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Abstract

Coronary angioplasty is the most widely used technique for removing atherosclerotic plaques in blood
vessels. The regeneration of the damaged intima layer after this treatment is still one of the major
challenges in the field of cardiovascular tissue engineering. Different polymers have been used in
scaffold manufacturing in order to improve tissue regeneration. Elastin-mimetic polymers are a new
class of molecules that have been synthesized and used to obtain small diameter fibers with specific
morphological characteristics. Elastin-like polymers produced by recombinant techniques and called
elastin-like recombinamers (ELRs) are particularly promising due to their high degree of
functionalization. Generally speaking, ELRs can show more complex molecular designs and a tighter
control of their sequence than other chemically synthetized polymers Rodriguez Cabello et al (2009
Polymer 50 5159-69,2011 Nanomedicine 6 111-22). For the fabrication of small diameter fibers,
different ELRs were dissolved in 2,2,2-fluoroethanol (TFE). Dynamic light scattering was used to
identify the transition temperature and get a deep characterization of the transition behavior of the
recombinamers. In this work, we describe the use of electrospinning technique for the manufacturing
of an elastic fibrous scaffold; the obtained fibers were characterized and their cytocompatibility was
tested in vitro. A thorough study of the influence of voltage, flow rate and distance was carried out in
order to determine the appropriate parameters to obtain fibrous mats without beads and defects.
Moreover, using a rotating mandrel, we fabricated a tubular scaffold in which ELRs containing
different cell adhesion sequences (mainly REDV and RGD) were collected. The stability of the scaffold
was improved by using genipin as a crosslinking agent. Genipin-ELRs crosslinked scaffolds showa
good stability and fiber morphology. Human umbilical vein endothelial cells were used to assess the
in vitro bioactivity of the cell adhesion domains within the backbone of the ELRs.

Introduction

Atherosclerosis is an inflammatory disease that mainly
affects the elastic wall of medium-sized arteries. Inflam-
mation is a component of all forms of plaque (Rosa-
mond et al 2007). The thickening of the vessel wall and
subsequent occlusion are surgically treated for the
reopening through the use of angioplasty surgery.

One of the most important problems after angio-
plasty surgery is restenosis, an anomalous wound heal-
ing process that may occur after some endovascular
procedures and that can lead to the appearance of a
new narrowing of the blood vessel after 2-6 months of
treatment (Suryapranata et al 1988, Smith et al 1991).

Several vascular grafts have been fabricated
through the use of electrospinning using different

©2016 IOP Publishing Ltd
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A) HIS-TAG{[(VPGIG),-VPGKG-(VPGIG),];AVTGRGDSPASS[(VPGIG),-VPGKG-(VPGIG), ]}

B) [(VPGIG),-VPGKG-(VPGIG),EEIQIGHIPREDVDYHLYP(VPGIG),-VPGKG-(VPGIG),(VGVAPG);]1

Figure 1. Elastin-like-polypeptides primary structures: (A) HRGD6 recombinamer, (B) REDVx10 recombinamer.

types of synthetic polymers, such as PCL or PLGA
(Shinoka et al 1998). Electrospinning is a simple and
versatile top-down approach for fabricating uniform
ultrafine fibers in a continuous process. Electrospin-
ning offers several advantages, such as easy control of
porosity, fiber size, and morphology among others; an
effort has been made to fabricate micro/nanofibers
with desired morphologies, such as aligned fibrous
array and fibrous patterns (Teo et al 2001). The princi-
ple of electrospinning operation is based on the appli-
cation of a high potential difference (Kilovolt) between
two electrodes. Such electrodes are constituted,
respectively, by a capillary metal (cathode) -that con-
tains the molten or dissolved polymer to be processed-
and a plate of copper or aluminum (anode)-on which
the collection of the fibers takes place (Travis et al
2008). Various materials can be electrospun including:
biodegradable, non-degradable, and natural materials
(Travis et al 2008).

An alternative strategy to synthetic and degradable
scaffold-based vascular grafts is the manipulation of
proteins that constitute the architecture of native
ECM. Collagen, elastin and fibrin have been widely
used for the manufacturing of biodegradable vascular
grafts (Watanabe et al 2001, Qijin et al 2004). Wise et al
(2011), synthesized a scaffold by electrospinning
human tropoelastin and polycaprolactate. They
showed an enhanced endothelial recognition and low
trombogenicity (Wise et al 2011). In this context, the
development of recombinant genetics and protein
engineering enabled the synthesis of bioinspired pro-
tein polymers (‘recombinamers’) that not only mimic
structural proteins, but also direct cellular fate by
emulating the ECM in vivo. Elastin-like polypeptides
and in particular their recombinant versions, the elas-
tin-like recombinamers (ERLs), are biomolecules with
a great potential as scaffolds for tissue engineering
thanks to their unique characteristics (Urry 1992).
Thus, in order to combine different features such as
elasticity and strength in a single material, some
groups produced ELR-based scaffolds using electro-
spinning. In this work we used two different ELRs to
obtain membranes. ELRs had been previously bio-
functionalized through the insertion of specific cell
recognition sequences, RGD and REDV. We opti-
mized the process parameters in order to obtain fibers
without beads and defects. One of the most specific
properties of ELRs is their thermal sensitiveness.
Below a critical temperature, Tt, whose value is intrin-
sically dictated mainly by the polarity of the

constituent amino acids and their arrangement along
the recombinamer chain (Ribeiro et al 2009), the ELRs
are water-soluble. Above it, the recombinamer segra-
gates from the solution giving rise to different struc-
tures, from simple coacervates to micelles and other
nanostructures (Martin etal 2012).

