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ABSTRACT. The purpose of this research was to analyze the morphology, thermal and mechanical
properties of poly(vinyl alcohol) (PVA)-based electrospun mats reinforced with cellulose acetate (CA)
or cellulose nanocrystalline (CNC) for potential applications in wound dressings. Bead-free and water-
stable electrospun nanofibers made of blends of PVA and CA or CNC were successfully produced and
crosslinked with glutaraldehyde vapor. Crosslinking slightly increased the nanofibers’ diameters in
order of 43 and 13% for 80/20 PVA/CA and PVA/CNC electrospun mats, respectively, while
maintaining their bead-free morphology. Thermogravimetry (TGA) and differential scanning
calorimetry (DSC) evaluations were employed to determine the miscibility and the thermal response
of the uncrosslinked and crosslinked mats, reporting a reduction in mass loss upon addition of CA and
CNC and upon crosslinking process. Polymers’ powder and mats (before and after crosslinking)
crystallinity was assessed by X-ray diffraction analysis (XRD). Crosslinked mats experienced a slight
reduction in crystallinity compared to the uncrosslinked. Static and dynamic tensile strength tests
revealed that CA and CNC doped mats enhanced the Young's modulus and lowered deformation at
failure compared to pristine PVA electrospun mats. Data from storage modulus (E’) demonstrated the
strength of the physical interactions formed between PVA and the cellulosic derivatives (either before
and after crosslinking), highlighting the stiffness of CA (231.58 MPa for the 80/20 mat) and,
particularly, CNC (742.04 MPa for the 80/20 mat). This research uncovered important information
concerning the chemical and physical relation between polymeric matrices and additives, essential for
the proper selection of materials for wound dressings production.

KEYWORDS. Poly(vinyl alcohol); cellulose acetate; cellulose nanocrystalline; thermal behavior;
quasi-static and dynamic mechanical performances.

1. INTRODUCTION

Skin wounds are an important healthcare and social problem worldwide, being associated with high
morbidity and mortality rates [1,2]. New generation of wound dressings have been engineered and
used to assist in promoting and accelerating skin regeneration, while protecting the wounded site from
further harm [3,4]. In the last decades, bandages and gauzes have been the dressings of choice for
accelerating scar formation, despite their inefficiency in protecting the wound against infection and
their replacement at the injured site being responsible, in many instances, for causing pain and
removing newly formed cell tissue [5]. Therefore, research for new dressing alternatives has become
essential.

During the development of a modern wound dressing, specific requirements must be taken into
consideration, namely non-immunogenicity, non-toxicity, ability to absorb wound exudates, proper
breathability, protection against microbial infection, biodegradability, and suitable mechanical
properties for an effective adaptation to the wounded site [2,6-9]. Modern wound dressings can be



constructed in the form of films, hydrogels, hydrocolloids, 3D scaffolding systems, and nanofibrous
mats [10,11]. The last have been highlighted for their outstanding physiochemical properties and
extraordinary biological performance [12,13]. Indeed, nanofibrous mats’ large specific surface area,
high porosity, small pore size, and excellent channel connectivity have shown to promote wound
hemostasis (absorb necrotic tissue and exudates), protect against bacterial penetration (nanoscale
barrier with pore size smaller than bacteria), and generally instigating healing (facilitate the
oxygenation of cell tissues, preventing drying and dehydration) [14-19]. Additionally, the large
specific surface area that characterize these systems facilitates loading of molecules of interest,
including antimicrobial and regenerative drugs. The intertwined and connected structure of the non-
woven nanofibers can mimic the structure and biological functions of the extracellular matrix (ECM),
providing a good template for cell adhesion, proliferation, and growth, aside from being more easily
recognized by the human body for a quicker integration [19,20].

Even though many techniques can be used for generating nano-scaled systems for wound healing,
electrospinning can be highlighted for its simplicity, inexpensive and scalable production, and facility
of processing of both synthetic and natural polymers [21,22]. Biomedicine has mostly focused on
synthetic biodegradable polymers such as polycaprolactone (PCL), poly(lactic acid) (PLA), poly(L-
lactide) (PLLA), poly(lactic-co-glycolic acid) (PLGA), and polyvinyl alcohol (PVA), due to their ease
of processing, abundance, and superior mechanical strength compared to the natural-origin options
[23-25]. PVA, a highly water-soluble polymer approved by the USA Food and Drug Administration
(FDA), is an ideal candidate for nanofibrous dressing production because of its non-toxic nature,
chemical resistance, biocompatibility, and biodegradability [6,26-28]. Yet, PVA-based electrospun
nanofibers have been described as insufficiently strong to endure specific uses, considering PVA
behaves as a soft material with relatively high strain and low stiffness [29,30]. To improve such
features, many approaches have been proposed, including post-treatments (heat treatment, hot
pressing, stretching, hot stretching, solvent welding, etc.) [31-33], alteration of fiber orientation via
different collectors and electric field applications (aligned) [34], crosslinking (physical, chemical)
[35], and blending with other materials [36]. Introduction of nanomaterials into PVA matrices has
been most effective in reinforcing electrospun PVA nanofibers [37—42]. In recent years, incorporation
of cellulosic materials, in the form of fibers, particles and whiskers, into electrospun nanofibrous mats
has paved the way for engineering new fiber nanocomposites. These renewable, highly abundant, and
low-cost cellulosic additives can establish reliable and durable bonds with PVA, improving the
composite mechanical and physical properties above the pristine polymer [43-45]. On its own,
cellulose presents limited solubility in general organic solvents and cannot be melt due to its large
amount of inter- and intra-molecular hydrogen bonds, hindering its biomedical applications [46,47].
To overcome these drawbacks various chemical derivatives of cellulose and different nanocelluloses
have been investigated. Cellulose acetate (CA) is perhaps the most researched cellulose derivative,
being frequently found in wound dressing formulations [48,49]. CA displays outstanding properties
of biodegradability, biocompatibility, hydrolytic stability, insolubility in water, non-toxicity, and good
mechanical strength [50]. Because of the hydroxyl groups available in CA, chemical bonding with
PVA is easily achieved [51,52]. Among the nanocelluloses, nanocrystalline cellulose (CNC) has
gained enormous interest for incorporation into polymeric matrices because of its excellent dispersion,
particularly in water, and large amount of surface free hydroxyl groups. CNCs are suitable nanofillers
for reinforcing PVA matrices by generating strong interactions via hydrogen bonding at the interface
between CNC and PVA [53,54]. Furthermore, CNCs are “green” compounds (low environmental
impact), biocompatible, biodegradable, have a high aspect ratio, and a high Young’s modulus,
conferring exceptional physical and mechanical features to the nanofibrous mats. They may also
facilitate the electrospinnability of polymer blends via their high surface charge, a result of the acid
hydrolysis they are subjected to, which improves nanofiber alignment and consequently the mats’
mechanical performance [55,56].



