obtained from CondaLab (Madrid,
Spain). Human keratinocytes cell line (HaCaT) was purchased from
Thermo Fischer Scientific (Waltham, USA) and mouse embryonic fi-
broblasts cell line (NIH 3 T3) from Sigma Aldrich (Darmstadt, Germany).

C.S. Miranda et al.
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All reagents were used without further purification.

2.2. Determination of EOs minimum inhibitory and bactericidal
concentrations (MIC and MBC)

CO, CLO and TTO MICs against S. aureus, S. epidermidis, E. coli and
P. aeruginosa were determined using the broth microdilution method
[27], which adapts the standard published by the Clinical and Labora-
tory Standards Institute (CLSI) and the European Committee on Anti-
microbial Susceptibility Testing (EUCAST) [28].

Prior to any testing, the chemical compositions of the CO, CLO and
TTO were assessed by solid-phase micro-extraction and gas chroma-
tography–mass spectrometry (SPME-GC–MS). Here, a SPME fiber of
polydimethylsiloxane was exposed to the vapor phase of the EOs, at 1
mg/mL, for 24 h at 35 ◦C. Stock solutions of CO, CLO and TTO were
prepared at concentrations of 528, 524.50 and 447.50 mg/mL, respec-
tively. 100 μL of each solution were added to the first column of a 96-
well plate (3 replicates). Serial dilutions (1/2 v/v) were performed in
MHB, until a final volume of 50 μL was achieved in each well. The
bacterium suspension prepared in MHB at 1 × 106 colony forming units
(CFUs)/mL was then added to the wells (50 μL; final bacterium con-
centration of 5 × 105 CFUs/mL). As control, MHB (negative) and the
bacterial suspensions free from CO/CLO/TTO (positive) were used. An
EZ READ 2000 Microplate Reader (Biochrom, Harvard, USA) was used
to read absorbances 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 bacte-
rial 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 (S. aureus, S. epidermidis and E. coli) and NA
(P. aeruginosa), and then incubated at 37 ◦C for 24 h, at which point
grown colonies were observed and counted.

2.3. Wet-spun fibers production

10 % w/v CA, PEG and PCL solutions were prepared, separately, in
DMF and stirred continuously for 1 h at 50 ◦C. PEG was added to a
portion of the CA solution at a ratio of 10:90 v/v, respectively, and
homogeneously blended for 12 h at 50 ◦C (CA-PEG solution). On its turn,
CO, CLO and TTO were combined with the PCL solution at 2× their MIC
and left to homogenize for 1 h at 50 ◦C (PCL-CO, PCL-CLO and PCL-TTO
solutions). Viscosities were measured using a viscometer Brookfield DV-
II + Pro (Boston, USA), spindle 21, with speeds of 50–70 rpm at
17–35 ◦C. Air bubbles were removed by solutions' ultrasonication, fol-
lowed by fiber production. The rate and volume of extrusion were tuned
by two syring pumps (NE-300, New Era Pump Systems, Norleq, Santo
Tirso, Portugal). The system was also composed by a coaxial spinneret
and a large tray containing 500 mL of deionized water (dH2O) coagu-
lation bath, at room temperature (RT). All fibers were collected auto-
matically in a cylindrical-shaped collector at speeds of 9–13 rpm and
dried for 1 h at RT. Syringes connected to the inner port (core) and the
outer port (shell) of the coaxial spinneret were loaded with PCL-CO,
PCL-CLO, PCL-TTO solutions and CA-PEG solution, respectively. PCL-
CO, PCL-CLO and PCL-TTO were ejected at 0.10 mL/min, whereas CA-
PEG was ejected at 0.12 mL/min, forming PCL-CO/CA-PEG, PCL-CLO/
CA-PEG and PCL-TTO/CA-PEG fibers. Control fibers were produced
without the shell (just PCL,PCL-CO, PCL-CLO and PCL-TTO), without the
core (hollow fibers of CA and CA-PEG) and without some of the com-
ponents of the coaxial system, namely CO,CLO,TTO and PEG (PCL/CA),
PEG (PCL-CO/CA, PCL-CLO/CA and PCL-TTO/CA), and CO,CLO and
TTO (PCL/CA-PEG). The same processing parameters were applied for
both control samples and the complete system. Finally, all samples were
stored in a cabinet desiccator (Sicco, Grünsfeld, Germany) at 19 ◦C and a
relative humidity of 41 %, for additional testing.

2.4. Microfibers' physical, chemical, thermal and mechanical
characterization

2.4.1. Brightfield microscopy
Brightfield microscopy was applied to analyze the morphology of all

fiber typologies. An inverted Leica DM IL LED microscope (Leica
microsystems, Weetzlar, Germany) was used and five images were
collected at 5× and 10× magnifications. In addition, the average fiber
thicknesses (5 measurements per image) were determined via ImageJ®
software (version 1.53, National Institutes of Health, Bethesda, Mary-
land, USA).

2.4.2. Scanning electron microscopy (SEM)
Morphological analyses were done in an Ultra-high Resolution Field

Emission Gun Scanning Electron Microscope (FEG-SEM), NOVA 200
Nano SEM, FEI Company (California, USA). Transversal section of
samples was obtained by cryogenic cutting in liquid nitrogen using a
microtome blade. Morphology of those transversal sections was ob-
tained with a Secondary Electron Detector (SE) using an acceleration
voltage of 10 kV. Before morphological analyses, samples were covered
with a film of Au–Pd (80–20 wt%) of 30 nm using a high-resolution
sputter coater, 208HR Cressington Company, coupled to a MTM-20
Cressington High Resolution Thickness Controller. Images were
collected with a magnification of 500× and processed with Image J®
software.

2.4.3. Attenuated total reflectance-fourier transform infrared spectroscopy
(ATR-FTIR)

ATR-FTIR analyses were carried out with an IRAffinity-1S (Shi-
madzu, Kyoto, Japan), coupled with a HATR 10 accessory containing a
diamond crystal, in order to characterize the chemical composition of all
wet-spun fibers. Spectra were obtained between 400 and 4000 cm− 1,
with 200 scans and 2 cm− 1 resolution.

2.4.4. Differential scanning calorimetry (DSC)
The thermal stability of the samples was assessed by DSC analyses,

with the use of a Mettler Toledo equipment model DSC-822 (Columbus,
USA). The preparation of the samples was based on their placement in an
aluminum crucible, being were exposed to a heating gradient of 10 ◦C/
min, from 25 to 500 ◦C, under nitrogen atmosphere at 100 mL/min.

2.4.5. Thermogravimetric analysis (TGA)
TGA analyses were performed with a STA 7200 Hitachi (Fukuoka,

Japan), in which the 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 purge flow at 200 mL/
min.

2.4.6. Mechanical performance
The mechanical performance all fiber samples was evaluated by

determining their maximum elongations at break, using a Housefield
H5KS dynamometer (Artilab, Kerkdriel, Netherlands). Such equipment
was associated with the QMAT Materials Testing & Analysis software,
following the standard ISO 2062–2009. Filaments of 10 cm in length
from each sample were analyzed at RT with a holding distance (gauge
length), starting at 100 mm, increasing 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 0 N.

2.4.7. Degree of swelling (DS)
Hydration properties of the fibers were assessed by calculating the

fibers DS. Initially, 10 mg from each fiber typology were incubated in
PBS at 37 ◦C. Such samples were weighted before and after 72 h im-
mersion (at which point saturation was reached). DS was calculated
using the following expression (Eq. 1):

C.S. Miranda et al.
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DS (%) =
ws − wd

wd
×100, (1)

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

2.4.8. Fiber degradation
Fibers' structural integrity when exposed to physiological media was

assessed by the incubation of 10 mg from each fiber typology in PBS, at
37 ◦C up to 28 days. In parallel, 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

mi
×100, (2)

in whichmi (mg) represents the weight of the hydrated fibers at time 0 h
(prior to fibers' incubation in PBS) andmf (mg) corresponds to the fibers'
weight after each incubation period.

