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Three different solvent mixtures were used to prepare electrospun membranes based on polylactic acid (PLA),
polyethylene oxide (PEO) and enzymatic cellulose nanofibers (CNF). The materials were characterized from a
morphological, spectroscopic, mechanical and rheological point of view. Furthermore, swelling test were per-
formed in order to assess the water uptake of each sample.

The results put into evidence that the choice of the solvents affects the structure and the properties of the
membranes. Among the protocols tested, using chloroform/acetone/ethanol mixture was found to allow a high

degree of CNF dispersion and a good electrospinnability of polymer solutions. These features led to membranes
with impressive improvement of mechanical properties (+350% in stiffness, +350% in tensile strength and
+500% in toughness) with respect to those of PLA/PEO and dramatically increased the water uptake of these
materials (up to +350% within 120 min).

1. Introduction

In recent years, the development of bionanocomposites has attracted
both industrial and academic attention because of increasing interest on
developing new sustainable and ecofriendly materials, in the perspec-
tive of preventing the accumulation of plastics waste [1-3]. One of the
most promising and widespread biopolymers is polylactic acid (PLA),
which presents many advantages such as renewability, compostability,
biocompatibility, high transparency, availability in the market, excel-
lent tensile strength and stiffness equivalent to some commercial
oil-based polymers [4-10]. PLA is a linear aliphatic thermoplastic
polyester derived from 100% renewable resources such as sugar, corn,
potatoes, cane, beet, etc. that presents a fragile behavior with relatively
high elastic modulus and low elongation at break [6,7]. Nevertheless,
there are some disadvantages, such as its high brittleness, slow crystal-
lization behavior, poor biodegradability and low gas barrier properties
that may limit its current use in some application fields [9-14]. Among
the strategies to improve PLA toughness, adding a second polymer as a
plasticizer, such as polyethylene glycol (PEG) or polyethylene oxide
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(PEO), is suitable. Beyond the mechanical performance, these latter
polymers allow also improving cytocompatibility and biodegradability,
as requested by high values applications of PLA, i.e. medical devices [15,
16].

Polymer fibers represent an emerging class of biomimetic structures
that have shown tremendous promises as tissue scaffolds, modern
wound dressings and advantageous drug delivery systems [9,10]. To
date, three processing techniques, self-assembly, phase separation and
electrospinning have been developed, with the latter method showing
the greatest potential [9,10]. Electrospinning is a simple and versatile
method to prepare ultrathin fibers ranging from micro-to nano-meter
range diameters from polymer solutions or melts. Electrospun mem-
branes show high porosity and high specific surface, as well as tunable
mechanical properties and topological features [7].

Electrospinning attracts considerable attention due to its simplicity,
high efficiency, and desirable microstructure (e.g., porosity), especially
for PLA-based systems [15]. However, neat PLA electrospun fibers show
some drawbacks, such as weak mechanical properties and low thermal
stability, thus limiting their industrial applications. Enhancing the
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mechanical performance of electrospun PLA nanofibers is highly desired
for consumer applications, especially for PLA-based fibers that are
requested to meet controllable mechanical requirements during trans-
portation, reprocessing, and recovery. In this regard, several scientific
researches focused on the process and on post-process modifications
such as the use of multiple jet [17], fibers alignment [18], surface
modifications [19], blends with other biopolymers [20] and/or the use
of nanoparticles (NPs) [21].

Optimization of electrospinning configuration and operating condi-
tions strongly differs, depending on the type of solvents. The main fac-
tors influencing the electrospinning configuration (jet initiation and jet
continuation) are: (i) processing parameters, such as applied electric
field, needle-to-collector distance, flow rate and type of collector, (ii)
chemical-physical properties of the components, affecting solution/melt
properties and therefore electrospinnability, such as viscosity, surface
tension and conductivity [22].