Many studies have investigated the impact of incorporating CA or CNC into PVA-based electrospun
mats for wound healing applications [27,55,57,58]. Here, the scientific community tends to focus on
biological issues or, when investigating the physical and mechanical properties of designed substrates,
does not go beyond the normal fracture analysis of reinforced polymeric matrices. Yet, it is well
established that the mechanical properties of wound dressing materials also affect cellular activities,
reporting a high dependency of the cell matter interplays to the applied shear stresses and mechanical
signaling channels that control the migration, proliferation, and differentiation of cells [59].

Our research investigates the mechanical properties of PVA/CA and PVA/CNC electrospun mats,
before and after chemical crosslinking, and supplements those analyses with morphological and
thermal evaluations to provide a comprehensive understanding of the performance of the engineered
electrospun nanofibrous mats.

2. MATERIALS AND METHODS

2.1 Materials. PVA (partially hydrolyzed, 88% with medium Mw (molecular weight), 78,000) was
purchased from Polysciences, Europe GmbH. CA (39.8 wt.% acetyl content, Mw 30,000) was
acquired from Sigma (Taufkirchen, Germany), and CNC with diameters of approximately 75 nm and
polydispersity index (PDI) of 0.181 was purchased from CelluForce (Montreal, Canada). The acetic
acid (glacial) was obtained from Merck (Darmstadt, Germany) and the glutaraldehyde (GA, 25%
agueous solution) from Sigma (Taufkirchen, Germany). All reagents were used without further
purification.

2.2 Production of nanofibrous mats. Polymeric solutions of PVA/CA and PVA/CNC were prepared
at 10% (wi/v) at varying ratios: 100/0 (or 100 PVA), 90/10 and 80/20% (v/v). Solutions with polymeric
ratios with increased amounts of CA and CNC could not be successfully produced. PVA/CA solutions
were prepared in acetic acid/distilled water (dH20) at 75/25% (v/v), being continuously stirred for 4
h at 40 °C. PVA/CNC solutions were prepared separately in dH20, being PVA dissolved at 40 °C and
CNC at room temperature, both for 4 h. PVA and CNC solutions were then mixed and left under
continuous stirring for 2 h at room temperature. To ensure CNC dispersion, the mixture was subjected
to sonication bath for 2 h. After, to determine the viscosity of the polymeric solutions, a viscometer
Brookfield DV — I1+ Pro with a 27 and 21 spindle, respectively for PVA/CA and PVA/CNC, and a
speed of 50 rpm at 40 °C was used, performing data readings in intervals of 30 s for a period of 4 h
(duration established for electrospun fiber deposition). The conductivity and zeta-potential (mV) of
the blends were measured using a Zetasizer Nano ZS (Malvern Instruments) at room temperature.
Regarding the electrospinning, the processing conditions were optimized to a voltage of 25 kV applied
to a steel capillary needle with an inner diameter of 18 Gauge (G), attached to a 5 mL syringe
containing the prepared solutions. The flow rate was established at 0.8 mL/h. Aluminum sheets were
used as nanofiber collectors (ground) and were placed at a vertical distance of 180 mm. Temperature
and relative humidity (RH) were controlled and maintained at 20-22 °C and 65-70%, respectively. The
produced electrospun nanofibers were stored in a desiccator with a controlled RH of approximately
41% at room temperature.

2.3 Crosslinking. PVA/CA and PVA/CNC mats were crosslinked in GA vapor to increase their
stability in aqueous media. Mats of 130x120 mm? were first dried overnight at 40 °C, to eliminate
residual water molecules, and then placed in a vacuum-sealed desiccator with 6 mL of GA solution,
during 7 h at 60 °C. In the end, mats were stored in a controlled environment of 41% RH and room
temperature to allow any residual GA to be eliminated over time. For proper identification, the
uncrosslinked mats were labelled as 100/0, 90/10 and 80/20, while the crosslinked mats were named
as C100/0, C90/10, and C80/20.



2.4 Field emission gun scanning electron microscopy (FEG-SEM). Morphological analyses of the
mats’ surface were conducted via FEG-SEM (NOVA 200 Nano SEM, FEI Company) with an
accelerating voltage of 10 kV. Mats were initially coated with a thin layer (10 nm) of gold-palladium
(Au-Pd, 80-20 wt.%), using a 208HR high-resolution sputter coater (Cressington Company, Watford
WD19 4BX, United Kingdom) coupled to an MTM-20 Cressington High Resolution Thickness
Controller. The average diameters of the uncrosslinked and crosslinked electrospun mats were
determined by conducting 100 measurements of nanofibers diameters from three micrographs of each
PVAJ/CA and PVA/CNC ratio (100/0, 90/10 and 80/20% v/v). Images at a magnification of 50,000x
were used and processed using the ImageJ software, to obtain the diameter distribution with a log-
normal function. The number of layers and porosity of the mats were also evaluated from four
micrographs collected from each polymer ratio of both combinations resorting to the Python software.
Details of porosity determinations are provided in Section S1 of the Supporting Information file. All
nanofiber mats’ diameters and porosities were presented as mean + standard deviation (S.D.).

2.5 X-ray diffraction (XRD) studies. XRD measurements were performed to determine the
crystallinity of the PVA/CA and PVA/CNC electrospun mats and PVA, CA and CNC powders using
AXS D8 Discover-Bruker diffractometer operating with a Cu Ko radiation source (A=1,540604),
generated at 40 kV and 40 mA. XRD spectra were recorded in the 26 angle, using a scale ranging from
5 to 50° at a rate of 0.04%s.

2.6 Thermal analysis. Thermal gravimetric analysis (TGA) and differential scanning calorimetry
(DSC) were performed to evaluate the structural and thermal stability and phase transitions of the
produced mats by means of weight loss, glass transition and melting temperatures. TGA were carry
out between 25 and 600 °C, at a heating rate of 10 °C/min under a dynamic nitrogen atmosphere and
flow rate of 200 mL/min (inert environment), on a STA 7200 Hitachi® (Fukuoka, Japan) using
aluminum pans. The initial mass of each sample was established at 5 + 2 mg. Results were plotted as
percentage of weight loss vs temperature. Derived thermogravimetric (DTG) spectra were also
acquired, to identify temperature ranges where degradation was most significant.

