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Vascularization of engineered tissues in vitro and in vivo remains a key problem in translation of engi-
neered tissues to clinical practice. Growth factor signalling can be prolonged by covalent tethering, thus
we hypothesized that covalent immobilization of vascular endothelial growth factor (VEGF-165) to
a porous collagen scaffold will enable rapid vascularization in vivo. Covalent immobilization may be
preferred over controlled release or cell transfection if the effects are desired within the biomaterial
rather than the surrounding tissue. Scaffolds were prepared with 14.5 � 1.4 ng (Low) or 97.2 � 8.0 ng
(High) immobilized VEGF, or left untreated (control), and used to replace a full right ventricular free wall
defect in rat hearts. In addition to rapid vascularization, an effective cardiac patch should exhibit neither
thinning nor dilatation upon implantation. In vitro, VEGF enhanced the growth of endothelial and bone
marrow cells seeded onto scaffolds. In vivo, High VEGF patches had greater blood vessel density
(p < 0.01) than control at Day 7 and 28 due to increased cell recruitment and proliferation (p < 0.05 vs.
control). At Day 28, VEGF-treated patches were significantly thicker (p < 0.05) than control, and thick-
ness correlated positively with neovascularization (r ¼ 0.67, p ¼ 0.023). Importantly, angiogenesis in
VEGF scaffolds contributed to improved cell survival and tissue formation.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Cardiac patches are required to surgically restorenormal size and
shape to the dilated ventricles of patients with end stage congestive
heart failure [1] or to correct congenital cardiac defects [2]. Synthetic
patches do not heal or grow as a child matures, but biodegradable
scaffoldsmayproduce a compliant tissue that healswithout scarring
[3]. However, cell-engineered patches created from biodegradable
biomaterials require extensive angiogenesis (sprouting of new
capillaries) to transport oxygen and nutrients and remove waste, in
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order to support the engraftment of implanted and/or recruited
progenitor cells that contribute to tissue formation as the patch
degrades. The optimal method to induce and maintain vascularity
within a biomaterial patch has yet to be identified.

Cardiac tissue patches created from decellularized matrices that
provide a physiological substrate architecture have been evaluated
extensively with positive results [4e6]. Combining biomaterials
with cells (e.g., muscle cells, endothelial cells, or fibroblasts) yields
a 3-dimensional tissue [3,7]. However, the survival of the tissue
patch in vivo will be dependent on the vascularization process. In
vitro, engineered tissues can be grown in a perfusion bioreactor to
overcome diffusional limitations of oxygen transport in order to
support cell survival [8,9]. In addition, channels can be created
within tissue engineering scaffolds to mimic vasculature and to
facilitate mass transport. Previous studies involving this approach
included microfabrication of capillary-sized conduits in poly(glyc-
erol sebacate)-coated silicone wafers [10], and culturing car-
diomyocytes and fibroblasts on channelled scaffolds perfused with
perfluorocarbon supplemented culture medium [11]. These in vitro
techniques are limited in that the pre-formed channels or vascu-
lature cannot connect fast enough to the host’s circulation upon in
twork from ClinicalKey.com by Elsevier on October 10, 2018.
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Table 1
Concentrations of reagents used in VEGF immobilization.

Name of Experimental
Group

EDC Activation Step
(First Step)

Immobilization Step
(Second Step)

EDC
(mg/mL PBS)

Sulfo-NHS
(mg/mL PBS)

VEGF
(mg/mL)

Control e e e

Low VEGF 4.8 12 0.5
High VEGF 24 60 2
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vivo implantation. In another approach, Morritt et al. [13] engi-
neered vascularized cardiac tissues by seeding cells in a poly-
carbonate chamber that contained an arteriovenous loop, and then
implanting the chamber into a rat groin. Madden et al. [12] recently
demonstrated that the scaffold pore size can be tuned (30e40 mm)
to enhance angiogenesis upon implantation of the cardiac patch.

Angiogenic cytokines can be used to induce vascularization
within a cardiac patch [16]. For example, vascular endothelial
growth factor (VEGF) e which promotes endothelial cell prolifer-
ation, cell migration, tube formation, and functional blood vessel
formation [17,18] e can be delivered to damaged cardiac tissue by
soaking a biomaterial in VEGF solution before surgical ventricular
repair. However, handling during surgery and the ventricular
pressurewill ultimately cause the soluble VEGF to leak and limit the
duration of its biological effects.

