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A fast re-endothelialization, along with the inhibition of neointima hyperplasia, are crucial

to reduce the failure of vascular bypass grafts. Implants modifications with molecules

capable of speeding up the re-endothelialization process have been proposed over

the last years. However, clinical trials of angiogenic factor delivery have been mostly

disappointing, underscoring the need to investigate a wider array of angiogenic factors. In

this work, a drug release system based on a type I collagen hydrogel has been proposed

for the controlled release of Pleiotrophin (PTN), a cytokine known for its pro-angiogenetic

effects. Heparin, in virtue of its ability to sequester, protect and release growth factors, has

been used to better control the release of PTN. Performances of the PTN drug delivery

system on endothelial (ECs) and smooth muscle cells (SMCs) have been investigated.

Structural characterization (mechanical tests and immunofluorescent analyses of the

collagen fibers) was performed on the gels to assess if heparin caused changes in

their mechanical behavior. The release of PTN from the different gel formulations has

been analyzed using a PTN-specific ELISA assay. Cell viability was evaluated with the

Alamar Blue Cell Viability Assay on cells directly seeded on the gels (direct test) and

on cells incubated with supernatant, containing the released PTN, obtained from the

gels (indirect test). The effects of the different gels on the migration of both ECs and

SMCs have been evaluated using a Transwell migration assay. Hemocompatibility of the

gel has been assessed with a clotting/hemolysis test. Structural analyses showed that

heparin did not change the structural behavior of the collagen gels. ELISA quantification

demonstrated that heparin induced a constant release of PTN over time compared to

other conditions. Both direct and indirect viability assays showed an increase in ECs

viability while no effects were noted on SMCs. Cell migration results evidenced that

the heparin/PTN-modified gels significantly increased ECs migration and decreased the

SMCs one. Finally, heparin significantly increased the hemocompatibility of the collagen

gels. In conclusion, the PTN-heparin-modified collagen here proposed can represent an

added value for vascular medicine, able to ameliorate the biological performance, and

integration of vascular grafts.
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INTRODUCTION

Every year is estimated that around 17.9 million of people die
of cardiovascular diseases, mainly heart attacks and strokes,
making them the first cause of death in the world (WHO1).
Most of the time the root of these diseases can be found
in atherosclerosis, a progressive pathology in which a plaque
made of lipids, cholesterol, foamy cells, cellular debris, and
calcium builds up in the walls of the arteries (Association2).
Overtime, this plaque hardens and narrows the lumen of
the affected artery, reducing the blood flow and ultimately
leading to the aforementioned conditions. Despite the advances
in pharmacological treatment and minimally-invasive surgical
treatment, vascular bypass surgery remains the treatment of
choice for atherosclerosis (Chlupác et al., 2009). The gold
standard is the use of autologous vessels, such as saphenous
vein, internal mammary arteries, and radial artery (Martínez-
González et al., 2017). However, these options are not always
available because of patients’ condition. For these reasons, over
the last 50 years surgeons reverted to the use of synthetic
graft, such as polyethylene terephthalate (Dacron) or expanded
polytetrafluoroethylene (ePTFE) based substitutes, instead of
autologous vessels (Ravi and Chaikof, 2010). Despite being
widely used in the clinical practice, the use of this substitute
is still hampered by a high rate of graft failure, especially for
small diameter vessels (Ø < 6mm) (Chester, 2002). The main
reasons of the grafts failure are intra-graft thrombosis, occurring
in the first month after the implantation, and intimal hyperplasia,
arising in the chronic phase especially at the anastomotic site
(Bush, 1989). Incomplete healing process of the graft’s, especially
the lack of endothelialization, are the main causes of these
two outcomes. The formation of a functional endothelial cells
(ECs) layer is of crucial importance to avoid complications
and to obtain an optimal integration of the implanted graft.
Modification of the luminal surface with pro-endothelialization
factors has been proposed over the years to help and increase
ECs adhesion and proliferation, both alone (Greisler, 1996; Avci-
Adali et al., 2011; Adipurnama et al., 2016) and in tandem
with extracellular matrix (ECM) proteins (Steffens et al., 2004;
De Visscher et al., 2012). However, clinical trials of pro-
endothelialization enrichment of vascular grafts have beenmostly
unsatisfactory, thus the need to investigate new approaches
(Springer, 2006) for this application.

In this work, a release system based on a type I collagen
hydrogel (Wallace and Rosenblatt, 2003) has been proposed for
the controlled release of pleiotrophin (PTN) (Rojas-Mayorquín
and Ortuño-Sahagún, 2017), a 168 amino acids secreted cytokine
known for its involvement in different cellular processes like
cell growth and cell motility and for the beneficial effects
exerted on the cardiovascular system (Deuel et al., 2002;
Christman et al., 2005). Moreover, PTN has been recently

1WHO Top 10 Causes of Death [Online]. Available online at: http://www.
who.int/gho/mortality_burden_disease/causes_death/top_10/en/ World Health
Organization (accessed January 28, 2019).
2Association, A. H. Atherosclerosis [Online]. Available online at: http://www.
heart.org/HEARTORG/Conditions/Cholesterol/WhyCholesterolMatters/Atheros
clerosis_UCM_305564_Article.jsp#.WPorq4jhDIU (accessed May 8, 2017).

