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The development of nanofibrous membranes with tunable wettability, degradation, and biocompatibility is highly keen for
biomedical applications, including drug delivery and wound dressing. In this study, biocompatible and biodegradable
nanofibrous membranes with antioxidant properties were successfully prepared by the electrospinning technique. The
membranes were developed using polylactic acid (PLA) and polyethylene oxide (PEO) as the matrix, with the addition of grape
seed extract (GSE), a rich source of natural antioxidants. The nanofibrous membranes were thoroughly characterized both from
the materials and from the biocompatibility point of view. PLA and PLA/PEO nanofibers showed high encapsulation efficiency,
close to 90%, while the encapsulated GSE retained its antioxidant capacity in the membranes. In vitro release studies showed
that GSE diffuses from PLA/GSE and PLA/PEO/GSE membranes in a Fickian diffusion manner, whose experimental data were
well fitted using the Korsmeyer-Peppas model. Furthermore, a higher controlled release of GSE was observed for the
PLA/PEO/GSE membrane. Moreover, culturing experiments with human foreskin fibroblast (HFF1) cells demonstrated that all
samples are biocompatible and showed that the GSE-loaded PLA/PEO nanofibrous membranes support better cell attachment
and proliferation compared to the PLA/GSE nanofibrous membranes, owing to the superior hydrophilicity. In summary, the
results suggested that the GSE-loaded membranes are a promising topical drug delivery system and have a great potential for
wound dressing applications.

1. Introduction including antioxidant [1-3], anti-inflammatory [4, 5], anti-

carcinogenic [6-8], and antimicrobial activities [3, 8].
Natural bioactive phenolic compounds have gained much ~ Sources for obtaining polyphenolic compounds are varied,
importance in the past years for promoting health or prevent-  including byproducts and wastes generated by agroindustry
ing disease due to their beneficial physiological properties, ~ [9], which can be used, for instance, as food antioxidants
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and antimicrobial agents [10]. In particular, grape seed
extract (GSE), a mixture of polyphenols extracted from seeds
of wine grapes, has demonstrated superior ability in scaveng-
ing free radicals, being 20-50 times more efficient than vita-
min E or C [2, 11].

Despite the wide spectrum of properties, the use of these
compounds has been limited in the pharmaceutical field
[12], due to the poor water solubility and high chemical
instability in physiological medium, which results in poor
bioavailability, low permeability, and degradation before
reaching the systemic circulation [12-14]. One way to tackle
these issues is to entrap/adsorb these molecules in/onto bio-
based polymer matrices. In this context, electrospinning has
been established as an outstanding technique to entrap bio-
active compounds within polymer matrices aiming to be
used for drug delivery and wound dressing applications
[15-18]. Recently, electrospun nanofibers have been pro-
posed for stabilizing and controlling the release of various
bioactive compounds, such as caffeic acid [8], Centella asia-
tica [19], and Garcinia mangostana extract [1]. However,
little attention has been given to the study and application
of electrospinning for the encapsulation of GSE aiming at
biomedical applications.

The advantageous properties related to nanoscale
dimensions of electrospun nanofibers (NFs) provide a pos-
sibility to control/extend the delivery of bioactive molecules
to the wound site as well as to improve cell adhesion and
proliferation [16, 17]. Such systems are capable of mimick-
ing the extracellular matrix of the various biological tissues,
which can improve the biological performance of these
membranes [20-24].

Among the biobased polymers, polylactic acid (PLA) is
an FDA approved and widely used material in biomedical
applications due to the combination of biocompatibility
and biodegradability, adequate mechanical strength, and
thermal stability [25, 26]. However, PLA is rather hydropho-
bic, and bulk or surface modification is required to modulate
its surface wettability aiming at enhancing biorelated appli-
cations. In bulk modification, the addition of hydrophilic
polymers, such as polyethylene oxide (PEO), effectively
allows for the modulation of biodegradation and drug
release kinetics, which are important parameters for wound
dressing applications [22, 27].

