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Rapid and controlled vascularization of engineered tissues remains one of the key limitations in tissue
engineering applications. This study investigates the possible use of natural extracellular matrix-like
scaffolds made of gelatin loaded with human vascular endothelial growth factor (VEGF), as a bio-
resorbable platform for long-term release and consequent angiogenic boosting. For this aim, gelatin was
firstly electrospun and then cross-linked at two different concentrations (0.1% and 0.5% w/v) by using
genipin, a low toxic agent, in order to fabricate a suitable substrate to be loaded with VEGF. Collected
fibers were homogeneous and free of beads, the fibrous structure was retained after cross-linking.
Mechanical properties were deeply affected by the chemical treatment showing a different behavior,
depending on the testing conditions (i.e., dry or wet state). VEGF release was assessed by means of ELISA
assay: a cumulative release of about 90% (0.1% w/v) and 60% (0.5% w/v) at 28 days was measured. Both
VEGF loaded mats induced cell viability, endothelial differentiation and showed chemoattractive prop-
erties when tested on human mesenchymal stromal cells (hMSCs). In vitro and in vivo angiogenic assays
demonstrated that the VEGF loaded mats induced an angiogenic potential in stimulating new vessel
formation similar, if not superior, to fresh VEGF. VEGF retains bioactive and pro-angiogenic potential for
up to 14 days. The results demonstrated that genipin cross-linked electrospun gelatin mats loaded with
VEGF could be part of a useful strategy to stimulate and induce angiogenesis in tissue engineered
applications.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The vascularization of a regenerating tissue, allowing cell and
graft survival, has an essential role in the success of an implant:
vessels, providing the construct not only with blood, but also with
endothelial progenitor cells, play a key role for the survival of an
engineered tissue. The identification of a strategy to obtain an
effective vascularization of a construct is still one of the limiting
steps in the field of tissue engineered devices, and to overcame this
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drawback several approaches have been employed [1]. Structural
parameters, such as scaffold pore size, have been varied to identify
the most suitable condition for cellular adhesion and migration [2],
cells have been included into the scaffold to initiate angiogenesis
in vitro [3], or growth factors have been added into the scaffold to
promote angiogenesis in vivo [4]. However, till now themost suitable
strategy to develop sufficient vasculature has not been already
identified. Recently, specific growth (such as Granulocyte colony-
stimulating factor) and boosting (such as Erythropoietin) factors
have been used, both intraoperatively and post-operatively, in order
to improve endothelial progenitor cell recruitment, to activate
endogenous stem cells and to stimulate in situ vascularization and,
as a consequence, tissue regeneration [5,6]. Despite the successful
clinical results, new clinical strategies to drive and boost neo-
angiogenesis are still lacking and require further studies to provide
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suitable tissue regeneration. Moreover, it would be desirable to
develop an approach providing controlled release of angiogenic
factors to maintain high local therapeutic concentrations in tissue,
while minimizing potential unwanted systemic effects.

A possible approach could be to administer growth factors by a
slow-release system such as a bioresorbable scaffold. A scaffold
fabricated by means of the electrospinning technique, that allows
to collect polymeric mats made up of nano- or micrometric fibers
with a consequent large surface-to-volume ratio that can enhance
the incorporation of growth factors, can be then regarded as a
valuable extracellular matrix (ECM)-like platform for the proposed
aim. In addition, the use of natural polymers can further improve
this strategy due to their intrinsic characteristics.

Gelatin, derived from collagen denaturation, is an attractive
polymer for tissue engineering applications, being nonimmunogenic,
bioresorbable, non-cytotoxic, and available at relatively low cost [7].
Gelatin sheets or sponges have been already evaluated, with prom-
ising results, as vectors to loadgrowth factor [8e10].However, being a
water-soluble protein, gelatin needs to be properly treated in order to
deal with a suitable scaffold. For this aim, cross-linking is an effective
method that can ameliorate its starting characteristics, such as the
mechanical performance and temporal stability. However, several
concerns can be raised on the eventual cytotoxic effects of the com-
pounds needed for this procedure. Glutaraldehyde, a common cross-
linking agent that can significantly stabilize the treated polymer, re-
sults often associated with toxic effects. Genipin, a naturally cross-
linking agent derived from the fruits Gardenia Jasminoides Ellis,
resulting about 10,000 times less toxic than glutaraldehyde and
providing a lower in vivo inflammatory response, can be regarded as
a valuable alternative [11e13]. Recently, genipin has been used
to improve the mechanical and pro-angiogenic properties of decel-
lularized rat airway matrices, demonstrating that genipin cross-
linked matrices were in vivo well accepted and did not induce any
cytotoxic effects [14]. Cross-linking can also give a hydrogel-like
behavior to the final substrate, allowing to load specific agents (i.e.,
drug and/or growth factors) within the structure, that can be subse-
quently released to stimulate and enhance peculiar biological pro-
cesses. The resulting scaffolds, possessing a high water content,
tunable mechanical properties and controllable degradation rates,
could indeed represent a versatile strategy to deliver or present
bioactive proteins.

