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A procedure to obtain electrospun mats of hyaluronic acid (HA) stable in aqueous media in one single
step has been developed. It consists in combining an HA solution with a divinyl sulfone one as cross-linker
in a three-way valve to immediately electroblow their mixture. Membranes obtained with this method,
after sterilization and conditioning, are ready to use in cell culture without need of any additional post-
treatment. HA nanofibers are deposited onto previously electrospun poly(L-lactic acid) (PLLA) mats in
order to obtain stably joined bilayered membranes with an adherent face and the opposite face non-adherent,
despite their different hydrophilicity and mechanical properties. These bilayered HA/PLLA membranes may be
of use, for example, in applications seeking to transplant cells on a tissue surface and keep them protected
from the environment: the PLLA nanofiber face is cell friendly and promotes cell attachment and spreading
and can thus be used as a cell supply vehicle, while the HA face hinders cell adhesion and thus may prevent
post-surgical adherences, a major issue in many surgeries.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Hyaluronic acid (HA) is one of the major components of the extra-
cellular matrix. It is a natural linear polysaccharide composed of
repeating units of β-1-4-D-glucuronic acid and β-1-3-N-acetyl-D-
glucosamine [1,2]. In the last decade, it has been widely proposed
for many biomedical applications due to its biocompatibility, its pos-
itive influence in the healing process, the angiogenic character of its
degradation products and its potential as a drug release system [1–5].

But HA in the format of electrospun membranes has not been
completely exploited yet for two main reasons. On the one hand, HA
has a poor electrospinning processability. Many different approaches
have been tried in order to reduce the complexity of obtaining
electrospun membranes of hyaluronic acid, among others: combining
different solvents [6], assisting the process with a hot air stream [7]
and blending HAwith other polymers such as gelatin [8], poly(ethylene
oxide) [9] or collagen [10,11]. On another hand, HA is soluble in water.
Therefore, it is necessary to cross-link it to obtain a material stable in
aqueous conditions. Many attempts have been done in this line,
consisting in either a physical [12] or a chemical [13] cross-linking
after the electrodeposition process, in order to obtain HAmats insoluble
inwater. In all theseworks, the cross-linkingwas performed in a second
step following the electrospinning process of the HA mat. In another
approach, a dual-syringe setup was employed to combine thiolated
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derivatives of HA mixed with poly(ethylene oxide) (PEO) with poly
(ethylene glycol) diacrylate (PEGDA) as cross-linker agent [14] during
the electrospinning process, but an additional second step was still
required to remove the PEO.

In Colins and Birkinshaw [15], divinylsulfone (DVS) was proposed
as a two-step cross-linker for HA films, and in Arnal-Pastor et al. [16]
it was successfully employed by the authors to cross-link HA coatings
of acrylate scaffolds' pores in a two-step process. In thiswork, unmodified
HA has been successfully cross-linked with said cross-linker for the first
time in one single step during the process of electrodeposition and with
no additional post-treatments. To achieve this goal, two solutions were
combined, an HA solution and a cross-linker solution of DVS in aqueous
sodium hydroxide, and the process was assisted with a hot air stream.
This technique allowed obtaining very thin mats (even in the swollen
state) in a single step, which are stable in phosphate-buffered saline
(PBS) for at least 28 days.

Still, important disadvantages of thesemembranes are their reduced
thickness and their high equilibrium water content, which imply lack
of mechanical properties and limited manageability. These drawbacks
could become a problem for some tissue engineering applications.
This led us to combine the HA mat with another polymer into a
two-layer membrane. Here, HA has been electrospun onto previously
obtained mats of poly(L-lactic acid) (PLLA), which possesses a great
electrospinning processability [17], proper mechanical behavior and
manipulability, and is a non-cytotoxic and biodegradable FDA approved
polymer [18]. Another reason to combine electrospinning of HA with
PLLA is that the latter has proved to be easily colonized in vitro by dif-
ferent cells types, whereas HA has non-adherent properties [19] and
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has already been tested in clinical trials to prevent surgical adhesions
[20]. The resulting HA/PLLA two-layer membrane has a hydrophilic
non-adhering face opposite to a hydrophobic cell-driendly one. Having
a bilayered membrane with such differing behavior on each one of its
faces could be very interesting for specific applications (Fig. 1(a)):
conveying transplanted cells on the adherent face while the
non-adherent face protects them from exterior aggression by macro-
phages, transplanting cells on a support whose other face avoids
post-surgical adhesions and culturing or transplanting cells on one
face (PLLA)while theHAgel on the other face continuously delivers fac-
tors or drugs of interest. Many more situations can be envisaged where
the simultaneous possession of these opposing characteristics might be
of advantage. However, this combination raises difficult questions to be
solved, related to the hydrophilic character and mechanical properties
of the two-layer system: Is the interface between the independently
spun PLLA and HA mats mechanically stable? Is that interface stable
once the membrane is hydrated, since both mats swell differently?
How long does the HA cross-linked by this method resist dissolution
in aqueous medium? These are the issues addressed in this work.