shown to be able to exert potent pro-angiogenic factor on
ECs compared to already used pro-endothelialization factors
(Copes et al., 2019). Type I collagen is widely chosen as a
biomaterial for medical applications due to its ease of extraction,
weak antigenicity, robust biocompatibility, and its ability to be
physically and chemically modified for a variety of applications
(Lee et al., 2001; Gelse et al., 2003; Lynn et al., 2004). Due
to its favorable properties, collagen-based matrices have been
thoroughly investigated as a releasing system for therapeutic
drug delivery applications (Bradley and Wilkes, 1977; Wallace
and Rosenblatt, 2003; Koch et al., 2006; Chiu et al., 2010).
Drug delivery systems have been widely studied in the last
years. These systems utilize specific non-covalent interactions
to stabilize drugs and immobilize them within a biocompatible
matrix, thus protecting their biological activity and slowing their
diffusion from the matrix. One of such drug delivery systems
are heparin-based delivery systems (Sakiyama-Elbert, 2014).
Heparin is a polysaccharide made up of repeating disaccharides
(Rabenstein, 2002) best known for its anticoagulant properties,
but has also been shown to promote cell adhesion, inhibit
smooth muscle cell proliferation and to moderate inflammation
(Young, 2008). Moreover, heparin is also known to sequester,
stabilize and protect growth factors and cytokines and has been
widely used in conjunction with different scaffolds to enhance
their retention ability (Sakiyama-Elbert, 2011). In virtue of this
favorable properties and in light of its high binding affinity
for PTN (Rauvala, 1989), heparin has been used to better
control the release of PTN from the collagen gel. The biological
performances of the PTN-based drug delivery system have been
investigated on both ECs and smooth muscle cells (SMCs).

MATERIALS AND METHODS

Collagen Gels Preparation
Type I collagen was extracted from rat tails tendons and
subsequently solubilized in 0.02N acetic acid, as previously
reported (Habermehl et al., 2005; Boccafoschi et al., 2007), to
obtain a final collagen concentration of 4 g/L. For the preparation
of the collagen gel, the collagen solution has been mixed
with a buffer solution containing Dulbecco’s modified Eagle
medium (DMEM, Gibco, Invitrogen Corporation, Burlington,
ON, Canada, 1.1X), NaOH (15mM), and HEPES (20mM) in
deionized water to adjust the pH of the final solution and to
initiate the polymerization process. P/S-M199 was then added
to complete the basic composition of the control collagen gel
(CTRL Gel). For the heparin-modified collagen gels, heparin
sodium salt (Sigma Aldrich, Oakville, ON, Canada) has been
added to theM199 portion of the collagen gel mix to obtain a final
concentration of 10µg/ml (H10 Gel). Heparin concentration
has been chosen based on gelification analysis results of
three different concentrations: 10, 25, and 50µg/ml. With the
concentration of 25 and 50µg/ml the gelification of collagen
was incomplete, thus the decision to work with the 10µg/ml
concentration. For the PTN-modified collagen gels, recombinant
human PTN (Sigma Aldrich, Oakville, ON, Canada) has been
added to the M199 portion of the collagen gel mix to obtain a
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TABLE 1 | Volume used for the preparation of the Collagen gels.

Gel

volume

Collagen

[4 g/l]

Buffer

solution

P/S-

M199

Heparin

[5mg/ml]

PTN

[1µg/ml]

CTRL

Gel

500 250 125 125 X X

H10 Gel 500 250 125 124 1 X

P150 Gel 500 250 125 50 X 75

H/P Gel 500 250 125 49 1 75

Volume are shown in µl. Buffer Solution: Dulbecco’s modified Eagle medium (1.1X), NaOH

(15mM), and HEPES (20mM) in deionized water.

final concentration of 150 ng/ml (P150 Gel). For the heparin-
PTN-modified collagen gels, both heparin and PTN have been
added to the M199 portion of the collagen gel mix to obtain
the aforementioned concentration (H/PGel). The concentrations
used for the heparin and PTN have been chosen following a dose-
response curve obtained in the preliminary steps of the study
(data not shown). All the blends for the different experimental
condition have been carefully mixed and 500 µl of the different
solutions were poured into 24 wells culture plates and let gelify
at room temperature (RT) for 1 h. Once jellified, collagen gels
have been used for the subsequent experiments. Volumes used
for the preparation of all the collagen gels formulation are shown
in Table 1.

Unconfined Stress/Relaxation
Compression Mechanical Tests
Stress/relaxation unconfined compression tests were performed
on CTRL gel and H10 gels to evaluate possible changes in
the mechanical properties due to the addition of heparin to
the gel mix. Briefly, CTRL and H10 gels were prepared and
after 24 h they have been placed in the chamber of a MACH-
1 Mechanical Testing System (Biomomentum Inc., Laval, QC,
Canada). Tests were performed in a bath containing PBS
1X at room temperature. The relaxation test consisted of
compressing the sample according to the following parameter:
Ramp amplitude (mm) = 5% of initial sample thickness; Ramp
velocity (mm/s) = 5% of initial sample thickness; Number of
ramp= 5; Fixed relaxation time (s)= 1,500 s. The relaxation time
was defined in order to consider the viscoelastic behavior of the
collagen gels and to reach a steady value for the load (equilibrium
stress). The stress was recorded as a function of time. Following
the stress/relaxation, the data obtained have been analyzed using
MATLAB software (MathWorks, Natick, MA, USA) considering
equilibrium strains and using the linear portion of the stress-
strain curve at 15% of strain to obtain the equilibrium elastic
modulus of the different gel formulations.

Immunofluorescence
For immunofluorescence, CTRL and H10 gels have been
prepared as already mentioned. After 24 h, gels have been
incubated in PBS 1X with 3% of bovine serum albumin (BSA,
Sigma Aldrich, Oakville, ON, Canada) for 10min. Then gels have
been incubated with mouse primary antibody for collagen type

1 (1: 1,000; Novus Biological, Oakville, ON, Canada) for 2 h at
37◦C. Following, gels were incubated with an Alexa Fluor R© 488
goat anti-mouse secondary antibody (Life Technologies, Sigma
Aldrich, Oakville, ON, Canada) for 2 h at room temperature
under agitation. Afterwards, gels have been rinsed three time with
PBS 1X with 0.01% Tween 20 and have been kept overnight at
4◦C before being placed on fluorescent microscope slides. Images
at a magnification of 20X have been collected using an Olympus
BX51 Fluorescence Microscope (Olympus Canada Inc., Toronto,
ON, Canada).

