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Hyaluronic acid (HA) provides many advantages to regenerative implants through its
bioactive properties, but it also has many limitations as a biomaterial if it’s not chemically
modified. In order to overcome some of these limitations, HA has been combined with
poly(ethyl acrylate) (PEA) in the form of interpenetrating polymeric networks (IPNs), in
which the HA network is crosslinked with divinyl sulfone (DVS). Scaffolds of this IPN have
been produced through a template-leaching methodology, and their properties have been
compared with those of single-network scaffolds made of either PEA or crosslinked HA. A
fibroblast cell line has been used to assess the in vitro performance of the scaffolds, revealing
good cell response and a differentiated behaviour on the IPN surface when compared to the
individual polymers. Altogether, the results confirm that this type of material offers an
interesting microenvironment for cells, which can be further improved towards its potential

use in medical implants.
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1. Introduction

Tissue engineering combines cells and biochemical and/or physical signals with scaffolds
targeting regeneration of tissues.'! In some cases, the biomaterial used as a scaffold can be
designed to perform multiple functions, including biochemical signalling in biological
processes, either regenerative, immunological or others.!”) The use of hyaluronic acid (HA) as
a material in regenerative implants is of interest because it is a major component of the

extracellular matrix in many tissues and has many outstanding biological properties. Among

[3-5]

other effects, HA has been shown to regulate immune and inflammatory response, cell

6] [7-8] (4, 9]

differentiation,[ vascularisation, scar tissue formation, cell adhesion to matrix

[ 11]

proteins,''” and interacts with many signalling pathways through specific cell receptors.!

However, biomaterials made exclusively from HA present several features that may be

detrimental to some extent; features such as limited cell adhesion (10, 12-13)

and poor
mechanical properties.l'*"*! The former can be addressed by functionalizing the HA molecule
in order to incorporate adhesion motifs,''® or combining it with other molecules which do
have cell adhesion capacity.!'”) Both mechanical properties and manipulability of HA can be

18-20]

improved by covalent crosslinking! or by using it as a filler or coating material in

composite scaffolds.!'” Functionalization and covalent modification of the molecule alter

2124 \whereas physical combination with other

some of the HA’s molecular properties,!
materials allows to preserve these properties.!” ' *! Here we present a hitherto unexplored
way of physical combination of HA with a second polymer: the formation of interpenetrating
networks, IPNs, in the form of macroporous scaffolds. IPNs are polymeric materials made
from two chemically independent networks, which interpenetrate at a molecular or
microscopic scale.?®! These systems represent a way to synergistically combine properties of
different materials without altering their individual chemical identity. Here we take advantage

of the micro- and nanoporosity created in HA by lyophilization to fill up those pores with the

precursor of the second network, which is polymerized afterwards. Our methodology,

-3-



moreover, allows producing scaffolds by the template-leaching technique. We have thus
obtained IPN of crosslinked HA and crosslinked PEA, HA-i-PEA, conformed as scaffolds.
Poly(ethyl acrylate) has properties opposite, or complementary, to those of HA: it is a
biostable elastomer, with very low hydrophilicity, and very good cell-adhesion properties. It

27291 and in vivo.B%3Y The

has revealed good biological performance both in vitro
combination of HA and PEA should thus deliver a system with intermediate swelling
capacity, cell-adhesion, mechanical properties and degradation rates. In the present study,
HA-1-PEA scaffolds were produced and characterized. Biocompatibility of the materials was
assessed in vitro by carrying out cytotoxicity and viability studies with an 1.929 fibroblast cell

line, while cell morphology on the surface of the scaffolds was studied via immunochemistry

and microscopy imaging.

2. Experimental Section

2.1. Preparation of scaffolds

2.2.1. Preparation of hyaluronic acid porous scaffolds

Hyaluronic acid sodium salt from Streptococcus equi (1.5-1.8 MDa; Sigma-Aldrich) was
dissolved overnight to a 5% (w/v) in 0.2 M NaOH (aq). Then, divinyl sulfone (DVS, Sigma-
Aldrich) was added to this solution up to a concentration of 1.4% (w/v). Once homogenized,
the solution was vaccuum-injected into moulds made from sintered beads of poly(ethyl
methacrylate) (PEMA, FElvacite® 2043, Lucite International, Inc.). These beads had an
approximate diameter of 200 um. The crosslinking reaction of HA with DVS was left to
complete for an hour and a half, and then the filled moulds were stored at -20 °C for two
hours before lyophilization. PEMA templates were removed by leaching using boiling ethanol
in a Soxhlet reflux for 24 h. Afterwards, HA scaffolds were immersed in distilled water for 3
h, frozen at -20 °C for another 2 h and then lyophilized. All scaffolds were cut into discs with

5 mm diameter.