Cellulose is the most abundant organic compound obtained from
biomass. Recently, it has been used for a broad range of applications,
due to the increasing demand for environmentally friendly and
biocompatible products and owing to its attractive structures and unique
properties [23]. Among these, biocompatibility, hydrophilicity and
biodegradability render cellulose a suitable material in the biomedical
field [24]. In chronic wound dressing, it has been observed to supply a
moist environment for healing process due to its ability to absorb water
[25]. It displays high versatility, since it can be used either as a polymer
(i.e. in its raw form) or as a nanofiller (via isolation of the crystalline
domains from cellulose sources) [26,27]. Nanocellulose refers to cellu-
lose fibrils, whose diameters are in the magnitude of nanometers.
Beyond the obvious advantages in terms of sustainability and
non-toxicity, using cellulose nanofibrils (CNFs) provides access to
several attractive features including remarkable stiffness and strength in
combination with high specific surface area and high aspect ratio [28].
In fact, consistently with the scientific literature data, the intrinsic
properties of CNF films, such as elastic moduli in the order of 10-17 GPa
and tensile strengths between 130 and 250 MPa, makes CNF very
promising as nanofillers for polymeric composites [28,29]. Enzymatic
CNFs are prepared by virtue of suitable enzymes that catalyze the re-
action of water with cellulosic biomass thus leading to shorter chains
[301.

Enzymatic CNFs possess fascinating structure, characterized by
extremely high aspect ratios, being the diameters in the order of few
nanometers and the lengths in the micrometers scale. However, the level
of CNF dispersion strongly affects the rheological behavior in water or
other solvents [23,31]. Often, CNF is chemically functionalized in order
to improve its affinity to polymer matrices and obviously to the solvents
usually employed for the preparation of nanocomposites [6]. However,
beyond the issues associated to the use of chemical reactants and to the
long-time consuming reactions, the chemical derivatization of CNF may
affect its hydrophilicity, which is crucial for all those bio-
logical/biomedical applications requiring a high level of
cytocompatibility.

In this work, we propose a novel and easy approach to prevent CNF
aggregation without using any functionalization route. It was investi-
gated the possibility to use a three-solvent mixture to prepare electro-
spun membranes based on PLA, PEO and CNF aiming to ensure both the
dispersability of nanoparticles and the electrospinnability of the
polymers.

2. Materials and methods
2.1. Materials

PLA 2002D (Mw 215 kDa; p-lactide content 4%) was purchased from
NatureWorks. PEO (Mw 100kDa), acetone (Ac), chloroform (CF),

ethanol (EtOH), diethyl ether and water were purchased from Sigma
Aldrich. All the reactants were ACS grade (purity > 99%) and used as
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received.

2.2. Extraction and preparation of enzymatic-CNF

The pulp usually used for best performances in enzymatic reactions
should have undergo no drying treatments and therefore, a never-dried
pulp (supplied by Nordic Paper, Sweden) with 13.8 wt% hemicelluloses
and 0.7 wt% lignin was chosen to prepare enzymatic-CNF. After an
enzymatic pretreatment (Novozym 476) it was passed eight times
through a microfluidizer (Microfluidics Inc., USA), as reported in a
previous study [32]. A viscous water colloidal dispersion (~1.6 wt% dry
content) of enzymatic-CNF was obtained from the last pass through a
microfluidizer. The nanofibrils diameter distribution was in the range
4-22nm [31].

2.3. Preparation of the membranes

Binary (PLA/PEO) and ternary (PLA/PEO/CNF) fibrous membranes
were prepared by electrospinning. All the samples contain PLA and PEO
(3:1), while differing each other for the presence or the absence of CNF
(1 wt %) and for the composition of the solvent mixture. In the alpha-
numeric codename of each material the letter refers to the type of sol-
vent mixture used, with A, B and C respectively indicating CF/Ac (4:2),
CF/EtOH (4:2), and CF/Ac/EtOH (4:1:1); whereas the number (0 or 1)
refers to the loading level of CNF. The formulation of the samples is
listed in Table 1, together with the operating conditions adopted.

Schematics of the preparation protocols followed are provided in
Fig. 1. In the case of binary blends (A0, B0, C0), the polymeric solutions
(10 wt%) were achieved by vigorous stirring, whereas for corresponding
ternary membranes (Al, B1, C1), an ultrasonication step (2h) was
performed prior to stirring in order to disperse CNF. In all the cases, the
resulting solutions were poured into 10 ml glass syringe equipped with a
19G stainless steel needle and electrospun by a conventional electro-
spinning equipment (Linari Engineering-Biomedical Division, Italy) at
T=25°C and 40% RH. Flow rate (1.19 ml/h), supplied high voltage
(15 kV), tip-to-collector distance (10 cm) were kept as constants for each
sample. The nanofibers were collected on a grounded collector wrapped
in an aluminum foil. The process was performed for 30 min in order to
obtain membranes approximately 25 pm thick. Finally, the membranes
were coagulated in diethyl ether in order to remove any residual solvent.