Angiogenic processes are regulated by various growth factors
and the vascular endothelial growth factor (VEGF) is the most
potent one to promote the formation of new blood vessels. How-
ever, because of its short half-life (about 50 min), high doses of
VEGF are required, which resulted often associated to severe side
effects (such as vasodilation and hypertension, inappropriate blood
vessel growth, atherosclerotic plaque development and neo-
vascularisation of tumors) [15,16]. On the other hand for the
development of mature blood vessels, sustained local concentra-
tion of VEGF is necessary. Therefore, it results particularly impor-
tant to develop an approach able to localize VEGF and control its
release at the site of implantation.

The aimof thisworkwas to evaluate thepotential of genipin cross-
linked electrospun gelatin mats as bioresorbable platforms for the
long-term release of VEGF. In vitro and in vivo experiments were
performed toassess theangiogenicpotential of the releasedVEGF.The
rationale of this approach was based on the fabrication of a substrate
that could promote angiogenesis in a tissue engineered construct.

2. Materials and methods

2.1. Materials

Gelatin powder (type A, from porcine skin) was supplied by SigmaeAldrich;
acetic acid was supplied by Carlo Erba Reagenti; genipin was supplied by Wako.
All materials and reagents were used as received.

2.2. Scaffold fabrication

2.2.1. Electrospinning procedure
Gelatin powder was dissolved in a mixture of acetic acid/deionized water (9:1),

the concentration being 14% w/v. Polymeric solutionwas poured into a glass syringe
and then electrospun at room temperature through a blunt tip metallic needle (22G)
at 12 kV insured by a high voltage power supply (Spellman, USA) and at constant feed
rate of 0.4 ml/h by means of a digital controlled infusion pump (KD Scientific, USA).
The mat was collected onto a grounded aluminum target at 10 cm from the needle
tip.

All samples were vacuum dried for 48 h and stored in a desiccator.

2.2.2. Crosslinking procedure
Genipin was dissolved in ethanol at two different concentrations, 0.1 and 0.5%

w/v, respectively. Crosslinking was carried out by soaking the electrospun gelatin
mats into the alcoholic solutions for 3 days at 37 �C. Subsequently, the resulting
cross-linked scaffolds were rinsed in ethanol and dried at room temperature for
24 h.

The investigated mats were labeled as follows: Gel (as-spun gelatin mat),
Gel_Gen01 (cross-linked gelatin mat with 0.1% w/v genipin), and Gel_Gen05 (cross-
linked gelatin mat with 0.5% w/v genipin).

2.3. Mat characterization

2.3.1. Morphological characterization
Themicrostructure of as-spun and cross-linked gelatinmats was investigated by

means of scanning electronicmicroscopy (SEM; Leo-Supra 35). Samples were sputter
coated with gold prior to examination. The average fiber diameter was determined
from SEM micrographs by measuring about 50 fibers randomly selected (ImageJ,
NIH). Two-dimensional void size evaluation, regarded as the average value of the
equivalent diameters of the voids comprised among the polymeric fibers, was car-
ried out as previously reported [17].

2.3.2. Swelling
Samples cut out from cross-linked mats were firstly weighed in air-died con-

ditions and then immersed in 20 ml of PBS at 37 �C and 95% relative humidity for
different periods of time. Before weight measurements, wet samples were wiped
with filter paper to remove the excess of solution. The swelling ratio was evaluated
as:

SW ¼ Ww �Wd
Wd

where Ww and Wd are the weights of wet and dried samples.

2.3.3. Infrared analysis
Fourier transform infra-red (FTIR) analysis of as-spun and cross-linked gelatin

mats was performed by using a Perkin Elmer Spectrum 100. The spectra were
collected in the range 4000e400 cm�1 at a resolution of 4 cm�1.

2.3.4. Mechanical analysis
Uniaxial tensile tests were carried out on rectangular specimens (40 � 5 mm2)

(n ¼ 5) cut out from as-spun and cross-linked mats at ambient conditions (dry state)
and after being soaked for 10 min in PBS prior to evaluation (wet state). Mechanical
tests were performed at 5 mm/min to rupture by means of a universal testing ma-
chine (UTM) equipped with a 100 N load cell (Lloyd LRX). The tensile modulus, the
tensile strength (TS) and the strain at break were calculated from the stressestrain
curves. Sample thickness was measured applying a pressure of 10 g/cm2 bymeans of
a custom-made set-up including a digital micrometer equipped with a 2 N load
gauge (Imada, Inc., IL, USA).

2.4. VEGF conditioning

2.4.1. VEGF loading
Samples, as squared sheets (5� 5mm),were previously sterilizedby immersion in

100% v/v ethanol solution for 1 h, dried in laminar hood at room temperature and
incubatedovernightwithHank’s BalancedSalt Solution (HBSS) at 37 �C in a humidified
atmospherewith5%CO2.The solutionofhumanVEGF(R&DSystems,Minneapolis,MN)
in HBSS þ bovine serum albumin (BSA, 0.1%) was then applied to the gelatin mats
(50 ng/mg dry mat, 5 ml/mg of dry mat) and allowed to dry in laminar hood for 1 h at
room temperature. Samples were then quickly washed with fresh HBSS.

2.4.2. VEGF release
The amount of VEGF released from samples was quantified using a human VEGF

quantikine ELISA kit (R&D Systems, Minneapolis, MN). After HBSS washing step,
VEGF loaded samples were put into 200 mL HBSS (þBSA 0.1%) in 24-well plate at
37 �C in a humidified atmosphere of 5% CO2. At specified time points the release
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medium was collected, replaced with fresh medium and the withdrawn medium
stored at �80 �C. The release of bound VEGF was quantified up to 28 days.