DSC data were obtained using a DSC 822 Mettler Toledo (Columbus, USA). Samples of 5 + 2 mg
were sealed in an aluminum pan and subjected to a first heating step (0-100 °C, to remove absorbed
and adsorbed water), followed by cooling, and then to a second heating step (0-250 °C) at a rate of 10
°C/min, under a dynamic nitrogen atmosphere, and flow rate of 20 mL/min (inert environment). The
glass-transition temperatures (Tg), melting temperatures (Tm) and enthalpies (AH) were established.

2.7 Uniaxial tensile tests. The tensile strain of the electrospun mats was measured using the uniaxial
tensile test. Samples were prepared following ASTM D5035-11 (2019). The gauge length was set to
30 mm. Hounsfield Universal Testing Machine (Hounsfield UTM) with a 250 N loading cell was used
to run the tensile test at displacement rate of 3.0 mm/min and room temperature. Prior to testing, a low
tare load was applied to establish a consistent zero position. Young’s modulus (MPa), ultimate tensile
strength (UTS, in MPa) and strain at failure (%) were obtained from stress-strain curves.
Measurements were conducted in triplicate.

2.8 Dynamic mechanical analysis (DMA). DMA was performed using a DMA 7100 from Hitachi®
(Fukuoka, Japan) in programmed tension (viscoelastic behavior) using the operating software of the
equipment. Strips of 20x5 mm? with an average thickness of 0.75 + 0.2 nm were cut from the
nanofibrous mats for DMA testing. The storage modulus (E') was determined in the temperature range
of 20 to 250 °C at 3 °C/min using a single frequency (1 Hz) in synthetic oscillation. The glass transition
temperature (Tg) of the electrospun mats was identified through the onset of E’ drop. This DMA
method has revealed great precision in determining the Tg of a variety of viscoelastic polymer-based



materials [60]. Examinations were carried out in a nitrogen atmosphere at 200 mL/min, to ensure an
inert environment. Measurements were conducted in triplicate.

3. RESULTS AND DISCUSSION

PVA selected was chosen because of its excellent solubility in water, even at low temperatures, and
for presenting a lower surface tension, compared with the highly hydrolyzed PVA, enabling
electrospinning [61,62]. Additionally, the PVA used is mechanically more resilient than the highly
hydrolyzed version of the polymer [6]. To guarantee the formation of a uniform and stable polymer
jet during electrospinning, 10% wi/v was established as the ideal working polymer concentration. The
solution concentration affects the polymer chains entanglement and the formation of a continuous
physical network [63].

Both PVA/CA and PVA/CNC electrospun mats were water-unstable after production, progressively
dissolving; thus, requiring an efficient crosslinking to form a three-dimensional water-resistant
network. For this purpose, chemical crosslinking with GA vapor was employed. GA is a crosslinker
widely used in PVA treatments due to its low cost, facile processing, and great efficiency [64].
However, GA has been recognized as cytotoxic, with consequences being dependent upon the
concentration used and the type of cells tested [65,66]. Yet, the GA vapor phase methodology has been
described as an approach with low or no detectable cytotoxic effects [7,67,68]. Chemical crosslinking
entails the formation of covalent bonds between different molecular chains. Here, the crosslinking
reaction was established via acetal bridges between the difunctional aldehyde of GA and the hydroxyl
groups of the polymers [69-71]. To minimize nanofiber softening, swelling and retention of water
molecules arising from the GA solution (composed of 75% of water), and considering the water vapor
pressure is higher than GA vapor pressure [72], a sealed vessel with silica was used during
crosslinking. Here, 6 mL solution of 2.56 M GA heated to 60 °C for 7 h, to generate vapor, was applied
to all samples. These conditions were deemed effective in achieving nanofibers’ crosslinking. This
methodology, compared with other literature reports, appeared to be less severe, since it did not require
an acidic catalyst [73,74], long vacuum periods [75,76] or temperatures in the order of 100 °C [77],
either during crosslinking or for GA removal after crosslinking.

3.1 Characterization of the spinning solution and the nanofiber’s morphology. Micrographs of
electrospun PVA/CA and PVA/CNC nanofibers were collected (Figure 1). All fibers produced were
in the nanoscale range and no beads or bead-on-string structures were visible. Nanofibers electrospun
from PVA/CA solutions displayed the largest diameters and widest diameter distribution. 223 + 50,
217 = 73 and 194 = 51 nm were the average diameters achieved for the 100/0, 90/10 and 80/20
PVA/CA nanofibers, respectively, while for 100/0, 90/10 and 80/20 PVA/CNC they were in the order
of 172 + 40, 171 + 38 and 132 £+ 26 nm (Table 1). Nanofibers size diameters and morphology are
conditioned by the viscosity, conductivity of the polymeric solutions and specific solvent properties,
such as boiling point (b.p.) and dielectric constant () [78-80]. For this reason, polymeric solutions
were characterized regarding viscosity, conductivity, and zeta potential (Table 1). All PVA/CA
solutions (100/0, 90/10 and 80/20) prepared with 75/25% v/v of acetic acid/dH,O presented a higher
viscosity than the PVA/CNC blends prepared only with water, which explains the larger diameters
detected [1,6,44,81]. Additionally, by looking at the neat PVA solutions (100/0 PVA/CA and
PVA/CNC), the contribution of the solvents to the parameters listed in Table 1 becomes even clearer.
Mahmud et al., on studying solvent systems, established that the acetic acid/dH.O combination
increases polymeric solutions’ viscosity over systems prepared with 100% dH.O and showed a
tendency of decreasing conductivity with higher amounts of acetic acid [82]. These conclusions are in
concordance with our results. It is also worth noting the importance of the b.p. and the € of the solvents
employed. dH,0O and acetic acid have b.p. of 100 and 118 °C and € of 79.7 and 6.2 at 20 °C, respectively
[80,83,84]. The boiling point of acetic acid is 118 °C, higher than that of dH,O, which may explain
the increase in fiber diameter registered and the longer time required for evaporating the solvent. As