2.5. Release kinetics

The release kinetics of EOs were analyzed by UV–visible spectros-
copy, using a UV-1800 UV–visible spectrophotometer (Shimadzu,
Kyoto, Japan). Firstly, calibration curves relating to TTO (0.10 to 1.60
mg/mL), CLO (0.02 to 0.20 mg/mL) and CO (0.03 and 0.30 mg/mL)
dissolved at different concentrations in PBS were elaborated, thus and
enabling a reliable detection of the spectra's region of interest (220 nm
for TTO and 280 nm for CO and CLO). Results were plotted as absor-
bance vs wavelength. Afterwards, CO, CLO and TTO release from all
wet-spun fibers during time was assessed in PBS. Samples of 10 mg from
each EOs-loaded fibers were incubated in 1 mL of PBS at 37 ◦C and 120
rpm up to 24 h. After 1, 2, 4, 6, and 24 h, aliquots of 150 μL were
collected and their absorbances were measured via UV–visible spec-
troscopy, using a quartz microcuvette of 1.4 mL. The release of the EOs
was determined by the differences in absorbance between the first
moment of interaction (0 h) and the subsequent measuring periods up to
24 h.

2.6. Antioxidant activity analysis

Free radical-scavenger activity was determined using the 1,1-
diphenyl-2-picrylhydrazyl (DPPH) assay. Samples of 10 mg were
immersed in 1 mL of absolute ethanol and incubated at 37 ◦C and 120
rpm for 1, 2, 4, 6 and 24 h. Ethanol was selected because of the high
solubility of EOs in such solvent, thus facilitating detection of their
antioxidant activity (PBS leads to phase separation, which compromises
absorbance readings) [29]. Aliquots were collected at each time period
and, in a 96-well plate, 140 μL of a DPPH stock solution (400 μM in
absolute ethanol) were mixed with 10 μL of each aliquot. DMSO and
Trolox were used as negative and positive controls, respectively. The
absorbances were monitored every 5 min for 1 h, and measured at 515
nm, using an EZ Read 2000 Microplate Reader. Experiments were con-
ducted in triplicate and data was reported in terms of the percentage of
reduced DPPH at a steady state, which was calculated as follows (Eq. 3):

DPPHr (%) =
Ai − Ar

Ai
×100, (3)

in which Ar represents the absorbance registered at a steady state and Ai
corresponds to the initial absorbance.

2.7. Bacteria inhibition: Time-kill kinetics

Antibacterial properties of all wet-spun fibers were evaluated by
time-kill kinetics tests, which were performed according to standard

ASTM E2149–01, adapted as reported previously [30]. The antibacterial
profile of the wet-spun fibers was tested against 1 × 105 CFUs/mL sus-
pensions of S. aureus, S. epidermidis and E. coli in TSB, along with sus-
pensions of P. aeruginosa in NB. 10 mg samples from each fiber typology
were placed in 1 mL of each bacterium suspension and incubated at
37 ◦C and 120 rpm for 1, 2, 4, 6 and 24 h. At each time point, bacterial
suspensions were serially diluted in PBS (101 to 104), plated in TSA and
NA, and incubated at 37 ◦C for 24 h. Grown colonies were counted, and
results were expressed in in % of inhibition of four bacteria activities
(S. aureus, S. epidermidis, E. coli and P. aeruginosa). All measurements
were performed in triplicate.

2.8. Cytocompatibility testing

2.8.1. Cell culture conditions
The cytocompatibility and cell proliferation of all fiber typologies

towards mouse embryonic fibroblast cell line (NIH 3 T3) and human
keratinocytes cell line (HaCaT) were evaluated using direct contact
assay. Cells were thawed and sub-cultured in DMEM 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 % CO2. There-
after, cells were chemically detached from cell culture flasks using
trypsin-EDTA solution. The number of cells was determined using a
Malassez cell (Marienfeld, Germany), with cells labelled with trypan
blue (Sigma Aldrich, UK), and counted using a Carl Zeiss Suzhou Co.,
Ltd. (Suzhou, China) microscope. Cells were seeded in 96-wells plates
(Greiner, Germany) and incubated for 24 h at 37 ◦C in a humidified
atmosphere of 5 % CO2. The experiments were performed using fibro-
blasts at passages 2 to 12 and keratinocytes cell line at passages 20 to 30.
2 mg of fibrous samples, corresponding to ≈ 1.20 cm length, were used
for each test. Experiments were conducted in triplicate. Fibers were
washed and disinfected during 5min, 3 times with dH2O and 1 time with
ethanol 70 % v/v, respectively, prior to any testing.

2.8.2. Cell viability assessment
Prior to any fiber testing, the determination of the optimum cell

number was carried out by seeding cells into 96-wells plates at con-
centrations from 5 × 103 to 2.5 × 104 cells/well. Cells were incubated
overnight at 37 ◦C and 5 % CO2 atmosphere. Afterwards, the medium
was aspirated from all wells and 100 μL of a 10 % v/v alamar blue so-
lution (Invitrogen) were added to each well. Cells were again incubated
for 1 h and the fluorescence was read (λex = 560 and λem = 590 nm)
using Tecan fluorimeter (Tecan Spark, Lyon, France) with Tecan Spark
Control 3.2 software. The metabolic activity for each cell concentration
was calculated using Eq. 4:

Metabolic activity (%) =
Flu sample − Flu negative control

Flu positive control − Flu negative control
×100,

(4)

where Flu sample corresponds to the fluorescence of each sample, Flu
negative control corresponds to cells grown in 5 % v/v DMSO solution
and Flu positive control corresponds to a seeding of 5 × 104 cells/well.

After determining the optimum cell number for each cell line (2 ×

104 cells/well and 1.5 × 104 15,000 cells/well for NIH 3 T3 and HaCaT,
respectively), cells were then seeded at the established optimum con-
centration and 6 h later, fibers were added to the wells. After 24/48 h of
incubation at 37 ◦C and 5 % CO2 atmosphere, the metabolic activity of
the cells was evaluated, repeating all the procedures reported above.

2.8.3. Cell lysis assessment
Cell lysis test was performed by following the instructions from LDH

kit (Invitrogen). Firstly, the optimum cell number for performing LDH
assay was determined by seeding cells at concentrations from 0 to 1 ×

104 cells/well in 96-well fat black tissue plates (6 replicates for each cell
concentration). Cells were incubated overnight at 37 ◦C and 5 % CO2
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atmosphere. Afterwards, 10 μL of sterile water were added to the first
three replicates of each cell concentration (spontaneous LDH activity),
whereas 10 μL of 2 % v/v Triton solution in DPBS were added to the
second set of replicates for each cell concentration (maximum LDH ac-
tivity). Cells were again incubated for 45 min, protected from light,
followed by the transfer of 50 μL of each supernatant to a new plate, to
which 50 μL of a reaction mixture was added. Cells were once more
incubated at RT during 10 min, protected from light. Then, 50 μL of a
stop solution were added to all wells and fluorescence was read (λex =
560 and λem = 590 nm) using Tecan fluorimeter. The fluorescence of the
maximum LDH release activity absorbances minus the spontaneous LDH
release absorbances versus the tested cell numbers was plotted with the
GraphPad Prism 8.0 software.

Cells were then seeded at the determined optimum cell number and,
6 h later, fibers were added. After 24 h of incubation, the cell lysis test
was repeated. The percentages of cell lysis were then determined using
the following Eq. 5:

Cell lysis (%) =
Fluo sample − Fluo spontaneous ctrl

Fluo maximum ctrl − Fluo spontaneous ctrl
×100, (5)

where Fluo sample corresponds to the fluorescence of cells treated with
each fibrous sample, Fluo spontaneous ctrl corresponds to cells treated
with sterile H2O (spontaneous LDH activity) and Fluo maximum ctrl
corresponds to the cells treated with 2 % v/v Triton (maximum LDH
activity).