2.2.2. Preparation of poly(ethyl acrylate) scaffolds

A homogenized mixture containing 97% (wt%) ethyl acrylate (EA, Sigma-Aldrich), 2%
ethylene glycol dimethacrylate (EGDMA, Sigma-Aldrich) and 1% benzoin (Scharlab,
Barcelona, Spain) was injected into porous templates made from sintered poly(methyl
methacrylate) beads (PMMA, Colacryl DP300U®, Lucite International, Inc.) These beads had
an approximate diameter of 120 pm. After injection, the moulds were exposed to UV light
overnight in a sealed chamber in order to produce the polymerization reaction. Afterwards,
they were put in an oven at 90 °C for 12 h in order to complete the reaction and minimize
unreacted residues. Templates were removed from the resulting materials via the solvent-
leaching technique in a Soxhlet reflux apparatus, using acetone in 4 cycles of 8 hours. Finally,
scaffolds underwent gradual solvent exchange from acetone to water before drying them
under vacuum, in order to prevent pore collapse. Scaffold discs with a diameter of 5 mm were

cut from the obtained materials.

2.2.3. Preparation of interpenetrating polymer networks scaffolds of hyaluronic acid and
poly(ethyl acrylate), HA-i-PEA

Hyaluronic acid sodium dissolved in NaOH (aq) together with DVS, as described in 2.1.1.,
was vaccuum-injected into moulds made from sintered beads of poly(ethyl methacrylate), as
described previously. After the cross-linking reaction had taken place, and without removing
the PEMA template, the materials were soaked in a homogenized mixture of 1% (wt%)
benzoin, 2% EGDMA and EA monomer diluted to a 60% (wt%) in ethanol. The materials
were left in a UV chamber overnight in order to produce the polymerization of PEA in the
micropores of the HA network. The HA-i1-PEA networks thus produced were put in a Soxhlet
reflux apparatus for 24 hours using ethanol as solvent in order to remove the porogenic

template. Then, the ethanol-soaked IPN scaffolds were gradually hydrated and then kept for 2



hours in distilled water, before being frozen at -20 °C for another 2 hours and lyophilized. All

scaffolds were cut into discs with 5 mm diameter.

2.2. Characterization of scaffolds

2.2.1. Scanning electron microscopy

Samples were dried, glued onto sample holders and sputter-coated with gold in a vacuum
chamber. SEM images were obtained at 15 kV of acceleration voltage and 15 mm of working
distance in a JSM-5410 microscope (Jeol, Tokyo, Japan). Images obtained at 100X

1321 in order to obtain the

magnifications were processed with the ImagelJ / FIJI software
average pore diameter from each type of scaffold, by applying the Nearest neighbor Distance
Plug-In (NnD, by Yuxiong Mao). Additionally, swollen IPN scaffold samples were observed
through cryoSEM in a JSM5410 (JEOL Ltd, Tokyo, Japan) instrument equipped with a CT

1500 cryo-unit (Oxford Instruments, Abingdon, United Kingdom).

2.2.2. Density measurements

Density values (p) from dry scaffold sample discs were determined gravimetrically, applying
Archimedes’ principle. First, each scaffold sample was weighed in Mettler AE 240 balance
(Mettler-Toledo Inc., Columbus, OH, USA) air (mair) and then immersed in n-octane (moct),
having been previously vacuum-filled with n-octane, if necessary (the case of PEA). Then,

density values were obtained with the equation:

_ Mair 1
psample Mair—Moct Poct ( )

2.2.3. Porosity determination
Porosity values from dry samples of all types of scaffolds were determined gravimetrically by

weighing each sample in air, before (mair) and after filling their pores with n-octane (m’air),
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assuming that there is no swelling by octane neither for HA nor for PEA polymeric networks.
Afterwards, octane-filled scaffolds were weighed in octane (moct), and porosity values were

obtained with the following equation:

’
_ Vpore _ Vpore _ Myir—Mair (2)
= - = 7

Vscarr Vbuik+Vpore (mair_moct)+(mair_mair)

2.2.4. Thermogravimetric analysis (TGA)

Samples with a mass of approximately 5 mg were processed in a SDT-Q600 apparatus (TA-
instruments, USA), monitoring mass loss while heating up to 900 °C at a rate of 10 °C min™
under a N, flow with a constant flow-rate of 50 mg min™. In order to remove strongly-bonded
water molecules from HA chains, a previous step was carried in a N, atmosphere by heating
the sample up to 100 °C at 10 °C min"' and maintaining this temperature for 10 minutes
before leaving the sample to cool down back to 30 °C. Three replicas were measured for each

type of scaffold.