2. Materials and methods

2.1. Materials

Poly(L-lactide) (PLLA; Polylactide Resin PLA-4042D, Mw = 2.8 ×
105 Da) was purchased from NatureWorks. Hyaluronic acid sodium
salt (HA; 99%, obtained from fermentation of Streptococcus equi,
1.5–1.8 × 106 Da) was provided by Sigma. N,N-dimethylformamide
(DMF; synthesis grade, Scharlau), dichloromethane (DCM; synthesis
grade stabilized with 250 ppm of BHT, Scharlau) and ethanol
(EtOH; 99%, Scharlau) were employed as solvents to prepare the
electrospinning solutions. Divinyl sulfone (DVS; 97% Sigma-Aldrich)
and sodium hydroxide (NaOH; extra pure, Scharlau) were used to
obtain the cross-linker solution.

2.2. Methods

2.2.1. Preparation of solutions
PLLA pellets were dissolved in a 30/70 wt% mixture of DMF and

DCM at a concentration of 5 wt%. After 24 h of stirring, PLLA pellets
were completely dissolved.

HA was dissolved at a concentration of 1.87 wt% in a mixture
of DMF, EtOH and water in the following weight proportions:
9(1 EtOH/1.5 DMF)/1 H2O, and stirred for 24 h. The cross-linker solu-
tion was DVS in 0.2 M (aq) NaOH at a concentration of 1.02 vol%.

To prepare HA films, which will be used as controls, hyaluronic
acid sodium salt was dissolved at a concentration of 5% w/vol in
Fig. 1. (a) Schematic representation of the obtained bilayer mem
sodium hydroxide 0.2 M by shaking for 24 h and by stirring at
200 rpm for 2 h.

2.2.2. Electrospinning conditions
A 10-mL syringe was loaded with PLLA solution, with a silicone

tube coupling the tip and the needle. A syringe pump (Syringe pump
NE-1600/NE-1800)was used to feed the polymer solution at afixed feed-
ing rate of 4 mL/h. Twenty kilovolts was applied with a high-voltage
power supply (Glassman FC Series 120 W). The distance between the
tip of the needle and the collector was 20 cm, the needle being in vertical
position and the collector below in horizontal position. The electrodepo-
sition time to prepare each PLLA membrane was 10 min.

Both HA and DVS solutions were placed into a 10-mL syringe each,
with a silicone tube coupled to the tip. Two syringe pumps were used
to feed the solutions at a fixed feeding rate of 5 mL/h in the case of HA
and 1.6 mL/h in the case of DVS. The silicone tubes coming from both
solutions were connected in a three-way valve in order to mix them
and get the resulting solution to be electroblowed. Next, an additional
tube ensured that as the mixture advanced both solutions got perfectly
mixed and allowed the cross-linking reaction to start. At the end of this
tube, a needlewith aflat tipwas inserted and tilted 40° to the horizontal
plane to facilitate the fiber formation, as shown in Fig. 1(b). The collec-
tor was tilted 80° with respect to the horizontal plane. The distance
between the needle and the collector was 10 cm, and the voltage
applied was 27 kV. In order to facilitate the fiber formation, a stream of
hot air was used. The electrodeposition time to obtain the cross- linked
HA membranes varied from 60 to 90 min depending on their future
use. The longer electrodeposition times were employed for the mem-
branes made only of HA in order to ensure enough thickness to allow
manipulability; the shorter times were used to fabricate the bilayered
membranes. These HA/PLLA mats were obtained by electroblowing the
HA-DVS solution on PLLA membranes previously electrospun on the
collector for 10 min. For each layer, the conditionswere the correspond-
ing ones described above.

