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Wounds are considered one of the most critical medical conditions that must be managed appropriately due to
the psychological and physical stress they cause for patients, as well as creating a substantial financial burden on
patients and global healthcare systems. Nowadays, there is a growing interest in developing nanofiber mats
loaded with varying plant extracts to meet the urgent need for advanced wound ressings. This study investigated
the development and characterization of poly(lactic acid) (PLA)/ poly(ethylene glycol) (PEG) nanofiber mem-
branes incorporated with Ora-pro-nébis (OPN; 12.5, 25, and 50 % w/w) by the solution-blow-spinning (SBS)
technique. The PLA/PEG and PLA/PEG/OPN nanofiber membranes were characterized by scanning electron
microscopy (SEM), thermal properties (TGA and DSC), Fourier transform infrared spectroscopy (FTIR), contact
angle measurements and water vapor permeability (WVTR). In addition, the mats were analyzed for swelling
properties in vitro cell viability, and fibroblast adhesion (L-929) tests. SEM images showed that smooth and
continuous PLA/PEG and PLA/PEG/OPN nanofibers were obtained with a diameter distribution ranging from
171 to 1533 nm. The PLA/PEG and PLA/PEG/OPN nanofiber membranes showed moderate hydrophobicity
(~109-120°), possibly preventing secondary injuries during dressing removal. Besides that, PLA/PEG/OPN
nanofibers exhibited adequate WVTR, meeting wound healing requirements. Notably, the presence of OPN gave
the PLA/PEG membranes better mechanical properties, increasing their tensile strength (TS) from 3.4 MPa (PLA/
PEG) to 5.3 MPa (PLA/PEG/OPN), as well as excellent antioxidant properties (Antioxidant activity with
approximately 45 % oxidation inhibition). Therefore, the nanofiber mats based on PLA/PEG, especially those
incorporated with OPN, are promising options for use as antioxidant dressings to aid skin healing.

1. Introduction effective regeneration process of the new extracellular matrix (ECM)

[9].

In recent decades, biopolymeric nanofiber membranes have gained
significant interest in wound dressing applications due to their advan-
tages as drug-release devices and suitable substrates for cell adhesion
and proliferation [1-5]. Nanofibers exhibit properties that promote
hemostasis, fluid absorption, cell respiration, and gas permeation,
making them effective in accelerating the healing process, reducing
pollution, and treating infections [6]. These benefits are attributed to
their unique characteristics, including nanometer-scale diameter, large
specific surface area, high load capacity, and high porosity with good
pore interconnectivity [7,8]. Additionally, nanofibers offer mechanical
and barrier properties suitable for human cells, promoting a more
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Solution blow spinning (SBS), an innovative technology for fabri-
cating nanofibers [10-13], is increasingly recognized for its potential in
various applications, such as biomedical engineering [14], food pack-
aging [14], flexible sensors [15], thermal conductivity [16], and filtra-
tion [17]. SBS offers several advantages over electrospinning [18], such
as not requiring high voltage or specific collectors, and providing high
production yields [19]. In the SBS process, a polymer solution or sus-
pension is fed through a nozzle, with pressurized air simultaneously
flowing along the nozzle outer channel. The air flow ejects the polymer
jet and accelerates solvent removal during nanofiber formation. Intro-
duced in 2009, SBS has been optimized to obtain fibrous membranes
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from synthetic polymers and other materials [20-26]. While most
studies use electrospinning develop nanofibers for dressings, this study
stands out by using SBS [1,27-34]. SBS applications, particularly in the
biomedical field, are significant due to its ability to directly apply
fibrous material to target sites, such as on the body or in wounds.

PLA (polylactic acid) is an essential biopolymer widely used in tissue
engineering, especially for wound dressing applications [35,36]. It is
derived from renewable plant sources and boasts attributes such as
biodegradability, processing versatility, and FDA approval for human
contact [37-39]. However, its hydrophobic nature may limit cell
adhesion. Poly(ethylene glycol) (PEG) is known for its biocompatibility,
flexibility, and hydrophilic character, making it a suitable candidate for
blending with PLA to control nanofiber properties [40,41]. Despite the
difficulties on blending PEG and PLA due to their different natures that
cause phase separation, the SBS timeframe does not allow complete
phase separation so tailor-made formulations are feasible. Several
studies have explored polymeric mixtures incorporating PEG or surface
modification, and encapsulated bioactive compounds with antioxidant
and/or antimicrobial properties to overcome these limitations
[3,38,42,43]. Furthermore, PLA biopolymer utilization in nanofiber
production is promising in encapsulating and controlling bioactive
compounds release, regulating the leaching rate through interactions
with the polymeric matrix [44].

Natural products with notable healing properties, potential antimi-
crobial and/or antioxidant effects, have been widely utilized to expedite
the wound healing process, as extensively documented in the literature
[14,16,38,41,45,46]. One of these natural resources is the Pereskia
aculeata Miller (P. aculeata) extract, commonly known as Ora-pro-nébis
(OPN), belonging to the Cactaceae family and Pereskiodeae subfamily,
native to tropical America and Brazil. OPN has been extensively
employed as a medicinal plant due to its diverse properties, including
antibacterial, antiviral, and anti-inflammatory effects [2,47]. It is also
valued for its nutritional content, containing significant amounts of
protein, minerals, dietary fibers, and vitamins. Several studies have
highlighted OPN's diverse phenolic composition, including phenolic
acids, flavan-3-ols, quercetin, and myricetin, among others [2,48-50].
Caffeic acid is the most prevalent phenol, followed by catechin and
quercetin, exhibiting potent antioxidant, anti-inflammatory, and anti-
microbial activities [2,48-50]. Pinto et al. [51] identified additional
phenolics such as tryptamine, abrine, mescaline, hordenine, petunidin,
and isomers of di-tert-butylphenol. Moreover, OPN contributes to
wound healing, alleviates inflammatory processes, and supports skin
burn recovery [52]. When applied topically, quercetin has been sug-
gested to serve as an excellent protective agent against diseases caused
by oxygen-free radicals and demonstrates anti-lipoperoxidative activity
[53-55]. Also, OPN has been utilized as reinforcement in bacterial cel-
lulose films, enhancing their resistance compared to control films, as
observed in previous research.

Numerous researchers have explored the effects of herbal extracts on
nanofibers, investigating their physical-mechanical and biological
properties for biomedical purposes such as wound dressings and drug
delivery systems. Uddin et al. [56] incorporated various extracts,
including nigella, honey, garlic, and olive, into a PVA solution, from
which nanofibers were produced for biomedical applications. The
resulting PVA/nigella/honey (PNH) and PVA/garlic/honey/olive oil
(PGHO) nanofibers exhibited inhibition zones against S. aureus bacteria
measuring 36 mm and 35 mm, respectively. However, no studies to date
have been found in the literature regarding OPN-incorporated nano-
fibers production for wound dressing applications, despite numerous
studies highlighting OPN's antioxidant and anti-inflammatory
properties.

The novelty of this study lies in utilizing SBS as an alternative
technique for producing PLA/PEG nanofibers. Additionally, OPN extract
was incorporated into PLA/PEG biopolymers to manufacture nanofibers
by SBS, focusing on wound healing applications. Therefore, this study
aimed to develop and characterize PLA/PEG nanofiber membranes
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incorporated with different OPN concentrations (12.5, 25, and 50 % w/
w) using the SBS technique. OPN components' incorporation perfor-
mance on the main PLA/PEG nanofibers was addressed by character-
izing the morphology with scanning electron microscopy (SEM),
physicochemical properties with Fourier Transform Infrared Spectros-
copy (ATR-FTIR) and X-ray diffraction (XRD), thermal properties
(thermogravimetric analysis -TGA and differential scanning calorimetry
-DSC), mechanical and antioxidant properties, contact angle measure-
ments, water vapor permeability (WVTR) and swelling properties. Cell
viability, adhesion, and fibroblasts proliferation (L-929) on the nano-
fiber membranes' surface were investigated to assess the applicability of
PLA/PEG and PLA/PEG/OPN nanofibers in dressings.