However, it has been previously demonstrated
that uncrosslinked ELR-based scaffolds are not struc-
turally stable even though they are kept above their Tts
(Garcia-Arevalo et al 2012). Due to chain mobility and
depending on the ELR composition, the primary
structures evolve relatively rapidly to unstructured
coacervates or disgregate in the form of different
nanoparticles; this is particularly evident for amphi-
philic ELRs. For this reason, ELRs have to be cross-
linked in order to assess their structural stability. ELR
scaffolds and hydrogels have often been crosslinked
through the use of various crosslinking agents, such
as isocyanates (Paul et al 2004), trans-glutaminase
(MacHale et al 2006) and genipin (Kinikoglu
etal2011).

In this work, the stability of electrospun scaffold
using genipin as a crosslinking agent was improved.
Genipin has been reported to provide material with
higher biocompatibility and less toxicity and has been
recently used as a crosslinking agent for electrospun
gelatin (Panzavolta et al 2011). Bioactivity has been
already improved by the inclusion of specific cell bind-
ing domains within the polymeric structure that allow
the recognition and proliferation of cells (Garcia-Are-
valo et al 2012). Preliminary in vitro studies were done
in order to assess the efficacy of these bioactive
domains.

Methods

Two ELRs containing two different cell adhesion
domains, RGD and REDV respectively, were kindly
provided by Technical Proteins NanoBiotechnology S.
L. (HRGD6, TP20254 and REDVx10, TP20109).
Figure 1 shows the polypeptide composition. In both
cases the cell binding domains were escorted by
VPGIG/VPGKG pentapeptide block repeats that con-
fer elastomeric properties on the resulting recombina-
mer and crosslinking capabilities through lysine
residues (Garcia-Arevalo et al 2012). Because of the
repeated blocks, polymers possess different molecular
weights, which affects their physical and chemical
behavior. In particular, RGD molecular weight is
60 kDa while REDV is 84 kDa.
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Thanks to the presence of a specific recognition
sequence within the recombinamer structure, we built
a new nanofibrous scaffold made of two different lay-
ers. The inner layer of the scaffold was produced
through the electrospinning of the REDV polymer in
order to allow the recruitment of the endothelial pre-
cursors cells. The REDV tetrapeptide is specifically
recognized by the integrin a3, present in endothelial
cells selectively bound to REDV coated surfaces
(Rodriguez Cabello et al 2012). The outermost layer
was synthesized through the use of the HRGD6 poly-
mer. HRGD6 contains six equally spaced units of the
fibronectin derived RGD domain along the recombi-
namer chain, which represent the primary integrin-
binding sequence and the amino acids that maintain
the optimal conformation for interacting with integ-
rins. Thus, the RGD sequence will recognize endothe-
lial intima cells.

It has been previously demonstrated that amphi-
philic polymers can be dissolved using alogenated sol-
vents. ELR solutions were prepared using 2,2,2-
trifluoroethanol (CAS nr. 75-89-8, purity 2>99%) pur-
chased from Sigma-Aldrich, Italy. A thorough char-
acterization of the ELR behavior in TFE was carried
out by dynamic light scattering (DLS). Measurements
were performed between 10 °C and 40 °C using Zeta
Syzer Nanosystems (Malvern Instruments, UK). Scaf-
folds obtained from the ELRs were produced using
Nanofiber NF-500 Machine (MECC-LTD, Japan).
Fibers with different size and morphology were
obtained by varying process parameters.

The fast desegregation or destructuration rates of
ELR scaffolds in aqueous environments makes it
necessary to take additional measures for the stabiliza-
tion of the fibrous texture, such as the use of a cross-
linking agent. For this purpose, we used genipin (CAS
nr.6902-77-8 Sigma Aldrich, USA) that allowed the
stabilization of the fibrous matrix in aqueous
environment.

Preliminary in vitro assays were conducted with
Human umbilical endothelial vein cells (Invitrogen,
LIFE-TECHNOLOGIES, Italy) in order to evaluate the
adhesion and proliferation on top of ELR scaffolds,
seeding cells on the HRGD6 side. Adhesion of cells on
top of such nanofibrous scaffolds was measured using
Sytox Green and Phalloidin staining (Sigma-Aldrich,
Italy). An MTT citocompatibility assay (Cell Growth
MTT kit Sigma-Aldrich, Italy) assay was used to mea-
sure the viability of cells on top of crosslinked genipin
scaffolds at 24, 72 h and 1 week.

DLS characterization

Based on the known interactions between trifluor-
oethanol and polypeptides, we undertook a thorough
characterization of the chemical behavior of the
polypeptide solutions obtained. DLS experiments
were carried out for HRGD6 and REDVx10 solutions
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in TFE in order to characterize the behavior of those
recombinamers. Measurements were performed
between 10 °C and 40 °C, with a stabilization time of
5 min using Zeta Sizer Nanosystem (Malvern Instru-
ments, UK).