2.8.4. Cell morphology observations
Cells morphologies were visualized with a light microscope (Carl

Zeiss Suzhou Co., Ltd.). Light microscope images were collected at the
beginning of the experiment (t = 0 h) and after 24 h of incubation in
contact with each fibrous samples, as to evaluate the cell morphology, as
well as the possible presence of damaged areas. The images were ac-
quired at a 10× magnification objective using an Axiocam 105 color
camera (Zeiss, Switzerland), with Zeiss ZEN 3.8 software.

2.9. 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 and
Tukey multiple comparisons test, comparing the mean of each column
with the mean of every other column. Statistically significant differences
were considered at p < 0.05.

3. Results and discussion

3.1. Characterization of the EOs

Three different EOs (Table 1) were selected and tested in free form
(not incorporated in fibers) for their MBCs against four bacteria
commonly present in chronic wounds, namely S. aureus, S. epidermidis,
E. coli and P. aeruginosa [2,3]. TTO was the most effective EO against all

four bacteria. Several studies exploring TTO-loaded structures have re-
ported this EO strong antibacterial effects as a result of the presence of
1,2,3,5-tetramethylbenzene, along with terpinen-4-ol (Table S1 in
Supporting Information) [14,31]. Indeed, according to literature, the
mechanism of action of TTO relies on the denaturation of proteins,
simultaneously altering the functions of bacteria cell membranes and
walls, being highly effective against a wide variety of microorganisms
[14,32]. On its turn, the strong antibacterial properties of CLO and CO
result from one of their main elements, eugenol [10,13]. CLO presented
slightly lower MBCs than CO. One possible explanation may be related
to a larger eugenol content in CLO (Table S2 and S3 in Supporting In-
formation). The antibacterial mechanism of action of CLO is often
associated with its capacity to remain at the bacteria cell surface and, in
parallel with this occurrence, altering the functions and structure of
bacterium which finally results in the leakage of cell content [10]. On
the other hand, CO mechanism relies on the disruption of the transports
of ion and solutes in bacteria, passing through their membrane, leading
to cell death [33].

In a general perspective, the three tested EOs showed lower MIC/
MBC values towards the inhibition of Gram-positive bacteria than Gram-
negative ones (only attending the tested lot of bacteria strains). Similar
results have been previously reported, addressing the superior endur-
ance of Gram-negative bacteria towards the action of the hydrophobic
biomolecules present in EOs. According to Kamel et al., the lipid bilayer
present in Such the Gram-negative bacteria, tends to offer higher pro-
tection to the bacteria cells, therefore limiting the passage of external
invaders, including EO molecules [14,32].

3.2. Wet-spun fiber morphology

For a better understanding on the influence in rheological properties
upon the presence of the three tested EOs, the viscosities of PCL, PCL-
CO, PCL-CLO, PCL-TTO, CA and CA-PEG solutions were determined as
a function of temperature (Fig. S1 in Supporting Information). PCL
presented higher viscosity in comparison with CA solution, likely related
to the fact that the former has a higher Mw. Furthermore, the addition of
CLO resulted in a decrease in the viscosity of PCL solution.. Such result
was also expected due to the high affinity between EOs and PCL and,
therefore, influencing the rheological properties of the PCL solution
[11,13]. Interestingly, as CO possesses a higher density in comparison
with CLO and TTO, a higher viscosity for the PCL-CO solution was
attained. Another decrease in viscosity was observed after the addition
of PEG to the CA solution. Several reports address the formation of
intermolecular hydrogen bonding of hydroxyl groups from CAwith PEG,
along with interactions of PEG hydroxyl groups with CA carbonyl groups
[34,35]. Such interactions, together with the fact that PEG has a lower
Mw than CA, justify the decrease of the solution viscosity.

SEM micrographs of the fibers' cross-section, morphology via
brightfield microscopy, physical images of the fibers at macroscopic
view and average diameters are shown in Fig. 1 and Fig. S2 in Sup-
porting Information. Apart from TTO, incorporation of EOs into PCL
fibers resulted in an increase of the core's thickness (e.g., 158.699 μm
from PCL fibers to 201.554 μm from PCL-CLO fibers). One possibility for
this outcome relies on the fact that, since both CO and CLO present
higher affinity with PCL, alterations were introduced to the PCL poly-
meric chains, giving rise to less constricted structures in PCL-CO and
PCL-CLO fibers [13,36]. That same observation was made by Unalan
et al., in which the incorporation of CO onto PCL and gelatin electrospun
nanofibers resulted in an increase in the fibers' diameters [37]. In fact,
the high affinity between PCL and eugenol has already been demon-
strated by the formation of intricate interactions between eugenol's
hydroxyl groups and PCL's carbonyl groups [11].

On the other hand, since TTO does not contain eugenol, the opposite
effect on the fibers' diameter was attained.

In general, the core's thickness within the coaxial fibers was superior
to the thickness of monolayered fibers (e.g., core thickness of 280.933

Table 1
MBCs of the tested EOs against S. aureus, S. epidermidis, E. coli and P. aeruginosa
reference strains.

EOs S. aureus S. epidermidis E. coli P. aeruginosa

CO MIC (mg/mL) 2.060 2.060 3.500 39.300
MBC (mg/mL) 4.125 4.125 8.250 >528.000

CLO MIC (mg/mL) 2.050 0.830 1.024 52.800
MBC (mg/mL) 4.100 1.024 1.024 >528.000

TTO MIC (mg/mL) 1.748 1.748 1.748 3.500
MBC (mg/mL) 3.500 1.748 1.748 3.500
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μm in PCL/CA fibers). This can be explained by the affinity between PCL
and CA polymers, which were also dissolved in the same solvent.
Consequently, interactions between the core and shell components
occurred, along with the expansion of the inner layer by partially
incorporating the shell (Fig. 1a and b). In fact, many reports have shown
the successful blending of CA with PCL that establish interactions be-
tween hydroxyl groups present in CA polymeric chains together with
carbonyl groups of PCL polymeric chains [38]. Coaxial fibers containing
solely CA at the shell exhibited similar thickness ranges compared to the
coaxial fibers with a shell made of CA and PEG (e.g., total diameter of
389.623 μm was achieved for PCL-CO/CA fibers and a diameter of
383.717 μm was attained for PCL-CO/CA-PEG fibers). This observation
is expected considering both the PEG and the EOs were added to the
fibers at very low proportions compared to the main polymers (CA and
PCL). In the absence of the fibers' core, CA and CA-PEG hollow fibers
presented larger shell thicknesses (e.g., 370.667 μm for CA fibers and
280.933 μm for PCL/CA fibers). A similar outcome was attained in a
previous research from our team, in which hollow wet-spun fibers dis-
played higher thicknesses in comparison with shell thicknesses of co-
axial fibers [39]. Such result is caused by a higher expansion of
polymeric chains from CA and PEG polymers, since both compounds are
not restricted by any innermost layer [36].