2. Materials and methods
2.1. Materials

Poly(lactic acid) (PLA) (Molecular Weight: 66,000 g.mol’l) and poly
(ethylene glycol) (PEG) (Molecular Weight: 8000 g.mol’l) were ob-
tained from Nature Works (Minnesota, EUA) and Sigma Aldrich (St.
Louis, MO, USA), respectively. The Ora-pro-nébis (Pereskia aculeata
Miller) (OPN) leaves used to prepare the extract were purchased in Sao
Carlos-SP, Brazil. Chloroform and acetone were purchased from Synth
(Rio de Janeiro, Brazil) and were not purified. Phosphate-buffered saline
(PBS) at pH 7.4 was used for the swelling and release tests.

2.2. Obtaining OPN mucilage

SBS preparation process is shown in Fig. 1A. The OPN mucilage
obtaining-process was conducted following the methodology by Neves
et al. [57], with modifications. Initially, OPN was extracted by grinding
1 kg of leaves with 2.5 L of boiling water in a blender for 10 min. The
mixture was heated to 75 °C using a thermostatic bath (Quimis q-215-2,
SP, Brazil) for 6 h. The mixture was vacuum-filtered using three layers of
organza cloth. The filtrate was then centrifuged for approximately 10
min at 8000 rpm to remove as much mucilage as possible. The super-
natant, along with the centrifuged material were placed in Petri dishes
and a forced-air oven (Marconi, Piracicaba, SP, Brazil) at 40 °C until
completely dry. The resulting powder was ground using a pistil.

2.3. OPN chemical composition

The lipid content's chemical analysis was determined according to
the Ai3-75 procedure by the Soxhlet method using petroleum ether [58].
Moisture, ash, protein, and total fiber contents were determined
following the Association of Official Analytical Chemistry's procedures
[58]. The moisture content was measured in an oven at 105 °C for 24 h
(AOAC Official Method 934.01 [59]), and the ash content was measured
in a muffle at 550 °C until obtaining white or slightly grey ashes (Method
923.03) [58]. Micro-Kjeldahl was used to determine total nitrogen, and
the protein amount was converted using a 6.25 conversion factor
(method 981.10) [58]. The total carbohydrate content was obtained by
difference, adding the contents of the previous determinations (mois-
ture, protein, lipid, and ash) and decreasing this value from 100 %. All
analyses were performed in triplicate. The results were expressed in
grams per 100 g dry basis. OPN was also characterized regarding its
Lignin content — ABNT [60]; Holocellulose (cellulose + hemicellulose) —
Rebenfeld [61]; Cellulose — White [62].

2.4. Method

The SBS preparation process is shown in Fig. 1B. First, PLA (2.24 g)
was dissolved in chloroform: acetone solvent mixture (3:1 v/v; 16 mL
total volume) at room temperature. The chloroform: acetone (3:1) sol-
vent mixture was used to form uniform nanofibers without defects,
avoiding drops forming in the structure [63,64]. Subsequently, 10 %
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Fig. 1. Experimental procedures diagrams for (A) Obtaining OPN mucilage. (B) Solution-blow-spinning (SBS) process for poly(lactic acid) (PLA)/ poly(ethylene
glycol) (PEG) nanofibers obtaining, influenced by varying Ora-pro-nébis (OPN; 12.5, 25, and 50 % w/w). (C) Nanofibers characterization.

PEG was added relative to the PLA mass - and stirring for 3 h. The
incorporated PEG concentration was established as per studies by
Moradkahanneshad et al. [8], Riley et al. [65] and Mendes et al. [66].
The blend concentration was consistently maintained at 12 % for all
solutions, as established in previous studies by our research group
[3,15]. To prepare SBS solutions containing OPN, PLA/PEG solution's
(12 % w/v) and different OPN concentrations (12.5, 25, and 50 % w/w
based on the solution's solid content) were dissolved in a mixed solvent
(chloroform: acetone, 3:1 by volume) and stirred at room temperature
for approximately 4 h until a homogeneous solution was obtained. OPN
content was pre-determine Fig. S1A shows that, the color of the nano-
fiber was too light to be observed when the OPN content was at 10 %.
Fig. S2B shows that the OPN could not be completely dissolved in the
solution and the nanofibers' surface color was not uniform when the
OPN content was at >50 %. Thus, different nanofibers incorporated with
12.5 %, 25 % and 50 % OPN were prepared. The nanofibers with 0 %,
12.5 %, 25 % and 50 % m/m, (based on the PLA and PEG mass) were
named PLA/PEG, PLA/PEG/OPN12.5 %, PLA/PEG/OPN25% and PLA/
PEG/OPN50%, respectively.

The PLA/PEG and PLA/PEG/OPN polymeric solutions (at 12.5 %, 25
%, and 50 % w/w concentrations) were individually transferred to 25
mL syringes. They were subsequently used to produce nanostructured
membranes by SBS. The solutions in the syringes were then connected to
a syringe pump (NE-300 Higher Pressure Syringe Pump, New Era, Rio de
Janeiro-RJ) and adjusted to 7.0 mL.h ™! flow rate. A needle was inserted
into a concentric nozzle system consisting of a 0.5 mm diameter inner
nozzle and an outer nozzle through which pressurized air passed ata 1.0
kPa pressure rate. The working distance between the needle and the
collector was 25 cm. The resulting fibers were deposited directly on the
aluminum surrounding the collector, at 180 rpm rotation speed. After
that the obtained nanofiber membranes were placed in a desiccator to
remove the residual solvent. Finally, morphological, physical, mechan-
ical, and biological properties were investigated in PLA/PEG and PLA/
PEG/OPN nanofibers membranes for wound healing applications.

2.5. Nanofibers characterization

2.5.1. Rheological characterization

PLA/PEG and PLA/PEG/OPN (12.5, 25, and 50 % w/w) viscosity was
measured using an MCR 302 rheometer from Anton Paar, Austria. A
concentric cylinder geometry (DB26.7/QI) 28- and 30-mm diameter was
employed and maintained at 25 °C. The samples were allowed to

equilibrate for 1 min to eliminate any potential influence from previous
shear history. The viscosity was measured for shear rates ranging from
10° to 10% s™1. A 0.1-100 rad/s frequency sweep at 190 °C was per-
formed on all samples under a constant 0.01 % strain (within the linear
viscoelastic region (LVR)).

2.5.2. Nanofibers morphology

The nanofibers morphology was analyzed using Scanning Electron
Microscopy (SEM) at a 10 kV accelerating voltage using a JEOL JSM-
6510 instrument. Before imaging, all nanofiber samples underwent
gold-coating (Balzer, SCD 050). The nanofibers diameter was deter-
mined directly from SEM images using ImagelJ software and 150 fibers
randomly chosen from the SEM images were utilized in this analysis. To
observe the samples's elemental compositions, the SEM operated at a 15
kV accelerating voltage and equipped with an Energy Dispersive Spec-
trometer (EDS). Before SEM-EDS imaging, all samples were coated with
a thin layer of carbon.