HRGD6 and REDVx10 samples were prepared at
150 mg ml~! in TFE, placed in DLS cuvettes and
heated to the final temperature. Twelve runs were per-
formed for each sample in order to determine the par-
ticle/aggregate size and to obtain a final average value
at constant temperature.

Scaffold fabbrication

HRGD6 and REDVx10 were dissolved in 2,2,2-
trifluoroethanol (TFE) at a concentration of 15%(w/
v). The solutions were maintained under stirring for
1 h at room temperature and then at 4 °C for 24 h, in
order to obtain a clear solution. A stable Taylor cone is
required for the formation of uniform fibers, so
preliminary electrospinning experiments were con-
ducted in order to evaluate the optimal electrospin-
ning conditions. All the electrospinning experiments
were conducted with Nanofiber NF-500 Electrospin-
ning Machine (MECC-LTD, Japan). Recombinamer
solutions were placed in 6 ml plastic syringes (Norm-
Ject Luer Lock) and fitted by a 27 x 15 mm needle.
Fibers were collected on a flat aluminum collector
using different process parameters for the two
recombinamers.

All the flat matrices were left under hood for 24 h,
prior to scanning electron microscopy analysis. All
surfaces covered with ELR were observed using scan-
ning electron microscopy (FESEM-ULTRAPLUS,
Zeiss) in a low vacuum mode. Samples were sputter
coated with 10 nm Au (CRESSINGTON 208 HR, High
resolution sputter coater) and all the images were col-
lected at 10 kV. SEM images were used to determine
fiber diameter and porosity and to check surface
homogeneity. Fiber diameters were determined by
counting 50 independent fibers using Image] software.

Using a 4 mm rotating mandrel collector, we syn-
thesized a tubular scaffold made of an inner layer
(REDV layer) and an outer layer (RGD layer). Rotation
speed was set at 60 rpm. Eelctrospinning was carried
on for 5 h in order to obtain a composite structure.

Cell culture assay

Human umbilical endothelial vein cells—HUVEC
(Invitrogen, LIFE-TECHNOLOGIES, Italy) were cul-
tured in M200 medium (Gibco®, LIFE-TECHNOLO-
GIES, Italy) and supplemented with low serum
supplement kit (LGS kit-Gibco®, LIFE-TECHNOLO-
GIES, Italy) containing 2% of fetal bovine serum
(FBS), basic fibroblast growth factor (3 ngml "),
human epidermal growth factor (10 ng ml "), hydro-
cortisone (1 mg(ml), heparin (10mgml~") and
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penicillin/streptomycin (100 Uml ™' /100 pug ml™"),
at 37 °C in a humidified atmosphere comprising of 5%
CO, and 95% air.

Prior to cell seeding, all ELR surfaces were ster-
ilized under hood for 1 h using UV light. Medium was
changed every 4 h (for 4, 8 and 24 h) during the experi-
ment. Cell passages 5-8 were used in all cells experi-
ments. HUVEC were seeded at a density of 10* cells
per scaffold on top of dry crosslinked and uncros-
slinked ELR surfaces placed on 24-well culture plates
on HRGDE side, and on top of gelatin coated dishes
(control samples), after a short trypsin treatment.

After 4, 8 and 24 h loose or unbound cells were
removed through trypsin treatment. ELR scaffolds
were washed twice with phosphate-buffer saline
(PBS). Number of cells adhered during the time of
experiment were detached and counted. Cells were
fixed with 4% paraformaldehyde (Sigma-Aldrich,
Italy). Sytox Green (Invitrogen, LIFE-TECHNOLO-
GIES, Italy) and phalloidin (dilution 1:200) (Invitro-
gen, LIFE-TECHNOLOGIES, Italy) were used to
visualize cell nuclei and cytoskeleton. Morphology
and spreading of stained cells was collected using con-
focal trasmission microscopy (CLSM LEICA,
TCS SP5).

For the viability experiments, MTT solution was
prepared at 5 mgml ™" with Dulbecco modified eagle
medium (DMEM, Gibco®, LIFE-TECHNOLOGIES,
Italy) without additional growth factors and FBS. Prior
to seeding cells, scaffolds have been cut into
lcm X 1cm disks. HUVEC cells were seeded at a
density of 10* cells on top of crosslinked scaffolds; at
specifical time points (24, 72 h and 1 week) scaffolds
were washed twice with fresh PBS and treated with the
MTT solution. Absorbance at 570 nm has been read,
prior to calibration curve.

All the experiments were done in triplicate for all
substrates.

Statistical analysis

Data presented are expressed as mean =+ standard
deviation of mean (SD). Comparisons between groups
were performed by Bonferroni post-hoc test. Statisti-
cal significance was setatp < 0.001.

Results

An initial investigation focused on the recombinamer-
solvent interactions, of key relevance for the electro-
spinning process. Electrospinning of proteins often
leads to protein denaturation due to the choice of the
electrospinning solvents. Figure 2 shows the aggrega-
tion temperature profile of HRGD6 (A) and REDVx10
(B) polypeptides in TFE. The stimuli-responsive
nature of both the polymers in TFE was studied using
DLS measurements. The aggregate size is reported as a
function of temperature.