3.3. ATR-FTIR

ATR-FTIR spectra were collected for all wet-spun fibers (Fig. 2) and
their characteristic peaks were identified (Table S4 in Supporting In-
formation). Characteristic peaks of PCL were detected in all PCL-
containing fibers, the first one at 1728 cm− 1 and the second at 2950
cm− 1 . According to literature, the former peak refers to PCL's carbonyl
groups, whereas the latter is referent to C–H vibrations. Bands centered
at 1166 and 1250 cm− 1 were also detected, being associated with C-O-C
vibrations [40]. On its turn, the presence of CA in all CA-containing fi-
bers was proven by the peaks centered at 1738 and 1660 cm− 1, linked to

the polymer carbonyl and possible H-O-H bending of absorbed water,
respectively [41]. Moreover, peaks referring to the CH2 vibrations,
acetyl ester groups and C–O stretching vibrations were detected at
1438, 1222 and 1044 cm− 1, respectively [42]. The occurrence of PEG
was confirmed on all PEG-containing fibers by a more intense peak
centered at 3310 cm− 1 (due to OH stretching vibrations) and through a
shift of the carbonyl peak from 1738 to 1732 cm− 1. According to
Majumder et al., the former happens due to the formation of intermo-
lecular hydrogen bonding between CA and PEG [34]. Whereas, ac-
cording to Chen et al., the latter results from the interactions of the
hydroxyl groups of PEG with the carbonyl groups of CA [35]. Since CO,
CLO and TTO were loaded into the fibers at low concentrations (high
polymer/EOs content ratio), it was not possible to confirm their pres-
ence with the present technique.

3.4. Differential scanning calorimetry

The thermal behaviors of all wet-spun fibers were assessed by DSC
thermograms (Fig. 3) and the main characteristic peaks were identified
(Table S5 in Supporting Information).

The presence of PCL was detected by a first endothermic peak,
perceived in the PCL fibers (Fig. 3a),centered at 59.24 ◦C (onset at
52.85 ◦C and endset at 63.78 ◦C), translating into the melting point of
the polymer. Another highly pronounced peak was then observed at ≈
422.37 ◦C (onset at 413.17 ◦C and endset at 448.16 ◦C) which represents
the complete degradation of PCL [43]. The effect of the incorporation of
EOs onto PCL fibers was also detected, resulting in small shifts in PCL
melting temperatures (e.g., from 59.24 ◦C to 56.89 ◦C in relation to PCL-
CLO fibers), along with an increase in the enthalpy (e.g., from − 327.94
mJ to − 243.16 mJ, again for PCL-CLO fibers). According to Zhelyazkov
et al., EOs are endowed with a plasticizing effect that leads to higher
chain mobility, explaining the present results [44]. Another relevant
factor which justifies these occurrences consists in the good miscibility
between both PCL and EOs, generally resulting in small shifts of

Fig. 1. Micrographs of the PCL-TTO/CA-PEG wet-spun fibers' morphology obtained by (a) SEM: 1. PCL/CA-PEG (272.00 ± 72.919 μm) (magnification of 500 x, 200
μm scale bar), 2. PCL-CO/CA-PEG (183.860 ± 25.221 μm) (magnification of 1000 x, 100 μm scale bar); (b) micrographs of CA-PEG wet-spun fibers' morphology
obtained by brightfield microscopy and (c) images of PCL-CLO/CA fibers attained by macroscopic view: 1. single filament, 2. multi-filament. Distribution of (d) inner
diameters (PCL as control), (e) shell thicknesses (CA and CA-PEG as controls) and (f) complete fiber diameters of all wet-spun fiber typologies (PCL/CA and PCL/CA-
PEG as controls). Data are reported as mean ± SD (n = 5). Statistical significance was determined via 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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endothermic peaks [45]. On the other hand, PCL-TTO fibers showed a
lower melting temperature (≈ 45.32 ◦C) along with a higher enthalpy
(− 180.12 mJ) in comparison with CO/CLO-loaded fibers, which indi-
cate, once more, that the interactions between this EO and PCL poly-
meric chains occurred less effectively. Once again, the different
composition of TTO may be behind the observations (Table S1 in Sup-
porting Information) [13].

On the other hand, CA fibers presented an endothermic peak
centered at 93.46 ◦C (onset at 51.59 ◦C and endset at 118.51 ◦C)
(Fig. 3b). According to Ribeiro et al., peaks centered at ≈ 100 ◦C are
associated with the outflow of water molecules [46]. Another peak
detected at ≈ 160.95 ◦C (onset at 128.34 ◦C and endset at 204.11 ◦C)
was linked to the glass transition temperature of CA [46,47]. Finally, a
third peak was detected at≈ 223.45 ◦C (onset at 215.29 ◦C and endset at
228.74 ◦C), ascribed to the crystallization of the amorphous domains of
the CA chains [46]. The addition of PEG to the CA fibers resulted in the
appearance of a peak at ≈ 36.73 ◦C (onset at 28.23 ◦C and endset at
41.37 ◦C), which is attributed to the exothermic crystallization of PEG
[35]. A peak at ≈ 88.63 ◦C (onset at 54.59 ◦C and endset at 112.85 ◦C)
was also observed as a result of the interactions between CA and PEG
that shifted the peak detected in the pristine CA fibers at 93 ◦C. Addi-
tionally, the melting endothermic peak of PEG was shifted since, ac-
cording to Chen et al., that peak usually occurs in the range of 50–70 ◦C.
Considering interactions between hydroxyl groups in PEG and carbonyl
groups in CA are frequent, this justifies the shift from the characteristic
peak of PEG [35]. Finally, the characteristic endothermic peak of CA

observed at ≈ 223.45 ◦C was maintained and another endothermic peak
related to the pyrolysis process of PEG appeared at≈ 368.23 ◦C (onset at
217.30 ◦C and endset at 377.09 ◦C), which frequently occurs around
350 ◦C [48]. According to Faradilla et al., the temperature of its pyrol-
ysis process is directly proportional to the Mw of PEG, explaining the
augment in ≈ 18 ◦C compared to the literature [48].

The characteristic PCL, CA and PEG peaks were also observed in the
coaxial fibers. Similarly to the monolayered fibers, the addition of EOs
resulted in small shifts in the PCL characteristic peaks and in a reduction
of enthalpy, which is also in accordance with the results from Fig. 3a.
PCL/CA-PEG fibers displayed a peak centered at 46.25 ◦C (onset at
41.02 ◦C and endset at 49.17 ◦C), which was originated from the crys-
tallization exothermic peak of PEG, detected at 36 ◦C in the CA-PEG
fibers [49], combined with the melting point of PCL, detected at 55 ◦C
in the PCL fibers [43]. Additionally, a peak centered at 90.93 ◦C (onset at
63.35 ◦C and endset at 113.79 ◦C) was registered, ascribed to the
outflow of water molecules from CA. At 148.20 ◦C (onset at 128.51 ◦C
and endset at 162.34 ◦C), a different peak was also detected corre-
sponding to the glass transition temperature of CA [46].

3.5. Thermogravimetric analyses

Thermogravimetric analyses (TGA) analyses allow the determination
of the degradation temperature from each fiber component, relevant to
detect the capacity for the proposed system to undergo several sterili-
zation processes, while keeping its structure intact when exposed to

Fig. 2. ATR-FTIR spectra of (a) CO, CLO and TTO (liquid form); PCL, PCL-CO, PCL-CLO and PCL-TTO fibers; (b) PEG powder, CA and CA-PEG fibers; (c) PCL/CA,
PCL-CO/CA, PCL-CLO/CA and PCL-TTO/CA coaxial fibers; and (d) PCL/CA-PEG, PCL-CO/CA-PEG, PCL-CLO/CA-PEG and PCL-TTO/CA-PEG coaxial wet-spun fibers.
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body temperatures [50]. Furthermore, levels of retention from such
samples can also be analyzed, determining the ability of the system to
maintain a moist wound environment, essential for accelerating the
wound healing process [51]. It is also relevant to mention that, with this
technique, it is possible to compare thermograms of individual polymers
with composite samples, this way detecting if any chemical interaction
was established between the tested materials. As a result, TGA de-
terminations were performed to uncover the wet-spun fibers degrada-
tion steps (Fig. 4).