2.4. Characterization techniques

p-Raman spectroscopy was performed by means of a Renishaw InVia
instrument, with diode laser excitation at 633 nm and spectral resolu-
tion equal to 1cm™!. Measurements in at least five different sample
positions have been repeated for each treatment. Spectra were collected
in the spectral range of interest:1000-1250 cm™'. More details can be
found in our previous reports [33,34].

Transmission electron microscopy (TEM) imaging was carried out
using a Hitachi HT7700 TEM at 100 kV accelerating voltage. Enzymatic
CNF aqueous dispersion was deposited onto hollow carbon-coated 400
mesh copper grids (TED PELLA, USA) and observed after drying at room
temperature overnight.

SEM analysis (Phenom ProX, Phenom-World, The Netherlands) was

Table 1
Formulation of the samples prepared.

Sample PLA/PEO ratio CNF (wt%) CF: Ac: EtOH ratio
A0 75/25 - 4:2:0
BO 75/25 - 4:0:2
Cco 75/25 - 4:1:1
Al 75/25 1 4:2:0
Bl 75/25 1 4:0:2
Cl 75/25 1 4:1:1
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Fig. 1. Schematics of the process.

carried out to study the morphology of nanofibrous mats, which were
attached on an aluminum stub using an adhesive carbon. Fiber diameter
size distribution was determined using Diameter J, which is a plugin of
Image J software [35]. More details can be found in our previous reports
[36,371.

Rheological behavior of the solutions was investigated by using a
rotational rheometer (Mars, Thermofisher) in oscillatory frequency
sweep mode using a 25-mm parallel-plate geometry. The measurements
were performed at 25 °C at a constant stress of 1 Pa, within the angular
frequency range 1-100 rad/s.

Tensile tests were performed by using a dynamometer (Instron 3365,
UK) equipped with a 1kN load cell on rectangular shaped specimens
(10 mm x 90 mm) cut off from the mats. Owing to the high stretch-
ability of the samples, the measurements were performed by using a
double crosshead speed: 1 mm/min for 2min and 50 mm/min until
fracture occurred. The grip distance was set to 20 mm, whereas the
sample thickness was measured before each measurement. The repre-
sentative stress-strain curves were reported for each material, as well as
the main properties derived from the mechanical tests. In detail, elastic
modulus (E) was calculated as the slope of stress-strain curve extrapo-
lated at zero-strain, tensile strength (TS) and elongation at break (EB)
were respectively taken as the maximum values of stress and strain
recorded during the tests, toughness was measured as the integrated
area of each stress-strain curve. Being the tests performed on 10 repli-
cates, E, TS, EB and toughness were provided as average
values + standard deviations.

Swelling tests were performed by immersing in water pre-weighed
samples and the water uptake at various time intervals, swelling per-
centage (S), was assessed as reported in Equation (1):

W, — W,
S=——"2x100 1
WX (@)

t

where W, and W) respectively indicate the weight measured at a given
time interval and the initial weight.

3. Results and discussion
The morphological analysis of CNFs is reported in Fig. 2. Fig. 2A

shows a TEM micrograph of CNFs deposited onto a carbon-coated cop-
per grid, whereas diameter distribution of nanofibrils is reported in

B 34 ;
32 'D,en=11.34 (+4) nm
30
28
26
A

Frequency (%)
>
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Fig. 2. TEM micrograph of enzymatic CNF (A); diameter distribution of
nanofibrils based on 100 measurements, together with mean value and stan-
dard deviation.
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Fig. 2B. CNFs were found in the form of both individualized nanofibrils
and some bundles. Diameter distribution, based on 100 measurements,
indicated a unimodal distribution, whose maximum was centered at
10 nm, with an average value of 11.43 nm and a standard deviation of
4.0 nm.