M Putzu et al

The most widely used solvents are fluoroalcohols
such as 2,2,2-trifluoroethanol and 1,1,1,3,3,3-hexa-
fluoroisopropanol, which are highly volatile (Ting
et al 2010). Unfortunately, this fluoroalcohols dena-
ture proteins and allow the lowering of the denatura-
tion temperature (Hong et al 1999). However, this fact
is not particularly relevant for the used ELR as they
lack any relevant tertiary structure related to their
bioactivity. Collagen nanofibers fabricated using
phosphate buffer saline as a solvent for the electro-
spinning process show only few differences form the
fibers obtained using HFP (Bin et al 2009). Interac-
tions between TFE and polypeptides lead to the com-
plete dissolution of both the hydrophobic and
hydrophilic block of molecules at room temperature,
compared to water, which hydrates the hydrophilic
portion. Thus, fibers obtained from TFE have different
mechanical and morphological properties. At high
TFE concentrations, intermolecular hydrogen bond-
ingis inferred involving both —OH and the C-F groups
of the fluoroalcohol (Blandamer et al 1990). Recently,
an indirect mechanism for the stabilization of helices
has been proposed in which the alcohol preferentially
stabilizes the helical state, or indeed compact states
relative to the unfolded polypeptide chain by affecting
their solvation shells (Walgers et al 1998). Exper-
imental data on the folding of a dimeric coiled protein
suggest that this solvent mediated mechanism may be
the predominant one at low cosolvent concentrations
(Kentsis and Sosnik 1998).

Both ELRs were easily processed into fibers whose
diameter varied between 200 and 400 nm. We started
by modifying ELR concentration in order to evaluate
the effect of that parameter on fiber manufacturing. By
changing the concentration, it is possible to obtain a
large variety of structures for both HRGD6 and
REDVx10 ELRs. The effects of concentration can be
seen in figure 3.

Besides the concentration that affect the fabrica-
tion of fibers and their morphology, we made a thor-
ough study by changing different process parameters
in order to obtain scaffolds free of defects and beads.
Different process parameters were used for the control
of the electrospinning process. The value of the mini-
mum voltage at which the fibers are being obtained
free from defects varies between 13 and 20 kV, for
both recombinamers. For what concern the HRGD6
ELR, the selected values of flow rate and nozzle tip-col-
lector distance were 0.3 mlh™' and 15cm, respec-
tively. Figure 4 shows the effects of varying the applied
voltage (A)—(C) and tip-to-collector distance (E)—(G).

In order to assess the optimization of process para-
meters, similar experiments were made changing only
the feed rate. Scanning electron microscopy images of
samples obtained are depicted in figure 5.

Similar attempts were made for the REDVx10
ELR. The results obtained increasing the applied volt-
age from 13 to 18 kV (feed rate 0.3 ml h™!, distance
15 cm) and tip-to-collector distance from 13 to 20 cm
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are shown in figure 5, respectively (A), (B), (C) for the
voltage and (E), (F), (G) for the distance.

Double layer ELR meshes made of REDVx10 and
HRGDG6 polymers were produced using the same pro-
cess parameters but increasing the time of electrospin-
ning in order to obtain thicker layers. A new type of
structure was fabricated by the electrospinning of the
recombinamers. The obtained structure is formed by
two layers; the innermost layer is formed by the
REDVx10 polymer, which was firstly electrospun in
order to promote the adhesion of endothelial cells pre-
cursors that bind through the ayB; integrin; the

outermost layer was obtained by the electrospinning
of the HRGD®6 polypeptide, which promotes adhesion
to endothelial cells of the inner layer of the vessel, the
intima layer. Thus, these types of structures are parti-
cularly suitable for the regeneration of the vascular tis-
sue, due to the presence of these recognition sequences
within the recombinamer. Figures 7(A) and (B) show
scanning electron microscopy image of the double
layer structure obtained. Using a 4 mm rotational
mandrel collector, we synthesized a new double-
layered vascular graft using elastin REDVx10 and
HRGDG6 polymers (figures 7(C) and (D)).
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Figure 5. Scanning electron microscopy images of HRGD6 electrospun fibers obtained by varying feed rate. Feed rate 0.2 ml h™' (A)

All the uncrosslinked electrospun mats are highly
unstable in water, leading to complete disgregation
when placed in contact with an aqueous solution. In
order to prevent such a fast destructuration rate of the
scaffolds, it is possible to use numerous crosslinking
agents, which favor the formation of stable bonds
between the polymer chains, increasing the stability of

the fibrous matrix. In this work, the double-layered
ELR scaffolds made of REDVx10 and HRGD6
were chosen as a sample model to study the different
behavior of endothelial cells in uncrosslinked and
crosslinked genipin scaffolds. Scanning electron
microscopy images reported in figure 8 show the tex-
ture of the ELR scaffold crosslinked with 0.1%
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genipin/acetone solutions for 48 h. Scanning Electron
microscopy images of crosslinked genipin/acetone
scaffolds at 37 °C in PBS are show in figure 8(A).
Figures 8(C)-(E) show the degradation of ELRs
fibrous mats in PBS for 1, 3 and 6 days. Frequency dis-
tribution of diameters for the crosslinked fibers is
depicted in figure 8(F).