Cell Isolation and Culture
Human umbilical vein endothelial cells (HUVECs) and human
umbilical artery smooth muscle cells (HUASMCs) were used
in this study. Cells were isolated from human umbilical cord
samples obtained from normal term pregnancies. Written
informed consent was obtained from all mother donors
according to the Declaration of Helsinki. All experiments were
performed in compliance with the Canadian Tri-Council Policy
Statement: Ethical Conduct for Research Involving Humans
and institutional CHU de Quebec—Laval University guidelines.
The protocol was approved by the Ethics Committee of the
CHU de Quebec Research Centre (CER #S11-03-168). Briefly,
umbilical cord samples, ∼15 cm in length, were collected in
phosphate-buffered saline solution (PBS, Fisher Scientific, Fair
Lawn, NJ, USA) supplemented with 5% penicillin/streptomycin
(P/S, Gibco, Invitrogen Corporation, Burlington, ON, Canada),
solution to avoid any contamination and maintained at 4◦C
until processing.

As previously described (Loy et al., 2016), for HUVECs
isolation, veins were rinsed with PBS, filled with 10× trypsin–
EDTA solution (Gibco, Invitrogen Corporation, Burlington,
ON, Canada), and incubated for 15min at 37◦C, after which
the trypsin–EDTA solution containing the HUVECs was
collected. PBS was added to wash the lumen, collected along
with the previous solution, and centrifuged at 1,000 rpm
for 5min. Thereafter, the supernatant was removed and the
cells resuspended in M199 culture medium (Gibco, Invitrogen
Corporation, Burlington, ON, Canada) with 5% fetal bovine
serum (FBS, Gibco, Invitrogen Corporation, Burlington, ON,
Canada), 1% P/S (Gibco, Invitrogen Corporation, Burlington,
ON, Canada), 2 ng/ml fibroblast growth factor (FGF, Life
Sciences, Grand Island, NY, USA), 1 ng/ml endothelial growth
factor (EGF, Life Sciences, Grand Island, NY, USA), 1µg/ml
ascorbic acid (Sigma Aldrich, Oakville, ON, Canada), 1µg/ml
hydrocortisone (Sigma Aldrich, Oakville, ON, Canada) and
seeded in a 75 cm2 flask (Corning, Oneonta, NY, USA).
This medium, that will be referred to as complete HUVECs
M199 culture medium (HUVEC-M199), has been used in the
experiments along with a basic version containing P/S (P/S-
M199) only. Culture medium was changed after 24 h and then
every 48 h until confluence was reached. ECs were characterized
using a rabbit primary antibody against von Willebrand factor
(VWF, Abcam, Ab6994, dilution 1/100, Toronto, ON, Canada,
data not shown). The cells were then maintained in culture at
37◦C in a saturated atmosphere at 5% CO2. When 85–90% of
confluence was reached, cells were then enzymatically detached
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from the plate (0.05% trypsin, Gibco, Invitrogen Corporation,
Burlington, ON, Canada) and then reseeded at a ratio of 1:3 or
used for experiments. For the experiment here reported, cells
have been used at passage 5 and 6.

For the HUASMCs, once all the associated connective tissues
were carefully removed, arteries were cut open longitudinally.
The intima layer, composed of endothelial cells, was carefully
scraped off and the arteries were then cut in smaller pieces using
a scalpel. The pieces were then placed in Petri dishes in presence
of M199 culture medium (Gibco, Invitrogen Corporation,
Burlington, ON, Canada) additioned with 5% fetal bovine
serum (FBS, Gibco, Invitrogen Corporation, Burlington, ON,
Canada), 1% penicillin/streptomycin (P/S, Gibco, Invitrogen
Corporation, Burlington, ON, Canada), 2 ng/ml fibroblast
growth factor (FGF, Life Sciences, Grand Island, NY, USA),
1 ng/ml endothelial growth factor (EGF, Life Sciences, Grand
Island, NY, USA), 1µg/ml ascorbic acid (SigmaAldrich, Oakville,
ON, Canada), 1µg/ml hydrocortisone (Sigma Aldrich, Oakville,
ON, Canada), and 5µg/mL of human insulin solution (Santa
Cruz Biotechnology, Dallas, TX, USA). This medium, that will
be referred to as complete HUASMCs M199 culture medium
(HUASMC-M199), has been used in along with P/S-M199).
After 2 weeks, SMCs from the explants had migrated and
colonized the surface of the Petri dishes. Once the artery
pieces have been removed, cells were expanded in HUASMC-
M199. Culture medium was changed every 48 h until confluence.
SMCs were identified by immunostaining for smooth muscle-
α-actin (SM-α-actin) and calponin (Ab7817, dilution 1/200 and
Ab46794, dilution 1/200, Abcam, Toronto, ON, Canada) (data
not shown,). Again, cells were maintained in culture at 37◦C in
a saturated atmosphere at 5% CO2. When 85–90% of confluence
was reached, cells were enzymatically detached from the plate
(0.05% trypsin, Gibco, Invitrogen Corporation, Burlington, ON,
Canada) and then reseeded at a ratio of 1:3 or used for
experiments. For the reported experiments, cells have been used
at passage 7.

Immunofluorescence
For immunofluorescence, CTRL and H10 gels have been
prepared as already mentioned. After 24 h, gels have been
incubated in PBS 1X with 3% of bovine serum albumin (BSA,
Sigma Aldrich, Oakville, ON, Canada) for 10min. Then gels have
been incubated with mouse primary antibody for collagen type
1 (1:1,000; Novus Biological, Oakville, ON, Canada) for 2 h at
37◦C. Following, gels were incubated with an Alexa Fluor R© 488
goat anti-mouse secondary antibody (Life Technologies, Sigma
Aldrich, Oakville, ON, Canada) for 2 h at room temperature
under agitation. Afterwards, gels have been rinsed three time with
PBS 1X with 0.01% Tween 20 and have been kept overnight at
4◦C before being placed on fluorescent microscope slides. Images
at a magnification of 20X have been collected using an Olympus
BX51 Fluorescence Microscope (Olympus Canada Inc., Toronto,
ON, Canada).