PCL monolayer fibers registered high mass losses only at tempera-
tures superior to 350 ◦C, as evidenced in the respective DTG curve
(Fig. 4e) and coherent with the endothermic peak detected at 422.37 ◦C
by DSC (Fig. 3a) [52]. The incorporation of EOs onto PCL fibers lowered
the degradation temperatures (to ≈ 270 ◦C). According to Phaiju et al.,
when EOs are successfully incorporated into a polymeric matrix, they
influence the polymeric chains orientation and decrease the crystallinity
of the structure, explaining earlier degradations [45].. Still, CO and CLO-
loaded fibers endured slightly smaller mass losses occurring at slower
rates than TTO-containing fibers, highlighting the effective thermal
stability of the structures and confirming that a strong network was
generated with PCL. On its turn, TTO-loaded fibers suffered higher mass
losses that occurred at a faster rate. Such result is associated with the
smaller fiber diameters, resulting from lower intermolecular bonds with
PCL [11,13], which compromised the fibers' thermal stability (as evi-
denced in the DSC data, Fig. 3).

CA fibers (Fig. 4b) endured small mass losses (≈ 5 %) up until 200 ◦C
related with water molecule bonding with the hydroxyl groups of CA, as
well as the deacetylation of CA. However, from 300 to 400 ◦C, CA fibers
lost ≈ 75 % of their mass, representing the main thermal decomposing
step of CA, as it is evidenced with a peak centered at≈ 350 ◦C in the DTG
thermogram (Fig. 4f), in which breakdown of glycosidic bonds occurred.
Finally, at temperatures superior to 400 ◦C, CA fibers lost their
remaining mass at a slower rate, corresponding to the fibers' complete
degradation and decomposition [53]. Interestingly, on its own, PEG
started suffering mass reductions at a higher temperature (≈ 355 ◦C).

This observation is in accordance with several reports that show the
pyrolysis process of PEGs with molecular weights higher than 1000 Da
to occur around 300/350 ◦C. In addition, its thermal decomposition
usually takes place between 340 ◦C and 415 ◦C, also shown in the
respective DTG representation, and is predicted to start at the -C-O- and
-C-C- bonds of its backbone chains [48,54]. On its turn, CA-PEG fibers
experienced lower thermal stability at 200 ◦C and higher mass losses
compared to CA alone, between 300 and 400 ◦C, corroborating DSC data
(Fig. 3b) [55].

PCL/CA fibers reported thermal stability until ≈ 250 ◦C, after which
they lost near 73 % of their mass (300–400 ◦C), presenting a first peak
shown in their DTG curve (Fig. 4g). Additionally, such fibers reached
almost complete degradation at ≈ 450 ◦C (second peak present in DTG
thermogram) [52,53]. Data was consistent with the observations made
on the monolayered fibers and, in general, EOs incorporation onto co-
axial fibers resulted in lower thermal stabilities (higher mass losses). On
the other hand, PCL/CA-PEG fibers suffered higher mass losses until
200 ◦C and started degrading at a lower temperature (≈ 250 ◦C)
compared with the PCL/CA fibers. The differences in the thermal
behavior were caused by the interactions established between CA and
PEG, which altered the polymeric chains and crystallinity of CA [55].
Such observation is coherent with the thermal peaks attained at 148 ◦C
and 223 ◦C in the DSC spectra of coaxial fibers, referring to CA glass
transition temperature (Fig. 4c).

3.6. Mechanical testing

The mechanical properties of the wet-spun fibers were evaluated by
their maximum elongations at break and breaking strengths (Table 2).
CA and CA-PEG hollow fibers could not be analyzed due to their rigid
nature (reduced elasticity) and paper-like consistency [56]. On its turn,
all the remainder engineered wet-spun fibers showed elongations at
break superior to 300 %, along with breaking strengths of over 8 kPa,
resulting from the presence of PCL, which high elasticity has been dis-
closed in several reports. [57]. Apart from the PCL-TTO combination, all

Fig. 3. DSC thermograms of (a) PCL, PCL-CO, PCL-CLO and PCL-TTO fibers, (b) CA and CA-PEG hollow fibers, (c) PCL/CA, PCL-CO/CA, PCL-CLO/CA and PCL-TTO/
CA coaxial fibers and (d) PCL/CA-PEG, PCL-CO/CA-PEG, PCL-CLO/CA-PEG and PCL-TTO/CA-PEG coaxial wet-spun fibers (complete form).
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Fig. 4. TGA thermograms of (a) PCL, PCL-CO, PCL-CLO and PCL-TTO fibers and (e) respective DTG curves, (b) CA and CA-PEG hollow fibers and (f) respective DTG
curves, (c) PCL/CA, PCL-CO/CA, PCL-CLO/CA and PCL-TTO/CA coaxial fibers and (g) respective DTG curves, (d) PCL/CA-PEG, PCL-CO/CA-PEG, PCL-CLO/CA-PEG
and PCL-TTO/CA-PEG and (h) respective DTG curves, coaxial wet-spun fibers (complete form).
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monolayered fibers presented similar maximum elongations at break
(no significant differences were found, Table S6 in Supporting Infor-
mation) showing that the addition of EOs does not significantly alter the
fibers' mechanical performance. Such observations were expected since
EOs were loaded at low concentrations and are frequently used as
plasticizers for improving the physical and mechanical properties of
several structures [58]. The reduced affinity between TTO and PCL
alsoimpacted on the mechanical stability of the fibers most likely due to
the disorganization of the structure and the smaller number of in-
teractions established between the two compounds [11].

Regarding coaxial fibers, the shell successfully functioned as a bar-
rier and prolonged the rupture of the fibers' core, generating the highest
maximum elongations at break (Fig. S3 in Supporting Information) [59].
Coaxial fibers made with a shell of CA displayed slightly lower me-
chanical resilience compared to coaxial fibers with a shell of CA and
PEG. This can be explained by the intermolecular hydrogen bonding
between CA and PEG, along with interactions between hydroxyl groups
in PEG and carbonyl groups in CA, forming a compact structure [34,35].
Once more, TTO-loaded coaxial fibers presented lower maximum elon-
gations at break. Nevertheless, such results are still within acceptable
values for their envisioned application.

3.7. Swelling capacity

The degree of swelling for all wet-spun fibers was assessed by
measuring mass alterations after incubation in PBS at 37 ◦C (pH 7.4)
until saturation was reached, which was observed at day 7 (Fig. 5 and
Table S7 in Supporting Information). In general, mass variations
decreased with the prolonged exposure to the medium. Li et al. reached
similar outcomes while examining the swelling index of core-shell
structures. They concluded this to be an effect of the polymeric
erosion experienced by both layers [60]. The PCL's hydrophobic nature
combined with the also hydrophobic EOs significantly reduced the fibers
ability to interact with the surrounding water molecules [61]. Moreover,
the addition of EOs interfered with the interactions of the PCL chains
with PBS salts, reducing even more the degree of swelling of the fibers
compared to the pristine PCL [44]. Literature reports on CO-loaded
structures confirmed these findings by registering lower hydration
properties in comparison to the EO-unloaded samples (control) [15,60].
To the contrary, CA and CA-PEG hollow fibers reached the highest
swelling ratios, once more due to the higher freedom for interactions
between medium and CA polymeric chains, caused by the absence of the
innermost layer (i.e., PCL). Also, the swelling capacity of CA is related
with the spacing between its polymeric chains, which limits the inter-
molecular attraction forces and increases chain mobility, thus resulting
in the retention of more PBS molecules [62]. Remarkably, all coaxial
fibers attained the smallest degrees of swelling, which decreased even
further upon the addition of PEG. Even though PEG is a hydrophilic

polymer, it is likely this polymer to have blocked the water molecules
access to the CA and PCL polymer chains by interacting with these
polymers through the same sites [63]. Indeed, most hydroxyl groups of
PEG interact strongly with the carbonyl or hydroxyl groups of CA,
generating a dense structure (as evidenced by the mechanical properties
of the fibers), which may limit the interfaces with the surrounding
medium [35]. Similarly to the monolayered fibers, the loading of EOs
decreased the swelling properties of PCL/CA and PCL/CA-PEG samples.