2.2.5. Elemental analysis

Elemental compositions of scaffolds (n =3 for each type of sample) were obtained through
EDS (energy dispersive X-ray spectroscopy). Data were acquired in a FESEM apparatus (Carl
Zeiss Ultra 55, Germany). Primary electron voltage was set to 10 kV. 5 measurements were
made on different areas of each sample in order to obtain their average elemental

composition.

2.2.6. Swelling tests
Scaffold sample discs of each material were weighed before and after soaking them in PBS
1X at 37 °C for increasing time periods, until they reached weight equilibrium. Water content

(WC) was expressed as:



we = mo 3)

mo

2.2.7. Mechanical tests

Scaffold samples were cut to bars of approximate dimensions 2 x 1 x 1 mm. Stress-strain tests
under constant stretching rate of 5 mm-'min" were conducted in a TMA / S6000 machine
(Seiko Instruments Inc.). Measured values of deformation AL and force f were converted to
strain € = AL/L¢ and stress ¢ = /A values using the initial length Ly and cross-sectional area A
values of the samples.The tensile Young modulus (E) was determined from the initial slope

(up to 0.05 strain) of the stress-strain curves.

2.3. Degradation assays

Samples were dried and weighed before and after immersion for increasing time periods in
three different media: an acidic solution made from HCI (BioReagent, from Sigma Aldrich) in
PBS 1X (prepared from powder, Sigma Aldrich), stabilized at pH 4; a hyaluronidase solution
with 10 U ml" of the enzyme (obtained from bovine testes, Sigma Aldrich), 300 mM citric
acid (Sigma Aldrich), 150 mM Na,HPO, (Scharlab), 150 mM NaCl (Panreac, Barcelona,
Spain) stabilized at pH 6.3; and a PBS 1X solution (prepared from powder and stabilized at
pH 7.4, Sigma Aldrich). The degree of degradation was measured as the fraction of initial
mass lost throughout the degradation experiment. A fast degradation study was carried out
using a concentrated solution of HCI (ACS reagent, pHO.1) for 48 hours. Degradation media
were kept at 37 °C during all the experiments. Samples degraded in concentrated HCI were
observed by cryoSEM in a JSM5410 (JEOL Ltd) instrument equipped with a CT 1500 cryo-
unit (Oxford Instruments). Samples were fixed vertically in a metallic sample holder and

cryofractured using liquid nitrogen in order to reveal their internal structure. All samples were



maintained in high vacuum, allowing for complete water sublimation before observing them

at 15 kV and 15 mm of working distance.

2.4. Invitro studies

2.4.1. Cytotoxicity assay
An indirect cytotoxicity assay was made using 1929 mouse fibroblasts obtained from
subcutaneous adipose, connective and areolar tissues (Sigma-Aldrich) taken to the gth
passage. The used medium was Dulbecco’s Modified Eagle Medium (DMEM) with high
glucose content (4,5 g L"), from Invitrogen (Thermo Fisher Scientific, Waltham (MA),
United States), supplemented with 10% Fetal Bovine Serum (FBS, Thermo Fisher Scientific).
Samples were sanitized with ethanol and sterile water before use. In order to obtain the extract
from each sample type (PEA, HA and IPN), 1ml of medium per gram of sample was used to
incubate each replicate sample for 24h in a humidified incubator at 37 °C and 5% CO..
Meanwhile, 96-well plates were seeded with 1 x 10* cells/well and incubated with fresh
medium for 24 h at 37 °C and 5% COy; then that medium was replaced with extracts from
samples, using fresh medium as a negative control and latex extract as a positive control.
After 24, 48 and 72 hours, all cultures were tested with an MTT assay. First, extracts and
control mediums were removed, then all samples were washed with PBS 1X and cells were
incubated with 100ul per well of MTT medium prepared with 90% DMEM (vol%) and 10%
of a stock solution containing 1 mg ml”" MTT. Plates were returned to incubation in darkness
for 2.5 h. Afterwards, the MTT medium was replaced with 120ul per well of isopropanol
before shaking the plates for 1 min, then 100ul of this isopropanol was removed from each
well and transferred to another 96-well plate in order to read Formazan absorbance at 550 nm
in a Victor Multilabel Counter 1420 (Perkin Elmer, Waltham (MA), United States). Three

replicates were made from each sample, blank and negative and positive controls.