2.5.3. Fourier transform infrared spectroscopy (FTIR)

Fourier Transform Infrared Spectroscopy measurements were ob-
tained using an FTIR model Vertex 70 Bruker spectrophotometer
(Bruker, Germany). Spectra were recorded at a spectral range between
4000 and 400 cm ! at a 128-scans rate and a 2 cm ™! spectral resolution.
The FTIR spectrum was employed in the diamond crystal and ATR
module. The analyses were performed to study the effect of adding OPN
in PLA/PEG, and to verify possible PLA, PEG, and OPN interactions.

2.5.4. Thermal properties

The thermal properties assessed the PLA/PEG nanofiber samples'
thermal stability with or without OPN incorporation, which were stud-
ied by thermogravimetric analysis (TG) and differential scanning calo-
rimetry (DSC). The thermal degradation profiles of PLA/PEG and PLA/
PEG/OPN (12.5, 25 and 50 % w/w) nanofibers (approximately 6 mg)
were obtained using a TGA Q500 (TA Instruments, New Castle, USA)
from 25 to 600 °C at 10 °C.min"! in a synthetic air atmosphere. The
onset temperature (Td,onset) and stabilization temperature (Td,offset)
were determined according to the ASTM E2550 standard [67]. Td,onset
was identified on the TGA curve when a deviation from the established
baseline occurred, indicating the start of sample thermal decomposition.
Td,offset corresponds to the point where the sample decomposition rate
decreases significantly or stabilizes after reaching the maximum.

The nanofiber samples' thermal properties were further assessed



J.F. Mendes et al.

using Differential Scanning Calorimetry (DSC, TA Instrument, Q100,
Newcastle, USA). Measurements were performed using 5-6 mg samples,
sealed in an aluminum pan, and heated from 0 to 180 °C at 10 °C.min .
Crystallinity index (CI(%)) was determined from the DSC curves and

calculated using Eq. 1:

AHm — AHc

CIOE) = KPP Wit

x 100 (@]
where AHm is the sample's fusion enthalpy, AHc is the cold crystalli-
zation enthalpy, AHm PLA,0Q is the fusion enthalpy based on 100 %
crystalline PLA (93 J/g) [3], and WPLA is the percentage of PLA in the
polymeric nanostructured mats.

2.5.5. Nanofibers' mechanical aspects

PLA/PEG and PLA/PEG/OPN (12.5, 25, and 50 % w/w) nanofiber
membranes' rectangular specimens (3.2 x 0.7 mm) were conditioned at
25 °C and 50 % RH for a minimum of 48 h and subjected traction testing
using a dynamic-mechanical thermal analyzer (DMA Q800 model, TA
Instruments, Inc.) equipped with an 18 N load cell. The nanofibers were
stretched at 0.1 %.min"'. Each sample was tested with at least 10
specimens. The mechanical properties, including elastic modulus (EM),
were determined from the linear slope of the stress versus strains curves.
The tensile strength (TM) was calculated by dividing the maximum force
by the initial cross-sectional area. Elongation at break (¢) was calculated
using Eq. 2, where d represents the final displacement, and dj is the
initial clamp-to-clamp distance:

d—dy

0

(%) = x 100 )

From values obtained in the stress versus strain graphs, films'
toughness was calculated from the area below the curve.

2.5.6. Swelling properties (Ws)

The nanofibers membranes' water absorption capacity (Ws) was
evaluated following the methods outlined by Fahimirad et al. [68].
Initially, the PLA/PEG and PLA/PEG/OPN (12.5, 25 and 50 % w/w)
nanofiber membrane samples were weighed (Wd). Subsequently, these
samples were immersed in the PBS solutions for 72 h. After that period,
the nanofiber samples were extracted, excess water on the nanofibers
was removed using a filter paper, and the samples were reweighed
(Ww). The water adsorption capacity (Ws) was calculated according to
Eq.3:

Wy

Ws(%) — Lv;
d

x 100 3

2.5.7. Water vapor permeability rate (WVPR)

The nanofibers' water barrier properties were determined using the
modified ASTM method E96/16 [69]. The samples were cut into circles
(approximately 20 mm) and sealed on the top of permeation cells con-
taining dried silica gel to provide constant relative humidity (RH).
Subsequently, the cells were stored in a desiccator containing distilled
water (100 %RH; 2.337 x 10° Pa, vapor pressure at 20 °C). The water
vapor's gravimetric quantification transferred through the nanofibers
was conducted for 18 h. This analysis period was determined based on
the necessary dressing changes and the study by Al- Naymi et al. [70]
and Zhong et al. [71]. Water vapor permeability (WVP) (g.mm.kPa’l.
h~1.m~2) was calculated using Eq. 4:

W.o

WVP = AIAP 4

where W is the change in cell weight [g], 6 is average film thickness [m],
and A, t, and AP are exposed film area [mz], time [s], and partial water
vapor pressure differential [Pa], respectively. The average WVP value
for each sample was obtained in triplicate.
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2.5.8. Water contact angle measurement

The nanofibers' water contact angle was assessed to determine their
hydrophilicity using a Theta Lite optical tensiometer (dpUnion, Jaba-
quara, Brazil). Six drops of distilled water (2 pL) were randomly placed
on the surface of each nanofiber sample at room temperature. Images
and contact angles were obtained using OneAttension software
(dpUnion, Jabaquara, Brazil). The water contact angle values for PLA/
PEG and PLA/PEG/OPN (12.5, 25 and 50 % w/w) nanofibers were
expressed as the average value (AV) + standard deviation (SD). The
contact angle tests were carried out following the studies by Habibi et al.
[72], Zhang et al. [73], Ding et al. [74], Sharifi et al. [6] and Tri et al.
[75].

2.5.9. Antioxidant activity study
The assay was carried out according to the methodology reported by
da Silva Uebel et al. [76]. The OPN, PLA/PEG and PLA/PEG/OPN (12.5,
25, and 50 % w/w) nanofiber samples were analyzed for radical scav-
enging activity against the 2,2-diphenyl-1-picrylhydrazyl (DPPH)
radical, which were read using a UV-Vis spectrophotometer. For
bioactive compounds extraction from the nanofibers (12 % PLA/PEG,
12 % PLA/PEG/OPN 12.5 %, 25 %, and 50 % w/w solutions), 1 mL
chloroform and 2 mL ethanol were added to 1 g of each nanofibers
sample. These dispersions were placed in an ultrasonic bath (Sinergia
Cientifica, Campinas-SP, Brazil) for about 3 h. Afterward, 8 mL meth-
anol was added to the nanofibers PLA/PEG and PLA/PEG/OPN (12.5,
25, and 50 % w/w). The samples were again placed in an ultrasonic bath
for 10 min and centrifuged using a Hettich Universal 320 centrifuge
(Analitica, Sao Paulo-SP, Brazil) for approximately 5 min at 4000 rpm.
The DPPH solution was prepared on the analysis day at a 6.0 mg/
250 mL methanol concentration. For assay performance, 2 mL of the
DPPH solution were added to 2 mL of the bioactive compound sample
extracted from the nanofibers. In addition, a control solution (chloro-
form, ethanol, and methanol) was prepared using 2 mL of the mixture of
nanofibers solvents solution without bioactive compounds and 2 mL
DPPH solution. The samples were maintained in the dark at room
temperature. After 30-min incubation at room temperature in the dark,
the solution's absorbance was recorded at 517 nm using a UV-Vis
Spectrometer (Shimadzu 1600). The free radical scavenging efficiency
was calculated by Eq. 5:
_ Controlop — Sample,), 100

)

Radical scavenging activity (%) Controlyy

where ControlOD is the absorbance of the aqueous control DPPH
(DPPH and solvents), and SampleOD is the absorbance of the aqueous
DPPH solution and bioactive compound sample extracted from the
nanofibers.