Conditioned Medium Collection
After gelification, 600 µl of P/S-M199 has been added to each
experimental condition. After 1, 3, and 7 days of incubation,

medium has been completely removed and collected for
subsequent experiment. For the ELISA quantification, additional
time points at 10 and 14 days were added. At each time point, 600
µl of fresh P/S-M199 medium has been added to the gels.

ELISA Quantification
For the quantification of the amount of PTN released by
the different collagen gels preparation, an enzyme-linked
immunosorbent assay (ELISA) was applied. Examination of
PTN was done by RayBio R© Human Pleiotrophin ELISA kit
(RayBiotech, Norcross, Georgia, USA). The assay was performed
according to the protocol provided by the manufacturer.
Absorbance at a wavelength of 450 nm was recorded using a
SpectraMax i3x Multi-Mode Plate Reader (Molecular Devices,
San Jose, California, USA).

Indirect Viability Assay
The effect of the released PTN on cells viability have been
analyzed using an indirect viability assay performed on both
HUVECs and HUASMCs. Briefly, cells have been seeded at
a concentration of 20,000 cells/cm2 in 96 well culture plates.
After 24 h of incubation with HUVEC-M199 or HUASMC-
M199, depending on the cell type used, at 37◦C in a saturated
atmosphere at 5% CO2 to allow the adhesion of the cells,
media has been removed and cells have been incubated for
24 h in presence of the different conditioned media collected
as previously described. Cells cultivated in P/S-M199 medium
have been used as a positive control (CTRL Cell). After the
treatment, the conditioned media have been removed and cells
have been incubated with a resazurin solution for 4 h. After the
incubation, the highly fluorescent resorufin product obtained by
the reduction of the resazurin was collected and fluorescence
intensity at a 545 nmex/590 nmem wavelength was measured with
a SpectraMax i3x Multi-Mode Plate Reader (Molecular Devices,
San Jose, California, USA). Fluorescence intensity is proportional
to cell viability. Data has been normalized toward the CTRL
Cell condition.

Direct Viability Assay
The effect of the addition of heparin and PTN to the CTRL gel
formulation on cells viability has been analyzed using a direct
viability assay performed using both HUVECs and HUASMCs.
Briefly, the following collagen gels formulations have been
prepared: (1) CTRL gel; (2) H10 gel; (3) P150 gel; and (4) H/P
gel. After gelification, cells have been seeded in HUVEC-M199 or
HUASMC-M199, according to the cell type, at a concentration
of 20,000 cells/cm2 onto the different gels and incubated at
37◦C in a saturated atmosphere at 5% CO2. Cells cultivated
on culture polystyrene in HUVEC-M199 or HUASMC-M199
medium have been used as a positive control (CTRL Cell). After
1, 3, and 7 days two, media has been removed and cells have been
incubated for six with a resazurin solution. After the incubation,
the resorufin product obtained was collected and fluorescence
intensity at a 545 nmex/590 nmem wavelength was measured with
a SpectraMax i3x Multi-Mode Plate Reader (Molecular Devices,
San Jose, California, USA). Fluorescence intensity is proportional
to cell viability.
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Migration Assay
To test the effects of the released PTN on the migration
of HUVECs, the transwell migration assay was used. Seven
thousand and five hundred cells were seeded in the upper
compartment of 24 well-format transwell with 8µm pores
(Corning, Amsterdam, the Netherlands) in 250 µL of HUVEC-
M199 or HUASMC-M199, according to the cell type. In the lower
compartment, the following collagen gels formulations have been
prepared: (1) CTRL gel; (2) H10 gel; (3) P150 gel; and (4) H/P
gel and 600 µl P/S-M199 have been added. Cells were incubated
at 37◦C in a saturated atmosphere at 5% CO2 for 24 h. After
the incubation, cells on both faces of the insert membranes were
fixed by incubation with formaldehyde 3.7% for 20min at room
temperature. Then, cells were stained with 1% Crystal Violet for
20min at room temperature. Once stained, cells on the upper side
of the porous membranes were gently removed using a cotton
swab. The transwell inserts were then placed under a phase-
contrast microscope and images of different fields (n = 5) were
collected at 20X magnification. To assess the migration rate for
each condition, stained cells were counted.

Hemocompatibility Assay
To study the hemocompatibility of the different collagen
gel formulations, the hemoglobin free methodology was used
(Montaño-Machado et al., 2015). Briefly, the following collagen
gels formulations have been prepared: (1) CTRL gel; (2) H10
gel; (3) P150 gel; and (4) H/P gel. After 24 h, 100ml of citrated
blood were deposited onto the surfaces of the different collagen
gels and 20 µl of 0.1M CaCl2 (Sigma Aldrich, Oakville, Canada)
were immediately added to inhibit the anti-coagulant effect
of the citrate. Samples were incubated at 37◦C in a saturated
atmosphere at 5% CO2 and after 10, 25, and 50min, 2ml of
distilled water were added to each sample. The erythrocyte not
entrapped in a blood clot were hemolyzed. One minute later,
the obtained solution was removed and placed into a 96 well
plate. The free hemoglobin molecules released in water following
hemolysis were measured by reading the absorbance at a 540 nm
wavelength by means of a SpectraMax i3x Multi-Mode Plate
Reader (Molecular Devices, San Jose, California, USA). The
higher is the absorbance recorded, the higher is the amount of
free hemoglobin, therefore the higher is the hemocompatibility.
The test was performed, with blood from different donors used
for each experiment. The maximum amount of hemoglobin
(Max Hemoglobin) was obtained by immediately hemolyzed
after the citrate inhibition. Data where normalized toward the
Max Hemoglobin value.