Herein, we report the design and fabrication of biocom-
patible nanofibrous membranes with antioxidant properties
by means of electrospinning using PLA and PLA/PEO as
polymer matrices and GSE as antioxidant compound, as
illustrated in Scheme 1. The effects of the nanofiber composi-
tion (without/with PEO) on the morphological, chemical,
thermal, and in vitro biodegradability properties of the final
membranes were investigated. Then, both PLA and PLA/-
PEO were loaded with GSE and electrospun to produce
bead-free smooth nanofibers. Our results demonstrated that
the in vitro GSE release profile from the nanofibrous mem-
branes can be modulated by appropriate selection of the
polymer material composition. Furthermore, the antioxidant
activity of the nanofibrous membranes and their biocompat-
ibility were also evaluated through in vitro tests using fibro-
blasts aiming at biomedical and healthcare applications.
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2. Experiment

2.1. Materials. Polylactic acid (PLA, MW = 119,000 gmol ")
was obtained from NatureWorks Ingeo®. Polyethylene oxide
(PEO, MW = 100,000 g mol ™), 3,4,5-trihydroxybenzoic acid
hydrate (gallic acid monohydrate), and 2,2-diphenyl-1-pi-
crylhydrazyl (DPPH) were purchased from Sigma-Aldrich.
N,N-Dimethylformamide (DMF), acetone, Na,HPO,, and
NaH,PO, were purchased from Synth Chemical (Sdo Paulo,
Brazil). The grape seed extract (GSE, polyphenols > 96%) was
obtained from Galena (Sdao Paulo, Brazil).

2.2. Preparation of Electrospun Nanofibrous Membranes.
PLA and PLA/PEO (9:1, w/w) solutions in DMF/acetone
(1:1, v/v) were prepared in optimized condition using a con-
centration of 9% (w/v in respect to the solvent mixture) and
stirred for 3h at room temperature. GSE was added to PLA
and PLA/PEO solutions at the concentration of 10% (w/w),
with respect to the polymer content, to produce PLA/GSE
and PLA/PEO/GSE solutions.

All nanofibrous membranes were fabricated using the
same experimental conditions with a homemade electro-
spinning apparatus operating at a feed rate of 1.0mLh™
using an electric voltage of 17kV. A working distance
of 9cm was kept between the syringe and the metallic
collector. A steel needle of 0.8 mm (inner diameter) was
employed. The experiments were performed at the relative
humidity and temperature of 35%+5% and 25°C+2°C,
respectively.

2.3. Physicochemical Characterization. The morphology
and size of the as-prepared nanofibers were evaluated by
scanning electron microscopy (SEM, JEOL 6510), with the
nanofiber diameter being estimated with the aid of the soft-
ware Image] (National Institutes of Health, USA). In each
experiment, the nanofiber average diameter and distribution
were determined by measuring 100 random fibers using
representative micrographs.

Fourier transform infrared (FTIR) spectra of samples
were recorded using a Bruker Vertex 70 equipment. The
spectra were collected in ATR mode from 4000cm™ to
600cm™. A total of 64 scans were collected at a resolution
of 2cm™,

Thermogravimetric (TG) analyses were performed on a
thermogravimetric analyzer (Q500 TA Instruments) under
air atmosphere, at a flow rate of 20 mLmin~". Samples in
platinum pans were scanned from room temperature up to
700°C at a heating rate of 10°C min~".

Contact angles of PBS buffer (pH 7.4) droplets on the
surface of the nanofibers were measured using a contact
angle measuring system (CAM 101 model KSV Instru-
ments) equipped with a CCD camera (KGV-5000). For each
measurement, a 5uL droplet was pipetted onto the mem-
brane surface, and the images of the droplet were automati-
cally taken as a function of time. From these images, contact
angle values were calculated using dedicated software (KSV
CAM 2008).

2.4. Degradation Study. Hydrolytic degradation of the
membranes was carried out in phosphate buffer solution
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ScHEME 1: Schematic representation of preparation of GSE encapsulated into nanofibrous membranes and in vitro studies aiming at wound

dressing applications.

(pH=7.4, 37°C) up to 5 weeks, according to methodology
described in [28]. At fixed times, i.e., 7, 14, 21, 28, and 35
days, the membranes were taken out from the medium
and characterized regarding morphological changes and
weight loss after washing with distilled water and vacuum

drying.