2.5.10. Cell cytotoxicity evaluation

For the test, murine fibroblasts derived from connective tissue (L929)
acquired from the ATCC (American Type Culture Collection), provided
by the Araraquara Campus/ Sao Paulo State University (UNESP)
Dentistry laboratory, were used. Initially, the cells were cultured in
Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10 %
Fetal Bovine Serum (FBS) and antibiotics (penicillin 100 U/mL; strep-
tomycin 0.1 mg/mL) and then oven incubated at 37 °C and 5 % COo.
After 2 consecutive rings, the cytotoxicity test was started using a 1 x
10* cells/well concentration, which was incubated in a 96-well plate.
The plate was kept in an incubator for 24 h, using the same temperature
and CO; percentage parameters described above. At the same time as the
cells were plated, the extraction media (treatment) using PLA/PEG and
PLA/PEG/OPN-25 % polymer fibers were prepared following ISO
10993-12.%7 To this end, 4 cm? of each film was placed in a microtube
with a 2 mL culture medium addition (DMEM +10 % fetal bovine
serum). The nanofibers in contact with the media were left to stir for 24
h at 37 °C. After that, the stirring period was over, the media was filtered
through a 0.22 pm syringe filter. After filtering, they were added to the
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cell monolayer using 100 pL/well and incubated in a CO» oven for 48 h.
Afterward, the extraction media was removed and washed twice with
Phosphate Buffered Saline (PBS). After that, 100 pL of MTT (3-(4,5-
Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) previously
diluted to a 1 mg/mL concentrations were added to each well. The plate
was incubated again at 37 °C and kept in the dark until violet formazan
crystals formation was observed (3 h). At the end of the incubation
period, the MTT was removed from the wells, and the formed crystals
were dissolved by adding 50 pL absolute isopropyl alcohol. The absor-
bance values (Abs) were obtained on a microplate spectrophotometer
(SoftMax® Pro 5) with a 570 nm wavelength reading. As a cell death
control (positive control), the cells were treated with 10 % DMSO
(Dimethylsulfoxide), and as a survival control (negative control), the
cells were treated with DMEM +10 % SFB. The experiments were con-
ducted in triplicate, in three independent trials, including the controls.
With the Abs values, the average percentage of cell viability was
calculated in relation to the survival control (100 %), as shown in Eq.6
(ISO standard 10993-5) [77]:

(Sample Abs — White Abs)
(Survival control Abs — White Abs)

x 100 (6)

2.5.11. Cell proliferation and adhesion test

For the cell adhesion test, the cells were seeded at a 2 x 10° cells
density on the materials to be tested for 48-72 h in an oven at 37 °C
under a 5 % CO, humidified atmosphere. The culture medium was then
aspirated, and the matrices were washed with DPBS buffer and fixed in
4 % paraformaldehyde for 15 min. The matrices were rewashed with
DPBS, and then DAPI (5 mg/mL) was added and incubated at room
temperature for 5 min, followed by dehydration with a gradient ethanol
concentration (30, 50, 75, 85, 90, 95 and 100 %) for 15 min, respec-
tively. SEM was used to determine adhesion on the materials' surface.

2.6. Statistical analysis

The results were submitted to analysis of variance (ANOVA) and
Tukey's multiple comparison test, both at a 5 % significance level (p <
0.05) using the Sisvar® (Version 5.4) statistical software.

3. Results and discussions
3.1. OPN chemical composition

OPN was composed, on a dry basis, of 41.0 + 1.0 % carbohydrates,
20.8 + 0.2 % protein, 14.0 £+ 2.0 % ash, 3.1 + 0.1 % lipids and 22.0 +

0.3 % total fiber. Martin [52] used mucilage from OPN and found a
carbohydrate and protein composition of 48 % and 19 % w/w,
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respectively, which corroborates the values found in this study. How-
ever, Oliveira [78] and Lima Juanior [79] found a 79.93 + 0.29 % car-
bohydrate and 8.89 + 0.17 % protein, 46.88 % carbohydrate and 10.47
% protein composition, respectively. Such differences are due to changes
in the process of obtaining the mucilage. OPN was also characterized by
lignin, cellulose, and hemicellulose content, showing values of approx-
imately 11.3 + 0.1 %, 20.0 & 0.1 % and 21.0 + 0.1 % respectively.
According to these values, OPN presents characteristics of fibers derived
from secondary cellulose sources, i.e., low cellulose concentration but
relatively high hemicellulose concentration [80].

3.2. Rheological characterization

The rheological behavior of PLA/PEG spinning solutions with
different OPN contents (12.5, 25, and 50 % w/w) is shown in Fig. 2A and
B.

Overall, the polymer viscosity is linked to irreversible deformation
through molecular chains sliding past adjacent chains [81]. The increase
in OPN content (relative to PLA/PEG) led to higher viscosity values,
increasing from 4.4 to 9.6 (12.5 % OPN), 12.1 (25 % OPN), and 12.1 (50
% OPN) mPa.s, respectively, as shown in Fig. 2A. This suggests a com-
plex viscosity compared to the pure PLA/PEG solution, possibly related
to more significant restriction of polymer mobility. In addition, the in-
crease in viscosity values by incorporating OPN into the PLA/PEG so-
lution is correlated with the dense entanglement between nanofibers, as
confirmed by SEM images (Fig. 3A). Therefore, it is one of the reasons
for the significant increase in nanofiber diameter (Fig. 3B). Notably, no
thinning behavior was observed with increasing shear rate, resulting in
higher viscosity and elevated storage moduli (Fig. 2B) with OPN
incorporation. It may be asserted that no agglomeration occurred, thus
not affecting OPN distribution in the nanofibers and interaction with the
PLA/PEG matrix. The same was also observed in the studies by Jubin-
ville et al. [81]. In terms of moduli, the addition of particles to a system
increases the material's elasticity, causing the storage modulus (G') to
increase, while the loss modulus (G") increases due to particle-particle
interaction. Overall, all PLA/PEG and OPN incorporated solutions
(12.5, 25 and 50 % w/w), the viscoelastic behavior was more similar to
solid since G' > G”. This suggests, better network formed between the
OPN particles and PLA/PEG due to the improved compatibility. These
results align with those by Jubinville et al. [81].

3.3. Nanofibers morphology

The morphology of pure PLA/PEG nanofiber membranes containing
different OPN concentrations (12.5, 25 % and 50 % w/w) was analyzed
by SEM. Fig. 3A and B show the nanofiber membranes SEM images, the
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SBS fibers. (D) Expanded ATR-FTIR.

diameter distribution and the average diameter, respectively. Fig. 3A
shows PLA/PEG and PLA/PEG/OPN (12.5, 25 %, and 50 % w/w)
nanofiber membranes images.