Statistical Analysis
For each experiment, a n = 5 replicates for each condition
has been used. Each of the experiments were performed three
independent times. For the hemocompatibility test, blood from
three different donors was used for each experiment. The
data shown are means ± standard deviation (SD). Statistical
significance of the presented results was calculated using ANOVA
non-parametric Kruskal-Wallis method through the software
InStatTM (GraphPad Software, La Jolla, CA, USA). Values of p <

0.05 or less were considered significant.

RESULTS

Mechanical and Structural
Characterization
The stress/relaxation unconfined compression tests were
performed on CTRL gels and on the modified gels to
evaluate if the addition of heparin or PTN to the gel
mix caused any changes in the mechanical properties of
the gels. The equilibrium elastic modulus of the four gels
composition has been analyzed: no significant differences in
the equilibrium elastic modulus of the gel compositions were
detected (Figure 1A). The immunofluorescence performed
on the gels confirmed the results obtain by the mechanical
characterization. In fact, no visible differences were noted in the
arrangement of the collagen fibers in all the tested formulations
of the gels (Figure 1B).

Released PTN Quantification
The amount of PTN released over a 10-days period, along with
the kinetic of its release, has been analyzed by means of a
PTN-specific ELISA quantification assay (Figure 2).

The results of the ELISA quantification have been used to
analyses the cumulative released of PTN over 14 days, as shown
in Figure 2A. For P150, after 1 day, the concentration of PTN
found in the collected conditionedmediumwas 51.6± 4.7 ng/ml.
After 3 days, the total PTN concentration detected was 65.8
± 4.9 ng/ml and after 7 days the concentration was 74.6 ±

4.8 ng/ml. At 10 days, the cumulative released PTN was 81.2
± 9.5 ng/ml wile at 14 days it reached 85.0 ± 9.2 ng/ml. A
similar cumulative release was observed for the H/P gel, but the
concentrations of PTN measured at the 1 and 3-days time points
were significantly lower compared to the P150 condition (Day 1:
22.2± 1.5 ng/ml, p < 0.001 vs. P150 gel; Day 3: 49.0± 2.1 ng/ml,
p < 0,01 vs. P150 gel). At 7 days, the cumulative release for the
H/P gel, 74.3 ± 2.3 ng/ml, was almost the same as for the P150.
However, at Day 10 the cumulative released PTN was higher
compared to the P150 gel (97.3 ± 1.5 ng/ml, p < 0.01 vs. P150
gel). This trend continued until Day 14, with the cumulative
release of H/P (112.3 ± 0.1 ng/ml) being higher than the P150
condition (p < 0.01 vs. P150 gel). Figure 2B shows the release
kinetic of the different gel formulation expressed as % of released
PTN at each time point studied. It is possible to observe how the
PTN 150 ng/ml gel released a high amount of PTN at the first day
while, during the following time points, the amount of released
PTN decreased drastically. On the contrary, the amount of PTN
released by the H/P gel was constant over time.

Indirect Viability Test
Indirect viability tests have been performed on ECs and SMCs to
evaluate if the released PTN present in the collected conditioned
medium was able to exert any effect on the viability of the
treated cells.

Regarding the ECs (Figure 3A), viability test has shown that
after 1 day of incubation, the conditioned medium collected
after 1 day from the H/P gel condition (2.23 ± 0.17)E8 was
able to significantly increase the viability compared to the
CTRL Cell (1.71 ± 0.06)E8 (p < 0.01), the CTRL Gel (1.77
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FIGURE 1 | Mechanical and Structural Characterization. (A) Graph shows the mean Equilibrium Elastic Modulus ± SD for the 4 gel formulations: CTRL, H10, P150,

and H/P gels. (B) The images show the immunofluorescent staining of the type 1 collagen fibers (green color) in the gel formulations tested: CTRL, H10, P150, and

H/P gels. Images were taken after 24 h at a 20X magnification.

FIGURE 2 | PTN ELISA Quantification. The graphic shows the results for the quantification of PTN release by the Hep 10µg/ml (H10), PTN 150 ng/ml (P150) and Hep

10µg/ml PTN 150 ng/ml (H/P) collagen gels after 1, 3, 7, and 10 days of incubation. (A) The graphic shows the mean cumulative release ± SD measured at each

time point. *p < 0.001 vs. 1 Day P150; **p < 0.01 vs. 3 Days P150; #p < 0.01 vs. 10 Days P150; §p < 0.01 vs. 14 Days P150 gel. (B) The graphic shows the % of

released PTN ± SD measured at each time point.

± 0.33)E8 (p < 0.01), and the H10 gel (1.76 ± 0.30)E8 (p
< 0.01) conditions. For the 3 days conditioned media, the
P150 gel condition (2.09 ± 0.22)E8 was able to significantly
increase the ECs viability against the CTRL Gel (1.62 ± 0.24)E8

(p < 0.01). Again, the H/P gel (2.29 ± 0.17)E8 was able to
significantly increase the viability of the HUVECs compared
to CTRL Cell (p < 0.001) and CTRL gel (p < 0.001). With
the 7 days conditioned media, both P150 gel (2.17 ± 0.18)E8

and H/P gel (2.46 ± 0.15) conditions were able to significantly
increase cells viability compared to the CTRL Cell (p < 0.05
vs. P150 gel, p < 0.001 vs. H/P gel) and CTRL Gel conditions

(1.76 ± 0.11)E8 (p < 0.05 vs. P150 gel and p < 0.001 vs.
H/P gel).

The indirect viability assay performed on SMCs has shown
that, regardless of the time point at which the conditioned media
were collected from the different collagen gel conditions, no
significant change was observed in between the CTRL Cell and
CTRL Gel conditions and the modified collagen gels (Figure 3B).