2.4.2. Cell proliferation and scaffold colonization

Cell colonization and proliferation of the different materials were assessed through in vitro
cultures using L929 fibroblast cells. Three replicas for each material plus three polystyrene
covers as positive controls were placed in 48-well plates. Prior to cell culture, samples were
washed with a PBS solution at pH 7.4 and then were left to acclimate in medium
overnight. Then, 2 x 10" cells suspended in 20 ul of medium were seeded on the upper-side of
each material and incubated for 30m at 37 °C and 5% of CO, in order to allow for initial cell
adhesion. Afterwards, 400 ul of DMEM supplemented with 10% FBS and 1% of a
penicillin/streptomycin antibiotic mix was added. Medium was renewed every 2 days until
cultures were halted.

The MTS assay was made with cultures at day 1, 5 and 10; using three replicas for
each measurement. First, a MTS solution was prepared by adding 1 pl of MTS reactive for
each 5 pul of phenol-red-free DMEM medium. Then, culture medium was removed from all
samples and they were washed once with a PBS 1X solution before adding 400 pl of MTS
solution on each well. After 2 h incubation, the reacted MTS solution was removed from each
well and divided into 3 different wells before reading their absorbance values at 490 nm in a

Victor Multilabel Counter 1420 (Perkin Elmer, Waltham, MA, USA).

2.4.3. Immunofluorescence microscopy

L929 cultures at day 10 were treated with 4% paraformaldehyde (Panreac) for 20 min, washed
with a phosphate buffer (PB) solution and then kept 1h at room temperature in 10% FBS and
1% Triton X-100 (Aldrich) in PB. Afterwards, they were incubated for 1h in a 1:200 dilution
of Phallacidin Bodipy FL (Invitrogen) with 1% bovine serum albumin (BSA; Aldrich, 35%
purity) in PB at room temperature and in the dark. Finally, samples were stained with 1:5000
4,6-diamidino-2-phenylindole dihydrochloride (DAPI; Sigma-Aldrich) solution for 10 min,

followed by two PB rinses. After this staining protocol, samples were mounted in glass
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microscope slides applying Fluorsave reagent (Merck Milipore, Billerica (MA), United
States), coverslipped and examined with a Nikon eclipse 80i fluorescence microscope, and a
confocal laser scanning microscope (CLSM, Zeiss 780 Axio observer z1, Carl Zeiss AG,

Oberkochen, Germany).

2.4.4. Processing of cell culture samples for SEM imaging

Cells cultured in scaffolds were fixed with a 3% glutaraldehyde solution containing phosphate
buffer saline (PBS 1X) for 60 min at 37 °C and post-fixed with 1% osmium tetroxide (OsOs,
Aname) for 2 h at room temperature followed by four rinses with distilled water. Samples
were then dehydrated in increasing ethanol concentrations and prepared for SEM imaging as

mentioned in section 2.4.

2.5. Statistical analysis

Results are expressed as average + standard deviation from at least three replicates. Data was
analyzed pair wise with the ANOVA test using the Statgraphics Centurion XVI.I software.
Significance was assigned at p-values < 0.05. Statistically significant differences are shown in

the results.

3. Results and Discussion

3.1. Characterization of scaffolds: morphology, density, porosity, swelling and tensile

SEM images from the three types of scaffolds produced (Figure 1) show an internal porous
structure with good interconnectivity and regularity in all samples. PEA scaffolds possess a
mean pore diameter of 104+18um, while the HA and IPN ones have pores in the range of
174£32um and 182+£20um, respectively, as determined by image processing. These
differences are due to the different size of the beads used as porogenic templates in each case.

Also, while some pore shrinking in the HA and the IPN scaffolds might take place
after removal of water, that effect could be slightly offset in the IPN by the structural
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reinforcement provided by PEA. Pore volume fraction and density values of the scaffolds are
given in Table 1. The density of the IPN is comprised between those of the single-network
materials (HA and PEA). This is also true for the EWC values after immersion in water
(Table 1). While the WC in PEA mostly corresponds to water retained in the scaffold’s pores
and does not increase with time, WC values from HA and IPN scaffolds do rapidly increase in
the first hour after immersion and then increase more slowly until reaching equilibrium at
days 3-5. WC values are always lower in IPN scaffolds, when compared to HA ones (Figure
2B).

Stress-strain curves (Figure 3) show the different mechanical behaviour of the three
types of scaffolds. The Young moduli (E) obtained from these curves of all three types of
scaffold (Table 1) confirm that the incorporation of PEA (0.83+0.09 MPa) represents a
mechanically reinforcement of the IPNs (0.28+0.04 MPa) when compared to the HA scaffolds
(0.05+0.02 MPa).