After electrodeposition, samples were left 24 h in room conditions,
then dried under vacuum for 24 h and finally dried in vacuum and
40 °C for 24 h more, to remove any residue.

2.2.3. Preparation of hyaluronic acid discs
The 5% HA solution in NaOH was mixed with DVS at the same HA:

DVS molar ratio as that of the co-electrospun materials and stirred at
300 rpm for 1 min. Twenty milliliters of the mixture was poured onto
a 8.5-cm Petri dish. After 24 h, 5-mm-diameter discs were punched
out, rinsed 5 times for 24 h in a 50:50 vol% acetone–distilled water
mixture and dried at 40 °C for 5 h followed by 24 h of vacuum at
room temperature.
brane and (b) sketch of the employed electrospinning setup.
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2.2.4. Morphological observation of the membranes with SEM
Morphological analysis of the membranes was undertaken by

scanning electron microscopy (SEM) in a JSM-6300 microscope
(JEOL Ltd., Tokyo, Japan), with the samples previously sputter coated
with gold, 15 kV of acceleration voltage and 15 mm of working
distance. SEM images were obtained of the surface and transversal
sections. Fiber diameters were determined with the caliper accessory
of the INCA suite 4.15 (Oxford Instruments PLC, UK) software.

2.2.5. Composition determination by TGA
Thermogravimetric analysis was conducted with a TA-SDT Q600

device (TA Instruments, New Castle, DE, USA), from 25 °C to 1000 °C
at a heating rate of 10 °C/min and with a nitrogen flux of 50 mL/min,
to determine the composition of the bilayer membranes in terms of
mass percentage of both constituents and their thermodecomposition
profiles. Samples weighing approximately 7 mg were dried under
vacuum for 24 h beforemeasurement and analyzed each time. Residual
weight, defined as the remaining mass fraction of each sample, was
recorded during its thermal degradation. Since PLLA decomposes leav-
ing no residual weight whereas HA leaves a percentage of its initial
mass as a residual weight, it was assumed for the bilayeredmembranes
that the entire residue was a contribution from the HA component.
From the percentages of residual weight for HA, RWHA, and for the
bilayered membrane, RWbilayered, the initial mass fraction of HA in the
bilayered membrane, xHA, was quantified as xHA ¼ RWbilayered

�
RWHA

.

2.2.6. Contact angle measurements
The surfacewettability of both PLLA and HA sides of themembranes

was characterized with 3 μL extra pure water drops deposited on their
surfaces in a Dataphysics OCA instrument (DataPhysics Instruments
GmbH, Filderstadt, Germany). In the case of PLLA, the average contact
angle of 10 water drops was calculated.

2.2.7. Determination of dynamic and equilibrium water sorption of
the membranes

The equilibrium water sorption capacity of the membranes was
evaluated by letting the samples equilibrate in a potassium iodide
(KI; extra pure, Scharlau) and in a phosphate-buffered saline (PBS)
vapor ambient at room temperature. In the first case, the relative
humidity reached was 66% [21]; in the second one, it was close to 1.
Small pieces of the membranes were placed in open test tubes inside
a hermetic box containing a supersaturated KI or a PBS solution,
avoiding any contact of the samples with the solution. After selected
times (0, 24, 48, 72, 96, 168, 240, 384, 550, 596, 836 and 1172 h),
the samples were withdrawn and weighed in a Mettler AE 240
balance (Mettler-Toledo, Columbus, OH, USA) until no weight change
was further observed. The final constant values attained were taken
as the equilibrium ones. The swelling measurements were repeated
with three samples each. After withdrawal, the samples were weighed
and the water content, WC, calculated as (mt − m0)/m0, where m0 is
theweight of the dry sample andmt is theweight of the swollen sample
after t days. The equilibrium water content was defined as EWC =
(m∞ − m0) / m0, m∞ being the weight of the sample at equilibrium.
Analogously, HA discs were swollen in a PBS atmosphere until equilib-
rium was reached. The equilibrium water content reached by these
discs was used as a reference.