First adhesion and viability of HUVECs on
uncrosslinked and crosslinked ELR fiber mats was
measured in vitro, seeding cells on the HRGDG6 side of
the scaffolds. Preliminary contact study of HUVECs
on top of double layer ELR uncrosslinked mats were
done for 1,4 and 7 days. Results are shown in figure 9.

The same experiment, previously described, was
performed with genipin-crosslinked ELR scaffolds.
Crosslinked scaffolds were biologically tested with
HUVEC:s in order to evaluate the adhesion and pro-
liferation rate. Figure 10 reported the adhesion and
proliferation of HUVECs on top of double-layered
ELR crosslinked scaffolds versus gelatin coated
controls.

To test the viability and citocompatibility of cells
on crosslinked genipin/acetone scaffolds, we made an
MTT assay. Results are reported in figure 10 as vitality
of HUVEC cells as a function of seeding time.

Discussion

ELRs exhibit in TFE self-assembling properties; in
particular, TFE is capable to promote hydrophobic
interactions between polymer chains, which experi-
ment a transition from the random coil to type II-4
structures, forming aggregates of increasing size with
increasing temperature (Reiersen and Rees 2000).
Thus, the selection of 2,2,2-trifluoroethanol (TFE) was
based on its chemical characteristics as its high
permittivity ensures stronger polar interactions
among the recombinamer chains mediated by solvent
molecules; furthermore, trifluoroethanol promotes a
high net charge density in solution, favoring the
stretching of the fibers.

HRGD6 15% (w/v) solution in TFE aggregation
profile is shown in figure 2(A). The increase in (-
structures on increasing the concentration of TFE fol-
lows a sigmoidal trend. This trend is attributed to the
balance present between two different structures, ran-
dom coil and 8-turn (Buck 1998). At low temperatures
with concentrations of 100% of TFE the balance is
shifted towards the random coil even if the effect of the
high concentration of the solvent is evident, as it favors
the formation of aggregates. Halogenated alcohols
have the ability to form clusters that promote hydro-
phobic interactions between the side chains of the
amino acids. In the case of TFE, those clusters are
formed at concentrations as low as 20% (Reiersen and
Rees 2000). The curve starts from 10 °C and indicates
an aggregation temperature around 32 °C. At this
particular temperature, the aggregate size increases
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from 720 to 4900 nm. This effect is due to the stabiliza-
tion of II B-turn induced by TFE. On increasing the
temperature, the balance between random coil-3-turn
shifts towards this latter structure. So, even at low tem-
peratures, the effect of solvent in forming bigger aggre-
gate sizes is stronger due to the formation of TFE
clusters that can interact with hydrophobic amino
acids (Reiersen and Rees 2000).

Despite ELR in water, where the transition from
random coil to S-turn reaches a plateau on increasing
the temperature, in this case there is a further increase
in size of aggregate clusters, from 4800 to 5500 nm,
between 30 °C and 40 °C. This phenomenon is due to
further structural changes that affect the transition.

Even in the case of REDVx10 ELR (figure 2(B)),
aggregate size measurements show an increase in par-
ticle dimension on increasing the temperature. At
40 °Cthere is no evident sign of transition.

The REDVx10 sequence is full of non-polar amino
acids such as Valine and Proline that are known to act
as chain breakers (Peizhi and Baldwin 1997). Thus, in
the case of REDVx10 sequence, there is an increasing
formation of (-turn on increasing the temperature
due to the folding of the chain on itself and the sub-
sequent action of the solvent that diminishes the
hydrophobic interactions between non-polar residues
distant in the chain (Buck 1998). Moreover, the effect
of solvent is evident by the induction of cluster forma-
tion at lower temperatures.

For the fabrication of nanofibrous ELr scaffolds,
we started from different polymer concentrations in
order to optimize process parameters. As can be seen
from the figure 3, at 5% (w/v) beads and particles are
present within the samples. In this case, we can assume
that the concentration of the solution is below the
entanglement concentration and -thus- the semi-
dilute disentanglment regime is established. Polymer
entanglements are not favored and the formation of
particles instead of fibers is visible for both the poly-
mers. Increasing the concentration up to 15% (w/v),
we can easily obtain fibers with a diameter in the order
of nanometers. This can be explained by the increased
viscosity of the recombinamer solutions and a higher
number of chain entanglements leading to the forma-
tion of fibers randomly distributed onto the flat static
collector. In this case, beadless fibers can be obtained
through the modification of the process parameters.

Fibers with a ribbon-like structure can be obtained
changing the concentration to 20%. In this case, the
higher viscosity of the solution reflected a more diffi-
cult electrospinning process since the solution fails to
be ejected from the needle. In figure 4 are shown fibers
obtained by changing applied voltage and tip-to-col-
lector distance. As for the voltage, no beads appear for
any of the selected parameter. The diameter of the
fibers was measured using Image] software; it was
observed that by increasing the applied voltage, the
average diameter increased from 180 + 57.7 to
309 £ 87.7 nm (p < 0.001). In this case, the viscosity
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of the solution leads to reaching the semi-dilute entan-
gled regime thus favoring a larger amount of recombi-
namer ejected from the nozzle and the formation of
fibers. Hence, a greater fiber diameter is produced
when increasing the applied voltage. Furthermore, for
low voltages the diameter distribution is not homo-
geneous; there is a high dispersion of the fiber dia-
meters for voltage values of 15 and 18 kV. Conversely,
a uniform diameter distribution was found for the
20 kV voltage; this distribution is in agreement with
the increasing size of fibers for the chosen settings
(figure 4).