Cryo-SEM images taken from swollen IPN samples show two differentiated networks
intermingled within the porous structure of the scaffold, the HA network forming a mesh
between multiple PEA laminae (Figure 4C and 4D). These cryo-SEM micrographs by
themselves cannot help decide whether the PEA network does or does not form a continuous
structure through the scaffold, although SEM images (Figure 1) reveal an increase in the
diameter of the trabeculae in HA-i-PEA scaffolds when compared to HA scaffolds. On
another hand, swollen HA-1-PEA scaffolds show a smaller linear swelling ratio than HA ones
(see thickness values in Table 1).

HA-i-PEA networks are biphasic materials with reduced EWC compared with HA,
which is to be expected due to the hydrophobic nature of the PEA network that contributes to
the dry mass of the scaffolds. Polymerization of the PEA network was carried in a UV
chamber, and that may have caused a partial degradation of the high molecular weight chains

of HA.*¥) This, added to a second lyophilization process —which has also been associated to
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cleavages in HA chains—,**>°!

may be responsible for an additional loss of swelling capacity
of the HA network in HA-i-PEA scaffolds.”> *"! Besides, the presence of a PEA network
might cause a reduction in the absorption of water by the IPN scaffolds by producing a
physical and/or mechanical constraint in the volumetric swelling of the HA network. After a
partial degradation of the HA network of the IPN, cryo-SEM images of swollen samples
(Figure 4C and 4D) reveal that PEA forms multiple laminae intermingled with the HA
network. To note is that cryo-SEM images after advanced degradation of HA (Figure 4E and
4F) show not only PEA laminae but also many filamentous residues of PEA, which could

have polymerized within hollow channels created inside HA trabeculae after the first

lyophilization step.

3.2. Characterization of scaffolds: composition as deduced from TGA, densities and
guantitative EDS

Thermal degradation of the samples was measured by TGA, and the residual mass was plotted
against temperature (Figure 2A). Both HA and PEA present a main thermal decomposition
step, near 240°C and 400°C. In the case of IPN samples, both steps appear without any
temperature shift, and no other degradation processes can be detected. Residual masses from
samples (m) at different temperatures were used in order to estimate the mass fraction of PEA
(wpea) in IPN samples, by comparing this residue with those of HA and PEA samples,
assuming no interference between their respective degradation processes (as seen in the TGA

derivative graph, Figure 2A), and using the following equation:

Mypy = Mpga* Wpga + Mya* (1 — wpga) (4)

where the residual mass values are always taken at the same temperature. The calculated

composition values varied depending on which temperatures were used for obtaining the
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residual mass values. For example, wpga calculated from residual masses at 800°C (where
practically all PEA has disappeared) results in a value of 23.43+4.50%, in line with the
23.07+0.85% obtained from 240°C masses, while residual masses at 500°C give a wpga value
of 12.23+0.83%. These conflicting composition values might be related to differences in the
diffusion of volatile residues from the PEA network between IPN and PEA samples. The
composition value obtained from residual masses at 800°C, when the PEA network is
completely degraded, was chosen as the most reliable. At 800°C the HA has a quantifiable
residue and the PEA network is completely degraded. However, this determination is not free
from uncertainty, since small HA fragments may be blown by the gas flow during the
analysis.

In order to have an independent estimate of composition, EDS analysis was performed
on the different samples (Table 2). Assuming no contamination of the samples, the presence
of elemental nitrogen (N) in IPN scaffolds is directly related to its HA contents, which may
then be quantified by comparing the N signals of PEA, HA and IPN samples, by using the

equation:

Nipy = Npga - wppa + Nya- (1 — wpga) (5)

with NV being the average mass fraction of elemental N as quantified through EDS. According
to this, the presence of elemental N in IPN samples is consistent with the composition
calculated through the TGA experiments, giving a 24.0+0.7% of PEA in mass.

The two-step method described here permitted to obtain highly porous scaffolds with a
template-leaching technique. The micropores generated by lyophilization of water crystals in
the HA hydrogel are efficiently occupied by the EA monomer, which upon polymerization
yields a PEA hydrophobic network entrapped within the hydrophilic HA network of the IPN.