The crucial role of viscosity in electrospinning has been widely
elucidated [22]. Furthermore, the choice of the solvents, on one hand,
affects the viscosity of polymeric solutions with direct consequence on
their spinnability and, on the other hand, may influence the dispersion
level of CNFs. It was studied the rheological behavior of the sol-
utions/dispersions, and the results are provided in Fig. 3. As one can see,
rheology of PLA/PEO is shown to vary depending on the solvent mixture
used: A0 and CO displayed a non-Newtonian behavior in all the fre-
quency range investigated, whereas BO was found to behave as a New-
tonian fluid at frequencies higher than 2 rad's~'. Furthermore, viscosity
of A0 was found to be higher than that of CO, but however comparable,
that of BO proved to be dramatically lower. Nevertheless, when 1% CNF
is added, C1 becomes more viscous than Al in all the frequency range,
with this latter phenomenon being attributable to the higher dispersion
degree of cellulose in chloroform/acetone/ethanol solution. In fact, CNF
suspensions are very viscous liquids formed by a 3D maze of entangled
nanofibrils [9].

B1 viscosity proved to be dramatically lower than A- and C-series
samples but it is worth noting that B1 displays viscosity values higher
than BO, especially in the low frequencies range, where the presence of
yield stresses is clearly detectable, thus suggesting a remarkable effect of
CNF, likely symptomatic of a high dispersion degree.

Fig. 4 provides a survey view of the morphology of samples achieved
according to the three different preparation routes. Depending on the
choice of solvents, it is possible to achieve different structures: A-series
and C-series samples are nanofibrous mats, whereas B-series materials
present both electrosprayed areas and electrospun fibers. However, for
these latter samples, we selected zones characterized by electrospun
fibers aiming to analyze the salient features of the fibers and to compare
the samples each other. SEM micrographs of the samples at higher
magnification are provided in Fig. 5, fibers diameter distribution is
shown in Fig. 6. The results reveal that fibers are randomly oriented, and
their diameters are in the microscale range for all the investigated sys-
tems. Among the binary blend mats, CO proved to be the most regular
one, displaying a smooth surface and the narrowest diameter distribu-
tion. AO displayed similar features, with a slight broadening in fibers
diameter size distribution, however a unimodal distribution with a
maximum centered at 1.1 pm was found for A0 and CO. By contrast, BO
displayed the presence of blobs, with a thickening of mean diameter,

10005
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Fig. 3. Complex viscosity curves of the samples prepared.
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characterized by many interconnections among the fibers. This phe-
nomenon usually takes place whether the coalescence of the fibers into a
unique structure occurs before solvent evaporation and solidification of
polymeric structure [38]. It is worth noting that a survey morphology of
B-series samples reveals the presence of electrospraying phenomena,
independently from the presence of filler. This issue can be attributable
to the presence of ethanol, which is not appropriate for electrospinning
of PLA/PEO blends, as envisaged by rheological results previously
discussed.

As regards the nanocomposites, A1 and Cl present a uniform
morphology, even if in Al few blobs were detected, with a slight
thickening of fibers mean diameter and a broader distribution. Similarly
to what observed for BO, even B1 displayed the coexistence of electro-
spraying and electrospinning phenomena but in this case the latter
phenomenon prevails on the former one. Bright dots, reasonably
attributable to PEO islands [39], are spotted in all the samples but
especially in B1, likely due to the insolubility of PEO in ethanol [40].
Raman analysis was used to qualitatively detect the presence of CNF,
whose direct observation in polymer-based nanocomposites is prob-
lematic, due to the extremely low dimensions of nanoparticles and mi-
croscopy detection limits [41,42]. Fig. 7 reports p-Raman spectra in the
region 1000-1250 cm ™! collected for CO, CNF and C1 (those referring to
the comparison between AQ and Al and between B0 and B1 are similar).
This spectral region is extremely variegated due to the presence of C-O
bonds in PLA, PEO and CNF. CNF displays three well-detectable peaks.
Among these, the strong band centered at 1096 cm™! is traditionally
assigned to stretching vibration of C-O bond (coupled with C-C) and
refers to the cellulose crystallinity, whereas the modes centered at
1120cm ™! and 1150 cm™! are respectively ascribed to vibration
stretching of C-O ring and C-OH bonds [19,20]. CO presents a varie-
gated spectrum characterized by a bunch of overlapped bands, with
three main peaks located at 1049 cm L, 1090 cm ™!, 1125 cm™ Y, attrib-
utable to PLA phase, and respectively indicating vibration stretching of
C-CHj;-, C-0 and CHj3 rocking [43]. A closer inspection of this spectrum
enables detecting less intense signals attributable to PEO phase, such as
the shoulders located at 1048, 1051 and 1072 cm ™!, and the overlapped
mode in the range 1225-1250 cm ™}, which refer to polymorphic crys-
tallinity of PEO [44-46]. More in particular, these bands arise from the
coexistence of PEO chains arranged into a planar zigzag all-trans
configuration and in a helicoidal monocline crystalline structure
composed of sequences of trans-trans-gauche conformations, even if in
this case the signals are quite weak [44-46].