2.5. VEGF bioactivity

The activity of VEGF was tested using human mesenchymal stromal cells
(hMSCs). In order to assess the activity of VEGF loaded within gelatin cross-linked
mats, four experimental conditions were evaluated: negative (cells incubated only
with culture medium) and positive (fresh VEGF (10 ng/ml) added directly into the
culture medium) controls and the two here considered testing conditions,
i.e., Gel_Gen01 and Gel_Gen05 (VEGF loaded mats incubated by means of a cell
strainer (8.0 mm PET membrane, BD Biosciences, Bedford, MA, USA) in order to be
completely immersed in the medium but without touching and interfering with cell
cultures).

In order to evaluate the activity of released VEGF, loaded mats were incubated in
HBSS (þBSA 0.1%) at 37 �C in a humidified atmosphere with 5% CO2. After 7 or 14
days, HBSS was collected and stored at�80 �C. The growth factor concentrationwas
evaluated by the ELISA test. HBSS containing released VEGF was added directly into
hMSC cultures, at the same concentration of fresh VEGF. Four experimental condi-
tions were investigated: negative and positive controls (as above), cells incubated
with culture medium added with HBSS containing released VEGF after 7 day incu-
bation (7 day samples), and cells incubated with culture medium added with HBSS
containing released VEGF after 14 day incubation (14 day samples).

2.5.1. hMSC isolation
hMSCswere obtained as previously described [18]. Briefly, cellswere isolated from

human bone marrow mononuclear cells (MNCs), which were seeded in Dulbecco’s
modified Eagle’s mediumwith low glucose, (DMEM-LG;Gibco-Invitrogen, Milan, Italy),
supplemented with 20% fetal bovine serum (FBS, Hyclone, SouthLogan, Utah) and 1%
PenicillineStreptomycin according to published methods [19,20]. The cells were
incubated at 37 �C in a humidified atmosphere with 5% CO2. Cell characterization has
been previously reported [18]. The third passage was used for the experiments.

2.5.2. Cell viability
hMSCs (2.5�104 cells/cm2)were seeded in standardmedium(DMEM-LG, 20%FBS,

1% PenicillineStreptomycin). After 24 h of culture, the standard mediumwas replaced
with culturemedium(DMEM-LG,1% FBS,1%PenicillineStreptomycin) and the cultures
incubated with VEGF loaded mats or with released VEGF for 24 h, 3 days and 7 days.
After the incubationperiod, cellsweredetachedandviabilityevaluationwasperformed
using ADAMMC Automated Mammalian Cell Counter (Twin Helix, Mi, Italy).

2.5.3. Cell migration assay
To evaluate in vitro chemoattractant properties of VEGF loaded mats, the hMSC

migration assay was performed using Transwell PET filters of 8.0 mm pore size (BD
Biosciences, Bedford, MA, USA). VEGF loaded mats were placed in the lower
compartment of the chamber with 0.5 ml DMEM-LG, 1% FBS, 1% PenicillineStrep-
tomycin. hMSCs were then seeded (5 � 104 cells/cm2) in the upper compartment in
the same medium. The plates were incubated for 4 h at 37 �C. The filters were then
removed, the upper surface was scraped, and cells that migrated towards the che-
moattractant, remaining on the underside of themembrane, were stained with 40-6-
diamidino-2-phenylindole (DAPI). Five fields at 5� magnification were observed by
fluorescence microscopy. Each sample was tested in triplicate.

2.5.4. In vitro angiogenesis assay
A morphogenic assay was performed by plating hMSCs on Matrigel (Becton

Dickinson). Briefly, Matrigel was thawed on ice overnight, spread evenly over each
well (50 mL) of a 24-well plate, and allowed to gel for 30 min at 37 �C. hMSCs were
seeded (2.5 � 104 cells/cm2) and cultured in culture medium (DMEM-LG, 1% FBS, 1%
PenicillineStreptomycin) containing or not containing fresh VEGF (10 ng/ml), VEGF
loaded mats (by means of cell strainers), or released VEGF. After 24 h, cultures were
fixedwith glutaraldehyde (2%) and photographed (5 fields/well; the 4 quadrants and
the central field) at a magnification of �100. Phase contrast images were recorded
on a digital camera (Nikon, Tokio, Japan). Dimensional (percent area covered by
hMSCs and total length of hMSCs network per field) and topological (number of
meshes and branching points per field) parameters were estimated.
Fig. 1. SEM micrographs of as-spun gelatin (A), cross-linked gelatin mat with 0.1
2.5.5. In vivo pro-angiogenic properties
The chicken embryo chorioallantoic membrane (CAM) assay was used as an

in vivo model to evaluate the angiogenic properties of VEGF loaded mats. Fertilized
White Leghorn chicken eggs (n ¼ 3 for each condition) were incubated under
constant humidity at 37 �C. On incubation day 3, a squarewindowwas opened in the
shell to detach the developing CAM after removal of 2e3ml of albumin. Thewindow
was sealed with a glass, and the eggs were returned to the incubator. At day 8 of
incubation, 1 mm3 mat samples were placed on the CAM. 1 mm3 sterilized gelatin
sponges (Gelfoam Upjohn, Kalamazoo Mich, USA) containing vehicle alone (PBS) were
used as negative controls, while sponges containing 200 ng of recombinant vascular
endothelial growth factor A (VEGF-A, R&D Systems, Abingdon, UK) were used as
positive controls, as previously described [21,22]. All procedures were performed
under sterile conditions. CAMs were examined daily until day 12 and photographed
in ovowith a stereomicroscope equipped with a camera and image analyzer system
(Olympus Italia, Milan, Italy). At day 12 the angiogenic response was evaluated as the
number of vessels converging toward the implants and the sponges.