2.2.8. Mechanical tensile tests
Mats of electrospun PLLA obtained after 20 min of electrodeposition

were cut into 0.5 × 3 cm2 samples, their average thickness determined
by SEM being 284 ± 18 μm. Stretching tests were performed in the
longitudinal direction on dry samples, in a stress–strain Microtest
SCM3000 95 (Microtest SA, Madrid, Spain) machine at a stress rate of
0.2 mm/min until fracture. Measurementswere performed in triplicate,
and the elastic moduluswas determined as the initial linear slope of the
strain–stress curves, the strain being obtained as the force divided by
the transversal section of the specimen and the stress as the deforma-
tion per length unit.

2.2.9. Degradation/stability studies
The degradation process of PLLAmembranes was followed quanti-

tatively by gel permeation chromatography (GPC) as follows. The
membranes were cut into 12 × 8 mm2 pieces, rinsed with distilled
water and dried under vacuum for 2 days. Next, these pieces were
immersed in 10 mL of PBS each at 37 °C for different degradation
times: 0, 2, 20, 30, 50, 70, 100 and 150 days. PBS was renewed
every week. After withdrawal, the degraded samples were rinsed
with distilled water, dried in a vacuum desiccator and stored with
silica gel until measurement.

To carry out the GPC measurements, the samples were dissolved
in a 0.336 w/v% proportion in tetrahydrofurane (THF; multisolvent
GPC grade, ACS, stabilizedwith 250 ppmof BHT, Scharlau) by vortexing.
Prior to injection the polymer solutionswere clarifiedwith the help of a
nylon syringe filter with a 200-μm pore size. The GPC analyses were
performed in aWater Breeze GPC (Waters, Milford, MA, USA) equipped
with Styrage HR THF columns and a Waters 2414 refractive index
detector. The internal temperature of the instrument was maintained
at 35 °C. Theflow rate of the eluent THFwas 1 mL/min, and the injection
volume was 20 μL. The molecular weights were previously calibrated
against a set of monodisperse Shodex polystyrene patterns. PLLA pellets
as received were also dissolved and scanned as reference.

The stability of the HA layer and its interface with the PLLA layer
was evaluated qualitatively by Alcian blue-neutral red counterstaining.
HA/PLLA two-layer membranes were prepared as previously described
and cut into 8 × 12 mm2 samples. These samples were conditioned
with two PBS rinses of 24 h each, and next immersed in PBS and incu-
bated at 37 °C for different times: 0, 1, 2, 5, 8, 9, 12, 14, 19 and
28 days. After withdrawal, samples were stained as follows. First,
samples were immersed in an Alcian blue solution (at 1% in distilled
water at pH 1–2, 8GX certified, Sigma-Aldrich) for 10 min, then rinsed
with distilled water for 2 min, next counterstained with a neutral red
solution (0.3 g in 100 mL of water and 0.1 mL of glacial acetic acid,
Scharlab) and finally rinsedwithwater for 30 s. After this, PLLA remains
unstained, but HA acquires a brownish tone, which facilitates to identify
its presence.

2.2.10. Conditioning of the materials for cell cultures
PLLA and HA membranes were swollen in an EtOH/H2O 70/30 vol%

mixture before cutting them into 5 mm diameter discs. Then the discs
were sanitized by immersion in the 70/30 vol% EtOH/H2O mixture for
3 h. Afterwards, the EtOH/H2O solutionwas replaced carefully by steril-
ized PBS with a dropper system. Several additional PBS rinses were
carried out by immersion to ensure that any trace of ethanol was
removed.

2.2.11. Cell culture
The L929 cell line of mouse fibroblasts (C34/An connective tissue,

Sigma Aldrich) in its 10th passage was employed in this work. Cells
reached confluence in monolayer after 3 days of culture in an
F75 flask. The flask containing the cells was washed with Dulbecco's
phosphate-buffered saline (PBS) and incubated with 3 mL of trypsin/
EDTA (Invitrogen) for 2 min at 37 °C. Seven milliliters of Dulbecco's
modified Eagle's medium (DMEM; high glucose (4.5 g/L); Invitrogen)
containing 10% fetal bovine serum (FBS; Invitrogen) was added to
neutralize the effect of the trypsin. Cells were collected and centrifuged
at 1000 rpm for 5 min. The pellet was resuspended in DMEM, and the
cells were counted using a Neubauer counting chamber.