In the case of C1 sample, beyond the main peaks of PLA, it is possible
to clearly observe those of PEO phase, reasonably indicating a poly-
morphic crystallinity somehow enhanced. Notably, the typical bands of
CNF are detected, thus confirming the successful incorporation of CNF
into the PLA/PEO matrix. Furthermore, for C1 the insurgence of new
absorption bands in the spectral range 1190-1225cm ™! could be an
indicator of good matrix-filler interaction. This aspect would deserve an
ad hoc dedicated study, since the investigation of interphase in PLA/
PEO/CNF via Raman spectroscopy is still lacking in the scientific
literature.

In order to assess the effect of preparative on the performance of
samples, mechanical tests were carried out and the results are provided
in Fig. 8. Representative stress-strain curves of the samples investigated
are shown in Fig. 8A, whereas a close-up of low strains region of the
curves is provided in Fig. 8B. Main results derived from tensile tests, i.e.
elastic modulus (E), tensile strength (TS), elongation at break (EB) and
toughness are listed in Table 2. By examining representative stress-strain
curves it can be noted that all the samples show a ductile behavior with a
well-defined necking region followed by a plateau in the plastic defor-
mation for all the samples except for C1, which displayed strain hard-
ening. However, mechanical properties of each sample are found to be
dramatically affected by both type of preparation and formulation. As
regards binary systems, TS and EB values follow the order: AO>C0>BO0.
The effect of adding CNF is found to vary, depending on the preparative.
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Fig. 4. Survey view of structures achieved at the different conditions (scale bar =80 pm).

In fact, in A-series and B-series materials, incorporation of CNF, some-
how enhanced the stretchability of PLA/PEOQ, being detrimental to TS. In
the case of C-series samples, instead, the presence of the filler de-
termines a huge increase of TS without significantly altering EB. By
analyzing the initial slope of stress-strain curves (Fig. 8B), it can be seen
that AO and CO display similar stiffness, while BO presents a lower E
value. Adding CNF is shown to have negligible effects in A- and B-series
materials, while determining a clear increase in the stiffness of C1. The
quantitative analysis of E, provided in Table 2, pointed out that,
depending on preparative, stiffness of fibrous membranes having the
same formulation was found to vary from 15 MPa for B1 to 155 MPa for
C1 (i.e. 10-fold), TS proved to increase from 1 to 5.4 MPa (540%), EB
from to 30-31% (for B1 and C1) to 74% (for A1), i.e. more than two-fold.
Al and C1 membranes display exceptionally high values of work to

fracture (1.37 and 1.41 MJ/m>, respectively) with respect to B1
(0.28 MJ/mB), indicating a clear positive effect of the addition of CNF on
the membrane toughness, if added in a suitable formulation/
preparative.

Aiming to highlight the effect of CNF, the reduced tensile properties
are calculated for each preparative, by dividing the generic property of
nanocomposite to that of corresponding matrix. The results are reported
in Fig. 9. It is clearly visible that C-method allows CNF to exert a huge
reinforcing effect, since C1 shows increments with respect to those of CO
in terms of stiffness (350%), tensile strength (400%) and toughness
(500%) while being practically preserved the stretchability. As regards A
and B methods, instead, negligible or detrimental changes in all the
properties were found, except for the enhanced stretchability and
toughness of A1 when compared to A0 (200% and 137%).
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Fig. 5. SEM micrographs of A0, B0, CO, Al, B1 and C1, scale bar = 30 pm.
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Fig. 6. Diameter size distribution of electrospun fibers, inset: mean diameters
of the samples.

Generally, in a nanocomposite system, stiffness is strictly correlated
to the extent of filler dispersion, i.e. interphase volume, whereas tensile
strength is usually governed by interfacial adhesion between filler and
matrix [47-49].