As shown in Fig. 3A, the nanofibers' surface regular, bead-free, uni-
form, smooth surface, and randomly oriented fibers were found. This
randomly oriented nanostructure morphology with no fiber inter-
connecting and branching prepares suitable conditions for gas or water
vapor exchange and ensures a wet environment for wound healing with
no scarring [8]. Furthermore, a relatively smooth surface, without OPN
crystals on the surface, was found in all formulations, representing a
complete drug fusion into the polymeric matrix with the SBS process. An
interweaving of nanofibers incorporated with OPN (PLA/PEG/OPN)
was observed (Fig. 3A), along the spinning working distance. The
average diameters were 171, 838, 700 and 1533 nm at 0 %, 12.5 %, 25
% and 50 % w/w OPN concentrations (Fig. 3B), respectively. As previ-
ously suggested, the SBS solutions' physicochemical characteristics,
mainly including viscosity (Fig. 2A), may remarkably influence the
nanofibers' morphology and average size. Furthermore, it was observed
that the nanofiber diameter is positively correlated with the viscosity. It
suggests that the OPN extract was incorporated into the PLA/PEG ma-
trix, with a consequent increase in its diameter due to the increase in
solution viscosity (Figs. 2 and 3B). According to Dadol et al. [82] vis-
cosity is closely related to the solution concentration, having a

pronounced effect on fibers in terms of fiber morphology and diameter.
The increased viscosity of higher concentration solutions, as seen with
incorporating OPN, possibly creates higher viscoelastic forces that resist
axial stretching during spinning, resulting in a larger fiber diameter.
Such concentration/viscosity effects are in line with reports in the
literature [82,83]. Furthermore, as no granule formation was observed,
especially in the PLA/PEG/OPN 25 % and PLA/PEG/OPN 50 % for-
mulations, the OPN extract was uniformly dispersed inside the fibers.
These results align with those of Klan et al. [84] and Alippilakkotte et al.
[85]. Although they studied different materials to obtain the nanofibers,
both studies observed a significant increase in the nanofibers diameter
by incorporating respectively nanoparticles and extracts into the PVA
and PLA matrix.

Fig. 4 shows the PLA/PEG and PLA/PEG/OPN nanofibers (12.5, 25,
and 50 % w/w) EDS mapping. It was noted that the PLA/PEG sample
used in this experiment is primarily composed of: carbon (C) and oxygen
(0) [34]. Carbon is the predominant component, as PLA is a polymer
linked by carbon-carbon bonds. Following OPN incorporation, the
presence of other elements attributed to OPN composition became
evident, as illustrated in Fig. 4 B-D. The PLA/PEG/OPN nanofibers
(12.5, 25, and 50 % w/w) also presented a significant presence of C and
O, similar to the results observed for PLA/PEG (Fig. 4A). The analysis
further revealed the presence of calcium (Ca), potassium (K),
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(PLA/PEG/OPN 25 %) and (D) poly(lactic acid)/poly(ethylene glycol)/Ora-pro-nébis 50 % w/w (PLA/PEG/OPN 50 %).

magnesium (Mg), and chlorine (Cl), which are in line with OPN's
chemical composition, as indicated in Section 3.1. Similar results were
observed in previous studies conducted by Oliveira et al. [86].
Furthermore, OPN incorporation into the nanofibers was confirmed and
they were uniformly distributed.

3.3.1. Fourier transform infrared spectroscopy (FTIR)

The ATR-FTIR spectra shown in Fig. 3C were carried out to check for
possible PLA/PEG and OPN interactions. The OPN spectrum (Fig. 3C)
showed bands specific to materials containing proteins and carbohy-
drates, which is in agreement with the studies by Tan et al. [87],
Andrade et al. [88], Neves et al. [57], and Conceicao et al. [89]. Bands at
3363 cm ! (stretching vibrations -OH), 2923 and 2853 cm ! (aliphatic
carbons -CH(CH,) and -CH(CH3)), 1623 cm™! (amide I), 1373 cm™!
(-C00-), 1226 cm™! (stretching vibrations -CC) and 668 cm ! (bending
deformation -CH) were observed. Also, the bands at 1372 and 1052
cm~! were attributed to amide III (-CN stretching) of oligopeptides co-
valent bonds [87] and the -CO stretching vibrations of alcohols,
respectively. [88] The band at 832 cm ™! is attributed to the -CH ring out-
of-plane bending [90]. All PLA/PEG nanofiber membranes absorption
bands are characteristic of PLA and PEG functional groups, observed
around ca. 2994, 2936, 2870,1752,1449,1370 and 1077 em™ . The
PLA/PEG showed characteristic stretching frequencies for -CHg

asymmetric (2994 cm’l), -CH3 symmetric (2936 cm’l), and -CO single
bond stretching vibration (1195 cm ™). It also presented bending fre-
quencies for -CHs asymmetric (1449 cm ™) and -CHs symmetric (1370
em™) [1,3,15].

For the ATR-FTIR spectra of PLA/PEG/OPN nanofibers (12.5 %, 25
%, and 50 % w/w), although no significant changes were identified in
the spectra due to PLA/PEG and OPN bands overlap, such limitation
may be attributed to the challenges of incorporating a hydrophilic
component (OPN) into a hydrophobic matrix (PLA/PEG), as well as the
components' complete encapsulation, corroborating with the studies by
Brunet et al. [91]. Possible interactions were observed by expanding the
2000 to 1500 ecm ™! region (Fig. 3D, expanded). It suggested that sec-
ondary interactions may have occurred between OPN and PEG. Specif-
ically, the incorporation of OPN caused a slight reduction in the 1751
em ™! band (-CO) (Fig. 3D, expanded). It may aim to form hydrogen
bonds with water and, consequently, lead to increased hydrophilicity.
This is vital role in determining the WVTR (Fig. 7B) and the contact
angle between water and the material. It therefore, plays a crucial role in
improving the biomaterial's ability to be used as a dressing material. In
addition, PLA/PEG/OPN nanofibers showed a subtle band at 1722 cm ™!,
corresponding to the -COO functional group. Such a band is character-
istic of a carboxylic group presence in the OPN leaf mucilage, which may
serve as a site for ionic bonds, contributing to the gel-forming capacity.
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This is consistent with the studies of Pinto et al. [51], Behnaz et al. [51]
and Neves et al. [57]. Therefore, the FTIR analysis validated the suc-
cessful OPN incorporation into the nanostructured membranes (Fig. 3C
and D).

3.4. Thermal properties

The thermal stabilities of nanofiber membranes added or not with
OPN (12.5, 25, and 50 % w/w) and their respective pure constituents
were evaluated by DSC and TG/DTG, which are shown in Fig. 5A and B,
respectively. The temperatures corresponding to the onset (Td,onset)
and offset (Td,offset) of thermal degradation, glass transition tempera-
ture (Tg), crystallization temperature (Tc), melting temperature (Tm),
melting enthalpy (AHm), and crystallization enthalpy (AHc) are pre-
sented in Table 1. Notably, all the nanofiber membranes showed no mass
loss up to 100 °C, indicating no perceptible residual solvent in the
nanofibers produced. It was in line with the studies by Mendes et al.
[66].

Overall, PLA/PEG and PLA/PEG/OPN nanofiber membranes showed
two mass loss phases, while the OPN sample showed three phases, as
seen in Fig. 5B. In the OPN sample, the first mass loss was observed at
around 99 °C (3 %) due to the water content [78]. The mass loss between
(Td,onset) 202 and (Td, offset) 462 °C (~57 %, DTG: 301 °C) corre-
sponded to the main components' chemical decomposition in its
composition (Section 3.1), such as polysaccharides and proteins. After
degradation at 600 °C (Fig. 5B) a 14 % residue was observed due to
OPN's high carbon and mineral content. Similar results were observed in
the studies by Conceicao et al. [89] and Mercé et al. [92].