2.5.6. Phenotypic analysis
To evaluate in vitro differentiation potential of VEGF loaded mats or of released

VEGF, treated hMSCswere analyzed for the expression of surface antigens using flow
cytometry procedures [20]. hMSCs (2.5 � 104 cells/cm2) were seeded in standard
medium (DMEM-LG, 20% FBS, 1% PenicillineStreptomycin). After 24 h of culture, the
standard medium was replaced with culture medium (DMEM-LG, 1% FBS, 1% Peni-
cillineStreptomycin) and the cultures incubated with VEGF loaded mats or with
released VEGF for 7 days. After the incubation period, cells were detached and
surface antigen expression evaluation performed.Washed cells were resuspended in
flow cytometry buffer consisting of Cell WASH (0.1% sodium azide in PBS; BD
Pharmigen, San Jose, CA, USA) with 2% FBS. Aliquots (1.5 � 105 cells/100 mL) were
incubated with the following conjugated MoAb: CD44eFITC, CD90ePE, HLA-ABCe
FITC (all from BD Pharmingen) and KDRePE (R&D System, Minneapolis, MN, USA).
Non-specific fluorescence andmorphologic parameters of the cells were determined
by incubation of the same cell aliquot with isotype-matched mouse MoAb (BD
Pharmingen). All incubations were done for 15 min and, after incubation,
cells were washed and resuspended in 100 mL of Cell WASH; 7-AAD
(7-Aminoactinomycin-D) was added in order to exclude dead cells from the anal-
ysis. Flow cytometric acquisition was performed by collecting 104 events on a
FACSCanto (Becton Dickinson, Milan, Italy) and data were analyzed on DIVA soft-
ware (Becton Dickinson).
2.6. Statistics

Results are expressed as mean � standard deviation. Assays was performed in
triplicate.Data analysiswasperformedwithnonparametric tests (SPSS 19.0, SPSS Inc.,
USA). Statistical analysis to assess differences between groups was performed in two
steps. First, data were compared by using the KruskaleWallis nonparametric test. If
significant differences were found, groups were compared individually by using the
ManneWhitney U test. p values less than 0.05 were considered significant.
3. Results

3.1. Morphological characterization

Electrospun gelatin mats were characterized by randomly ar-
ranged homogeneous fibers free of beads (Fig. 1). The average fiber
diameter was 0.22 � 0.04 mm, while the average void size was
0.74 � 0.30 mm. Cross-linked mats were still characterized by a
fibrous structure, even if fiber diameters were larger than those of
the as-spun case (i.e., 0.60 � 0.16 mm and 0.55 � 0.14 mm for
Gel_Gen01 and Gel_Gen05, respectively). Moreover, fused regions
were observed at the overlapping fiber sites.
% w/v genipin (B), and cross-linked gelatin mat with 0.5% w/v genipin (C).



Fig. 2. Swelling ratio of cross-linked gelatin mat with 0.1% w/v genipin (Gel_Gen01) and cross-linked gelatin mat with 0.5% w/v genipin (Gel_Gen05) in PBS at 37 �C. Difference was
statistically significant (p < 0.05) for each considered time-point.
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3.2. Swelling

Swelling assessment is reported in Fig. 2. Both cross-linkedmats
were characterized by a burst mass increase in the very first period
followed by a constant behavior. An inverse relationship between
swelling properties and genipin content was also assessed, Gel_-
Gen01 being characterized by a higher swelling ratio. In addition,
this case showed a limited temporal stability to saline solution,
starting to degrade from the 4th day.
Fig. 3. FTIR spectra of as-spun gelatin (Gel), cross-linked gelatin mat with 0.1% w/v gen
3.3. Infrared analysis

Infrared spectra of the investigated samples are shown in Fig. 3.
Similar spectra were assessed for all the cases here investigated.
Amide A peak (NeH stretching mode) was detected at 3300 cm�1

for Gel, while for Gel_Gen01 and Gel_Gen05 was little shifted at
3320 cm�1. Amide I (predominantly C]O stretching mode, with
contributions from in-phase bending of the NeH bond and
stretching of the CeN bond) and III (CeN stretching mode) were
ipin (Gel_Gen01), and cross-linked gelatin mat with 0.5% w/v genipin (Gel_Gen05).



Table 1
Mechanical properties of electrospun gelatin scaffolds as dependent on genipin
cross-linking concentrations either in dry or wet state.