Thus a sequential IPN results.”® ** The connectivity of this PEA is dependent on the
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morphology of the water crystal network generated before lyophilization, especially on its
connectivity. The topological features of the PEA network in the IPN may depend on factors
such as the initial amount of water in the HA network, the formation of water crystals
(creating pores and channels within the HA) in the freezing processes prior lyophilization, the
crosslinking density of the HA polymer (which also influences water crystalization) and on
the concentration of the reactive EA mixture injected in the lyophilized interstices. Producing
IPN with higher wpgs values may be possible by decreasing the crosslinking density of HA,
increasing its equilibrium water content prior lyophilization, and/or increasing the

concentration of the EA monomer (by reducing its dilution).

3.3. Degradation studies

In a time lapse of 4 weeks, no degradation is appreciated in PEA samples, neither in PBS
(Figure 4B) nor in hyaluronidase medium (Figure 4A), while HA samples lose mass in a
range comprised between 5-10% in PBS, and 10-15% in hyaluronidase. IPN samples show a
smaller degree of degradation than HA (Figure 4A); the observed differences between them
being consistent with the estimated PEA mass fraction in the IPN (0.23+0.04), except for day
28 of degradation in hyaluronidase medium, where HA degradation becomes more
accentuated in comparison.

A fast degradation experiment was carried out by immersing the samples in a strong
acidic HCI solution (pH~0.1) during 48h in order to obtain the PEA residue in the IPN
samples after the complete removal of HA, using HA scaffolds as positive degradation
controls. PEA scaffolds presented no appreciable loss of mass after 48h. The IPN residue was
not manageable for weighing or preparation for SEM imaging, suggesting that the PEA
network was not continuous throughout the scaffolds for this PEA mass fraction in the IPN.
Hence, the degradation was carried only for 24h, at a point where most of the HA network

was degraded but still present to allow manipulation of the sample as a whole. Samples were
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then observed through cryoSEM and compared with non-degraded IPN samples previously
swollen in water (Figure 4E and 4F), revealing that IPN residues after degradation consist of
microscopic independent filaments and laminae (all presumably from the PEA network), held
together by the remaining HA. The cryoSEM images of the swollen, non-degraded IPN do not
show the filaments (Figure 4C and 4D).

These degradation experiments reveal that the HA scaffolds (and also the IPN ones)
are particularly resistant to degradation by hyaluronidase, at least under the described
protocols. The high HA/DVS molar ratio used in the synthesis of HA scaffolds (close to 1:1)
gives rise to a high crosslinking density of the HA network which leads to a reduced
enzymatic degradability, as seen in other studies.*) On another hand, the exposure of HA-i-
PEA to UV light during PEA polymerization may result in the creation of HA oligomers in
the hydrogel that should increase its degradability.? The lyophilization stages involved in
the fabrication of the scaffolds (one stage for the HA scaffolds, two for the HA-i-PEA ones)

may also have an effect on the degradability of HA, in the sense of reducing its kinetics.™®

3.4. In vitro studies: viability, proliferation and cell colonization of scaffolds

In indirect cytotoxicity assays, IPN extracts had smaller values of viability at 24 h and 48 h
than those of the positive control (fresh medium, set as a 100% cell survivability value), but at
96 h all types of samples reached and even surpassed the levels of cell viability obtained from
the positive control (Figure 5). Optical microscope images show no appreciable differences
between L929 fibroblasts cultured with 96 h extracts, except for the negative control where
cells appear in lower densities.

The template-leaching method here described was effective for producing scaffolds of
HA-i-PEA 1PN with a highly regular and interconnected pore structure, making them easily
colonisable by the seeded cells. In order to quantify the proliferation of adherent L929 cells

on PEA, HA and IPN scaffolds, an MTS cell viability assay was performed. After 1 day of
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incubation, no difference in cell proliferation could be appreciated between the different
substrates (Figure 6). At days 5 and 10, cell metabolic activity in the HA and IPN scaffolds
was significantly higher than in PEA, with IPN scaffolds showing the highest index of
metabolic activity. This may be unexpected, since PEA is more cell-adherent than HA B A
number of reasons may be responsible for this finding. First, the lower porosity of PEA
samples (62% pore volume fraction, against 96-97% for the HA and HA-i-IPN scaffolds),
together with their comparatively smaller total volumes after swelling may account for a
reduction of the available surface for cells in the case of PEA scaffolds: according to the
thickness data of Table 1, the linear swelling ratio of the samples was Apga=1.00, Apya=1.32
and Apa-i-pea=1.20; this means volume swelling ratios of A3pEA=1.OO, A34a=2.29 and A34ai
pea=1.73. Besides, the use of FBS in the culture media, which was also used in the
conditioning of samples prior to cell seeding, improves cell adhesion on HA due to the
presence of soluble fibronectin***? which might be attached to the surface and act as an
adhesive molecule for cells. This effect could be enhanced in HA scaffolds, as these two
molecules have shown good results when combined as a substrate for fibroblast growth. %
“31 Finally, the creation of micro-textures on the surfaces of HA during lyophilization could

have a positive influence on cell adhesion, according to the literature.!?® 3537

IPN samples
seem to achieve slightly higher cell proliferation values than the single network scaffolds at
day 5 and day 10.