The PLA/PEG and PLA/PEG/OPN nanofiber membranes (12.5 %, 25
% and 50 % w/w) showed the first mass loss phase at approximately (Td,
onset) 270-311 °C (~88 %, 92 %, 93 % and 98 %, respectively) and DTG
from 333 to 351 °C, which was due to the polymer's main chains rupture,
and intra- and inter-molecular transesterification reactions [5]. It is well
known that the biodegradable polyesters (PLA)’s thermal decomposition
a competition between random chain scission by cis-elimination
(generating an acrylic ester unit) and cyclic rupture by intramolecular
transesterification (releasing lactic acid) [93]. OPN incorporation
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increased the PLA/PEG initial temperature, thus improving its stability.
For the PLA/PEG/OPN12.5 %, PLA/PEG/OPN25%, and PLA/PEG/
OPN50% mats, a mass loss was observed starting at (DTG) 324, 334, and
351 °C, respectively (Table 1). Above 300 °C, the OPN-incorporated
nanofibers exhibited improved thermal stability due to OPN's low
degradation rate, corresponding to the peak lower intensity and the shift
of the peak position to a higher temperature in the DTG curves (Fig. 5B).
Increased thermal stability for PLA/PEG nanofibers suggests that OPN
incorporation may have increased the molecular interactions between
adjacent PLA/PEG chains, as well as reinforcing the potential in-
teractions with the ester group of PLA and the apolar compounds found
in the OPN composition, as indicated by the FTIR (Fig. 3C) and DSC
(Fig. 5A). Also, according to Table 1, it was observed that the onset
degradation temperature (Td,onset) of OPN was higher than that of
PLA/PEG, indicating greater thermal stability. This may be associated
with the OPN's composition (Section 3.1), and the complete OPN
dispersion in the PLA/PEG matrix, as verified by the nanostructures'
morphology (Fig. 3A).

The DSC analysis investigated the nanofibers thermal behavior. Ac-
cording to the DSC curves, the crystallinity indexes (CI) of PLA/PEG and
PLA/PEG/OPN at 12.5 %, 25 %, and 50 % w/w were calculated,
resulting in values of 35 %, 45 %, 75 %, and 43 %, respectively. It
indicated that the CI of PLA/PEG nanofibers loaded with OPN was
higher than that of pure PLA/PEG fiber mat. Crystallization of PLA/PEG
incorporated with OPN is easier due to increased chain mobility at lower
temperatures, which was attributed to the increased free volume be-
tween the PLA/PEG chains. DSC measurements revealed two PLA/PEG
endothermic peaks at 40 °C and 170 °C (AHm = 43 J/g), corresponding
to Tg and Tm, respectively, in line with the temperature range reported
in the literature [15]. The exothermic peaks (cold crystallization tem-
perature (Tc)) of PLA/PEG appeared close to 73 °C.

Incorporating OPN at 12.5, 25 and 50 % w/w concentrations did not
significantly alter the Tm of PLA/PEG, remaining relatively constant at
170 °C. However, the Tg values of PLA/PEG/OPN nanofiber mats
increased by approximately ~25 % (12.5 % OPN), ~30 % (25 % OP N),
and ~ 35 % (50 % OPN), respectively, due to the presence of charges,
which limited the PLA/PEG chain mobility (Table 1). Furthermore, the
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Fig. 5. (A) Differential scanning calorimetric thermograms (DSC). (B) Thermogravimetric (TG; left) and derivative TG (right) profiles of poly(lactic acid) (PLA poly
(ethylene glycol) (PEG) SBS fibers influenced by varying Ora-pro-nébis concentrations (OPN; 12.5, 25 and 50 % w/w).
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Table 1
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Thermal parameters — initial (Td,onset) and final (Td,offset) degradation temperatures, derivative Thermogravimetry (DTG), (glass transition temperature (Tg),
crystallization temperature (Tc), melting temperature (Tm), melting enthalpy (AHm), crystallization enthalpy (AHc), and crystallinity index (CI) of nanofibers
comprising poly (lactic acid) (PLA)/ poly(ethylene glycol) (PEG) as influenced by different Ora-pro-nébis (OPN) concentrations (OPN; 12.5, 25 and 50 % w/w).

Sample Td,onset DTG Td,offset Tg Tc Tm AHm AHc CI
(9] (9] (9] (9] (9] (9] /g /g (%)

Ora-pro-Nobis (OPN) 202 301 467 - - - - - -
OPN in fibers (%)

0 278 333 341 40 73 170 43 10 35
12.5 293 324 343 50 94 169 43 6 45
25 298 334 351 52 80 168 45 15 75
50 311 351 368 54 74 168 41 6 43

Values with different letters in the same column were significantly different (p < 0.05).
“ OPN: Ora-pro-nébis concentration in the blow-spinning fibers solution (w/w, dry mass).

OPN molecules into the PLA/PEG macromolecules increased the crys-
tallization rate, shifting Tc to lower values and increasing the degree of
crystallinity (Table 1). By incorporating OPN at 25 and 50 % w/w, the
cold crystallization peak became broader and shifted to lower temper-
atures compared to pure PLA/PEG. The lower Tc values observed may
indicate faster cold crystallization induced by OPN incorporation, which
acts as nucleating agents for PLA/PEG. For PLA/PEG/OPN 12.5 %, the
Tc peak shifted to higher values than in pure PLA/PEG. For us, this
behavior resulted from a possible better adhesion to the matrix due to
the lower added load, allowing for a better interaction with PEG and
PLA. This could hinder the crystallization process by reducing nucle-
ation sites, leading to higher Tc values, corroborating with the studies by
Frone et al. [94].

It is important to note that the PLA/PEG nanofiber mats, with or
without OPN, remained well below their initial degradation tempera-
tures and associated thermal events. As a result, they are not affected by
any temperature changes that may occur during the use, transportation,
or storage of controlled-release devices.

3.5. Nanofiber membranes' mechanical properties
Nanofiber membranes used for wound dressings must have good

mechanical properties, so the stress-strain behavior of PLA/PEG-based
nanofiber membranes incorporated or not with OPN (12.5, 25 and 50
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Fig. 6. Stress-strain curves of poly(lactic acid) (PLA)/poly(ethylene glycol)
(PEG) SBS fibers influenced by varying concentrations of Ora-pro-nébis (OPN;
12.5, 25 and 50 % w/w). The X in the stress versus strain curve in-
dicates rupture.

% w/w) was analyzed, and the results are shown in Fig. 6 and Table 2.
The among OPN and PLA/PEG interactions was significant (p < 0.05) for
the elastic modulus (EM), tensile strength (TS), elongation at break (),
and toughness (T).

PLA/PEG nanofiber membranes exhibited a 3.4 MPa TS with a 3.5 %
€ (%) and 14 MPa EM. A similar result was observed by Alharbi et al.
[27], who showed a weak and fragile mechanical response. Notably, the
incorporation of OPN into PLA/PEG-based nanofibers allowed for a
significant increase in mechanical properties compared to PLA/PEG,
especially with a TS increase of around 65 % (PLA/PEG/OPN 12.5 %),
59 % (PLA/PEG/OPN 25 %) and 26 % (PLA/PEGOPN 50 %), respec-
tively. Similar behavior was observed in EM values, increasing signifi-
cantly (p < 0.05) of 464 % (PLA/PEG/OPN 12.5 %), 336 % (PLA/PEG/
OPN 25 %) and 43 % (PLA/PEG/OPN 50 %), indicating that OPN acts as
a reinforcing filler. This is attributed to the stiffening occurrence by OPN
dispersion in the PLA/PEG. However, there was a slight reduction in the
TS and EM values of PLA/PEG/OPN50% nanofibers, which may be
associated with a possible aggregation of the filler within the nanofibers
(although not observed in the SEM images, Fig. 3A), leading to stress
points. It indicates that low filler reinforcement concentrations
enhanced the mechanical properties. At the same time, the aggregations
provided at high filler concentrations may weaken their mechanical
performance, creating structures resembling defects in the fibers. A
similar result was observed in the studies by Karbowniczek et al. [95].