Tensile modulus
(MPa)

Stress at break
(MPa)

Strain at
break (%)

Gel 29.30 � 4.50 1.00 � 0.05 7.10 � 1.00
Gel_Gen01 dry state 496.41 � 89.60* 17.22 � 6.26* 3.88 � 0.88*

Gel_Gen05 dry state 845.21 � 100.50*,x 32.05 � 10.45* 4.40 � 1.03*

Gel_Gen01 wet state 0.57 � 0.13* 0.24 � 0.07* 34.61 � 19.24*

Gel_Gen05 wet state 1.10 � 0.20*,� 1.22 � 0.68� 54.42 � 15.03*

*p < 0.05 with respect to Gel.
xp < 0.05 with respect to Gel_Gen01 dry state.
�
p < 0.05 with respect to Gel_Gen01 wet state.
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located at 1650 cm�1 and 1240 cm�1, respectively, with no signif-
icant shifts for the three samples. Finally, a little shift was also
detected for amide II (NeH bending mode), from 1540 cm�1 for the
as-spun sample to 1550 cm�1 for the cross-linked ones [23,24].

3.4. Mechanical characterization

Electrospun gelatin specimens were mechanically tested before
and after the cross-linking procedure. Themechanical behavior was
dramatically affected by the experimental conditions, i.e., as-spun
and cross-linked samples either in dry and swollen state. In the
first case, tensile modulus and stress at break significantly
increased with genipin concentration compared to as-spun gelatin,
while an opposite trend was verified in the latter case, also showing
a relevant increase of strain at break values. Table 1 summarizes the
tensile modulus, stress and strain at break acquired from the
stressestrain curves for each condition.

3.5. Controlled release of VEGF

The cumulative release trend of VEGF by both cross-linked mats
resulted similar: a burst release within the first day of incubation
Fig. 4. Cumulative release of VEGF from cross-linked gelatin mat with 0.1% w/v genipin (Gel_G
assay.
followed by a prolonged sustained release. After 1 month the
Gel_Gen01 and Gel_Gen05 released about 90% and 60% of the initial
VEGF content, respectively (Fig. 4).

3.6. Effect of loaded and released VEGF on hMSC viability

As shown in Fig. 5, all the evaluated conditions revealed an
increased viability, significantly different (p < 0.05) at 7 days,
compared to negative control cultures. Moreover, an increased cell
viability, significantly (p < 0.05) different at 3 days, was induced by
both types of gelatin mats with respect to that induced by positive
cultures, suggesting that the VEGF loaded on mats has a higher
cellular effect to fresh VEGF. A similar effect was obtained when
evaluating released VEGF, confirming that the factor retained its
potential effect also after being released from gelatin cross-linked
mats after 7 and 14 days of incubation (Fig. 6).

3.7. Effect of loaded VEGF on hMSC migration and capillary tube
formation

Both types of VEGF loaded mats resulted to have in vitro che-
moattractive properties (Fig. 7). In particular the migration induced
by the Gel_Gen01 resulted to be significantly (p < 0.05) higher
compared both to negative and positive controls.

The pro-angiogenic activity of loaded VEGF mats was evaluated
by the Matrigel capillary-like structure formation assay (Fig. 8):
negative control cultures did not formed capillary-like tubes
(Fig. 8A), while treatment with fresh VEGF (Fig. 8B) or with VEGF
loaded mats (Fig. 8C e0,1%, Fig. 8D e0,5%) promoted hMSC
spreading and alignment to form branching anastomotic tubes,
which gave rise within 18 h to a mesh of capillary-like structures.
Image analysis confirmed these observations, showing that all
treatments increased dimensional (percent area covered by hMSCs
and total length per field (length)) and topological parameters
(number of mesh per field (mesh number) branching points per
en01) and cross-linked gelatin mat with 0.5% w/v genipin (Gel_Gen05) evaluated by ELISA



Fig. 5. Effect of VEGF loaded mats on hMSCs viability. The bars represent the percentage of viable cells in the presence of: culture medium (negative control), fresh VEGF (10 ng/ml;
positive control), cross-linked gelatin mat with 0.1% w/v genipin (Gel_Gen01) and cross-linked gelatin mat with 0.5% w/v genipin (Gel_Gen05). Viability was evaluated on culture
day 1, day 3 and day 7. *p < 0.05 versus negative control, �p < 0.05 versus positive control.
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field (branching)) of hMSCs capillary-like network (Fig. 8E). In
particular, Gel_Gen0.1 induced an angiogenic effect significantly
(p < 0.05) higher respect to that induced by fresh VEGF.

Similar results were obtained when evaluating the pro-
angiogenic effect of released VEGF (Fig. 9): hMSCs incubated with
released VEGF (Fig. 9C -7 days, Fig. 9D -14 days) gave rise to a
meshwork of capillary-like structures, which resulted more orga-
nized with respect to negative and positive cultures (Fig. 9A,B), as
image analysis confirmed (Fig. 9E). These results confirmed that
VEGF, both loaded and released from gelatin cross-linked mats,
retained its angiogenic potential.
Fig. 6. Effect of released VEGF on hMSCs viability. The bars represent the percentage of via
positive control), VEGF released from Gel_Gen01 after incubation of 7 days in HBSS (7 day
Viability was evaluated on culture day 1, day 3 and day 7. *p < 0.05 versus negative contro
3.8. In vivo assay

The in vivo assessment of the potency of the VEGF-loaded mats
was performed by chick chorioallantoic membrane (CAM) assay.
Macroscopic observations of CAM treated with VEGF loaded mats
showed that all samples were surrounded by allantoic vessels that
developed radially towards the implant in a spoke-wheel pattern.
New vessels developed towards the VEGF loaded mats and were
sometimes arranged in loops around the samples, positively affecting
the growth and the organization of the network of CAM vessels
(Fig. 10A). The angiogenic effect on direct blood vessel growth was
ble cells in the presence of: culture medium (negative control), fresh VEGF (10 ng/ml;
s) and VEGF released from Gel_Gen01 after incubation of 14 days in HBSS (14 days).
l.