2.5. Encapsulation Efficiency. Encapsulation efficiency (EE)
was determined according to the method previously reported
by Chuysinuan et al. [29]. PLA/GSE and PLA/PEO/GSE
nanofibrous membranes (around 6 mg) were dissolved in
DMF/acetone (1:1, v/v) mixture. The actual amount of the
as-loaded GSE was then quantified using UV-Vis absorption
spectroscopy (Shimadzu UV-1100) by monitoring the wave-
length at 280 nm against a predetermined calibration curve of
the extract [30]. Neat PLA and PLA/PEO solutions using the
same solvent mixture were used as blanks. Each assay was
carried out in triplicate. Finally, the EE was calculated by
the following:

GSE concentration onnanofibers
EE (%) = : ——> x100. (1)
theorical GSE concentration

2.6. Antioxidant Activity. The in vitro antioxidant activity
of the GSE-loaded nanofibers was evaluated using the DPPH
radical scavenging activity assay [31]. The nanofibers were
first dissolved in DMF/acetone (1:1, v/v) and treated with a
methanolic solution of DPPH (0.1 mM) for 30 min at room
temperature in darkness. At the end of 30 min, the absor-
bance of the solution at 517 nm was measured (Shimadzu
UV-1100). The antioxidant activity (AA) of samples was
calculated using the following:

AA (%) _ (Acontrol - Asample) % 100 (2)
Acontrol
where A, and Ag,. are the absorbance values of the

DPPH solution without and with the presence of the sam-
ple solutions, respectively. The measurements were carried
out in triplicate.

2.7. GSE Release Profile and Mechanism Investigation. The
in vitro release profile study of GSE from PLA and PLA/PEO

nanofibers was carried out in a phosphate saline solution
(PBS), which simulates blood plasma conditions and/or exu-
date from a wound [32]. The PLA/GSE and PLA/PEO/GSE
membranes (~6mg) were immersed in 15mL of PBS
(0.1mol LY, pH 7.4) at 37°C under mild stirring. Then 2mL
of the solution was taken at specific time intervals and
analyzed by UV-Vis absorption spectroscopy (Shimadzu
UV-1100) at 278 nm. Meanwhile, the same volume of PBS
solution was added to keep the volume constant. The amount
of GSE released over time was calculated using the prebuilt
calibration curve for GSE in PBS buffer (pH 7.4). The pre-
sented data were average values from three measurements.
The cumulative release was calculated using

M
Cumulative release (%) = (ﬁ) x 100, (3)
0

where M, (mg) is the mass of GSE released at certain time ¢
and M, (mg) is the GSE mass encapsulated in the nanofibers.

The Korsmeyer-Peppas equation [33] was used to
describe the GSE release profile from the nanofibrous mem-
branes as follows:

M,
_—= n, 4
M Kt (4)

(o)

where M, (mg) and M, (mg) are the mass of GSE released at
an arbitrary time t and at equilibrium, respectively, k is the
release rate constant, and » indicates the release exponent
suggesting the nature of the release mechanism [34]. Data
acquired from in vitro drug release studies were plotted as
log cumulative percentage drug release versus log time. Thus,
the release mechanism was considered based on the # value
obtained from the Korsmeyer-Peppas model fitting curve.
The n value was determined considering the portion of the
release curve that satisfied M,/M, < 0.6 [35].

2.8. Cell Viability Assay. The effect of the different nanofi-
brous membranes on cell viability was assessed by the MTT
([3-(4,5-dimethyl-  thiazol-2-yl)-2,5-diphenyl tetrazolium
bromide]) assay. The cell number and viability were evalu-
ated by measuring the mitochondrial-dependent conversion
of the yellow tetrazolium salt MTT to purple formazan