Controlled release [19e21] and physical immobilization of
growth factors [22] were also previously evaluated in promoting
cell proliferation and angiogenesis in vivo. Steffens et al. [22]
physically immobilized VEGF onto heparinized collagen matrices.
The VEGF released from the matrices led to improved endothelial
cell proliferation and angiogenesis in the chorioallantoic mem-
brane. Similarly, increased angiogenesis around the implantation
site in the back subcutis of mice was achieved using glutaraldehyde
crosslinked collagen hydrogel loaded with VEGF, compared to
soluble VEGF and VEGF-free hydrogels [20]. VEGF was also released
from an alginate hydrogel delivery system that responded to
compressional loading, which in turn induced blood vessel
formation [19]. More recently, a scaffold consisting of alginate/
alginate sulphate was used to enhance cardiac patch vasculariza-
tion and viability by incorporating a mixture of prosurvival and
angiogenic factors (SDF, IGF-1 and VEGF) by affinity binding to the
scaffold [23].

We hypothesized that biomaterial vascularization can be
enhanced in vivo during cardiac repair by use of covalently
immobilized growth factors. Growth factor signalling can be pro-
longed by covalently tethering the factor directly to the surface of
the biomaterial [24]. We previously found that covalently immo-
bilized VEGF boosted the in vitro proliferation of seeded endothelial
cells within a collagen scaffold more than soluble VEGF added to
the culture medium [25]. Covalent immobilization offers an
advantage over physical entrapment or controlled release tech-
niques since it enhances the stability of the growth factor, and
ensures that the effects are localized within the biomaterial itself,
rather than the surrounding tissue.

Here, our aim was to increase the angiogenic potential of
a biodegradable scaffold for use as a patch in cardiac repair. We
covalently immobilized different concentrations of VEGF directly to
a three-dimensional collagen scaffold in order to maximize local
growth factor availability. We assessed the angiogenic properties of
our biomaterial in vitro and in vivo. Specifically, we studied the
dose-dependent effects of VEGF on the seeded endothelial and
bone marrow cells (BMCs) in vitro, and evaluated healing, vascu-
larization, cell recruitment and survival within scaffolds with
immobilized VEGF, implanted to replace a full thickness defect of
the right ventricular (RV) free wall in rats.

2. Materials and methods

2.1. Preparation of collagen scaffolds

Recombinant VEGF-165 (Cell Sciences, CRV014B) was immobilized onto Ultr-
afoam collagen sponge scaffolds (2 cm � 2 cm � 2 mm; Davol, 1050050) using
1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC) chemistry.
Briefly, the scaffolds were immersed in a filtered solution of EDC (Sigma, E7750) and
Sulfo-NHS (N-hydroxysulfosuccinimide; Pierce Chemicals, 24510) in phosphate-
buffered saline (PBS; Gibco, 10010-023) for 20 min. The concentrations of EDC and
Sulfo-NHS used in the activation step for different experimental groups are
Downloaded for Anonymous User (n/a) at University Health Netwo
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summarized in Table 1. Next, the scaffolds were immersed in a solution of VEGF
[0.5 mg/mL (Low VEGF) or 2.0 mg/mL (High VEGF)] in PBS for 2 h (Table 1). Collagen
scaffolds immersed in PBS only (both steps) were used as controls. Finally, the
scaffolds were washed in PBS.

2.2. Scanning electron microscopy (SEM)

The collagen scaffolds were imaged using environmental scanning electron
microscopy (Hitachi S-3400N) as previously described [25]. First, the scaffolds were
washed twice with distilled water to remove PBS solution and then placed into the
specimen chamber. Next, filter paper was used to remove excess water from the
sample. Finally, the chamber was closed, and the chamber temperature decreased to
�20 �C. Samples were imaged under variable pressure mode at 70 Pa and 15 kV.
Images were captured at 100�.

2.3. Quantification of immobilized and released amounts of VEGF

VEGFwas quantified using an ELISA kit (Biovision, K4364-1000) according to the
manufacturer’s instructions. The amount of immobilized VEGF per scaffold was
measured indirectly. First, an ELISA assay was performed to measure the non-
immobilized VEGF remaining in the immobilization and washing solutions. Next,
the amount of non-immobilized VEGF was subtracted from the starting amount as
previously described [25]. To determine the amount of VEGF released from the
scaffolds over 28 days in vitro, scaffolds (n ¼ 3/group) were prepared and incubated
in 200 mL PBS at 37 �C. PBS was collected from each incubated sample on days 3, 8,
14, 21, and 28, and stored at �20 �C. VEGF levels in the PBS (released VEGF) were
measured using ELISA. The total amount of VEGF released from the scaffold was
calculated by summing the amounts released at all time points.