Five-millimeter-diameter discs of the different mats were placed
in a 96-well tissue plate. Five thousand cells suspended in 20 μL of
medium were seeded on the upper surface of each and incubated
for 30 min at 37 °C and 5% CO2. Afterwards, 180 μL of fresh medium
was added to each well. Samples were maintained at 37 °C in a
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humidified atmosphere under 5% CO2 for 1, 7 and 14 days. The cul-
ture medium used was DMEM (4.5 g/L glucose) supplemented with
10% FBS, 1% penicillin-streptomycin and 1% L-glutamine and was
renewed every 2–3 days.

2.2.12. MTS assay
To study cell proliferation the colorimetric MTS assay ((4,5-

dimethylthiazol-2-yl)-5-(3 carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium, cell titer 96 aqueous one solution cell proliferation
assay; Promega, USA)was performed after 1, 7 and14 days of incubation,
three replicates per time. Briefly, at the given times, samples were
changed to a new 96-well plate and rinsed with PBS, and the reactant
solution (200 μL containing MTS reagent/serum-free culture medium in
the concentration recommended by the manufacturer) was added to
each sample. Samples were incubated for 3 h with the reagent in the
dark inside the incubator at 37 °C and 5% CO2. Then two 100-μL aliquots
from each well were pipetted into newwells. Absorbance was measured
at 490 nm (1 s) with a Victor Multilabel Counter 1420 spectropho-
tometer (Perkin Elmer, Waltham, MA; USA). Two controls were taken
in this assay, a positive (+C;MTS incubated in a polystyrenewell seeded
with the same amount of cells as the materials) and a negative one
(MTS reagent incubated in a well without cells).

2.2.13. Biological characterization by SEM and fluorescence microscopy
The morphology of the L929 cells after culture was observed by

SEM. After 1, 7 and 14 days of proliferation, the electrospun discs were
rinsed with PBS and then fixed with 4 vol% glutaraldehyde (Scharlab)
for 30 min at 4 °C. After fixation, samples were rinsed twice with PBS.
A post-fixation treatment was applied: samples were incubated with
2 vol% osmium tetraoxide for 2 h at room temperature following four
rinseswith distilledwater. After post-fixation, samples were dehydrated
through a series of graded ethanol (30, 50, 70, 96 and 100) at 4 °C.
Samples were dried by critical-point drying. After sputter-coating sam-
ples with gold, they were examined in a Hitachi S-4800 SEM device
(Hitachi High-Technologies Canada Inc., Toronto, Canada) at 20 kV and
15 mm of working distance.

Cell proliferation and distribution were also studied by fluores-
cence microscopy. After culture, the samples were rinsed with PBS,
fixed with 4 vol% formalin for 1 h at 4 °C and washed twice with
PBS for 5 min. Cells were permeabilized with 0.5 vol% Triton X-100
for 5 min at room temperature. After two rinses with Dulbecco's
phosphate-buffered saline (DPBS), the samples were incubated with
BIODIPY-FL phallacidin (Invitrogen) for 1 h at room temperature in
the dark, next washed twice with DPBS and counterstained for
5 min with 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI;
Sigma, 1/5000). Finally, the discs were rinsed twice with PBS and
mounted with Fluorsave reagent (Calbiochem), coverslipped and
stored in the dark at 4 °C until microscopy observation in a Leica
DM6000 inverted microscope.
Fig. 2. SEMmicrographies of the electrospun bilayer membranes: (a) PLLA surface, (b) transv
(a) and (c) show 3 μL water drops on the electrospun PLLA and cross-linked HA surfaces, r
2.2.14. Statistical analysis
The results from all the experiments are expressed as mean ±

standard deviation. Data were analyzed pairwise with ANOVA test
with Statgraphics Centurion XVI.I. Results are statistically significant
unless noted otherwise. Significance was assigned at p-values b0.05.