crystals by metabolically active cells [36]. The human fore-
skin fibroblast (HFF1) cells were cultured using Dulbecco’s
modified Eagle’s medium (DMEM), 10% fetal bovine
serum, and 1% penicillin-streptomycin solution. The nano-
fibrous membranes were seeded in 24-well plates at a density
of 5x10* cells per well and incubated with 5% CO, at
37°C. After 24 and 48h, the medium of each well was
replaced by 10% (v/v) MTT solution and incubated for
4h. Then, the formed formazan crystals were dissolved in
dimethyl sulfoxide, and the optical density was measured
with a microplate reader (Multiskan FC, Thermo Scien-
tific®) at the wavelength of 570 nm. The biocompatibility
of the nanofibrous membranes was expressed as % cell viabil-
ity, which was calculated from the ratio between the number
of cells treated with the nanofibers and that of nontreated
cells (control). Each variant of nanofibrous membrane was
assayed by five measurements, and the results were expressed
as mean + standard deviation. Results were analyzed through
the one-way analysis of variance (ANOVA) followed by
Tukey’s test. Statistical significance was set at p < 0.05, and
the software used was GraphPad Prism 5.0 (San Diego,
CA, USA).

SEM images were carried out to evaluate the morpholog-
ical changes of HFF1 cells on the nanofibrous membranes
after 48 hours of cell culture. Firstly, the membranes were
washed with PBS to remove nonadherent cells and fixed with
Karnovsky’s fixative. The samples were then dehydrated
through a series of graded ethanol solutions and subse-
quently dried at room temperature.

3. Results and Discussion

3.1. Nanofibrous Membrane Characterization. The morphol-
ogy and size of the as-prepared nanofibrous membranes
were investigated by SEM images, according to results pres-
ent in Figure 1 and Table 1. Nanofibers with uniform,
smooth, nonporous, and randomly orientated structures
were obtained for all formulations. Neat PLA nanofibers
(Figure 1(a)) presented a fiber diameter of 149 + 23 nm.
The addition of PEO (Figure 1(b)) increased the fiber diam-
eter (304 £ 46 nm) owing to the free volume increase that
occurs on blending the two polymers, which is attributed
to the different segmental conformations between the PLA
and PEO, reducing the PLA chain-chain packing [37]. As
can be seen in Figures 1(c) and 1(d), the addition of GSE
did not significantly affect the morphology and diameter of
the nanofibers when compared with their counterparts
(PLA and PLA/PEO nanofibers).

Figure 2(a) illustrates the FTIR spectra of the GSE extract
powder and PLA and PLA/PEO nanofibers unloaded and
loaded with the extract. GSE is mainly composed of phenolic
compounds, such as procyanidins, catechin, epicatechin,
gallic acid, and gallic acid ester [2]. Typical bands of these
phenolic compounds can be observed at 3300cm™ corre-
sponding to stretching modes of the different —~OH groups,
at 1604 and 1520cm™ due to the -C=C-O deformation of
the heterocyclic ring, at 1437cm™ attributed to the ~CH
deformation of the aromatic ring, at 1283 cm™ associated
with ester C—O stretching, and at 1104cm™" due to phenol
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and ether C-O stretching [34, 38]. The FTIR spectrum of
PLA displayed the characteristic carbonyl (C=0) absorption
band at 1752 cm™', the C-O-C stretching bands at 1184 and
1086 cm™, while the peaks at 1453 and 1382 cm" are related
to the C-H deformation [31]. The PLA/PEO blend nanofi-
bers displayed the characteristics bands of PLA at 1752
(C=0), 1180 and 1082 cm™ (O-C—-0), while the C—H stretch
from the PEO backbone appeared at 2890 cm™ [37]. After the
GSE incorporation, an extra vibrational mode assigned to the
—C=C-O deformation of GSE was observed at 1619 and
1616cm™ for PLA/GSE and PLA/PEO/GSE, respectively
(Figure 2(b)). These bands are shifted with respect to the
GSE powder, indicating an interaction between the poly-
meric matrix and the extract, most probably based on inter-
molecular hydrogen bonds [8, 14, 31]. Regarding the
PLA/PEO/GSE nanofibers, an additional peak at 1518 cm’l,
characteristic of phenolic compounds, appeared in the spec-
trum. These results confirm the successful loading of GSE
into PLA and PLA/PEO nanofibrous membranes.