2.4. In vitro cell cultivation

The in vitro activity of immobilized VEGF on cell growth and lactate production
was measured. Fresh scaffolds (n ¼ 4e6/group; 7 mm diameter, 2 mm thickness)
were seeded with H5V endothelial cells or cultured BMCs (50,000 cells/scaffold)
[25,26] and maintained for 3 days as previously described [25]. Alternatively, scaf-
folds were incubated in 200 mL PBS at 37 �C for 28 days (Aged scaffolds), and then
seeded with endothelial cells and cultured. H5V endothelial cells were isolated from
murine embryonic heart endothelium and grown in H5V culture medium
comprising Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma, D5796) with 4.5 g/
L glucose, 4 mM L-glutamine, 10% fetal bovine serum (FBS, Gibco, 16000-044),
100 units/mL penicillin, and 100 mg/mL streptomycin (Gibco/Invitrogen, 15140122).
BMCs were isolated from green fluorescent protein (GFP)-positive Wistar rats and
grown in BMC culture medium comprising Iscove’s Modified Dulbecco’s Medium
(IMDM, Gibco, 12440-053) with 10% FBS. Before seeding, collagen scaffolds were
washed in PBS, incubated in culture medium for 30 min, and dried on autoclaved
Kimwipes. The scaffolds were transferred to a clean, 24-well plate. The desired
number of cells was centrifuged into a pellet and resuspended in a volume of cell
type-specific culture medium corresponding to 10 mL per collagen scaffold. H5Vs or
BMCs were seeded onto the scaffolds (50,000 cells/scaffold) in 10 mL culture
medium. The scaffolds were incubated for 40 min at 37 �C to allow cell attachment.
After incubation, 1 mL fresh culture medium was added to each well, and the
samples were cultured for 3 days.

The number of cells in the collagen scaffolds after the 3 day in vitro culture was
determined using an XTT (sodium 30-[1-(phenylaminocarbonyl)-3,4-tetrazolium]-
bis (4-methoxy-6-nitro) benzene sulfonic acid hydrate) assay (Roche Diagnostics,
1465015) as previously described [25]. Briefly, collagen samples were incubated
with 100 mL culture medium and 50 mL XTT labelling solution at 37 �C with 5% CO2

for 2 h. Using this technique, live cells should cleave the yellow tetrazolium salt XTT
to form an orange formazan dye. The absorbance of the supernatant (100 mL) was
measured at 450 nm using a plate reader (Apollo LB911, Berthold Technologies).
Calibration curves were created by performing XTT assays on standard scaffold
samples seeded with known numbers of cells. The number of cells in each sample
was determined based on the absorbance value, using the calibration curve.

After seeded scaffolds were cultured for 3 days in vitro, culture medium was
collected from each well and diluted (1:50) in distilled water. Lactate concentrations
rk from ClinicalKey.com by Elsevier on October 10, 2018.
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were measured in the medium samples using a lactate assay kit (Biomedical
Research Service Centre, A-108L) according to the manufacturer’s instructions.
Absorbance was measured using a plate reader at 492 nm. Since the intensity of the
coloured formazan product is proportional to the concentration of lactate, lactate
concentrations were determined based on the absorbance values, using calibration
curves from the series of lactate standards.

2.5. Experimental animals for in vivo studies

Animal procedures were approved by the Animal Care Committee of the
University Health Network. This investigation conforms with the Guide for the Care
and Use of Laboratory Animals (NIH Publication No. 85-23, revised 1996). Sprague
Dawley rats (200e225 g) and Wistar rats (250e275 g) underwent RV free wall
replacement. Implanted scaffold morphology, histology, and cell proliferation were
measured in Sprague Dawley recipients; circulating cell recruitment to the
implanted scaffold and cell survival within the scaffold were evaluated in Wistar
recipients. BMCs expressing green fluorescent protein (GFP) were isolated from
female transgenic Wistar rats [Wistar-TgN(CAG-GFP) 184ys] (carrying an enhanced
GFP transgene driven by chicken b-actin promoter and CMV enhancer) and used for
cell recruitment and survival experiments.