Direct Viability Assay
Direct viability tests have been performed on ECs and SMCs
directly seeded on the different collagen gel conditions to evaluate
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FIGURE 3 | Indirect Viability Assay. HUVECs and HUASMCs were treated with conditioned medium collected after 1, 3, and 7 days of incubation with the following

collagen gel conditions: control collagen gel (CTRL Gel); collagen gel with 10µg/ml of heparin (H10 gel); collagen gel with 150 ng/ml of PTN (P150 gel); collagen gel

containing 10µg/ml of heparin and 150 ng/ml of PTN (H/P gel). Cell viability was measured after 24 h by means of a resazurin salt solution assay. (A) The graphic

shows the relative viability ± SD recorded from HUVECs treated with the different experimental conditions. *p < 0.01 vs. Day 1 CTRL Cell, CTRL Gel and H10 gel; **p

< 0.001 vs. Day 3 CTRL Cell and CTRL Gel; Up < 0.01 vs. Day 3 CTRL Gel; #p < 0.05 vs. Day 7 CTRL Cell and CTRL Gel; §p < 0.001 vs. Day 7 CTRL Cell and

CTRL Gel. (B) The graphic shows the mean fluorescence ± SD recorded from HUASMCs treated with the different conditions.

the direct effects of the PTN present in the gels. After 1 day of
incubation, HUVECs seeded on the P150 gels (1.90 ± 0.05)E8

showed a significant increased viability compared to the CTRL
Cell (1.15 ± 0.11)E8 (p < 0.01) and to cells seeded on the H10
gels (1.08 ± 0.05)E8 (p < 0.01). After 3 days of incubation,
both P150 gels (2.61 ± 0.17)E8 an H/P gels (2.22 ± 0.11)E8

were able to significantly increase the viability of the seeded
HUVECs compared to the CTRL Cell (1.89 ± 0.20)E8 (p <

0.001 vs. P150 gel and p < 0.01 vs. H/P gel), CTRL gel (1.96
± 0.11)E8 (p < 0.001 vs. P150 gel and p < 0.01 vs. H/P
gel), and the H10 gel (1.15 ± 0.05)E8 (p < 0,001 vs. P150 gel
and p < 0.01 vs. H/P gel). Finally, both P150 gels (2.86 ±

0.33)E8 an H/P gels (2.86 ± 0.11)E8 were able to significantly
increase the viability of the seeded huvec compared to the
CTRL Cell (2.30 ± 0.22)E8 (p < 0.001 vs. P150 gels and H/P
gel), CTRL gels (2.19 ± 0.15)E8 (p < 0.001 vs. P150 gels and
H/P gel), and H10 gels (1.57 ± 0.14)E8 (p < 0.001 vs. P150
gels and H/P gels) (Figure 4A).

Regarding the direct viability tests performed on the SMCs, as
for the indirect tests, no significant difference was shown between
the different experimental conditions (Figure 4B).

Migration Assay
EC migration was analyzed using the Transwell migration Assay.
After 24 h of incubation, the H/P gel was able to induce a
significant higher migration (1.90± 0.44) compared to the CTRL

gel (1.00 ± 0.41; p < 0.001) and the H10 gel (1.14 ± 0.32; p <

0.001) (Figure 5).
Concerning the SMCs migration, the Transwell Assay

(Figure 6) showed that after 24 h of incubation, the H10 gel
were able to significantly inhibit the HUASMCs migration
(0.64 ± 0.18) compared to the CTRL gel (p < 0.01).
Moreover, in presence of the H/P gel the migration of
the HUASMCs (0.49 ± 0.21) was also significantly lower if
compared to the CTRL gel (p < 0.001) and the P150 gel
(0.83± 0.24; p < 0.001).

Hemocompatibility Assay
The hemocompatibility of the different collagen gel formulation
has been tested using the hemoglobin free methodology.
Absorbance at a wave length specific for hemoglobin (540 nm)
was measured after the blood was incubated for 10, 25, and
50min with the gels (Figure 7). After 10min, both the gel
formulation containing heparin, the H10 gel (0.39 ± 0.03) and
the H/P gel (0.43 ± 0.06) where able to significantly increase
the amount of free hemoglobin, hence the hemocompatibility,
compared to both the CTRL gel (0.22 ± 0.01; p < 0.05 vs.
H/P gel) and P150 gel (0.14 ± 0.01; p < 0.001 vs. H10 gel
and H/P gel). The same behavior was observed after 25min of
incubation: both the H10 gel (0.45 ± 0.11) and the H/P gel (0.37
± 0.09) were able to significantly increase the hemocompatibility
compared to the CTRL gel (0.15 ± 0.07; p < 0.001 vs. H10
gel and H/P gel) and P150 gel (0.12 ± 0.02; p < 0.001
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FIGURE 4 | Direct Viability Assay. HUVECs and HUASMCs were directly seeded on the following collagen gel conditions: control collagen gel (CTRL Gel); collagen gel

with 10µg/ml of heparin (H10 gel); collagen gel with 150 ng/ml of PTN (P150 gel); collagen gel containing 10µg/ml of heparin and 150 ng/ml of PTN (H/P gel). Cell

viability was measured after 1, 2, and 7 days by means of a resazurin salt solution assay. (A) The graphic shows the mean fluorescence ± SD recorded from HUVECs

treated with the different experimental conditions. *p < 0.01 vs. Day 1 CTRL Cell and H10 gel; **p < 0.001 vs. Day 3 CTRL Cell, CTRL Gel and H10 gel; #p < 0.01

vs. Day 3 CTRL Cell, CTRL Gel and H10 gel; §p < 0.01 vs. Day 7 CTRL Cell, CTRL Gel, and H10 gel. (B) The graphic shows the mean fluorescence ± SD recorded

from HUASMCs treated with the different experimental conditions.