Table 2
Mechanical examinations of the engineered wet-spun fibers. Data is reported as
mean ± SD (n = 4).

Fiber typology Maximum elongations at break (%) Breaking strength (kPa)

PCL 337.50 ± 34.26 8.21 ± 1.18
PCL-CO 338.95 ± 28.58 11.89 ± 0.78
PCL-CLO 342.32 ± 20.12 17.55 ± 5.45
PCL-TTO 323.62 ± 36.92 17.55 ± 8.41
PCL/CA 358.97 ± 14.69 17.27 ± 8.09
PCL/CA-PEG 333.02 ± 32.50 15.29 ± 5.04
PCL-CO/CA 343.52 ± 30.97 85.63 ± 1.55
PCL-CLO/CA 341.78 ± 1.30 13.02 ± 3.07
PCL-TTO/CA 315.21 ± 67.64 9.62 ± 1.93
PCL-CO/CA-PEG 360.16 ± 0.36 11.75 ± 0.88
PCL-CLO/CA-
PEG

349.61 ± 17.32 10.62 ± 0.75

PCL-TTO/CA-
PEG

328.08 ± 35.79 9.70 ± 2.60

Fig. 5. Degrees of swelling overtime of (a) PCL, PCL-CO, PCL-CLO, PCL-TTO;
(b) CA, PCL/CA, PCL-CO/CA, PCL-CLO/CA, PCL-TTO/CA; (c) CA-PEG; PCL/
CA-PEG; PCL-CO/CA-PEG, PCL-CLO/CA-PEG, PCL-TTO/CA-PEG wet-spun fi-
bers over 7 days of incubation in PBS. Data is presented as average percentage
of degree of swelling (D.S.) ± SD (n = 3).
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3.8. Degradation profile

The stability of EOs-loaded and unloaded wet-spun fibers in physi-
ological media was evaluated by the fibers' incubation in PBS up to 28
days at 37 ◦C (pH 7.4). The degradation of the fibers was visually
evaluated and the mass changes over time were registered for each fiber
typology (Fig. 6, Table S8 and Fig. S4 in Supporting Information).

CA and CA-PEG hollow fibers presented smaller mass losses during
the initial 7 days of incubation, likely due to the presence of CA, which
strong mechanical stability has been reported in literature [26].
Nevertheless, as PEG is a hydrophilic compound, it is possible that this
factor contributed to a faster dissolution of polymer fragments into PBS
media, resulting in higher mass losses from CA-PEG fibers in the
following days of incubation [64]. Still, both fiber typologies maintained
their structures, proving the mechanical stability of CA [26]. All
remaining fibers preserved their structural integrity throughout the 28
days of incubation, due to the high mechanical performances of PCL
[65].

Monolayer fibers reported higher stabilities (lower mass losses) in
comparison with the coaxial fibers. This was expected since the absence
of shell components resulted in higher freedom of the PCL polymeric
chains and, thus, potential breakable sites originated from the in-
teractions with the shell polymers could be avoided, maintaining the
stability of the fibers. The addition of EOs onto the monolayer fibers led
to a slightly higher mass variation during the initial 7 days of incubation
in PBS. Afterwards, mass reductions were less important. EOs can alter
the organization of the PCL polymeric chains, consequently changing
the steadiness of the structures. Also, the high volatility of EOs trans-
lated into their likely total evaporation after the initial 7 days of incu-
bation, not compromising the stability of the fibers throughout the
remaining days of incubation in PBS [11].

On its turn, the EO-loaded coaxial fibers registered slightly lower
mass variations compared with the coaxial EO-unloaded fibers, possibly
due to the presence of the shell components which interfered with the
interactions between EO molecules and PCL polymeric chains, resulting
in a smaller influence on the stability of PCL [18,19]. In addition,
although all coaxial fibers remained stable during the entire period of
incubation in PBS, the fibers which shell contained solely CA presented
slightly lower mass variations in comparison with the remaining coaxial
fibers. Such behavior can be explained by the presence of PEG, which, as
shown earlier, represents a hydrophilic polymer that, not only can alter
the conformation of CA but also can be dissolved in the media [66]. In
summary, the unloaded and EO-loaded wet-spun fibers maintained their
structure during the 28 days of incubation in PBS, proving their
adequate stability for wound healing applications.

3.9. EOs release kinetics

The release kinetics of CO, CLO and TTO was mapped after 1, 2, 4, 6
and 24 h of incubation from all wet-spun fibers in PBS at 37 ◦C and pH
7.4 (Fig. 7). Cumulative release profiles of the three EOs were deter-
mined by comparison with the calibration curves of the analyzed EOs
(Fig. S5 in Supporting Information). EOs-unloaded fibers were also
analyzed, this way subtracting the polymers' influence from the results
of EO-loaded fibers. No significant changes were detected on the
morphology of CLO-loaded fibers throughout the 24 h of fibers incu-
bation in PBS (Fig. S6 in Supporting Information).

The absence of shell components, which usually display a protective
effect, led to higher EOs release rates from monolayer fibers in com-
parison to the coaxial fibers. Similar remarks were made with the release
of CO from gellan gum bilayer films compared to the monolayered
samples [60].

CLO-containing fibers experienced the highest release kinetics,
particularly during the first 6 h of the test. After this point, lower rates
were registered, which is consistent with data acquired from CLO-loaded
core-sheath nanofibers and hydrogels by Jung et al. [67]. As the initial

burst release occurs, the quantity of EO present on the fibers reduced,
thus decreasing its release rate after 6 h of incubation (the peak). A
slightly higher EO release was detected for the PCL-CLO/CA-PEG fibers
compared to the PCL-CLO/CA. It appears that the shell protection in
physiological-like media is reduced in the presence of PEG, leading to
higher release rate of CLO. The hydrophilicity of PEG led to a faster
dissolution onto the media, resulting in the degradation of the shell from
PCL-CLO/CA-PEG fibers (Fig. 6) [63].

In addition, CO followed a similar release profile in comparison with
fibers' degradation in PBS (Fig. 6). Between the three tested oils, TTO-
loaded monolayer and coaxial fibers reported the smallest releases.
Here, the lack of affinity between polymer and oil reduced TTO
entrapment (smaller fiber diameters, Fig. 1), being some of the weakly
bound oil molecules washed away in the coagulation bath during fiber
production.

3.10. Antioxidant activity

DPPH radical scavenging activity assay was applied to evaluate the
antioxidant activity of EO-loaded fibers. Samples were immersed in
absolute ethanol during 1, 2, 4, 6 and 24 h and their antioxidant prop-
erties were monitored continuously during 1 h (Fig. 8). Such property is
crucial for wound healing since, during the inflammatory phase, bio-
logically active mediators will attract neutrophils, leukocytes and
monocytes to the wound site, leading to a significant increase in free
radicals. When those radicals reach excessive levels, the cell oxidant and
antioxidant equilibrium is altered, enzymes are inactivated, DNA is
damaged and lipid peroxidation occurs, all delaying the wound healing
process. Therefore, wound healing can be enhanced by the introduction
of antioxidant compounds capable of reducing the presence of free
radicals surrounding wound sites [33].

The incubation period did not significantly influence the fibers'
antioxidant activities. The strong antioxidant activities of both CO and
CLO resulted from the presence of eugenol [29]. Yet, CLO was more
effective than CO. This occurs because CO possesses other components
in its composition besides eugenol, namely eugenyl acetate and beta-
caryophyllene, which antioxidant profile is not as important as
eugenol [37]. In addition, CLO presented higher release profiles in
comparison to CO and TTO (Fig. 7), allowing for a greater availability
and facilitated access to the oil. On the other hand, TTO's antioxidant
properties, linked not only to the component terpinene-4-ol but also to
the 4-methyl-1-(1-methylethyl)bicyclo[3.1.0]hexane didehydro deriva-
tive, an agent known to decrease oxidative stress, were not as important
[68]. Its low release kinetics associated with a smaller amount on the
fibers due to the lack of affinity with PCL can explain the reduced
antioxidant activity [32].