3. Results and discussion

3.1. Morphological, physicochemical and mechanical characterization

Electrospun mats of PLLA obtained with the conditions previously
described had a very low density of defects and a uniform random
fiber distribution, as Fig. 2(a) shows. The mean diameter of the fibers
was 751 ± 211 nm, measured on at least 100 fibers with the INCA
suite 4.15 software. A histogram plotting the fibers diameter distribu-
tion is shown in Fig. 3(a). The fiber diameters are concentrated in two
main intervals, above 900 nm and between 600 and 700 nm.

In obtaining electrospinning of HA two factors were found to be
essential: to assist the process with warm air blowing and to tilt the
needle. The warm air helps the formation of the fibers as it reduces
the viscosity, contributes to solvent evaporation and shear-stretches
the drop of the polymer solution facilitating the formation of the jet.
The disadvantage of using this air blow is that it introduces instabil-
ities in the process of electrodeposition.

The fibers obtained in the case of the electrospun HA are smaller,
202 ± 48 nm in diameter (measured on at least 40 fibers) (Figs. 2(c)
and 3(b)). In this case, the density of defects was greater because of
instabilities during the process, but the distribution of the fiber diam-
eters is more uniform and narrow, being 150–200 nm the preferred
interval.

The critical issues of the electrospun HA membranes are the small
thickness obtained and the difficult manipulation of the membranes
in the swollen state. In order to overcome them and at the same
time to obtain a bifunctional two-layer membrane, the antiadherent
HA mat was combined with an electrospun mat of PLLA, Fig. 2(b),
where the PLLA layer is suitable for seeding cells. The elastic modulus
of the PLLA membranes under traction was found to be 17.8 ±
1.2 MPa, high enough to provide the necessary mechanical strength
and facilitate manipulability of the bilayered membranes for their
implantation [22]. The average thickness of the bilayer membranes
obtained here after an electrodeposition time of 10 min for PLLA
and 60 min for HA was 235 ± 40 μm, but this thickness could be
tailored changing the electrospinning times (thicker membranes
could be obtained by increasing the electrodeposition time [23]).

The composition of the bilayered membranes was determined
with the help of the thermal decomposition thermograms. The residual
weight (RW) is plotted against temperature in Fig. 4, showing that PLLA
decomposes in a temperature window between 280 °C and 380 °C
leaving no solid residue, whereas HA decomposes earlier and in three
steps: after a smooth weight decrease between 50 °C and 200 °C, a
ersal section (up: HA layer, down: PLLA layer) and (c) HA cross-linked surface. Insets in
espectively.

image of Fig.�2


Fig. 3. Histograms of the (a) PLLA and (b) cross-linked HA fiber diameters.
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marked drop of a 30% of weight occurs and followed again by a slight
decrease of weight from 275 °C to 500 °C, leaving a considerable solid
residue of 34.0% ± 1.7% of weight. The bilayered membrane decom-
poses at intermediate temperatures, with an initial slight weight loss,
themain drop of 80% ofweight from200 °C to 320 °C and another slight
loss until 450 °C, leaving a solid residue weighing 7.4% ± 0.6% of the
initial mass approximately. This residue, attributable in its entirety to
the HA in the membrane, allows the determination of the initial mass
fraction of HA in the sample as explained previously. The HAmass frac-
tion in bilayeredmembranes obtained by10 min of electrodeposition of
PLLA and 60 min of HA is 21.8%. If required, this proportion could be
modulated by changing one or both electrodeposition times and easily
determined by this technique.

Electrospun PLLA membranes have a water contact angle of
130.4° ± 2.5°, typical of a scarcely wettable material. On the contrary,
the HA extraordinary wettability led to a very fast absorption of the
water drops and even to the folding of the vicinities, which impeded
accurate contact angle measurements. Nonetheless, photographs of
the water drops over the HA and PLLA mats have been included as
insets in Fig. 2 to illustrate their different shape.