Fig. 7. Pro-angiogenic properties of VEGF loaded mats. (AeD) Representative images of hMSC migration in (A) negative control, (B) positive control, (C) Gel_Gen01, and (D) Gel-
Gen0.5 separate experiments. Nuclei were stained with DAPI. Scale bar ¼ 100 mm. (E) Migration was determined by counting cells in five microscopic fields per sample. The bars
represent the number of cells migrated in the presence of: culture medium (negative control), fresh VEGF (10 ng/ml; positive control), cross-linked gelatin mat with 0.1% w/v
genipin (Gel_Gen01) and cross-linked gelatin mat with 0.5% w/v genipin (Gel_Gen05).*p < 0.05 versus negative control, �p < 0.05 versus positive control.
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quantified as the total number of blood converging vessels (Fig. 10B).
VEGF loadedmats induced a very similar effect, which resulted to be
significantly (p< 0.05) higher compared to that induced by PBS (used
as negative control), and comparable to the one induced by VEGF
(used as positive control), suggesting that VEGF loaded on mats has
in vivo angiogenic properties similar to fresh VEGF.

3.9. Phenotypic analysis

Flow cytometric analysis was used to evaluate antigen expres-
sion of hMSCs treated with VEGF loaded mats or VEGF released
frommats. The results showed that the expression of hMSC surface
antigens was not altered after a 7-day incubation with loaded or
released VEGF, yielding hMSCs uniformly positive for CD44, CD90
and HLA-ABC (Table 2). Moreover, the expression of KDR, the main
mediator of VEGF-induced endothelial proliferation, survival,
migration, tubular morphogenesis and sprouting, resulted signifi-
cantly (p < 0.05) higher in all VEGF treated cells respect both to
negative and positive controls, suggesting a differentiation poten-
tial of VEGF towards endothelial pathway (Fig. 11).

4. Discussion

The use of selected angiogenic growth factors (such as VEGF)
may be a useful approach for enhancing angiogenesis. However,
their applicability results often limited by the factor short half-life



Fig. 8. In vitro pro-angiogenic properties of VEGF loaded mats. (AeD) Representative microscopic images of the capillary network observed in the presence of: (A) only culture
medium (negative control); (B) fresh VEGF (10 ng/ml; positive control); (C) cross-linked gelatin mat with 0.1% w/v genipin (Gel_Gen01) and (D) cross-linked gelatin mat with 0.5%
w/v genipin (Gel_Gen05). (E) Bar plots report the quantitative analysis of the effects of VEGF loaded mats on the dimensional [percent area covered by hMSCs and total length per
field (length)] and topological parameters [number of mesh per field (mesh number) branching points per field (branching)] of hMSCs capillary-like network. *p < 0.05 versus
negative control, �p < 0.05 versus positive control.
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and the rapid clearance from the implant site. The achievement of a
matrix combining high loadability with controlled release of
angiogenic factor still represents a major challenge in the field of
tissue engineering.

Natural polymers represent a valuable alternative for biomed-
ical applications, due to their origin and the related intrinsic char-
acteristics that can elicit a positive host response. However, it is
well stated that several drawbacks can be listed as well, generally
referred to the mechanical properties and degradation profile that
counterbalance the advantages of this kind of biomaterials. In order
to address this issue, cross-linking can be a suitable procedure for
the fabrication of natural scaffolds characterized either by specific
biological cues and sufficient structural stability [25]. For this aim,
genipin cross-linked electrospun gelatin mats were here fabricated
and investigated as a potential VEGF-release platform to induce
angiogenesis. The collected microarchitecture was composed of
randomly uniform fibers that was retained after cross-linking, even
if a modification in terms of fiber dimension was clearly observed.
This result was already reported when similar cross-linking con-
ditions were considered [26,27]. Interestingly, a distinct fiber
morphology was obtained after cross-linking gelatin with glutar-
aldehyde vapor [28]. However, this approach might represent a
limitation due to the toxic effects of this agent, especially if the
main goal, as stated by the Authors themselves, was the fabrication
of electrospun gelatin mats by using non toxic solvents (i.e., a
mixture of ethanol and phosphate buffer saline solution). An
improvement can be obtained by dissolving gelatin in distilled
water, electrospinning the resulting solution in an ad hoc set-up,
and then cross-linking the collected mats by immersion in a solu-
tion of 1-ethyl-3-(dimethyl-aminopropyl) carbodiimide hydro-
chloride and N-hydroxyl succinimide, even if a modification of the
microstructure was observed after the chemical treatment [29].