indicates the ability of a material to become electrically polarized and store electrical energy [80], it
could also explain the smaller size diameters of the formulations PVA/CNC (namely the 100/0 ratio).
As dH0 polarizes faster than acetic acid (due to its higher €) under an electric field similar to the one
applied during electrospinning, a greater interaction between polymer and solvent (instead of polymer-
polymer) is expected, thus interfering with the conformation of the polymeric chains in the solution
and, consequently, with the viscosity and the resulting fiber diameters [79,80,85]. Solvent systems
with high dielectric constants tend to instigate the formation of electrostatic fields. Hence, it would
not be surprising if the electrostatic field strength required for a stable jet formation increased with the
increasing ¢ value of the solvent system [75,80]. In the present study, and for comparison purposes,
similar voltage fields were used for both PVA/CA and PVA/CNC. The addition of CA and CNC to
the PVA solution decreased the mixture viscosities (Table 1), which may result from a reduction on
the entanglement of the PVA chains. It was also seen that the addition of CNC increased the
conductivity of the solution, which is attributed to the high surface charge of the CNC acquired by the
formation of sulfate ester groups after hydrolysis with sulfuric acid [29,86]. The presence of these
negatively charged groups on the polymeric blend was verified by zeta potential evaluation (Table 1)
and raised as the content in CNCs increased. These charges contributed to the production of more
homogeneous and smaller diameter nanofibers, as they increased the electrical force imposed on the
polymer jet [87]. Because of the alterations CA and CNC introduced on the viscosities and
conductivities, the nanofiber diameters were found smaller than those obtained with neat PVA; the
80/20 PVA/CNC reached the smallest diameters from the tested samples. After crosslinking, the
morphological features of the nanofibers did not alter, but the diameters in general increased in
response to the interaction between the aldehyde groups of GA and the hydroxyl groups of the
polymers [88]. The only exception was observed on C100/0 PVA/CA nanofibers, which showed a
reduction in diameter after crosslinking, contrarily to the predictions described previously. The
decrease in diameters might be attributed to the lower amount of GA linked to this mat as a result of
increased hydrogen bonds between PVA chains, and, possibly, to the presence of acetic acid, which
has a higher boiling point (118 °C) than water (100 °C) [89]. Acetic acid can interfere with the
formation of acetal linkages between the hidroxil groups of PVA and the aldehyde groups of GA. It
does not imply that the electrospun mats displayed dimensional instability (al), but it may have a
lower GA quantity on the surface of the nanofibers than others, contributing to the verified smaller
diameters. CA-containing nanofibers were more affected than the CNC-containing nanofibers
particularly the 80/20 combination, which increased in = 43% the average fiber diameter compared to
the = 13% increment verified for the same polymer ratio of PVA/CNC. This could be related with the
positioning and distribution of the reinforcing agents since CA can be entangled with PVA throughout
the chain’s length with great interconnection and freedom of movement, while the CNC being more
compact (because of its crystallinity) could be distributed along these chains with a more restricted
number of interactions and thus a smaller contribution to the dimension of the fibers. The mats
porosities did not register an important alteration (Table 1), being considered effective for the foreseen
application. High porosities (around 60 to 90%) are regard as suitable for appropriate local moisture
and good oxygenation of wound beds, by stimulating cell proliferation [6,90,91]. However, they may
also allow bacteria infiltration [92]; therefore, moderate porosities are desired [93,94]. However, the
lower porosity values obtained may be related with the mats' thickness, relatively high density, and
structural rigidity of electrospun mats produced [26,95] Despite that, they may be considered suitable
alternatives for the treatment of chronic dry wounds and in scar prevention, or to be used as
supplemental structures in other dressings to reach an appropriate balance on this parameter [96].



Table 1. Polymeric blends properties and subsequent electrospun mats’ fiber diameters and porosities, before and after chemical crosslinking with GA vapor. Data is
reported as mean + SD. Statistical significance between nanofiber diameters was determined via Kruskal-Wallis test applying multiple comparisons between
uncrosslinked and crosslinked electrospun mats. Most comparisons were deemed significant with p < 0.0001; exceptions were seen for 100/0 vs 90/10, 100/0 vs. C90/10,
90/10 vs. C90/10 and 80/20 vs C100 for PVA/CA, and 100/0 vs 90/10 and 90/10 vs C90/10 for PVA/CNC, which did not report significant differences. The comparison
90/10 vs. C100 PVA/CA reported a p < 0.0007 significance.

Diageter Diameter after Porosity Porosity after
. Viscosity Conductivity  Zeta potential before N before _y .
Polymer ratios \ S crosslinking . crosslinking
(cP) (uS/cm) (mV) crosslinking (nm) crosslinking (%)
(nm) (%) ’
100/0 2360 + 70.12 328 +12.11 0.042+0.11 223 +50.01 200 + 60.00 20+£5.12 18+ 2.68
PVA/CA 90/10 2365 + 41.02 282 +15.17 0.024 + 0.02 217 +73.02 238 +93.01 28 £5.48 16 £5.22
80/20 1450 + 11.10 229+11 0.074 £ 0.10 194 £51.12 278 + 56.03 19+3.49 15+ 3.57
100/0 495+ 4.79 718 £ 8.00 0.100+0.10 172 +£40.13 220 +50.13 18 +0.44 19+5.59
PVA/CNC 90/10 467 £ 10.01 724 +7.00 1.570 £0.21 171 +£38.21 180 £ 37.11 20£0.93 19+041
80/20 394 +10.11 880 +4.21 2.250+0.19 132 +£26.01 150 + 30.23 24 £3.12 22+1.35
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Figure 1: FEG-SEM micrographs of 100/0, 90/10 and 80/20 PVA/CA and 100/0, 90/10 and 80/20 PVA/CNC mats, before crosslinking (a, b, ¢, d, e, and f, respectively)
and after crosslinking (as, b1, ¢1, di, e1 and fi, respectively). Scale bar of 2 um.



3.2 X-ray diffraction studies. XRD analyses were used to determine the crystallinity of the
electrospun mats and of the polymer powders and to understand the influence of the crosslinking
process on that property (Figure 2). This non-destructive analytical technique is frequently used for
crystalline phase identification and provides information regarding crystallographic structure,
chemical composition, and physical properties of materials [97].

XRD diffractogram of PVA powder detected two characteristic peaks at 19.6° and 22.8°, which were
attributed to the 101 and 002 crystal planes, respectively [98,99]. Furthermore, a diffraction peak was
also observed at 40.6°, indicating PVA to be a semi-crystalline polymer, which crystallinity originates
from strong intermolecular interactions between its chains [100,101]. However, after electrospinning,
PVA mats revealed an amorphous nature with the significant attenuation of the polymer most salient
peak at 20 = 19.6° and the complete absence of the peak at 26 = 41.1° (Table 2). It was evident that
the crystallinity of the polymers was diminished after electrospinning, a phenomenon verified also by
other authors [102]. Here, the PVA powder’s crystallinity was determined at =~ 30.5%, while the 100/0
PVA/CA and 100/0 PVA/CNC presented a degree of crystallinity of 26.1 and 23.0%, respectively.
Mats’ crystallinity increased with the addition of 10% CA,; yet the addition of 20% CA had the
opposite effect (Table 2). Data suggests that there is a limit up until which PVA and additives can
organize themselves to guarantee a crystalline arrangement but, once surpassed, structural
disorganization and consequently lower crystallinities are attained. This could indicate that the
introduction of additives at concentrations superior to those permissible by the matrix polymer, in
which crystalline organization is still possible, can perturb the packing of the PVA chains [45,103—
105]. On its turn, introduction of higher amounts of CNC in the polymeric blend led to an increase of
crystallinity, rising from 23.9% for 100/0 PVA/CNC to 25.1 and 30.8% for 90/10 and 80/20 PVA/CNC
electrospun mats, respectively. These data confirm the densely and orderly stacking structure obtained
with this mixture, a result that can be attributed to the inherent crystallinity of the CNC and their
uniform distribution along the nanofibers, guiding molecular orientation [45]. Generally, evidence of
the excellent miscibility between polymers was acquired [45,103,106].