FIGURE 5 | HUVECs Transwell Migration Assay. (A) Quantitative analysis of migrated HUVECs expressed as mean ± SD of number of migrated cells per field. Results

have been normalized against the CTRL Gel condition. *p < 0.01 vs. CTRL gel and H10 gel. (B) Representative images are showing the Crystal Violet staining of the

migrated HUVECs for the four conditions tested: CTRL, H10, P150, and H/P gels. Images were taken at a 10X magnification.

vs. H10 gel and H/P gel). Again, after 50min of incubation,
the H10 gel (0.24 ± 0.08) and the H/P gel (0.29 ± 0.11)
significantly increase the measured free hemoglobin compared
to the CTRL gel (0.08 ± 0.01; p < 0.001 vs. H10 gel and H/P
gel) and the P150 gel (0.08 ± 0.01; p < 0.001 vs. H10 gel and
H/P gel).

DISCUSSION

An effective and fast re-endothelialization is of crucial
importance to guarantee the clinical patency of polymeric
vascular graft (Bordenave et al., 2005). The formation of
confluent endothelial coverage has the benefit to speed up
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FIGURE 6 | HUASMCs Transwell Migration Assay. (A) Quantitative analysis of migrated HUASMCs expressed as mean ± SD of number of migrated cells per field.

Results have been normalized against the CTRL Gel condition. **p < 0.01 vs. CTRL gel; #p < 0.001 vs. CTRL gel and P150 gel. (B) Representative images are

showing the Crystal Violet staining of the migrated HUASMCs for the four conditions tested: CTRL, H10, P150, and H/P gels. Images were taken at a 10X

magnification.

FIGURE 7 | Hemocompatibility Test. Whole human blood was put in contact

with the following collagen gel conditions: control collagen gel (CTRL Gel);

collagen gel with 10µg/ml of heparin (H10 gel); collagen gel with 150 ng/ml of

PTN (P150 gel); collagen gel containing 10µg/ml of heparin and 150 ng/ml of

PTN (H/P gel). Blood was incubated with the gels for 10, 25, and 50min. At

each time point blood was solubilized and absorbance was recorded at

540 nm. The graphic shows the relative free hemoglobin ± SD. *p < 0.001 vs.

10min P150 gel; **p < 0.05 vs. 10min CTRL gel and p < 0.001 vs. 10min

P150 gel; ***p < 0.001 vs. 25min CTRL gel and P150 gel; #p < 0.001 vs.

50min CTRL gel and P150 gel.

and improve the integration of the implanted graft, effectively
shortening the healing time (van der Zijpp et al., 2003).
Moreover, graft endothelialization has the benefit of limiting
the insurgence of adverse processes like in-graft thrombosis
and neo-intima hyperplasia (Haruguchi and Teraoka, 2003).
These two conditions, as of today, represent a major concern
hampering the performances of synthetic vascular graft in
the clinical practice. The modification of the luminal surface
of synthetic graft with natural components of the vascular
extracellular matrix (ECM), such as collagen, has been already
used to provide receptor-ligand binding sites for ECs on the graft
surface. Another important factor in promoting ECs adhesion

and proliferation on the implanted graft is the use of biological
signaling. This represents a crucial point in cell-driven tissue
regeneration. However, the concentration of biological molecules
must be fine-tuned in order to accomplish the desired effects,
thus the need to release these molecules in a controlled way.
Therefore, the development of collagen-based drug delivery
systems, in which specific non-covalent interactions are used to
stabilize small molecule and protein-based drugs, immobilize
them within the collagen scaffold and to control their release for
biomedical applications, have been widely developed (Wallace
and Rosenblatt, 2003). These systems help in protecting the
biological activity of the loaded molecules while slowing their
diffusion from collagen scaffolds, providing optimal effects on
the targeted vascular cells. The use of heparin to control the
release of therapeutic agents from collagen scaffolds has been
widely studied, due to its ability to sequester, stabilize, and
protect growth factors and cytokines (Sakiyama-Elbert, 2014).
In this study, a drug delivery system for PTN, a known pro-
angiogenetic factor, is presented as a potential strategy to induce
in-graft migration and proliferation of ECs. The release system
is based on a Type 1 collagen hydrogel, chosen for his favorable
biological properties. The hydrogel has been further modified
with the addition of heparin to help controlling the release of the
loaded PTN over time and to confer anticoagulant properties to
the system. The mechanical properties of the modified gels have
been tested, along with the biological performances. To do so,
the different gel compositions have been tested for cell viability
and migration on both ECs and SMCs, in order to evaluate their
effects on cell behaviors.

The effect of the addition of heparin to collagen gels
has been studied for long time (Obrink, 1973). Heparin
was reported to alter the structure of the collagen fibers,
potentially leading to changes in the mechanical and biological
properties of the modified collagen gels (Guidry and Grinnell,
1987; Salchert et al., 2004). Mechanical tests leading to the
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equilibrium elastic modulus have shown how the addition
of 10µg/ml of heparin, H10 gels, does not alter in a
significant way the mechanical properties of the CTRL gels
(Figure 1A). Moreover, the immunofluorescence staining for
the type 1 collagen fibers shows how the H10 gels presents an
unaltered fibers structure, further demonstrating the absence
of negative effects of heparin on the collagen gel structure
(Figure 1B). The concentration chosen to modify the collagen
gel, besides showing the best results in terms of structure
preservation compared to other concentration tested (data not
shown), is in accordance with pre-existing data present in
literature (Johnson et al., 2010).