The effect of tip-to-collector distance was also stu-
died, as it increased from 14 to 20 cm (figure 4, right
box). The applied voltage was kept to 20 kV and the
flow rate to 0.3 mlh™' (p < 0.001). In this case, the
fiber diameter decreased significantly from 402 £ 147
to 238 &£ 53 nm, but the presence of some defects was
more consistent. Furthermore, flattened fibers seem to
be the predominant specimen. The formation of beads
seems to be more influenced by the tip-to-collector
distance. In fact, with increasing only distance values,
the size and amount of beads did not increase
(figures 4(D)—(F)). We then systematically changed the
feed rate parameter and obtained different electrospun
structures. Figure 5 compares the fibrous mats
obtained with the two different feed rates, with an
applied voltage of 13 kV and a nozzle tip-collector dis-
tance of 15 cm. Lowering the delivery rate of the solu-
tion to 0.2 mlh™" the density of the deposited fibers
was too poor, due to a lesser amount of material on top
of the needle (figure 5(A)). Furthermore, increasing
the feed rate to 0.5 ml h ™" yielded a significant increase
in the formation of defects such as blobs and drops,
which altered the fiber morphology (figure 5(B)).
Thus, a value of 0.3 ml h™" was chosen. Therefore, the
optimum set of process parameters for the HRGD6
ELR was found to be 20kV-0.3mlh '-150 mm,
which proved to ensure a very good density of fiber
deposition, good morphology and diameter distribu-
tion, while preventing the formation of beads.

As for the REDV polymer, results in figures 6(A)—
(C) show the effect of changing the applied voltage
from 15 to 18 kV. Diameter of fibers increases; the pre-
sence of beads is evident for the voltage value of 13 kV,
due to the breakage of the jet and a faster evaporation
of the solvent. In this case, the faster evaporation of the
solvent seems to produce a local accumulation of poly-
mer thus favoring the presence of particles instead of
fibers. By increasing the voltage, the number of beads
decreases and more flattened fibers appear. There is an
increase in fiber size with increasing voltage, going
from an average diameter of 224 £ 50 to nm to
443 £ 115nm (p < 0.001). Results obtained by vary-
ing the tip-to-collector distance from 13 to 20 cm are
reported in figures 6(D)—(F). The effect of the increas-
ing distance resulted in a reduction in the fiber dia-
meters. Fibers showed an average diameter ranging
between 271 4 87 and 160 4 37 nm. As for the beads,
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they are still noticeable for distance values of 18 and
20 cm. At 18 cm the increased distance starts to have
an effect both on the morphology of the fibers and on
the density of the deposited material. In fact, as shown
in figure 6 (right box), the fibers have a great number
of beads, a sign that the higher distance causes the
breakage of the jet and the subsequent formation of
defects. Jet breakage leads to a small amount of mat-
erial deposited onto the collector. This phenomenon is
more pronounced for higher values of distance, as
shown in figure 6. As the distance increases, the num-
ber of beads increases and the material amount depos-
ited on top of the collector decreases correspondingly
(figures 6(D)—(F)).

The same process parameters used for the fabrica-
tion of the ELRs monolayers were selected for the fab-
rication of a new multilayered scaffold. The obtained
structure is formed by two layers; the innermost layer
is formed by the REDVx10 polymer, which was firstly
electrospun in order to promote the adhesion of endo-
thelial cells precursors that bind through the ayf,
integrin; the outermost layer was obtained by the elec-
trospinning of the HRGD6 polypeptide, which pro-
motes adhesion to endothelial cells of the inner layer
of the vessel, the intima layer. Thus, these types of
structures are particularly suitable for the regeneration
of the vascular tissue, due to the presence of these
recognition sequences within the recombinamer. The
two types of ELR fibers appear homogenous
(figures 7(A) and (B)) without any kind of defects or
beads. No significant differences can be found in fiber
morphology for the two ELRs. Fibers are smooth; they
are deposited on the collector and intertwined. Thus,
in this case, the overall size is around 192 £+ 37 nm.
The thickness of the scaffold is around 150 pm (data
not show). Moreover, using a rotating mandrel we
realized a double-layered vascular graft made of
REDVx10 and HRGD6 polymers. A representative
picture of ELR tubular scaffold is shown in
figures 7(C) and (D). Even in this case, fibers appear
interconnected without defects which allows the use of
the composite device for in vitro testing with endothe-
lial cells.