On the CA powder XRD diffractogram, a broad peak in the region of 20 = 10-30° was detected. It has
been described as the characteristic peak of the amorphous CA parts [97,107]. This was not seen in
any of the PVA/CA electrospun mats XRD diffractograms, considering its low influence on the
crystallinity of the blend (PVA powder had a superior contribution). However, interestingly, the peak
detected at 23.3° for CNC powder was evidenced on all CNC-containing mats. It was more intense on
80/20 PVA/CNC mats, reinforcing the premise of the optimal crystalline arrangement and optimal
blending ratio with PVA matrices. It also corroborates the affinity between the polymers and the higher
crystallinity of CNC. Indeed, three well defined peaks were identified on the CNC XRD diffractogram
at 20 = 16.1°, 23.3°, and 35.2° on the (1 1 0), (2 0 0) and (0 O 4) planes, respectively, which are
associated to the characteristic peaks of 1g [108-110].

After crosslinking, mats experienced a small reduction in crystallinity (Figure 2 and Table 2). Li et al.
also observed the same effect [111]. They explained that on uncrosslinked PVA mats intermolecular
hydrogen bonds are generated between PV A chains, which are beneficial to the directional alignment
of the chains and, consequently, to the organization of the crystalline phase of the polymer. On
crosslinked mats a smaller number of hydrogen bonds are formed and, therefore, the polymer exhibits
less crystallinity. From the morphological analyses (Figure 1 and Table 1), it was also evidenced that
the acetal bonds affected the polymers’ structural organization, thus supporting such outcomes.
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3.3 Thermal characterization of the mats

3.3.1 Thermogravimetric analyses

TGA analyses were used to assess three main aspects: (1) the thermal influence of CA and CNC on
the polymeric blend; (2) the stability of the electrospun nanofibrous mats after crosslinking; and (3)
the effect of the electrospinning and solvent system on the polymers thermal behavior (versus powder-
form, unprocessed samples).

TGA and DTG spectra of uncrosslinked and crosslinked PVA-based electrospun nanofibers are
depicted in Figure 3. All mats displayed a first common step of mass loss, which was detected at
temperatures up to 100 °C (Figures 3a and b), being usually associated with the evaporation of
absorbed water molecules, solvents, or the removal of trace amounts of impurities [112]. This first
step denounces the hydrophobic and hydrophilic nature of the polymers and could also indicate the
formation of bonds between the hydroxyl groups of PVA, CA and CNC with the aldehyde groups of
GA. Considering that CA is more hydrophobic than CNC, because of the acetyl groups content, the
first mass loss reported on CA-loaded nanofibers occurred at = 55 °C, while CNC-containing mats
reported it later at = 90 °C. In addition, this first mass loss registered for the crosslinked electrospun
mats was at lower temperatures compared to the uncrosslinked, indicating the lower availability of
free -OH groups.

The second degradation plot, detected between the first mass loss temperature and up to 180 °C, easily
seen on the DTG curves of Figure 3 and Figure S3 in the Supporting Information file, referred to the
unreacted GA as its boiling point at 25% in water-based solutions is around 101 °C [113,114]. As
expected, this step was only found on crosslinked mats. After this point, the main degradation events
associated with each polymer were identified. According to the literature, two major steps of weight
loss are described for PVA (main component of the electrospun mats), being dependent on the
chemical characteristics of the polymer, such as hydrolysis level and molecular weight [115,116].
Here, all electrospun mats revealed two main degradation steps. The first started at around 200 °C
extending up to 385 °C, while the second main step occurred between 385 and 510 °C. These have
been frequently associated with the polymer side chain (which releases acetyl groups) and main chain
decomposition, respectively [45,117]. With the introduction of the cellulose derivatives, CA and CNC,
an improvement on the mats’ thermal stability was observed (Figure 3 ai; and bj): maximum
degradation temperatures were increased, while mass loss was reduced. This phenomenon has been
attributed to the strong percolation effect held by the intermolecular hydrogen bonds generated
between CA/CNC and PVA [118-122].

Among all mats (without crosslinking), the 80/20 PVA/CA mat revealed the highest degradation
temperature, given that CA requires higher temperatures to decompose (= 364 °C) than CNC (Figure
S3 in Supporting Information file), contributing to a greater thermal stability. Yet, by analyzing the
80/20 PVA/CNC thermal profile two peaks were seen, one around 311 °C and another around 356 °C
(Figure 3 by). The first one relates to the amount of the 20% CNC that degrades at = 303 °C (Figure
S3), whereas the second peak of this main degradation step revealed the percolation effect registered
between PVA and CNC, which increased the main degradation temperature compared to 100/0 and
90/10 PVA/CNC. For these CNC-loaded electrospun mats, the beginning of the main degradation step
was verified at lower temperature (= 150 °C) than that for CA-loaded electrospun mats (= 180 °C).
This earlier mass loss identified for CNC-containing mats has been attributed to the catalytic effect of
the sulfate groups of CNC [27,115,123].

In both formulations (PVA/CA and PVA/CNC), crosslinking improved the thermal stability of the
mats (Figure 3). Electrospun mats subjected to crosslinking registered a smaller mass loss during the
main degradation steps and a higher maximum degradation temperature compared to equal
formulations without crosslinking. These behavior alterations attest to the crosslinking efficiency in
establishing interactions between aldehyde and hydroxyl groups and forming a polymer network of
enhanced stability. It is noteworthy that only crosslinked neat PVVA electrospun mats evidenced an
earlier main degradation step (at ~ 30 °C) compared to those uncrosslinked. This may demonstrate that
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the neat PVVA mats suffered a slight structural change due to the heat provided during crosslinking (60
°C by 7 h), since the acetal bonds formed could have generated spaces along the structure affecting its
vulnerability to high temperatures. This result highlighted the importance of cellulose derivatives on
the structural stability of the electrospun mats, by guaranteeing strong percolation effects between

intermolecular hydrogen bonds.