The polymeric nanofibers' mechanical properties depend on many
factors including their structure, and the interactions between each of
the polymer components in scaffolds. For example, the DSC patterns
(Fig. 5A), indicated greater crystallinity (Table 2) when OPN was added.
These characteristics are in line with more mechanically resistant and
tougher nanofibers. Additionally, PLA/PEG and OPN components in-
teractions, as suggested by FTIR (Fig. 3C and D), may also occur, and
contributing to increased crystallinity (Table 2) and, consequently,

Table 2

Mechanical properties — Thickness (e), Tensile strength (TS), Elongation at break
(e%) Elastic modulus (EM), and Toughness (T) —of nanofibers comprising poly
(lactic acid) (PLA)/poly(ethylene glycol) (PEG) as influenced by different Ora-
pro-ndbis (OPN) concentrations (OPN; 12.5, 25 and 50 % w/w).

Samples Thickness TS £% EM T

OPN in fibers (e) (MPa) (%) (MPa) (MPa)

(%) (pm)

0 0.13 + 3.40 + 3.50 + 14.0 + 25+0.6
0.04% 0.05° 0.20? 3.2° a

125 0.15 + 3.80 + 3.50 + 79.0 + 8.0+0.8
0.03? 0.50 ° 0.20? 10.0? a

25 0.14 + 5.30 + 2.80 + 61.0 + 10.0 +
0.04° 0.20 0.13° 14.0 0.22

50 0.17 + 410 + 3.50 + 20.0 + 6.2+0.5
0.03% 0.70 * 0.342 1.8 a

Mechanical attributes were reported as average values and standard deviations.
The same letters on the same column indicate that the values were not statisti-
cally significant (p > 0.05) using Tukey's test.
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strength. According to the studies by Mohammadi et al. [29], the in-
crease in mechanical properties is attributed to the nanofibers' structure
and the interactions between the components found in them. The
nanofibers' diameter may have influenced these properties, as nano-
fibers typically exhibit size-dependent behavior, wherein the fibers'
ductility increases as their diameter increases. This phenomenon
explained the observed increase in strength (TS) and toughness (T) in
OPN-embedded nanofiber membranes (Table 2). These theories are
supported by Hassim et al. [96] and Mohammadi et al. [29]. Moreover,
other factors may have influenced the mechanical properties of the
nanofiber membranes added or not with OPN, such as the length,
alignment, and entanglement of the fibers within the membranes, as
seen in the SEM images (Fig. 3A) [27,97].

On the other hand, the results in Fig. 6 and Table 2 showed that the
deformation at break did not change with the incorporation of OPN at
12.5 and 50 % w/w concentrations. However, it resulted in a 20 %
reduction in PLA/PEG/OPN 25 % nanofibers. Although the exact
mechanism remains unclear, several factors may contribute concomi-
tantly or separately to this observation. The OPN may have acted as a
potential plasticizer, given its composition (Section 3.1), which has high
carbohydrate content. It may be related to an excess of hydrocolloids
leading to the formation of non-associated regions, allowing flexibility
in the polymeric chains. Additionally, incorporating of OPN increased
the fiber diameter (Fig. 3B), consequently reducing the specific surface
area. These factors may lead to a friction resistance reduction between
the fibers and a decrease in relative sliding and €% of the nanofiber
membranes. These results were supported by Perez-Puyana et al. [98]
and Zhu et al. [99]. Regardless of the mechanism, the nanofibers
exhibited TS and €% values close to the tensile strength (TS: 1 to 32 MPa)
and elongation (¢%: 0.42-2.26 %) of human skin [68,100]. Therefore,
the developed PLA/PEG/OPN composite membranes are a potential
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candidate for wound dressing applications.

3.6. Wettability, barrier, and swelling properties

Nanofiber membranes must exhibit essential properties to establish
their effectiveness as dressing materials. Additionally, wettability, water
vapor transmission rate (WVTR), and swelling behavior properties,
shown in Fig. 7A-C, respectively, were investigated.

Nanofiber membranes' wettability was assessed through water con-
tact angle measurements and is shown in Fig. 7A. PLA/PEG nanofibers
exhibited a contact angle (e) of 117° (Fig. 7A), indicating a hydrophobic
character, consistent with findings in other studies [34]. Similar
behavior was observed in the OPN-incorporated nanofiber membranes
(12.5, 25, and 50 % w/w) despite a significant (p < 0.05) reduction in
the contact angle. It suggests that as the OPN concentration increased
and due to its hydrophilic nature (Fig. 3C), with an intense -OH band,
polar groups were incorporated, leading to a decreased in the PLA/PEG
nanofiber membranes's hydrophobicity. This supports OPN encapsula-
tion inside the nanofibers, while the membrane surface primarily com-
prises PLA/PEG. Han et al. [33] found a similar result when
incorporating cinnamaldehyde and tea polyphenol into PLA matrices,
causing a slight reduction in nanofiber membranes' hydrophobicity.
However, the contact angles of PLA/PEG and PLA/PEG/OPN nanofiber
membranes (12.5, 25, and 50 % w/w) remained above 90°, indicating
their overall hydrophobic nature. According to Zhao et al. [34] and Yin,
J., Xu, L. and Ahmed, A. [101], such hydrophobicity in PLA/PEG and
PLA/PEG/OPN nanofiber membranes may reduce dressing-wound
adhesion, consequently reducing secondary injuries caused by dressing
replacement or removal.

The wound healing process also depends on controlling the wound
area's hydration, where an appropriate water vapor permeability rate
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(WVTR) is an essential factor that facilitates moisture and gas exchange,
thereby preventing the accumulation of wound exudate [68,102,103].
Thus, the WVTR properties of PLA/PEG nanofiber membranes incor-
porated with OPN (12.5, 25 and 50 % w/w) were analyzed and are
shown in Fig. 7B. The PLA/PEG-based nanofiber membranes, incorpo-
rating different OPN concentrations, exhibited WVTR values ranging
from 2343 to 1366 g/m?/day, as shown in Fig. 7B. It should be noted
that an increase in the OPN concentration in the nanofibers significantly
(p < 0.05) enhanced WVTR. According to Ullah [32] the ideal WVTR
range for a dressing to maintain adequate moisture at the wound site
should be approximately 2000-2500 g.m-2.day !, depending on the
conditions and materials used. Human skin typically has a WVTR of 204
+ 12 g.m-2.day !, but for first-degree burns and granulation wounds,
this value increases to 279 + 26 and 5138 + 202 g.m-2.day?, respec-
tively. For nanofiber membranes incorporated with OPN extract at 25
and 50 % w/w concentrations, the WVTR increased to 2250 and 2343 g.
m-2. day™! (Fig. 7B), respectively, falling within the recommended
range as ideal for wound closure dressings.

PLA/PEG and PLA/PEG/OPN nanofiber membranes (12.5, 25, and
50 % w/w) swelling properties were evaluated and are shown in Fig. 7C.
The nanofiber membrane absorption capacity was assessed after 3 days
of immersion. The swelling property is related to the materials' struc-
tural capacity to absorb local exudates at the wound site. It was observed
that during the evaluated period, PLA/PEG nanofibers exhibited
approximately 263 % swelling, while the swelling of OPN-incorporated
nanofibers (PLA/PEG/OPN12.5 %, PLA/PEG/OPN25% and PLA/PEG/
OPN50%) increased to 488 %, 717 %, and 466 %, respectively. Ac-
cording to Chen et al. [103], the greater swelling of nanofibers may be
attributed to their increased hydrophilicity, supporting the findings of
this study (Fig. 7A and B). It is important to note that all the nanofiber
membranes maintained their structure without wrinkling or material
loss. This enhanced swelling capacity and WVTR may assist with cell
adhesion and migration, as observed in Fig. 8B. Therefore, these phys-
icochemical properties of PLA/PEG nanofiber membranes, especially
those containing OPN (PLA/PEG/OPN 12.5, 25 and 50 % w/w)
exhibited desirable characteristics highly beneficial for the wound
healing process.