The stability of the ELRs scaffolds was improved
using genipin as crosslinking agent. Scanning electron
microscopy images reported in figure 8 show the tex-
ture of the ELR scaffold crosslinked with 0.1% geni-
pin/acetone solutions for 48 h. Fibers appear flattened
but without defects. The porosity of the crosslinked
scaffolds does not seem to affect the stability of the
fibers. The flattened morphology of the fibers is due to
the action of both genipin and acetone solution that
lead a decrease in porosity. Pore size is lower because
of the infiltration of solvent into the fibrous matrix.
Thus, all the crosslinked fiber matrices were tested for
disgregation rate in PBS for 10 days, in order to evalu-
ate their stability.

Scanning electron microscopy images of cross-
linked genipin/acetone scaffolds at 37 °C in PBS are
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Figure 6. Scanning electron microscopy images of REDVx10 electrospun fibers and its corresponding diameter distribution for each
set of selected parameters for various voltages (A)—(C) and tip-to-collector distances (E)—(G). In figures (A)—(C) fibers obtained by
increasing the voltage from 13 to 18 kV are depicted ( flow rate 0.3 ml h™! and tip-to-collector distance 15 cm); in figures (E)-(G)
fibers obtained by increasing the tip-to-collector distance from 13 to 20 cm are depicted. Histogram reported the mean average
diameter of fibers for each of the selected set of parameters; (D), REDVx10 diameter as a function of voltage values while (H) mean

diameter as a function of tip-to collector distance. P < 0.001.

show in figures 8(A) and (B). At 24 h, fibers appear
smooth and with good porosity; no defects or beads
appear within the sample. Conversely, those fibers
kept 3 days at 37 °C in PBS begin to take a flat shape
(figure 8(C)) due to the infiltration of PBS within the
matrix, which causes the reduction in porosity and the
change in fiber morphology. The porosity decreases
linearly with the exposure of the matrix to the aqueous
environment. After 6 days, fibers are completely flat
(figure 8(D)). The pores are almost gone and replaced
by the flattened material. In vitro experiments were
done in order to characterize adhesion of endothelial
cells on top of crosslinked double-layered scaffolds, on
HRGDé6 side.

Differences in cell behavior are influenced by both
topographical and biocompatible characteristics. In
particular, in order to promote the interaction
between biomaterial and cells, recognition sequences
have to be present within the material. Recognition
sequences within the polymer are able to affect cell
behavior.

The ELRs used in this work were bioactivated
through the insertion of RGD and REDV sequences.
In particular, RGD is a common sequence involved in
cellular attachment and recognition, via integrin bind-
ing. The REDV sequence is the CS5 Fibronectin tetra-
peptide, which is specifically recognized by the a3,
integrin present in the circulating endothelial pre-
cursors cells (Rodriguez Cabello et al 2012). A rapid
recognition and interaction of endothelial cells is
mediated by the RGD sequence.

Adhesion and viability of HUVECs on uncros-
slinked and crosslinked ELR fiber mats was measured
in vitro, seeding cells on the HRGD6 side of the scaf-
folds. It is important to remark that uncrosslinked
ELR scaffolds destructure and rapidly change their
texture from a fibrous mat to a homogeneous gel-like
structure. However, it is worth testing possible adhe-
sion and proliferation of endothelial cells on the
destructured homogeneous remants of the uncros-
slinked ELR bilayer electrospun scaffolds. Preliminary
contact study of HUVECs on top of double layer ELR
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Figure 7. Scanning electron microscopy images of REDVx10/HRGD6 double layer scaffolds on a flat aluminum collector (A), (B).
SEM images of double layer scaffolds on a rotating mandrel (C) and the correspondent tubular scaffold obtained (D). Histogram and
related distribution of diameters for the double layered scaffolds obtained (E). Scale bar 2 yzm.

uncrosslinked mats were done for 1, 4 and 7 days.
Results are shown in figure 9. Incubation of HUVECs
on top of sterilized fiber mats show no cytotoxicity,
regardless of the time. At 24 h there is a high prolifera-
tion rate of cells (figures 9(D) and (E)). From optical
microscope images, extensive disgregation of scaffolds
is also evident (figure 9(D)). Uncrosslinked ELR scaf-
folds undergo a peculiar phase transition, which seems
to affect cell behavior. Cells seeded onto the scaffold
surface trigger the modification of the substrate tex-
ture, bringing it from a fibrous matrix to a homo-
geneous gel-like structure. This gel-like structure is
further disgregated within the first 4 days (figures 9(F)
and (G)). After seven days, disgregation of the ELR
scaffold is complete, as shown in figures 9(H) and (I).
Cells are totally adherent to the bottom of the plates.
So, in the case of uncrosslinked ELR scaffolds, proper
culture of endothelial cell cannot be carried out for
periods longer than 24 h.

These results are in agreement with the in vitro
assay where the number of adherent cells is reported as
a function of seeding time (figures 9(L) and (M)). In
this experiment, cells were maintained in culture for
24 h. They were seeded on top of the REDVx10/
HRGD6 scaffolds on the HRGDS side of the scaffolds
and soon after began to adhere. The adhesion starts
quickly and cells slightly began to proliferate at 8 h. At
24 h the adhesion is complete; endothelial cells start to
increase their proliferation rate, going from 1 x 10* to
3 x 10* cells/scaffold (figure 9(M)). This higher pro-
liferation rate with respect to the control (figure 9(L))
is probably due to the recognition sequences present
within the scaffold matrix, in particular the HRGD6
that is able to promote the adhesion of cells.