TGA and DTG spectra evidencing the differences of thermal behavior between electrospun mats and
the powder form of polymers were also collected (Figure S3 of Supporting Information file). The first
difference is related to moisture evaporation; it was higher on the electrospun nanofibers than on the
powder due to the porous structure of the mats, large surface area for molecule binding, and possible
presence of remaining solvent molecules. Another change observed is the reduction of maximum mass
loss from 340 °C for powder PVA to 309 °C and 317 °C for 100/0 PVA/CA and PVA/CNC mats,
respectively. This decrease was also noted in other studies, being related with the increase of surface
area [124,125]. Here, it was also depicted the influence of the applied solvents; a more complete
degradation profile (with less residue) was detected for the acetic acid prepared PVA mat. This could
be a consequence of the superior organization of the PVA chains in dH20 due to stronger inter- and
intramolecular interactions generated between the -OH groups from dH2O and those present in the

PVA chains (hydrogen bonding) [126,127].
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3.3.2 Differential scanning calorimetry analysis. DSC evaluations were performed to assess the
thermal and structural properties of the CA- and CNC-doped uncrosslinked and crosslinked
electrospun mats, with data concerning the glass temperature (Tg), melting temperature (Tm) and heat
of fusion (AHm), being collected from the second heating step after moisture removal (Table 2).
Evidence of the excellent miscibility between polymers was obtained by detecting a single Tg and a
single Tm on all engineered mats [128]. The Tg detected for 100/0 PVA/CA and 100/0 PVA/CNC
electrospun mats, being respectively 74.10 and 70.73 °C, was within acceptable ranges for the PVA
employed. Indeed, as it presents a low-to-medium Mw and a low degree of hydrolysis, the Tg tends
to be lower than for PVA, with higher hydrolyzation, due to the high number of acetyl groups
increasing chain mobility [61,129]. The incorporation of cellulose derivatives on the uncrosslinked
mats increased the Tg from 74.10 °C (100 PVA/CA) to 80.83 °C (80/20 PVA/CA) and from 70.73 °C
(100 PVA/CNC) to 79.38 °C (80/20 PVA/CNC). This may be attributed to a reduction of PVA chains
mobility induced by the formation of strong interactions between this polymer and the cellulose
derivatives [130]. On its turn, the Tg registered for crosslinked mats was lower comparatively to those
uncrosslinked, as shown in Table 2. This is expected since a disorganized, network of acetal bonds is
formed between polymers and GA, leading to an increment in the space between polymer chains,
hence promoting a plasticization effect [88,131]. A wide Tm peak was noted for powders and all
electrospun mats. By being a wide and unsharp peak, it was demonstrated that all tested materials did
not possess a wide ordered crystalline structure, as confirmed by XRD analyses [61]. It is also
consistent with the type of PVA used. CNC-doped electrospun mats exhibited higher Tm and AHn,
than CA-containing mats, which could indicate superior bonding strength and smaller impact on
structural organization, as evidenced by XRD results, particularly on the 80/20 formulations
[26,132,133].

Crosslinked mats registered a slightly lower Tm (except for 100/0 and 90/10 PVA/CA mats) and AHp,
than uncrosslinked. This reduction demonstrates that interactions with GA affect the crystallites size
and thickness, perturbs structural organization, and, thus, the polymers’ degree of crystallinity. As GA
is an aldehyde, it can lead PVA to branch, increasing the space between polymer chains. XRD analyses
corroborate these DSC conclusions. Furthermore, these data attested, once again, to the efficiency of
the crosslinking process employed.

Table 2: Main DSC transitions, temperature of main degradations and crystallinity degree Xc (%) to
PVA, CA and CNC powders and for both formulations of electrospun mats.

Sample  Tg Tm AH T peaks of first T peaks of first

N derivative (°C) derivative (°C) Xc
0 0, 1
code  (C) () (g7 (1% peak) (2M peak) (%)
]
< g - 7428 190.14 39.18 340 426 30.5
“ 8
1
<3
S g - - 19337 1431 363 - 20.6
o
&
O
z 2 - - 14492 171.60 304 - 48.9
O ©
o
o > < 100/0 7410 187.1 4479 310 430 28.8
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90/10 69.70 1539  10.27 311 430 30.7

80/20 80.83 1859  29.90 322 430 18.1

C100/0 61.01 1888  6.230 334 430 26.1
C90/10 68.75 1553  28.58 320 434 26.2
C80/20 6841 1595 22.73 325 434 16.7

100/0  70.73 190.00 50.02 317 426 23.9

S 90/10 72.08 191.86 3891 321 426 25.1
LZ) 80/20 79.38 191.81 39.77 311/356 424 30.8
§ C100/0 64.65 173.00 43.35 295/352 438 23.0
o C90/10 5355 170.29 26.32 348 438 23.7
C80/20 64.33 159.93 22.23 302/359 445 18.7

3.4 Evaluation of mechanical properties

3.4.1 Uniaxial tensile tests

Nanofibrous mats engineered for wound dressing applications should display mechanical resistance
and flexibility to better respond to clinical demands and patient handling, to efficiently assist the
healing process [134]. Young's modulus, UTS and strain at failure of neat PVA mats and CA/CNC-
reinforced mats were measured in tensile mode (Table 3). The mechanical performance of electrospun
mats is directly influenced by the polymers’ chains and polymer-polymer bonding, level of
crystallinity, fibers’ diameter and morphology, the slip of one fiber over the other during assembly in
the collector, and orientation of the nanofibers on the mat [135,136]. Generally, electrospun fibers
have demonstrated a higher Young's modulus than other fiber constructs due to their greater structural
orientation and crystallinity, obtained in response to the intensive electrical field that acts on the
polymer jet during extrusion, turning it more elongated and organized [137,138].

Usually, PVA mats behave as soft materials, with relatively high strain and low stiffness [106,124].
Data from Table 3 corroborates this statement (namely the neat PVA mats). Studies have related this
superior elongation at break to the viscosities of polymeric solutions, which increase proportionally to
the amount of intra- and intermolecular bonds generated between polymer chains [126,139]. Here,
both neat PVA solutions, prepared with two distinct solvent systems, showed the highest viscosities
from the tested group (Table 1), which may explain the enhanced capacity of deformation of these
mats comparatively to those reinforced with cellulose derivatives. The effect of the solvent system
was also evident on the Young’s moduli and UTS properties, which were raised by the use of acetic
acid comparatively to 100% dH2O (lower solution viscosity).