Typical thermogravimetric (TG) analysis and derivative
(DTG) curves of pure GSE and unloaded and GSE-loaded
nanofibers were obtained, and the results are presented in
Figure 3. Pristine PLA nanofibers decomposed in a
single-stage event between 295 and 370°C. The decomposi-
tion onset temperature (7)) and the temperature at maxi-
mum degradation rate (T,,) of the blend PLA/PEO
membranes shifted from 320 to 270°C and from 360 to
325°C, respectively. The decrease in PLA thermal stability
may be attributed to the fact that PEO can intersperse
around PLA polymer chains and break polymer-polymer
interactions [37, 39]. For powder GSE (Figure 3(b)), the
TG curve shows an initial event of mass loss (4%) below
100°C associated with water desorption followed by its
decomposition in the range of 120 to 515°C. The DTG curve
of the extract displays a large peak in the temperature range
of 120-290°C, followed by two other peaks at 430 and 505°C,
suggesting that many overlapping processes occur as a con-
sequence of complex composition of grape seeds [40, 41].
TG/DTG curves of PLA/GSE and PLA/PEO/GSE mem-
branes (Figure 3(b)) show two stages of mass loss due to
the sequential degradation of the polymeric matrix and
GSE. The temperature of the second degradation peak,
which corresponds to the degradation temperature of GSE,
significantly decreased upon encapsulation, probably due
to the dissolution/dispersion of the bioactive compound
before encapsulation [42].

The hydrophilicity feature of any material for biomedical
applications is a crucial parameter, as it can affect cell adhe-
sion and growth on its surface [43]. The surface hydrophilic-
ity of the nanofibrous membranes was characterized by
contact angle measurements. As shown in Table 1, PLA/PEO
nanofibers displayed enhanced hydrophilicity compared to
isolated PLA nanofibers, corroborating the good strategy of
blending polymers. The incorporation of PEO in the matrix
introduces preferable sites for aqueous compounds to be
attached while retaining the overall structural integrity [5].
In comparison with PLA and PLA/PEO nanofibers, the
addition of GSE did not significantly affect their surface
wettability.



Journal of Nanomaterials 5

-~

"%’
Sﬁx/! 12

4
——

- > =]
W ANNTTE
(d)
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TABLE 1: Average fiber diameter and contact angle characterization of the nanofibrous membranes.

PLA PLA/PEO PLA/GSE PLA/PEO/GSE
Fiber diameter (nm) 149 +£23 304 + 46 130 +£25 271 + 66
Contact angle (*) 129 +4 58 +5 130+3 46+ 6
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FIGURE 2: (a) FTIR spectra of (i) GSE powder and (ii) PLA, (iii) PLA/GSE, (iv) PLA/PEO, and (v) PLA/PEO/GSE nanofibers. (b) Close view in
the range from 2000 to 600 cm™.
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FIGURE 3: TG and DTG curves (inset) of (a) PLA and PLA/PEO and (b) GSE powder, PLA/GSE, and PLA/PEO/GSE nanofibers.

The biodegradability of PLA and PLA/PEO nanofibrous
membranes was evaluated by monitoring their weight loss
after soaking in PBS. The in vitro degradation profile
(Figure 4(a)) over a period of 5 weeks showed around 9%
degradation of PLA/PEO membranes owing to the presence
of PEO [22]. For the same period of time, a negligible
weight loss was detected for PLA nanofibrous membranes,
showing the stability of the neat PLA membranes in PBS
solution at pH 7.4. The low degradation rate of PLA can be
a consequence of the low penetration and diffusion of water
into the polymeric matrix owing to its hydrophobic nature
[28], as corroborated by the contact angle data available
in Table 1. SEM images after degradation tests showed that
the morphology of both PLA (Figure 4(b)) and PLA/PEO
(Figure 4(c)) membranes remained virtually unaffected.
However, it was possible to observe an increase on PLA
nanofiber diameters to 209 + 60 nm due to the swelling and
a decrease in the diameter of the PLA/PEO nanofibers to
260 + 70 nm, which is in agreement with previous statements
regarding the weight loss.