The effectiveness of cross-linking was clearly assessed by me-
chanical tests. Both genipin concentrations improved the response
of gelatin mats in the dry state, while an opposite behavior was
evaluated in the wet state, compared to the as-spun case. This
difference should be critically considered since the improvement of
the mechanical performance, as clearly demonstrated by a number
of previous studies by using different cross-linking agents [26,30],
is related to the testing conditions that are not representative of the



Fig. 9. In vitro pro-angiogenic properties of released VEGF. (AeD) Representative microscopic images of the capillary network observed in the presence of: (A) only culture medium
(negative control); (B) fresh VEGF (10 ng/ml; positive control); (C) VEGF released from Gel_Gen01 on day 7 (7 days); (D) and VEGF released from Gel_Gen01 on day 14 (14 days). (E)
Bar plots report the quantitative analysis of the effects of VEGF loaded mats on the dimensional [percent area covered by hMSCs and total length per field (length)] and topological
parameters [number of mesh per field (mesh number) branching points per field (branching)] of hMSCs capillary-like network. *p < 0.05 versus negative control, �p < 0.05 versus
positive control.
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biological environment, i.e. either in vitro or in vivo conditions
cannot be referred to a “dry state”. A similar approach, to simulate a
“biologic” environment, was previously considered tomechanically
test electrospun chitosan scaffolds cross-linked with genipin
immediately upon removal from PBS [31]. In addition, the
computed parameters might be more representative of a physio-
logical environment suitable for endothelial cell differentiation/
colonization and angiogenesis promotion [32e34]. To further
enhance the final characteristics of a tissue engineered scaffold that
might have an effective biomedical potential, numerous strategies
have been developed to localize VEGF within its microstructure.
Encapsulation, entrapment, or covalent binding are the more
robust approaches in achieving predictive drug release, however
they involve multiple steps during scaffold fabrication that may
compromise protein’s bioactivity. On the other hand, adsorption of
growth factor on prefabricated scaffold is a convenient, straight-
forward alternative that circumvents exposure to harsher condi-
tions during scaffold preparation [35]. It has been demonstrated
that the physical adsorption of VEGF to various surfaces improved
angiogenesis in vivo [35e39]. In this work cross-linked gelatin mats
loaded with VEGF by adsorption were presented, which resulted
able to promote angiogenic processes through its sustained re-
leases (i.e., 28 days).

Before any experiment, the mats were prewashed with HBSS to
eliminate the sudden burst release phase due to not linked factor.
Results showed that the adsorbed VEGF is released from both types
of scaffolds in two phases: a burst response within the first day,
followed by a nearly constant release until the end of the experi-
mental period. A higher cumulative release was measured for
Gel_Gen01 that can be associated to the higher swelling ratio and to
the related medium diffusion. The cumulative release rate of VEGF
resulted to be about 30% lower for Gel_Gen05 respect to Gel_Gen01,
suggesting that the magnitude of the VEGF release rate could be
modulated by varying the cross-linking concentration. Several
scaffold fabrication strategies could be proposed in order to
modulate the subsequent release, based, e.g., on the development
of suitable loading conditions of the growth factor that, however,
should not be exposed to the harsh conditions of a typical pro-
duction process. Differently from the swelling test, the VEGF release
assay was performed using HBSS instead of PBS, being HBSS the



Fig. 10. In vivo pro-angiogenic properties of VEGF loaded mats. (A) Representative examples of chicken chorioallantoic membrane (CAM) implanted with fresh VEGF (left) and with
cross-linked gelatin mat with 0.1% w/v genipin (Gel_Gen01) (right). Samples were placed on CAM surface of 8-day-old embryos and photographed 4 days later. The samples induced
a “spoke-wheel” patterns of the new vessels, exerting an influence on vessel network development, as suggested by the looping of vessels toward the matrices. (B) Effect of VEGF
loaded mats on the number of converging blood vessels 4 post-implantation days. *p < 0.05 versus negative control.
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balanced salt solution usually used for hMSCs cultures. Interest-
ingly, Gel_Gen01 mat showed a temporal stability in HBSS
throughout the whole testing period that was not observed for the
swelling measurements, in addition the absence of degradation
was also verified by using Milli-Q water (data not shown). This
result might be related to (i) the light cross-linking condition, (ii)
the ionic strength of the solutions: it was reported that ions may be
capable of disrupting gelatin network [28] thus contributing to the
observed temporal instability of the mat, (iii) the volumes consid-
ered for the two studies (20 ml of PBS, 0.2 ml of HBSS), and (iv) the
eventual refreshing of the medium that was carried out for the
VEGF release measurements, but not for the swelling test. These
conditions, even if a detailed analysis is needed and is in progress,
indicate the role of the environment on the functional response of
the investigated samples, and might contribute to define a suitable
Table 2
Analysis of the expression of specific antigens, made by flow cytometric evaluation,
of hMSCs incubated with loaded or released VEGF for 7 days.