The addition of CA and CNC to the blend, enhanced the mats’ Young's modulus, therefore acquiring
greater elastic capacity, even superior to some commercial dressings referenced in literature [140,141].
The CNC impact was more important than that of CA. CNC has been considered one of the strongest
and stiffest polymers in nature [142]. It is frequently used to reinforce the mechanical properties of
polymer materials due to its high elastic modulus and mechanical strength resultant from its densely
and orderly crystallized structural organization obtained after acid hydrolysis [45,143]. Additionally,
CNC allows the efficient stress transfer from soft PVA matrix to stiff CNC additives due to the surface
charges present [144,145]. Such reinforcement also benefits from the strong mechanical percolation
between the PVA matrix and the CNC, through hydrogen bonding, promoting the formation of a rigid
interconnected network that resists the tensile stress employed [145,146]. Moreover, during
electrospinning, and because of the electric field applied, CNC can be dispersed evenly throughout the
PV A matrix, raising the polymers’ interfacial adhesion [147].

On the other hand, CA influenced the most the mats’ UTS and strain at failure, as easily seen in Figure
S4 of the Supporting Information file [114]. With the addition of 10% CA and even CNC, an increase
in UTS was observed, meaning that the mats became more likely to prevent crack propagation when
reinforced with the cellulose derivatives [148]. However, as the percentage of these compounds in the
blend increased to 20%, the tensile strength and strain at failure decreased, particularly in the
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PVA/CNC formulation. Other researchers have reported similar outcomes [45,123,138,140,149]. This
can be explained by the appearance of interruptions along the PVA chains as a result of the
introduction of such additives. Data suggests that for the incorporation of CA and CNC to be effective,
and establish strong bonds with PVA, it must be between specific limits that, once surpassed, lead to
the polymer structure disorganization and destabilization [45].

After crosslinking, neat PVA mats reported once again the influence of the solvent system employed
in the solutions preparation (Table 3). In the presence of acetic acid, C100/0 PVA/CA mats lost elastic
capacity from 0.485 to 0.363, while the C100/0 PVA/CNC prepared only with dH2O increased from
0.297 to 1.057 MPa. Acetic acid may compromise these properties on crosslinked samples since
optimal reactivity conditions have been linked to neutral or basic environments [150]. Regarding the
Young’s modulus, both CA and CNC-containing crosslinked electrospun mats registered a slight
decrease after processing with GA. The only exception to this tendency was noted for the C80/20
PVA/CA electrospun mats, in which the opposite occurred (p > 0.05, non-significant). Most
crosslinked mats also reported a reduction in UTS (C80/20 PVA/CA was the only exception; p > 0.05,
non-significant). These results mean that the established acetal bonds formed after crosslinking
reduced the materials maximum capacity to withstand stretching before breaking. These also denote
well the great efficiency of the crosslinking process between the polymers and GA. Regarding the
strain at failure, from all tested combinations, the C100/0 mats (both PVA/CA and PVA/CNC) were
the ones that experience the greatest decline (Table 3). Once again, the strength of the acetal bonds
generated after crosslinking is evidenced, leading the mats to become more resistant to deformation.
Lower tensile strain after GA crosslinking is also attributable to reduced molecular mobility within
the polymer network [151]. Among the crosslinked mats, the C90/10 and C80/20 PVA/CA were the
ones with the highest deformation capacity. Even though CA has been identified as far from excellent
when it comes to mechanical resilience [152], the combination with PVA appear to have altered that
character. Therefore, the acetal bonds formed between PVA/CA and GA, even though not as frequent
as within C100/0 mats due to the higher amount of hydroxyl groups, may have improved the strain
capacity of the PVA/CA combinations. In general, it was seen that the smaller the number of acetal
bonds between PVA and CA the greater the Young’s modulus and UTS. This, however, was not an
indicative of the CA-containing mats instability in water compared to CNC-loaded mats. In fact,
crosslinked PVA/CA mats maintained their structural integrity in agqueous environmental both via
these acetal bonds and the hydrophobicity of the CA acetate groups (39.8 wt.% acetyl content)
[2,153,154].

An ideal wound dressing material, together with the appropriate mechanical resistance and elasticity
to prevent potential additional harm on the injured site, must match the biomechanical characteristics
of the underlying skin tissue [128]. According to the literature, the Young’s modulus of human skin
ranges from 0.1 to 10 MPa, the UTS from 0.1 to 32 MPa, and strain at failure ranges from 17 to 207%
[55,128,129]. In this way, most results obtained are within the acceptable ranges for the application,
even after crosslinking; the only exception being the 80/20 PVA/CNC electrospun mats that presented
very low strain at failure (both before and after crosslinking).

Table 3: Young’s modulus, UTS and strain at failure of PVA/CA and PVA/CNC electrospun mats,
evaluated at a displacement rate of 3.0 mm/min. Data are expressed as mean + SD. Statistical
significance between mats was inexistant (Kruskal-Wallis test).

Strain at Failure

Sample code  Young’s Modulus (MPa) UTS (MPa) (%)
100/0 0.485 £ 0.031 9.624 + 2.463 43.881 + 1.354
5 90/10 0.851+0.518 14.839 + 9.428 31.480 £ 5.934
< 80/20 0.722 £ 0.197 4.032 £1.950 26.758 + 5.057
E C100/0 0.363+£0.156 4.799 £ 1.766 20.502 £5.272
C90/10 0.415+0.190 3.647 +2.438 34.329 £ 15.039
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C80/20 1.362 £ 0.295 13.651+ 2.547 36.114 +0.732

100/0 0.297 +0.051 3.913+0.783 48.801 +10.708

O 90/10 1.180 + 0.457 6.109 + 3.618 29.188 + 10.654
LZ) 80/20 2.051 +£0.929 2.538 +1.386 2.188 +1.165
§ C100/0 1.057 £ 0.331 3.534 +0.926 20.314 +7.416
o C90/10 1.162 £ 0.152 4.532 +0.586 18.045 +7.729
C80/20 1.601 £ 0.111 1.466 + 0.515 4.480 + 0.208