The encapsulation efficiency (EE) is an important param-
eter to evaluate the feasibility of clinical application of the
developed material [44]. At the theoretical concentrations
of 10%, the EE values of GSE were 88.4+2.1 and 86.8 +
1.7% for PLA and PLA/PEO nanofibers, respectively. These
results indicated that there was virtually no loss of GSE
during the electrospinning process and almost 90% of
the extract could be encapsulated into the nanofibers using
the electrospinning technique.

Reactive oxygen species (ROS) play a pivotal role in
the expression of the normal wound healing response [45].
Generally, low levels of ROS are formed during the normal
wound healing process for effective defense against invad-
ing pathogens and for intracellular signaling, especially for
angiogenesis [46]. However, the presence of increased

amounts of ROS could hamper the wound healing process
by causing severe damage to the cells like fibroblasts, which
secretes collagen and glycosaminoglycans for wound repair
[47]. Hence, ROS scavenging properties of phenolic com-
pounds might be important for the wound healing process.

GSE is well known to possess strong antioxidant potential
and radical scavenging properties by countervailing harmful
effects of ROS [13]. The antioxidant activity of GSE-loaded
nanofibers was tested by using the DPPH radical scavenging
assay. This method consists in performing reduction of the
relatively stable DPPH radical to its nonradical form in the
presence of a H-donating compound with antioxidant activ-
ity [31]. The antioxidant activity of the GSE for both loaded
nanofibers (PLA/GSE and PLA/PEO/GSE) was determined
as 85.5+0.9%, even after 45 days. This result confirmed
that the GSE retains its antioxidant activity after the elec-
trospinning process and the nanofiber could efficiently pro-
tect the entrapped GSE from oxidation. Such result enables
the application of our developed GSE-loaded nanofibrous
membrane for biomedical materials to address oxidative
stress issues.

3.2. In Vitro GSE Release Study. It is generally referred that
the release rate of drug-loaded electrospun nanofibers can
be modified by using different polymer combinations with
distinct hydrophilic or hydrophobic nature [33]. In this
way, the GSE release profile of PLA and PLA/PEO nanofi-
brous membranes was in vitro examined for a period of 30
days in PBS solution (pH 7.4) at 37°C, and the relationships
between the cumulative percentage and releasing time were
plotted in Figure 5. As can be seen, distinct GSE release pro-
files were observed from PLA and PLA/PEO membranes
once brought into contact with PBS medium. The PLA
nanofibrous membranes released about 60% of extract con-
tent after 24 h, but when the time was prolonged to 720h,
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only an additional 4% content was released (Figure 5(a)).
The initial burst release phenomenon is probably related to
the drug entrapped near to the surface of the nanofibers,
leading to a high initial drug delivery [44] that cannot persist
for longer times. In contrast, PLA/PEO electrospun nanofi-
bers exhibit a more sustained release pattern with a lower
burst phenomenon, in which only about 20% of drug con-
tent was released over the same period of 24 h (Figure 5(b)).

The release of biomolecules loaded into nanofibrous
membranes can be affected by several factors [3]. In general,
the diffusion of the low molecular weight bioactive com-
pound from fibrous materials depends on (1) the process
of the membrane wetting and/or swelling, (2) the crystalline
nature of the drug after the loading process, (3) the diffu-
sion of water-soluble oligomers from the membranes, and
(4) the nanofiber morphology [48]. In our case, the different
behaviors presented by the blended nanofibers can be asso-
ciated with the fact that the miscible mixtures of polymers
propose a more sustained release pattern due to the diffi-
culty of the drug to be diffused from the polymer matrix
[37]. Additionally, the slower release rate for the PLA/-
PEO/GSE nanofibers can be attributed to the higher diame-
ter of these nanofibers [33].

Several mathematical models have been used for studying
the drug release profile from distinct polymer matrices [49].
Among them, the Korsmeyer-Peppas model (see equation
(4) in Experiment) is widely used, since it can describe in a
straightforward way the drug release profile from a poly-
meric system. This model categorizes release profiles based
on the value of n exponent [35]. For n<0.5, the model
matches to a Fickian diffusion mechanism, while if # value
lies between 0.5<n <1, it is considered a non-Fickian
(anomalous) mass transport mechanism [31]. Release kinetic
parameter values (n and k) for GSE-loaded nanofibers are
given in Table 2. The n value lower than 0.5 suggested that
release of GSE from nanofibers showed a typical Fickian
diffusion mechanism in which the release was caused by
the concentration gradient between nanofibers and releas-
ing medium [31].