Both layers of the membrane remained joined even when swollen
by immersion in PBS, despite the different hydrophilicity of their
components. This remarkable stability of the interface between both
layers may be explained by the difference of typical fiber diameters
of both components, which would allow the HA nanofibers to
entangle around previously electrospun PLLA nanofibers as they are
electrodeposited, defining in this way a stably joined interface be-
tween both layers.
Fig. 4. Thermogravimetric curves of electrospun PLLA membranes, co-electrospun
HA-DVS membranes and bilayered membranes, showing the residual mass fraction
as a function of the temperature.
The water uptake of the electrospun HA (PLLA does not swell
in aqueous media) samples was determined in two atmospheres of
different water activity (over saturated salt solutions of PBS and of
KI, respectively) for different times up to 50 days. These results are
shown in Fig. 5. The swelling in the PBS and the KI atmospheres is
markedly different (p b 0.05) because of the different water activities.
In the case of PBS atmosphere, an equilibrium water content of
approximately 5.3 was achieved after 25 days, whereas in the KI
atmosphere, as expected given the lower water activity, the EWC is
much lower and around 0.3. These results have been compared with
those obtained with HA films cross-linked in a mold and cast. In this
case, an EWC of 2.86 ± 0.28 was obtained in the PBS atmosphere,
lower than that achieved with electrospun cross-linked HA. This indi-
cates that the cross-linking degree is lower under the electrospinning
conditions due to the much shorter time available for both co-
electrospun solutions to be in contact and thus for the cross-linking
reaction to take place. On the contrary, during the preparation of
HA films, the DVS is able to diffuse efficiently throughout the HA
solution and cross-link the HA molecules, for the evaporation of
water is in this case much slower.

The data from the kinetics of swelling in PBS atmosphere were
adjusted to Fick's diffusion equation. This equation predicts a linear
dependence of the normalized water uptake at time t, (mt − m0) /
(m∞ − m0), on the square root of time over the thickness of the
slab through which the mobile species diffuses, t0.5/ℓ [24]. In the
case of our electrospun mats, such a slab is not a bulk one but consists
of nanofibers leaving empty spaces between them; its thickness,
as measured with a micrometer, is thus an “apparent” one. This
Fig. 5. Water content of co-electrospun HA/DVS mats as a function of time in PBS and
KI atmospheres. Inset: Plot used for comparison with the Fick equation.

image of Fig.�3
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image of Fig.�5


Fig. 6. Photographs of bilayered membranes counterstained with Alcian blue and neutral red taken from the HA-DVS side, after immersion in PBS at 37 °C for (a) 0, (b) 5, (c) 12,
(d) 19 and (e) 28 days; (f) taken from the PLLA side as control. Unstained white color stands for PLLA and brown for HA.
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apparent thickness was employed in Fick's equation in order to esti-
mate D (see inset of Fig. 5). With this proviso, the water absorption
followed closely a Fickian behavior, with D = 4.72 · 10−9 mm2/s.

To assess the efficiency of the cross-linking of HAduring the electro-
deposition process, a test of immersion of the bilayered membranes
in PBS was carried out for different times up to 28 days. As previously
described, after each selected time, an Alcian blue-neutral red counter-
staining (as specific stain for mucopolysaccharides) was performed.
This staining clearly revealed that after 28 days, the HA layer had not
dissolved or hydrolyzed (Fig. 6). This result proved that HA had been
successfully cross-linked during the co-electrospinning process, and
that in theHA/PLLA two-layermembranes, both layers remained bonded
for more than the time needed for most potential applications.

Since PLLA is meant to provide the shape and integrity of the
bilayered membranes, particularly when swollen, its degradation
pattern is a crucial aspect to be investigated, especially taking into
account the large specific area of the mats exposed to the aqueous
medium. Electrospun PLLAmembranes were thus degraded for differ-
ent times up to 150 days, and the weight-average molecular weight
(Mw) was determined for each by GPC (Fig. 7). From 100 days on,
membranes became more fragile and brittle on handling. Contrary
to what might have been expected for this fibrous structure, the
molecular weight did not decrease sharply but linearly from the be-
ginning up to 70% after 150 days. Similar results were obtained in
[25] for PLLA scaffolds having a porosity around 94%, in which Mw

dropped around 50% in 40 weeks.

3.2. Biological experiments

The MTS assay was carried out after 1, 7 and 14 days of cell culture
on PLLA and HA membranes as an indicator of the metabolic activity
(Fig. 8). The results show that none of the materials used was
Fig. 7. Dependence of the weight-average molecular weight of electrospun PLLA with
the degradation time in PBS at 37 °C.
cytotoxic. In the electrospun PLLA, cells proliferate much during the
first week and less, if at all, in the second week, likely because they
reach confluency. The trend was similar in the positive control,
though with more metabolic activity for a larger amount of surviving
cells on seeding. On the contrary, the results obtained for HA show a
very poor initial adhesion (as day 1 MTS results indicate), and a slight
proliferation after 7 or 14 days, but far from the levels reached in
PLLA or the positive control. This later increment of cell viability on
the HA mats could be attributed to the delayed cumulative effect of
ECM protein deposition by the surviving cells onto the material,
which would gradually improve its initial very low adherence ability
for cells.