SEM images from these cultures at day 10 (Figure 7) reveal that cells grow attached to
the inner surface of the scaffold pores in all materials, while forming a tight continuous layer.
Cells show a packed, spherical morphology on all the scaffolds, without remarkable
differences between HA, PEA and IPN ones. Immunofluorescent imaging of actin
cytoskeletons (Figure 8) reveals differences between all three materials at day 10. In PEA

scaffolds, cells are well-spread and show a clearly defined actin cytoskeleton with multiple

stress fibers (Figure 8A and 8A’). In HA scaffolds, cells are spindle-shaped, tightly packed
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and aligned; with lined up stress fibers, albeit poorly defined, and multiple actin patches
(Figure 8B and 8B’). In IPN (HA-i-PEA) scaffolds, cells are also aligned and packed, but
actin distribution is less patched, with more stress fibers than those seen in HA scaffold
cultures (Figure 8C and 8C’). These differences allow distinguishing the effects of each
material on cell growth and attachment, as both cell adhesion and cell motility depend on the
polymerization and distribution of actin throughout the cells. The highly hydrophobic surface
of PEA scaffolds seems to promote an extended morphology of fibroblast cells, which
develop an intense cytoskeleton of long polymeric actin fibers, typical of stiff substrates; ***
this kind of morphology may limit further cell proliferation on the available surface due to
cell-cell contact inhibition, as seen in the MTS assay. In HA scaffolds, actin patches
throughout cytoplasmatic areas reveal a dynamic state of cell cytoskeleton, which is
compatible with this kind of substrate as it promotes cell motility; or at least focal adhesion

[13.45] The observed actin patches usually form in earlier

turnover through RHAMM receptors.
stages of formation of the actin cytoskeleton, during actin polymerization near the
cytoplasmatic side of substrate-adherent integrins, in processes of cell adhesion and migration
via lamellipodia.l*) Usually, these patches disappear rapidly after they form, as actin clusters
merge and travel in waves until they reach the cell borders, expanding the substrate-attached
cell surface from there and allowing for cell spreading.*” However, actin patches in HA
samples are seen simultaneously with stress fibers. This can be explained by the fact that the
creation of focal adhesions is compatible with fibroblasts growing in such substrate after
reaching confluence, when cells are allowed to adhere to each other, thus overcoming many
adverse effects derived from the substrate’s low stiffness and high water content.[*> **!
According to this, these cells may show both stress fibers derived from cell-cell adhesion,
and an arrested (or even active) process of adhesion (or migration) derived from cell-substrate

interactions. In HA-i-PEA scaffolds, fibroblast cells do not show these actin patches as

profusely as in HA and, by contrast, they show more oriented long actin filaments, or stress
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fibers, as was the case in PEA. The presence of both HA and PEA as substrates for cell
adhesion would lead to durotaxis, the migration of cells towards a stiffer surface (PEA), but
again this may be overcome after cell confluence is achieved, as in HA. However, unlike in
HA scaffolds, some parts of the cell monolayer do have a stiff and adherent substrate where
they can be firmly attached, and then transmit tensile stress to the rest of cells via the
extracellular matrix."*” Thus, IPN scaffolds yield cell cultures which combine the high
colonization density of HA scaffolds with a high proportion of cells having a mature actin

cytoskeleton akin to PEA scaffolds.

4. Conclusions

The combination of two very different polymers such as hyaluronic acid and poly(ethyl
acrylate) in the form of interpenetrating networks led to biphasic materials retaining the
physicochemical properties of both components. A procedure involving the template-leaching
technique was developed in order to fabricate porous scaffolds from these IPN. Highly porous
scaffolds with a regularly interconnected porous structure were obtained. Absence of
cytotoxicity of the new materials was assessed by direct and indirect tests with fibroblast
cultures. Cell invasion and colonization of the scaffolds was similar in the case of the three
types of scaffolds, with some differences attributable to the available space for cells in each
scaffold type. Differences were more significant regarding the way cells attached to the
scaffolds. Within PEA scaffolds, cells were attached on the surface with a spread out
morphology and a strong and well defined actin cytoskeleton. Actin cytoskeleton was less
defined in the case of cells cultured on HA scaffolds, which relates to a weaker cell-material
interaction. On HA-i-PEA scaffolds, cells display a well defined actin cytoskeleton, nearly as
defined as cells on PEA. This excellent biological performance combining features of both

PEA and HA is accompanied by tunable mechanical properties, degradability and
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swellability, achieved by changing the parameters of HA crosslinking and lyophilization, in
order to create a sufficiently interconnected porous network before PEA polymerization, and
EA monomer concentration. The authors think that these novel materials could facilitate very

promising cell culture systems for tissue engineering applications.