The same experiment, previously described, was
performed with genipin-crosslinked ELR scaffolds.
Crosslinked scaffolds were biologically tested with
HUVECs in order to evaluate the adhesion and
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Figure 8. Scanning electron microscopy images of REDVx10/HRGD6 double layer scaffolds crosslinked with 0.1% genipin/acetone
solutions, (A), (B). Scale bar 10 zm. Correspondent scanning electron microscopy images of REDV/HRGD double layer scaffolds
crosslinked with genipin/acetone solutions in PBS at 37 °C after 24 h (C), 3 days (D) and 6 days (E). Scale bar 2 pum.

proliferation rate. Figure 10 reported the adhesion and
proliferation of HUVECs on top of double-layered
ELR crosslinked scaffolds versus gelatin coated con-
trols. At 4h, the adhesion of cells is almost similar
for the crosslinked and uncrosslinked scaffold
(figures 10(A) and (D)). A higher rate of adhesion for
the ELR crosslinked samples is evident at 8 h where is
evident an initial proliferation of cells that settles to
2.5 x 10* (figure 10(E)). This is due to a higher stabi-
lity of the crosslinked substrate that mantains its
fibrous texture contrarily to the uncrosslinked one. As
for the proliferation rate of cells, the increasing num-
ber is related to the higher porosity and stability of the
crosslinked scaffold (figure 10(I)). Genipin crosslinked
scaffolds allow the adhesion and infiltration of cells,
thus favoring their proliferation that increases up to
3.8 x 10% at 24 h. Moreover, cells on top of the cross-
linked scaffolds appear more spread after 24h
(figure 10(F)). The flat morphology of the fibers within
the scaffold does not appear to negatively affect the
adhesion of cells, as shown in the confocal images
(figures 10(D)—(F). In the case of crosslinked scaffolds
there is an increasing cell adhesion that is associated

with an increased sprouting of cells (figure 10(F)). This
seems to be due to a better stability of the scaffold and
to an increase in its porosity. Porosity has a positive
effect on cell behavior as it causes increased cell infil-
tration within the fibrous matrix. The cellular beha-
vior can be summarized in two distinct phases: during
the initial phase, the high stability of the scaffold and
the presence of cell-adhesion sequences (REDV and
RGD) within the structure favor the adhesion of
HUVEC:s to the surface. Later, thanks to the high por-
osity of the scaffold, the cells begin to proliferate and
sprout. This step is much more evident in the case of
the genipin-crosslinked scaffolds, at 24 h as reported
in figures 10(D)—(F).

In figure 11(A) MTT assay histrogram is reported.
As it can be seen, number of live cells increases linearly
with the seeding time meaning that scaffold matrices
and the presence of the RGD recognition sequence
improved the stability of scaffold and the viability of
cells in vitro. Moreover, these data are in accordance
with our preliminary results of HUVEC adhesion on
top of crosslinked scaffolds.
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Figure 9. Optical microscopy images of preliminar endothelail cells adhesion to the uncrosslinked double layer scaffolds. Optical
microscopy images of uncrosslinked control gelatin coated dishes at 1, 4 and 7 days (A)—(C) and correspondent cellular adhesion
count, L. Optical microscopy images of double layer scaffolds at 24 h (D), (E), 4 days (F), (G) and 7 days (H), (I). Correspondent
cellular count for the adhesion of endothelial cells on top of uncrosslinked scaffolds (M). p < 0.001. Scale bar 20 zzm.
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Conclusions

In this work, we describe the fabrication of a new
bioresorbable scaffold for tissue regeneration in cardi-
ovascular diseases. We made a thorough characteriza-
tion of the ELR solutions in TFE. Fibers without beads
and defects were obtained by varying recombinamer
concentrations and process parameters. The obtained
scaffolds were used for the in vitro assays to determine
adhesion and proliferation of HUVECs. A relatively
fast de-structuration of the scaffolds can be observed
when the electrospun ELR fiber were not crosslinked.
Such disgregation could be avoided by a further
crosslinking of the ELRs forming the fibers by using
genipin as a crosslinking agent. The scaffolds so
obtained were tested in vitro with HUVECs. The

crosslinking procedure prevents the de-structuring
and disgregation processes and allows the complete
adhesion, proliferation and sprouting of cells on the
top of the crosslinked scaffolds. The genipin crosslink
induces a higher stability of the fibrous matrix, as
reflected by the increasing number of cells that can
adhere to the scaffold surface. Moreover, citocompat-
ibility assay proved the viability of HUVEC cells
maintained in culture for longer periods.

A tubular ELR composite device, made of a double
layer of REDV/HRGDS6, was fabricated by using a
rotating mandrel collector. This tubular scaffold
shows a good fiber morphology, absence of any defects
and a uniform distribution of diameters. Tubular scaf-
folds made of ELRs could be useful for the regenera-
tion of the arterial intima layer of vessels.
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Figure 10. Confocal fluorescence images of HUVECs on top of control gelatin coated dishes (A)—(C) and crosslinked double layer
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Figure 11. MTT citocompatibility assay histogram. Number
of live cells is reported as a function of seeding time.
p < 0.001.
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