SEM images (Fig. 9) confirmed what was hypothesized after the
MTS results. Initial adhesion was better in electrospun PLLA whereas
very few cells were attached to the HA surface, as expected. After 7 or
14 days, the PLLA surface was completely covered; cells reached con-
fluence in a spread conformation. By contrast, on the HA cells prolif-
erated in aggregates with a more rounded conformation; apparently
cells preferred to stick onto each other, eventually shaping spheres,
rather than colonizing and spreading on the HA surface. Another
aspect to be highlighted is that co-electrospun HA maintained its
nanofibrillar structure even after 14 days of cell culture and the treat-
ments involving sample preparation for SEM (Fig. 9(h)).

DAPI and phallacidin staining of the cells (Fig. 10) lend further
support to the conclusions suggested by the SEM results (Fig. 9). On
PLLA mats, the cells proliferated up to confluence in a uniform cell
layer, whereas on HA mats, initial cell adhesion was very poor and
the surviving cells proliferated but forming rounded aggregates.
These results confirm that PLLA membranes have suitable biological
properties, and electrospun HA could be incorporated as an effective
antiadherent external layer.
Fig. 8. MTS results of L929 cells on electrospun PLLA mats, co-electrospun HA-DVS
mats, and a well plate as positive control (+C) after 1, 7 and 14 days of culture.
#Corresponds to non-significant differences (p > 0.05).
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Fig. 9. SEM images of L929 cells cultured on (a–d) electrospun PLLA mats and (e–h) co-electrospun HA/DVS mats for (a, e) 1, (b, f) 7 and (c, d, g, h) 14 days.
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The results obtained suggest that these bilayered membranes
could find a variety of applications in which different behaviors in
each face in terms of hydrophilicity, mechanical strength, biodegrada-
tion rate or cell attachment are sought in a single construct. As for HA,
in combination with carboxymethyl cellulose, it has been successfully
tested in preclinical trials to prevent cardiac adhesions [26], demon-
strating that HA membranes might have a potential application as
preventive of post-surgical adhesions. Taken together, with previous
works in which PLLA combined with other materials has been inves-
tigated for cardiac tissue engineering purposes [27], this leads us to
think that the PLLA/HA combination could develop suitably as a cardiac
patch,where the PLLA internal (myocardial) faceworked as cell supplier
and the HA external one to reduce post-surgical adhesions.
Fig. 10. Fluorescence microscopy of immunostained cultures showing the distribution of the
(a, d) 1, (b, e) 7 and (c, f) 14 days of culture, after DAPI (blue) and phallacidin staining (gr
4. Conclusions

The co-electroblowing procedure herein developed allows the
fabrication of non-soluble HA nanofiber mats in a single step. It con-
sists in mixing an HA solution with another of the cross-linker in a
three-way valve just before electrospinning. These nanofibers can
be electroblowed stably on previously electrospun tougher PLLA
mats to obtain bilayered membranes. The flexibility of the fabrication
process allows the preparation of membranes with different thick-
nesses and properties by varying the electrospinning times.

The HA cross-linking efficiency on electrospinning was found to be
lower than that achieved when films are obtained by solvent casting
keeping the same DVS: HA ratio, probably due to a much shorter
L929 cells on (a–c) electrospun PLLA mats and (d–f) co-electrospun HA/DVS mats after
een) for nuclei and actin, respectively.
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reaction time; nevertheless, the degree of cross-linking of the
nanofibers was enough to obtain membranes that were stable in
PBS for at least 28 days and remained assembled with the PLLA
layer. As regard their biological performance, these membranes are
non-cytotoxic; the PLLA mats promote cell adhesion, proliferation
and spreading on their fibers, whereas the HA ones inhibit cell adhe-
sion and proliferation occurs in rounded aggregates poorly attached.
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