3.4.2 Dynamic mechanical analysis

The thermomechanical properties of the electrospun nanofibrous mats were analyzed by DMA,
performed in tensile mode under temperatures up to 200 °C and a fixed frequency of 1 Hz. Figure 4
shows the storage modulus (E’, elastic response) versus temperature, while Table 4 presents the E’
values at 37 °C as this intends to mimic the temperature of the physiological conditions. At low
temperatures (< 37 °C), the E’ reported constant values for most tested materials in the glassy region
due to low chain mobility (Figure 4) [56,103]. At 37 °C, the solvents influence became again evident:
neat PVA/CA electrospun mats prepared with acetic acid/dH2O reported E' of 214.22 MPa, which
settled in 185.54 MPa after crosslinking. On its turn, 100/0 PVA/CNC mats prepared solely with water
only reached 14.56 MPa, dropping to 11.34 MPa after crosslinking. These values showed that the neat
PVA mats prepared with acetic acid had the ability to store more elastic energy, meaning that there
was formation of more efficient and organized intermolecular bonds between the polymers in this
formulation [155]. These data are corroborated with the Xc (%) values obtained from XRD analyses
(table 2), as the 100/0 mats produced with acetic acid displayed superior crystallinity than those
produced with just distilled water (E’ is directly influenced by crystallinity). Unlike neat PVA, most
cellulose derivatives-containing mats experienced an increment in their elastic capacity after
crosslinking (rise of E” at 37°C). Data indicates that the acetal bonds formed in these formulations may
not have harmed the structure of the mat as much as those at C100/0, and that the molecular motions
were largely restricted to vibration and short-range rotation either due to these convenient acetal bonds
or to the presence of the cellulose derivatives along the PVA chains [156].

At increasing temperatures (> 37 °C), uncrosslinked 100/0 electrospun mats revealed two salient peaks
(Figure 4). The first peak is the most important as it is linked to a sub-Tg (secondary relaxation), which
occurs in response to the reorganization of the hydrogen bonding in the amorphous region of the
polymer or due to conformational changes within the PVVA side groups [60,129]. In the 100/0 PVA/CA
this peak was detected at ~ 40.34 °C and for PVA/CNC electrospun mats it was seen at ~ 44.95 °C,
both in accordance with a study done by Cassu et al. [129]. In the CA and CNC-containing electrospun
mats, this first peak appeared slightly camouflaged, but at higher temperatures (Table 4) since the
additives hindered polymer chain movement [56,60]. It evidenced the greater difficulty experienced
by the PVA side groups in undergoing conformational changes in the presence of cellulose derivatives.
On its turn, crosslinked mats registered a lower temperature for this sub-Tg transition. It could be
related with the structural disorganization GA confers to the mats, as referred in the DSC evaluations.
At around 64 °C, the uncrosslinked 100/0 PVA electrospun mats reported a transition with a sharp
drop in E'; this is frequently associated to the glass-rubber Tg of 88% hydrolyzed PVA [60]. The same
tendency of increasing sub-Tg temperatures with higher amounts of cellulose derivatives was
evidenced also on the Tg evaluations. This increase has been related to the hydrogen bonds established
between PVA and CA/CNC, highlighting their strength and consequent reduced flexibility and
mobility of the PVA polymeric chains [106,157,158]. An improvement on the mats’ E> modulus with
increasing CA and CNC contents was also registered (Table 4), being this increment related with
limited movement of the PVA chains and with the efficient stress transfer from soft PVA matrix to
CA and to the stiff CNC. Uncrosslinked 80/20 PVA/CNC mats reached the highest E’ from the group,
at 742.04 MPa, due to the recognized superior crystallinity of CNC (confirmed by XRD results), being
these data also in line with the Young’s modulus assessments. After crosslinking, the mats’ E” values
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decreased. These observations are also supported by XRD and DSC data, which evidenced a reduction
in the mats’ crystallinity [159]. Like the sub-Tg, the Tg’s determined for most crosslinked mats were
inferior to the uncrosslinked. This reflects a higher structural disorganization and, consequently, a
lower E’> modulus [88].

At temperatures between Tg and 200 °C, a constant drop in the E* modulus was observed. It can be
ascribed to motions of the polymer chains, which lead to irreversible polymeric chain flow and
disentanglement that are typical in amorphous polymers [103].

Table 4: Secondary relaxation temperature (Ts), glass transition temperature (Tg) and storage
modulus (E’) at 37° C and at maximum peaks for PVA/CA and PVA/CNC electrospun mats.

Sample code EEB(;\;I (l;)a) Sub-Tg (°C) E’(MPa) Tg (°C) E’(MPa)

100/0 214.22 40.34 241.08 62.37 147.02

< 90/10 24.37 69.26 31.61 99.76 43.32
O 80/20 65.48 55.49 264.87 76.25 235.70
g C100/0 185.54 37.62 251.59 43.40 188.65
e C90/10 77.17 62.47 86.90 79.91  163.74
C80/20 48.44 58.62 116.78 73.20 195.29

100/0 14.56 44,95 85.23 64.06 81.22

O 90/10 26.27 50.16 154.16 64.79 238.99
5 80/20 130.41 - - 8260  742.04
§ C100/0 11.34 40.58 10.95 74.80 14.52
o C90/10 29.54 47.30 38.95 64.79 70.25
C80/20 188.09 50.06 446.17 66.74 433.33
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Figure 4: The curves of storage modulus (E’) versus temperature of (a, b and ¢) PVA/CA and (d, e and f) PVA/CNC uncrosslinked
and crosslinked electrospun mats.



4. Conclusions

Flexible, uniform, porous PVA/CA, and PVA/CNC electrospun mats were successfully produced via
electrospinning for prospective uses as dressings in CW care. Thermal analysis demonstrated that the
incorporation of cellulose derivatives, CA, and CNC, improved the mats’ thermal stability by
increasing the maximum degradation temperatures, while the mass loss was reduced. Data also
confirmed the excellent miscibility and strong bonding between polymers, as evidenced by the
increasing Tg and Tm. These characteristics were also noticeable on the mechanical assessments,
which also verified the stiffness of the CNC. The Young’s modulus increased with the addition of
these cellulose derivatives, while the elongation capacity decreased because of the interruption of the
soft and high strained PVA chains. After crosslinking, the thermal stability of the mats was improved.
Crosslinked electrospun mats registered smaller mass losses during the main degradation steps and
higher maximum degradation temperatures than equal formulations without crosslinking. However, a
more disorganized structure was noted by lower melting temperatures, enthalpy values and
crystallinity, and as consequence Young’s modulus, UTS, strain at failure and E” modulus decreased.
All examinations demonstrated the importance of cellulose derivatives on the structural stability of
the electrospun mats. Importantly, most of the developed electrospun mats (except for C80/20
PVA/CNC mat due to low strain at failure) were deemed appropriate for applications as wound
dressings.
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Highlights

e PVAJ/CA and PVA/CNC miscibility was confirmed by TGA and DSC assessments.
e Upon addition of CA and CNC to PVA, the mats’ thermal capacity was increased.
e Crosslinking augmented the nanofibers’ diameters but reduced their crystallinity.

e CA and CNC doped mats displayed a superior Young's modulus.

e E'evidenced the strength of the physical interactions between polymers.
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