Appendix/Nomenclature/Abbreviations

DVS : divinyl sulfone

EA : ethyl acrylate

EGDMA : ethylene glycol dimethacrylate

HA : hyaluronic acid (sodium salt)

HA-i-PEA : hyaluronic acid and poly(ethyl acrylate) interpenetrating polymer networks
IPN : interpenetrating polymer networks

PEA : poly(ethyl acrylate)

PEMA : poly(ethyl methacrylate)

PMMA : poly(methyl methacrylate)

WC / EWC : water content / equilibrium water content
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Figure 1. Scanning electron micrographs obtained from PEA (A and B), HA (C and D) and

the HA-I-PEA (IPN) (E and F) scaffolds.
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Table 1. Properties of PEA, HA and HA-i-PEA (IPNs) scaffolds.

HA PEA HA-I-PEA
Pore diameter (um) 174+32 104+18 182+20
Thickness (dry) (mm) 2.07£0.05 1.26+0.11 1.89+0.10
Thickness (swollen) (mm) 2.73£0.22 1.26+0.11 2.27+£0.07
Density (p) (g/cm®) 0.94+0.12 1.13+0.01 1.00+0.16
Porosity (@) (%) 95.85+0.32 61.79+6.62  96.87+2.16
E.W.C. (scaff.) (meg-mo)/mo 78.06+9.31 2.53+0.80 66.39+5.58
Tensile Young Modulus (MPa) 0.05+0.02 0.83+0.09 0.28+0.04
PEA mass fraction from TGA (%) - - 23.4+4.4
PEA mass fraction from EDS (%) - - 23.240.4

Table 2. EDS analysis showing quantitative values for N and Na atoms (%) obtained from

PEA, IPN and HA scaffolds.

N atom (%)

Na atom (%)

HA 4.4+1.2
PEA 0.1+0.1
HA-i-PEA 3.4+0.7

5.6+0.1

0

4.2+0.2
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Figure 2. Thermogravimetry (A) and dynamic swelling (B) of PEA, HA and IPN materials.
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Figure 4. Degradation of PEA, HA and IPN materials. Percentage of weight lost against time
of immersion in HAse medium (A) and in PBS (B). CryoSEM images of swollen HA-i-PEA
(IPN) scaffolds (C, D), and of the same materials after a fast degradation in an extremely low

pH medium (E, F).
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Figure 5. Cell viability on PEA, HA and IPN materials. Plot: absorbance in MTT tests of cell
cultures of L929 fibroblasts with extracts from the materials, referred to the positive control
(PC, see text) after 24, 48, and 72 h of culture. Images obtained in a light microscope

corresponding to the same cultures at 72h, including the blank (A), PC (B), PEA extracts (C),
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HA extracts (D), IPN extracts (E), and the negative control NC (F). * P < 0.05 when

compared to others groups.
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Figure 6. Proliferation and adhesion of cells in PEA, HA and IPN scaffolds. Plot: MTS

absorbance test for cultures of L929 fibroblasts after 1, 5 and 10 days. * P < 0.05.
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Figure 7. SEM images of L929 cultures on the 10th day in PEA (A, B), HA (C, D) and IPN

scaffolds (E, F). Scale bars: 100 um (A, C, E) and 50 um (B, D, F).
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Figure 8. CSLM images of L929 cultures on the 10th day immunostained with phallacidin in
PEA (A, A’), HA (B, B’) and IPN scaffolds (C, C’). Actin fibers show different states of cell
activity (adhesion, cell migration and proliferation) by changing the shape of the fibers: more

extended on PEA scaffold and more stress fibers on HA.

Interpenetrating networks of hyaluronic acid (HA) and poly(ethyl acrylate) (PEA) are
prepared in the shape of porous scaffolds through a template-leaching technique;
combining properties of these two materials. Both physicochemical and biological responses
of these IPN scaffolds are studied, including their cytotoxicity and their effects in cell
proliferation and attachment; comparing them to those of HA and PEA porous single-network
scaffolds.
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