3.7. Antioxidant activity study

Using nanofiber membranes incorporated with bioactive antioxidant
compounds, such as OPN, may be beneficial for the wound healing
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process, primarily by eliminating or reducing oxidative stress caused by
the presence of free radicals and reactive oxygen species (ROS). This
prevent damage to epithelial cells and the extracellular matrix (ECM),
which could lead to a chronic issue [42]. The antioxidant activity of
PLA/PEG and PLA/PEG/OPN nanofiber membranes (12.5, 25, and 50 %
w/w) was determined using the DPPH radical scavenging method, and
the results are shown in Fig. 7D. Due to the OPN composition's
complexity, the antioxidant activity was related to the release tests,
where the nanofiber mats' release profile when in contact with the liquid
medium was verified, as reported by Jiang et al. [104]. As expected, the
OPN extract exhibited high antioxidant activity against the DPPH
radical (Fig. 7D), with approximately 73 % oxidation inhibition. This
aligns with the studies by Garcia et al. [2], Souza et al. [105], Hoff et al.
[106], and Takeiti et al. [107], who showed that the antioxidant ca-
pacity of the OPN's hydroalcoholic extract is related to its composition,
which is mainly composed of high-polarity antioxidant compounds such
as peptides and aminoacids. However, this activity was reduced for PLA/
PEG/OPN nanofibers, ranging from 36 % to 43 % (Fig. 7D). Neverthe-
less, the antioxidant and radical scavenging activities of PLA/PEG/OPN
nanofibers increased with increasing amounts of OPN (36 % (PLA/PEG/
OPN 12.5 %), 42 % (PLA/PEG/OPN 25 %), and 43 % (PLA/PEG/OPN
50 %), respectively). However, a tendency for the antioxidant activity to
stabilize between the 25 and 50 % w/w OPN concentrations was noted.
According to Hu et al. [31], this is due to the increased nanofibers' hy-
drophilicity, which consequently have better absorption, corroborating
the contact angle and swelling results (Fig. 7A and C). This aspect may
also be associated with the release of encapsulated OPN compounds in
PLA/PEG nanofibers, which directly depends on their morphologies.
This is because nanofibers with a smaller diameter (Fig. 3A) exhibit a
higher surface-to-volume ratio. Such elevated ratio facilitates greater
accessibility to the aqueous medium [108]. Therefore, OPN antioxidant
activity was not affected even when incorporated into the PLA/PEG
solution obtained by solubilization in chloroform and acetone solvents.
Furthermore, the increase in antioxidant activity as a function of con-
centration highlighted the successful OPN encapsulation in the PLA/
PEG matrix, as evidenced in the rheology (Fig. 2), FTIR (Fig. 3C) and
thermal analysis results (Fig. 5). It also proved that SBS technology is an
efficient method for encapsulating and protecting OPN's bioactivity.

3.8. Cell viability, adhesion, and proliferation tests

For nanofiber membranes to be used as dressings, they must be
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Fig. 8. (A) Cell viability and (B) L-929 cells' scanning electron microscopy (SEM) images after 48-hour incubation with nanofibers composed of poly(lactic acid)
(PLA)/ poly(ethylene glycol) (PEG) incorporated with Ora-pro-nébis (OPN) at a 25 % w/w concentration.
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biocompatible, safe, and non-toxic to cells. Therefore, it is crucial to
determine the cytotoxicity and the biocompatibility index, especially
given that the matrix material for nanofiber membranes (PLA/PEG)
involves using chloroform and acetone. The safety of nanofiber mem-
branes for fibroblasts (L-929 cells) was assessed by cell viability assays
and cell morphology experiment (SEM) to examine cell adhesion, as
shown in Fig. 8A and B, respectively. Based on the presented results,
only the PLA/PEG and PLA/PEG/ OPN 25 % nanofiber membranes were
evaluated for cell viability and adhesion.

As depicted in Fig. 8A, the PLA/PEG membrane's relative viability
was approximately 117 %. However, the number of fibroblast cells on
the 25 % PLA/PEG/OPN composite nanofiber membranes was slightly
lower than that in the control nanofiber membranes (PLA/PEG). Barn-
hip et al. [30] attributed this to the fibers' diameter obtained and,
consequently, the increase in the surface area and volume ratio. Their
studies revealed that a smaller fiber diameter resulted in greater cell
adhesion. This is in line with the findings of this study, where the PLA/
PEG nanofibers had a smaller diameter than the PLA/PEG/OPN25%
nanofibers (Fig. 3A and B).

Despite this minor reduction in cell viability in OPN-incorporated
nanofiber membranes, it is essential to note that neither the polymers
(PLA/PEG) nor the amount released of OPN presented cytotoxicity. This
is consistent with the ISO standard 10,993-5 requirements [77], which
stipulates that cell viability must be equal to or >70 % for medical de-

vices to be considered non-toxic, suggesting nanofibers'
biocompatibility.
Furthermore, SEM images were used to assess L-929 cells

morphology on the nanofiber membranes after a 48-hour growth period
(Fig. 8B). A high-magnification image of a single cell was incorporated
into each image. The cells grown on the nanofibers exhibited
morphology and characteristics specific to fibroblast cells, as reported
by Lv et al. [42], who found cells with standard fusiform extension. The
number of cells distributed on the 25 % PLA/PEG/OPN nanofiber
appeared visually lower than those on the control nanofiber (PLA/PEG),
which was consistent with the cell viability test results (Fig. 8A).

In contrast to other studies in the literature [28,30,42,57,62], which
linked greater biocompatibility with the hydrophilic, the matrix in this
study provided an efficient surface for adhesion (Fig. 8B) even with its
hydrophobicity nature (Fig. 7A). According to Liu et al. [28], this may be
linked to the nanofibers diameter reduction, which consequently
increased the water penetration rate due to an increase in the nanofibers'
surface-to-volume ratio and porosity. This is in line with the results
presented in this study, where the PLA/PEG/OPN25% nanofibers
diameter was reduced (Fig. 3B), leading to an increased WVTR rate
(Fig. 7B). Therefore, these results indicated that PLA/PEG/OPN nano-
fiber membranes offer a comparable support to PLA/PEG nanofibers,
established in the literature for used as dressings, fostering cell adhesion
and proliferation, suggesting their potential use as wound dressings.

4. Conclusion

PLA/PEG nanofiber membranes, incorporating various OPN con-
centrations (12.5, 25 and 50 % w/w), were successfully produced using
SBS technology. Overall, the nanofiber membranes exhibited an average
diameter ranging from 104 to 264 nm and displayed uniformly without
any defects. These nanofiber membranes demonstrated thermal stabil-
ity, a crucial aspect for their storage and application, especially when
OPN was incorporated. OPN incorporation notably enhanced the me-
chanical properties, which is evident in the TS increase from 0.8 MPa for
PLA/PEG to 2.0 MPa after incorporating 25 % w/w OPN. Furthermore,
the PLA/PEG/OPN nanofibers offered an excellent wound healing sys-
tem with advantageous features, including the establishment of an
antioxidant environment (DPPH~45 %, PLA/PEG/OPN25%), a slight
reduction in contact angle (109°), and enhanced moisture exchange by
increasing the water vapor transmission rate (WVTR) from 2343 to
1366 g/m%/day. Significantly, in vitro viability and cell culture test
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results demonstrated that both PLA/PEG and PLA/PEG/OPN (25 % w/w
OPN) nanofiber membranes promoted cell adhesion, fibroblast cell
attachment (L929), and cell proliferation without inducing any cyto-
toxic effects. Therefore, based on the results presented in this study,
PLA/PEG nanofibers incorporated with OPN showed promising poten-
tial use as wound dressing applications.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijbpiomac.2024.131365.
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