In electrospun fibrous mats, some structural features of the mem-
branes, such as fibers diameter distribution, defects, hindered or pro-
moted slipping of the fibers each other during tensile tests are known to
affect ultimate properties of the samples [36,37]. Beyond these aspects,
it is worth considering that PLA/PEO is an immiscible or partially
miscible blend [50] and that CNF dispersion and affinity to the two
polymer phases can obviously affect tensile properties. A-method is the
best choice for processing PLA/PEO system, while being not appropriate
for promoting CNF dispersion. Indeed, CNF is more dispersible in
ethanol, due to the presence of ~-OH moieties in CNF structure, while

tending to precipitate in acetone and chloroform. On the other hand,
PEO is insoluble in ethanol, therefore in BO and especially in B1 PEO
islands arising from unmixing phenomena are clearly visible as bright
dots in SEM morphology. Furthermore, the extreme heterogeneity of
B-series membranes, with the coexistence of sprayed and fibrous areas,
resulted in low performance materials, regardless of the presence or the
absence of CNF. Using a three-solvent mixture allows on one hand
PLA/PEO spinnability and on the other hand a more uniform CNF
dispersion throughout the matrix.

In the perspective of using these membranes as biomimetic struc-
tures, such as tissue scaffolds, and wound dressings, swelling tests in
water were carried out. The results, provided in Fig. 10, put into evi-
dence that the presence of hydrophilic CNF promotes swelling degree.
Consequently, ternary systems showed water uptake values higher than
binary samples. Among binary systems, negligible differences can be
found, with maximum uptake values equal to 100%. In the early portion
of the curves, absorption kinetics of AQ proved to be faster than those of
CO and especially BO. As regards ternary systems, C1 gave the best re-
sults, presumably due to the synergistic effect of CNF dispersion and
fibrous structure (i.e. high surface area), followed by A1l and B1. Simi-
larly to what seen in the case of binary blends, B1 showed a slower
absorption in the initial portion of the curves, presumably because the
electrospraying phenomena resulted into a bulkier structure. Moreover,
after a certain time interval, the water uptake was found to decrease
upon immersion time. This apparently strange behavior can be
explained by considering that PEO is soluble in water. In B-series sam-
ples, the migration of PEO islands towards surface may have exposed
them to solvation, thus resulting in mass loss.

4. Conclusions

This work elucidates the possibility to use an appropriate solvent
mixture to overcome some difficulties related to the processing of
nanocomposites when polymers and filler possess different solubility/
dispersability. Usually, the dispersion of nanocellulose in polymeric
matrices is promoted by chemical functionalization of such
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Fig. 8. Representative stress-strain curves of the materials investigated (A),
low-strain region of each curve (B).

nanoparticles. This approach, however, involves time-consuming pro-
tocols and alters the hydrophilicity of CNCs that is crucial to biomedical
applications. In the frame of this work we demonstrated that using

1

Table 2
Main results of tensile tests.

Sample E (MPa) TS (MPa) EB (%) Toughness MJ/m>)
A0 60+ 8 2.55+0.03 40+8 0.95+0.02
BO 20+5 1.36 +0.05 25+5 0.26 £0.01
Cco 44+ 6 1.52+0.10 28+3 0.29+0.01
Al 61+10 2.11+0.05 74+9 1.37 +£0.02
Bl 15+3 1.01+0.01 306 0.28 £0.01
Cl 155+11 5.42 +0.02 31+4 1.41 +0.02
6
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Fig. 9. Reduced mechanical properties for the composite membranes achieved
by methods A, B and C. Reduced elastic modulus (Er), reduced tensile strength
(TSr), reduced elongation at break (EBr), reduced toughness (Tr) are provided
as ratio between the mean values of such properties measured for nano-
composites and those of the corresponding matrix.

chloroform/acetone/ethanol mixture allows preparing electrospun fi-
bers based on PLA, PEO and CNCs by ensuring the electrospinnability of
the polymers and the uniform filler dispersion. The process is extremely
rapid, cheap and non-toxic, since all the solvents can be easily (and
totally) removed by coagulation in ether. The choice of solvents mixture
affects significantly the structure and the properties of the membranes.
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Fig. 10. Swelling tests.

Increments observed in mechanical properties (+350% in stiffness,
+400% in TS and +500% in toughness) and in swelling behavior (up to
+350%) suggest that PLA/PEO/CNF electrospun fibers are potentially
suitable for skin tissue engineering and wound dressing applications.
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