CD 44 (%) CD90 (%) HLA-I (%)

Negative control 99.38 � 0.63 98.30 � 1.41 92.83 � 6.28
Positive control 99.33 � 0.70 98.38 � 1.89 91.43 � 6.86
Gel_Gen01 99.43 � 0.42 99.17 � 0.76 95.23 � 2.41
Gel_Gen05 99.37 � 0.65 95.33 � 5.76 94.93 � 2.60
7 days 99.65 � 0.57 98.40 � 1.20 97.08 � 2.58
14 days 99.43 � 0.57 98.25 � 0.97 95.20 � 6.04
in vitro experimental protocol. In this regard, a dissolution study
was performed byMoffat andMarra [40] considering poly(ethylene
glycol) hydrogels cross-linked with genipin and showing that the
dissolution rate was dependent by concentration, mass, and tem-
perature. In particular, the hydrogel samples, cross-linked with
17.6mM genipin solution, dissolved in 4 days under static condition
at 37 �C and may be referred to the uncross-linked chains rapidly
dissolving into the aqueous environment.

Vascular endothelial or progenitor endothelial cells (prediffer-
entiated stem cells that have the potential to proliferate and
differentiate into mature endothelial cells) are usually used to
evaluate the efficacy of new strategies for revascularization [41].
However, their use in therapy is hampered by their limited
expansion capacity and lack of autologous sources. Attracting and
localizing mesenchymal stromal cells, which have been demon-
strated to be promising source for obtaining endothelial cells able
to create stable vascular networks [42,43], could be a novel strategy
for endothelialization. For this reason, the potential of genipin
cross-linked gelatin mats to act as a bioresorbable platform for the
long-term release of VEGF on cultures of human bone marrow
MSCs was here investigated.

hMSCs exposure to VEGF-loaded mats showed an increased
cellular viability, which resulted to be superior (even if not in a sig-
nificantway) to that induced by freshVEGF. For evaluating the invitro
angiogenicpotentialwe tested theVEGF loadedmatsusingmigration
(to evaluate chemoattractive potential) and Matrigel assays. The



Fig. 11. Differentiation potential. The expression of hMSCs surface antigen anti KDR for cells cultured in the presence of: culture medium (negative control), fresh VEGF (10 ng/ml;
positive control), cross-linked gelatin mat with 0.1% w/v genipin (Gel_Gen01), cross-linked gelatin mat with 0.5% w/v genipin (Gel_Gen05), VEGF released from Gel_Gen01 on day 7
(7 days) and VEGF released from Gel_Gen01 on day 14 (14 days). The analysis was performed on culture day 7. *p < 0.05 versus negative control; �p < 0.05 versus positive control.
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results obtained with VEGF loaded mats were similar to the results
observedbyexposinghMSCs to freshVEGF. Inparticular, forboth type
of assays, the largest increaseswere evaluated upon exposure of cells
to the VEGF loaded mats and, especially for Gel_Gen01, the increase
was significantly (p< 0.05) higher, not only with respect to negative
control, but also compared to fresh VEGF (positive control).

The present study has also confirmed that VEGF retains bioac-
tive and pro-angiogenic potential for up to 14 days. The VEGF
released from cross-linked gelatin mats induced an increase in
hMSC viability and capillary network formation on Matrigel with
respect to both negative and positive controls.

Chen et al. [44] demonstrated that an optimal temporal evolu-
tion of VEGF dose is required in order to promote functional
angiogenesis, and the Matrigel assay provides only limited infor-
mation concerning the dynamics of network formation and
maturation. As a consequence, the angiogenic efficiency was
proved also in vivo in CAM model. VEGF loaded mats showed a
superior angiogenic activity, similar to fresh VEGF, suggesting that
during the 4 day experiment, cross-linked gelatinmats were able to
release active VEGF.

Considering that VEGF is one of the factors which regulate the
differentiation of endothelial cells, it has been evaluated if released
VEGF could have any effect on the differentiation of hMSCs: the
collected results indicated that a 7 days incubation of hMSCs with
VEGF loaded mats or with released VEGF, stimulated an initial
differentiation of cells towards endothelial cells. One of the novelty
of the current study is the demonstration that hMSCs respond to
absorbed VEGF not only by enhanced viability, migration and tube
formation, but also by differentiating towards endothelial pathway.
As such, this approach could be a useful platform to boost hMSCs
towards vascularization. Another interesting outcome of this study
was that there was no significant difference in angiogenesis be-
tween mats cross-linked with 0.1% and 0.5% of genipin. Increasing
cross-linking concentration should reduce the swelling ratio with
consequent improved retention of VEGF to the mat; consequently,
an inverse genipin-dose dependent angiogenic effect can be ex-
pected. However, such phenomenonwas not observed in our study.
It could then be possible that the constant release of 60% of the
adsorbed VEGF up to 7 days (longer time-point for cellular exper-
iments) results sufficient to induce angiogenic response, with
consequent similar effects for Gel_Gen01 and Gel_Gen05. It is
possible to speculate that the mats with high cross-linking con-
centration will maintain the optimal release rate of VEGF for
extended duration at time-points beyond than 28 days (the longer
time-point evaluated for the VEGF release). These findings suggest
that optimizing the concentration of the cross-linking agent could
be an important aspect to enhance long-term angiogenic response.

5. Conclusions

The adsorption of VEGF on genipin cross-linked gelatin mats
boosted and induced early angiogenesis. The here reported findings,
even if further studies involving animal models will be necessary to
draw final conclusions, could contribute to optimize VEGF delivery
for enhancing angiogenesis. This can be also regarded as a suitable
approach to plan an effective therapeutic strategy to improve the
clinical outcome of implanted tissue engineered scaffolds.
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