EO-loaded monolayer fibers showed greater antioxidant activities
compared to the coaxial, since in the absence of the shell the protective
barrier function is lost and little restrictions are in place for accessing the
EOs, which also resulted in higher release rates for the monolayer fibers.
Interestingly, differences in the activities between CA and CA-PEG co-
axial fibers have also been detected. CA coaxial fibers have shown lower
antioxidant activities, related with the more sustained release profiles of
the three EOs from the fibers.

Generally, data demonstrated that the EOs, particularly the CO and
CLO, interfere with hydrogen peroxide-induced free radicals, aug-
menting cell protection against oxidative stress. Thus, confirming the
fibers' potential to accelerate and enhance the wound healing process
[33].

3.11. Bacteria inhibition

The antibacterial properties of all wet-spun fibers against S. aureus,
S. epidermidis, E. coli and P. aeruginosa were tested by fibers' incubation
in MHB at 37 ◦C up to 24 h. Results are expressed in % of inhibition of
the four bacteria activities (Fig. 9 and Table S9 in Supporting
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Fig. 6. Degradation profiles throughout 28 days of incubation in physiological-like media from (a) PCL, PCL-CO, PCL-CLO and PCL-TTO; (b) CA, PCL/CA, PCL-CO/
CA, PCL-CLO/CA and PCL-TTO/CA; (c) CA-PEG, PCL/CA-PEG, PCL-CO/CA-PEG, PCL-CLO/CA-PEG and PCL-TTO/CA-PEG wet-spun fibers over 28 days of incubation
in PBS. Data is presented as average percentage of mass loss ± SD (n = 3).
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Fig. 7. Cumulative release profile of EO-loaded wet-spun fibers. Data are reported as mean ± SD (n = 3). Statistical significance was determined via Tukey test,
applying multiple comparisons between the different fiber typologies (significance between PCL-CO and PCL-CLO, PCL-TTO, PCL-CLO/CA, PCL-TTO/CA, PCL-CO/
CA-PEG, PCL-TTO/CA-PEG: p < 0.0001; significance between PCL-CLO and PCL-TTO, PCL-CO/CA, PCL-CLO/CA, PCL-TTO/CA and PCL-CO/CA-PEG, PCL-CLO/CA-
PEG and PCL-TTO/CA-PEG: p < 0.0001; significance between PCL-CO/CA and PCL-CLO/CA, PCL-TTO/CA, PCL-CO/CA-PEG, PCL-CLO/CA-PEG and PCL-TTO/CA-
PEG: p < 0.0001; significance between PCL-CLO/CA and PCL-TTO/CA, PCL-CO/CA-PEG, PCL-CLO/CA-PEG and PCL-TTO/CA-PEG: p < 0.0001; significance between
PCL-TTO/CA and PCL-CO/CA-PEG, PCL-CLO/CA-PEG and PCL-TTO/CA-PEG: p < 0.0001, PCL-CO/CA-PEG and PCL-CLO/CA-PEG, PCL-TTO/CA-PEG: p < 0.0001;
and significance between PCL-CLO/CA-PEG and PCL-TTO/CA-PEG: p < 0.0001). Data from EOs-unloaded fibers was subtracted to all EO-loaded fibers so the
polymers' interference could be eliminated from the results.

Fig. 8. DPPH reduction induced by EO-loaded wet-spun fibers after (a) 1, (b) 2, (c) 4, (d) 6 and (e) 24 h of incubation. Data are reported as mean ± SD (n = 3).
Statistical significance was determined via Tukey test, applying multiple comparisons between the different fiber typologies; no statistical significance was found
between fiber typologies.
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Information). EO-unloaded fibers presented residual antibacterial effect,
possibly due to the fibers' porosity (Fig. 1). CA-PEG and PCL/CA-PEG
fibers inhibited bacterial growth due to the PEG's antibacterial profile.
Still, their effect was not significant considering the low proportion in
which PEG was present in the fibers.

EOs-loaded fibers were the most antibacterial from the group. These
observations were expected since strong antibacterial properties have
been associated with the CO, CLO and TTO oils [15,33]. The EOs anti-
bacterial effects are a result of their capacity to disrupt processes related
with the transport of ions and solutes through the bacteria cell mem-
brane. In fact, it is the EOs lipohilicity that enables their passage through
the bacteria membrane, followed by their attack to intracellular com-
ponents and ultimately resulting in cell death. In this case, the phenolic
compounds are able to permeate the bacteria cell walls, block energy-
producing enzymes and denature proteins present in the cell wall,
damaging their barrier effect [33]. Many reports suggest the strong
antibacterial properties of TTO originate from terpinenen-4-ol, along
with 1,2,3,5-tetramethylbenzene (Table S1 in Supporting Information)
[69]. Although the antibacterial mechanisms of action from the latter
component are not reported in literature, studies have addressed its
contribution to different EOs' antibacterial properties [31,69]. Regard-
less, terpinenenen-4-ol's mechanism relies on its ability to denature
proteins and, simultaneously, change the structures and functions of cell
membranes and walls [14,32]. On its turn, the antibacterial efficiency of
both CO and CLO are linked to eugenol, one of their main components,

which, in the case of CO, hinders ions and solutes transport and per-
meates the bacteria membrane [33]. On the other hand, CLOmechanism
of action is associated with the disruption of cytoplasmic membrane's
functions and integrities, caused by the ability of this EO to accumulate
at the bacteria cell surface [10].

During the first 4 h of incubation, coaxial fibers, containing CA and
PEG in the shell, presented higher antibacterial activity than coaxial
fibers containing solely CA. Such observation may be justified with the
faster release of the entrapped EOs (Fig. 7), most likely caused by the
degradation of the CA-PEG shell, which factor also increased the fibers
antioxidant activities (Fig. 8). After this point and considering that a
large amount of the EOs had already been released from the CA-PEG
coaxial fibers, the fibers' antibacterial effects reduced as time pro-
gressed. The present results are also in accordance with the fibers'
evolution of antioxidant properties (Fig. 8), with DPPH reduction being
stabilized after the 6 h mark. As CA shell experienced a slower degra-
dation at the early stages of incubation than CA-PEG, thus inducing a
more controlled and sustained release of the EOs, higher antibacterial
effects were observed after the 4 h mark.

Generally, S. aureus experienced a higher reduction in activity than
S. epidermidis (for example, 76.77 % vs 29.33 %, respectively, for PCL-
CO-CA-PEG fibers), which could be easily explained by the lower effi-
cacy of the selected EOs towards inhibiting S. epidermidis. In fact, several
researches on EO-loaded structures have reported the antibacterial
properties of CO, CLO and TTO towards S. aureus, E. coli and

Fig. 9. Inhibitions of (a) S. aureus, (b) S. epidermidis, (c) E. coli and (d) P. aeruginosa bacteria 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 < 0.01; ***p < 0.001 and ****p < 0.0001.

C.S. Miranda et al.



International Journal of Biological Macromolecules 277 (2024) 134565

15

P. aeruginosa but not against S. epidermidis because of this fact [15]. In
addition, superior antibacterial effects were observed against S. aureus
bacterium than E. coli and P. aeruginosa (for example, ≈ 31.92 % and ≈

19.89% higher reductions, respectively, for PCL-CLO fibers) as the latter
are Gram-negative bacteria, which two layers of peptidoglycan and lipid
proteins offer better protection against antimicrobial agents [67].
Overall, the results attested to the strong antibacterial properties of CO,
CLO and TTO, which were proven effective towards inhibiting four of
the most prevalent bacteria in chronic wounds [70].