The release of growth factors and cytokine from heparinized
collagen gels is dependent on diffusion from the collagen
matrix and the binding affinity to heparin, whereas for simple
collagen gels the release rely mainly on the diffusion from the
gel (Lee et al., 2004). The analysis of the release of PTN from
the unmodified (P150 gels) and heparin-modified gels (H/P
gels) shed light on how the addition of heparin was able to
induce a more controlled, sustained release of PTN over the
time period studied. The amount of PTN released during the
first week by the H/P gels is significantly lower compared to
the P150 gels. Moreover, the amount of PTN released by the
H/P gels increase until the fourteenth day, whereas a significant
drop in release is notable with the P150 gels. The results here
obtained are in accordance with previous observation made with
the use of heparin to modulate the release of several growth
factor (Lee et al., 2004; Yang et al., 2012; Hao et al., 2018),
implying a direct effect of heparin in controlling the release of
PTN from the collagen gels. Moreover, as shown in Figure 2B,
the addition of heparin to collagen gels resulted effective in
decreasing the initial burst of PTN released, as with previously
described results where heparin successfully controlled
the release of growth factors from heparinized scaffolds
(Lee et al., 2007; Liu et al., 2016).

PTN is known for is beneficial effects exerted on the
cardiovascular system, and especially on ECs. In fact, it has been
shown to be a neovasculogenesis inducer (Christman et al., 2005),
a potent pro-angiogenetic factor (Besse et al., 2013) and to be able
to effectively differentiate mononuclear cells into functional ECs
(Palmieri et al., 2015). Moreover, as described in our previous
work (Copes et al., 2019), PTN can induce significant effects on
viability, migration and repair ability of ECs. The results hereby
presented show how the incorporation of PTN in the Heparin-
Collagen gel delivery system does not altered the beneficial effects
toward the ECs associated to PTN. Regarding the HUVECs
directly seeded onto the different collagen gel formulations, the
presence of PTN was able to induce a significant increase in
cell viability compared to the conditions without it. Moreover,
while in presence of the sole heparin (H10 gel condition) a
decrease in ECs viability is appreciable, in the H/P gels no
negative effects are detectable, showing a behavior similar to the
P150 gels (Figure 4A), displaying the ability of the added PTN
to “mask” the effect of heparin. Those results are in accordance
with our previous findings about PTN mitogenic effects on
ECs. Regarding the indirect viability tests (Figure 3A), again
PTN was able to significantly increase the treated HUVECs

viability compared to the control conditions. Of interest, the
released PTN from the H/P gels seems to exert better effects
compared to the one obtained from the P150 gels. This difference
in efficacity could be explained by the presence of heparin in
the H/P gels: heparin has been demonstrated to be able to
stabilize and preserve the structure, thus the function of several
growth factors and cytokine (Nissen et al., 1999; Sakiyama-
Elbert, 2014). The binding of heparin to growth factor has
been also demonstrated to be able to increase the efficacy of
the bounded factors (Ornitz et al., 1992). Considering the high
binding affinity between PTN and heparin, a protective action
of the latter on the released PTN could be at the base of the
H/P gel released PTN effects toward the treated ECs. The results
obtained from the migration assay show a response from the
ECs similar to the one obtained for the viability assay. As shown
in Figure 5, the H/P gels were able to induce a significant
increase in the migration of the treated HUVECs compare to
control conditions, confirming the beneficial effects of PTN
on ECs migration (Lampropoulou et al., 2018; Copes et al.,
2019). Interesting, contrary to the H/P gels, the effect exerted by
the P150 gels resulted being not significantly higher compared
to the control conditions, further validating the hypothesis
of a protective/enhancing effect of heparin on PTN activity
toward ECs.

Regarding the effects of PTN on the viability and migration
of SMCs, the results obtained gave a different picture. In fact,
both the indirect and direct cell viability test (Figures 3B, 4B)
show how the presence of PTN does not induce any significant
effect on the viability of treated SMCs, contrary to the results
presented by Brewster et al. (2004), where the treatments with
a chimeric PTN fusion protein induced an increase in the
viability of SMCs, thus suggesting a non-specificity of PTN
for SMCs. The results of the migration assay performed on
the HUASMCs (Figure 6), show how with the H10 and H/P
gels, meaning in presence of heparin, the migration ability of
the SMCs was significantly inhibited compared to the CTRL
and P150 gels. The inhibitory effects of heparin on SMCs
viability, proliferation, and migration ability (Castellot et al.,
1985; Stewart et al., 2012) along with their mechanism (Young,
2008; Gilotti et al., 2014) are well known. This, along with
the results hereby presented, suggests a role for the heparin
in the inhibitory effects observed on the treated HUASMCs.
Moreover, since heparin added to the gels is not immobilized
in the collagen matrix, this may account for a portion of
the added heparin to be released along with PTN, thus
explaining the inhibitory effects observed on SMCs migration
and the aforementioned protective/enhancing effect on PTN
toward ECs. Altogether, these findings demonstrate how are
system could be useful for an application in vascular graft
functionalization, showing pro-endothelialization properties and
inhibitory effects on SMCs, two of the most sought-after effects
for vascular biomaterials.

The effects of heparin as an anticoagulant factor are well
known and characterized (Gray et al., 2012), as is its use
in tissue engineering to confer anticoagulation properties
(Liang and Kiick, 2014). In accordance to the data present
in literature, the hemocompatibility of the gels containing
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heparin, in particular in the H/P gels, was significantly
increase compared to the CTRL and P150 gels, suggesting a
potential in limiting the formation of thrombosis in an in
vivo application (Figure 7). These results fall in accordance
with the existing literature, where the use of heparin to
modify collagen scaffolds to enhance their hemocompatibility
properties has already been investigated with promising results
(Keuren et al., 2004). Moreover, the previously described
effects of the addition of heparin on the release of PTN
and the preservation of its beneficial effects, further support
the possible application in vascular medicine of this drug
delivery system.

CONCLUSIONS

The obtained results show how the addition of heparin to
a type I collagen gel can control over time the release of
PTN, without altering the gel properties while limiting the
thrombogenicity of the modified gels. The added PTN, moreover,
is able to exert beneficial ECs-specific effects on cell viability
and migration while not affecting SMCs behavior. In conclusion,
the PTN-heparin-modified collagen gels here proposed can
represent an added value for their use in vascular medicine, being

able to improve the biological performance and integration of
vascular grafts.
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