3.3. In Vitro Cell Viability Evaluation. Fibroblasts are known
to play a key role in the wound healing process by producing
the majority of the extracellular matrix components and
several cytokines and growth factors that are required for
remodeling and wound closure [19]. The viability of FNN1
fibroblast cells on the pristine PLA and GSE-containing
nanofibrous membranes was evaluated through the MTT
cytotoxicity assay [50, 51], and the results are shown in
Figure 6. It was found that the fibroblasts proliferated well
in all the membranes, indicating that the nanofibrous
membranes are nontoxic. After 24 h incubation, no signifi-
cant difference in cell viability was noted between the differ-
ent tested membranes. After 48 h, the results showed that the
presence of GSE in both PLA and PLA/PEO membranes
caused an improvement in the cell proliferation when com-
pared to pristine PLA nanofibrous membranes, demonstrat-
ing the good cytocompatibility of GSE-loaded nanofibers.
The enhancement in fibroblast activity after GSE addition
can be related to the presence of proanthocyanidins in the

Journal of Nanomaterials

TaBLE 2: Statistical parameters obtained from the in vitro release
profiles through the Korsmeyer-Peppas model.

Sample n k (min™") R?
PLA/GSE 0.16 £0.01 0.44 +0.03 0.985
PLA/PEO/GSE 0.29+0.01 0.99 +0.06 0.989
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FIGURE 6: Viability of FNN1 fibroblast cells on PLA, PLA/GSE, and
PLA/PEO/GSE nanofibrous membranes under different culture
times (24 and 48 h).

extract [52]. These results suggested the promising effect of
GSE loaded on nanofibrous membranes on the viability and
growth of the fibroblast cells.

In addition to cell viability investigation, the biocompat-
ibility of a material is also related to the cell adhesion ability
on the biomaterial surface [53]. Figure 7 shows the SEM
images of fibroblast cells on the surface of nanofibrous
membranes after 2 days of incubation. As can be seen, more
cells were able to attach and grow on the PLA/PEO/GSE
membrane, compared to the PLA/GSE membrane, as the
former became more hydrophilic, which is suitable for cell
adhesion [54]. Additionally, the cells attached on the surface
of GSE-loaded PLA/PEO nanofibrous membranes achieved
a more extended morphology, indicating higher cell affinity
[47], compared to PLA membranes, which showed spherical
morphology, indicating that they were still undifferentiated
[54]. The results of the cell attachment and cytotoxicity
study indicated that addition of PEO proved to be an excel-
lent strategy to obtain a polymer membrane capable to sup-
port the attachment and proliferation of fibroblast cells with
none or minimum cytotoxic effect. These results indicate
that the fabricated GSE-loaded nanofibrous membranes
present biocompatibility and can be considered as a safe
alternative to be used as wound dressing materials.
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FiGure 7: SEM images of FNN1 fibroblast cells after 48 h cultured on (a) PLA/GSE and (b) PLA/PEO/GSE membranes.

4. Conclusion

In the present study, biocompatible and biodegradable nano-
fibrous membranes of PLA and PLA/PEO loaded with GSE
have been successfully prepared by the electrospinning tech-
nique. FTIR and TG results showed that GSE was success-
fully encapsulated into the membranes, whose antioxidant
activity was preserved. The GSE release profile from the poly-
mer membranes showed to be dependent on the nanofiber
composition, with a typical Fickian diffusion mechanism,
where the addition of a hydrophilic polymer prolonged the
GSE release period. Cell culture experiments with fibroblasts
on the membranes demonstrated that the GSE-loaded sam-
ples are biocompatible and the addition of PEO proved to
be able to support better cell adhesion and proliferation.
Therefore, the developed nanofibrous membranes could be
a suitable alternative platform for a new generation of antiox-
idant wound dressings.
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