3.12. Cytocompatibility testing

Metabolic activity and cell lysis tests were performed to assess the
cytocompatibility of all wet-spun fiber typologies when put in contact
with HaCaT and NIH 3 T3 cell lines, mimicking human skin physiolog-
ical conditions.. Optimum cell concentrations of HaCaT cells for meta-
bolic activity and cell lysis experiments were determined at 1.5 × 104

cells/well and 8 × 103 cells/well, respectively, while for NIH 3 T3 cells,
they were established at 20,000 cells/well and 8000 cells/well,
respectively (Fig. S7 in Supporting Information).

After treatment with diverse fiber typologies, HaCaT cells reached
metabolic activities above 80 % (Fig. 10a). The presence of EOs in the
monolayered fibers (PCL-CO, PCL-CLO and PCL-TTO) caused a slight
reduction in their metabolic activity (≈ 10 %). However, such effect was

not observed in all EO-loaded coaxial fibers. Here, the shell shielded the
cells to an over-exposure of the EOs [60]. In fact, CA, the polymer pre-
sent at the fibers' shell, is often recognized as a material which is not
cytotoxic [71]. As an example, in a research performed by Zhijiang et al.,
CA and poly(hydroxybutyrate) blend nanofiber scaffolds enhanced
cellular adhesion and proliferation [72]. It is also notable to mention
that composite scaffolds containing CA, elaborated by Ninan et al., also
reached high cytocompatibility levels when exposed to NIH 3 T3 cells
[73]. Another important factor explaining the present results is associ-
ated with, the superior structural integrity of all fibers when in contact
with physiological media (Fig. 6), since a low amount of polymer frag-
ments and/or EOs were released into the media; therefore, not inter-
fering with any relevant biological pathways that dictate the cells
survival [19,74]. Another relevant factor is associated with the presence
of PCL in the fibers. According to literature, such polymer usually does
not induce any cytotoxic effects [75]. For instance, Yaseri et al., using
PCL nanofibers, attained ≈ 85 % of cell viability regarding cyto-
compatibility and proliferation tests on mouse fibroblasts (L929) [76].
Similar results were also acquired with spider silk, gelatin and PCL-
containing scaffolds produced by Xiang et al. and PCL-poly(lactide-co-
glycolide) (PLGA) scaffolds [77,78]. It is also relevant to mention that,
due to the hydrophobic nature of PCL, no interferences from any protein
adsorption processes were detected, therefore not compromising the
metabolic activities of the cells [79,80]. In fact, previous studies have

Fig. 9. (continued).
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shown similar results, in which the addition of PCL to several types of
polymeric structures resulted in higher metabolic activities of cells
[74,79]. Additionally, all wet-spun fibers caused low cell lysis (< 20 %)
(Fig. 10c) and no changes in cell morphology were observed (Fig. S8 in
Supporting Information). The present results attest to the cytocompati-
bility of the fibers when put in contact with HaCaT since, according to
ISO standard 10.93–5:2009, a cytotoxic effect is only established when a
reduction of cell viability is higher than 30 %.

NIH 3 T3 cells appeared to be more sensitive to changes in their
metabolic activities than HaCaT cells (Fig. 8b). At the 24 h mark, CLO-
loaded fibers (PCL-CLO and PCL-CLO/CA) presented metabolic activ-
ities lower than 70 %, which is explained by the superior release of CLO
from the fibers, compared to TTO and CO (Fig. 7). To the authors'

knowledge, the mechanism of action of CLO against NIH 3 T3 cells is not
yet fully understood. Nonetheless, the negative effects of such com-
pound against different cell lines have been reported [81–83]. It has
been estimated that the toxic effects of CLO may arise from the presence
of eugenol and cinnamaldehyde, which exhibit anti-proliferative prop-
erties [83]. Hypotheses regarding the mechanism of action of this EO
have been proposed by Ahn et al., namely via stimulation of cell death
by apoptosis, cell-cycle arrest or the loss of function of relevant cell
organelles [81]. However, this effect was no longer detected at the 48 h
time-point. In fact, fibers reported an increase in their metabolic activ-
ities, demonstrating that NIH 3 T3 cells had the ability to recover from
CLO cytotoxic effects. On the other hand, at 48 h, PCL-TTO fibers dis-
played an activity slightly lower than 70 %, possibly due to the smaller

Fig. 10. Cytocompatibility evaluation of HaCaT and NIH 3 T3 cell lines after (a), (c) 24 h and (b), (d) 48 h of contact with fibers, respectively; Cell lysis evaluation of
(e) HaCaT and (f) NIH 3 T3 cell lines. Data are reported as mean ± S.D. (n = 3). Statistical significance was determined via Dunnett test applying multiple com-
parisons between the different fiber typologies and each respective positive control (***p < 0.0007; ****p < 0.0001).
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affinity between PCL and TTO, possibly leading to a release of the EO
onto the media in a less controlled manner [13]. It has been shown that
TTO displays toxic effects against fibroblast-like cells, inducing the
suppression of the interleukin 8 (IL-8) [84,85]. Yet, it was again
observed that a shell can guard TTO release to the environment, since
the fibers PCL-TTO/CA and PCL-TTO/CA-PEG achieved 129 % and 95 %
of metabolic activities, respectively. Indeed, according to several studies
involving cytocompatibility tests of TTO-loaded structures, the cyto-
compatibility of the EO is dependent on its concentration, with low
concentrations, not reporting cytotoxic effects on HaCaT [86,87].
Moreover, all wet-spun fibers caused very low cell lysis (Fig. 10d) and no
morphological changes in NIH 3 T3 cells (Fig. S9 in Supporting Infor-
mation). Interestingly, the cells presented a rounded shape, distinct from
the common extended shape of fibroblasts. Several researches have re-
ported such occurrence, as NIH 3 T3 morphology changes according to
the increase in confluence on which substrate the cells are seeded
[88,89].

Despite the slight impact of the EOs on the NIH 3 T3 cells' metabolic
activities, the presence of a polymeric shell has supported the cells
recover from potential cytotoxic effects. Data showed high cyto-
compatibility levels for all wet-spun fibers when in contact with both
HaCaT and NIH 3 T3 cell lines, attesting to the safety of the fibers for
their foreseen application.

4. Conclusion

The development of EOs-loaded coaxial wet-spun fibers is proposed
in this research for potential application in chronic wound healing.
Indeed, as chronic wounds are often caused by bacterial infections, EOs
present great potential due to their effective antibacterial, anti-
inflammatory and antioxidant properties. The engineered wet-spun fi-
bers can therefore incorporate such compounds, simultaneously offering
protection from surrounding environments and allowing for EOs
controlled release. Additionally, the selected polymers PCL, CA and
PEG, are endowed with unique properties, making them ideal for
biomedical applications, also preserving the structural integrity of the
engineered fibers. Indeed, the EO-loaded wet-spun fibers presented high
elasticities and maintained their morphologies and structures when
exposed to PBS. Notably, the fibrous constructs possessed antioxidant
activity and the antibacterial properties, due to the different EOs' suc-
cessful incorporation onto the fibers. CLO-loaded fibers showed slightly
higher release profiles as well as antibacterial and antioxidant proper-
ties, in comparison with both CO/TTO-loaded fibers. It is also relevant to
mention that the presence of PEG on the fibers' shell did not significantly
influence the fibers' biological properties. Cytocompatibility testing
revealed the safety of the coaxial wet-spun fibers for their intended
application; yet, more experimental work will be required to attest their
healing abilities in chronic wounds and inhibitory functions against a
wider range of microorganisms, including multi-resistant. Future work
will also be required in order to optimize the wet-spun system,
enhancing its mechanical properties and the homogeneity of the fila-
ments, approximating its properties to the needs of a future application
as a wound dressing.
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