2.6. RV free wall resection and replacement with collagen scaffold

This procedurewas performed as we previously described [27]. Briefly, rats were
ventilated and anesthetised with 1.5e2.5% isoflurane. In each rat, the heart was
exposed through a median sternotomy. A 5e6 mm diameter section of the RV free
wall was isolated with a purse-string suture to create a “neck” of the bulging RV free
wall. A 16-gauge angiocatheter was passed over the stitch to create a tourniquet and
prevent bleeding when a full thickness circular segment of the RV free wall was
removed. A collagen scaffold patch (5 � 5 � 2 mm) was laid on top of the resected
ventricular wall and then sutured to the margin of the defect using a purse-string
stitch (with 7-0 polypropylene monofilament material and an over-and-over
running suture technique) to close the RV free wall defect. The tourniquet was
released and the purse-string stitch was removed. The chest wall was closed with
5-0 silk.

2.7. In vivo cell recruitment

To evaluate cell recruitment into the patch, BMCs (1�106 in 50 mL of serum-free
medium) isolated from GFP transgenic Wistar rats were injected intravenously into
syngeneic Wistar rats at 1 day after patch implantation (n ¼ 3e4/group). Five days
after cardiac repair, rats were sacrificed and scaffolds were removed and fixed in 10%
formalin for 48 h. Fixed samples were cut into 5 mm thick sections. GFP-positive
BMCs that were recruited into the patch were identified using immunohistochem-
ical staining. Four sections were analyzed per group. GFP-positive cells were counted
in 5 randomly selected high power (40�) fields within the patch area.

2.8. In vivo cell survival

The effect of immobilized VEGF on cell survival within the patch was deter-
mined by identifying GFP-positive BMCs (1�106 initially seeded) that survived after
they were seeded into the scaffold (directly injected into the patch at the time of
surgical repair). Patches were collected and fixed at 3 days (n ¼ 4/group) or 28 days
(n ¼ 4/group) after cardiac repair. GFP-positive BMCs were identified using immu-
nohistochemical staining. Four sections were analyzed per group and time point.
The area of the patch that contained GFP-positive cells was determined in
5 randomly selected high power (20�) fields per patch (ImageJ software, NIH
software).

2.9. In vivo cell proliferation

The thymidine analogue 5-bromo-20-deoxyuridine (BrdU; 50 mg/kg) was
injected intraperitoneally into rats (n ¼ 5/group) for 3 consecutive days after patch
implantation (BrdU is taken up by nuclei in S-phase). After 3 days, rats were sacri-
ficed and patches were collected. BrdU-positive cells in the patches were identified
using immunohistochemical staining as previously described [28], and counted in
5 randomly selected high power (40�) fields within the patch area. Five sections
were analyzed per group.

2.10. Scaffold morphology and histology

Rats were euthanized by anesthetic overdose at 7 days (n ¼ 6/group) or 28 days
(n ¼ 4/group) after patch implantation. Hearts were perfused with KCl supple-
mented with heparin. The RV free wall of each heart was photographed. Patch and
RV free wall areas were measured using ImageJ software. Patch areas were calcu-
lated for all groups as previously described [27].

Next, the heart tissue was fixed in 10% formalin-PBS solution and cut into 5 mm
thick sections. Sections were stained with Masson’s trichrome (to identify extra-
cellular matrix and collagen), anti-CD31 antibody (1:400, Invitrogen; to identify
Downloaded for Anonymous User (n/a) at University Health Ne
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blood vessels), or with a monoclonal anti-a-smooth muscle actin (a-SMA) antibody
(1:3000, SigmaeAldrich Corp., St. Louis, MO; to identify muscle tissue). Patch
thickness was quantified using computerized planimetry (ImageJ software) as
described previously [27]. Vascular density was estimated by counting CD31-posi-
tive blood vessels in 5 randomly selected high power (40�) fields within the patch
area of sections stained with anti-CD31 antibody. In sections stained with anti-
a-SMA antibody, ImageJ software was used to measure the areas occupied by
a-SMA-positive pixels. Blood vessel formations were identified and digitally
removed. The remaining a-SMA-positive pixels were quantified to yield the area
(expressed as a percentage of total possible pixels) of non-vascular, a-SMA-positive
tissue. For patch thickness, vessel density and a-SMA-positive tissue measurements,
4e6 sections were analyzed per group and per time point. All quantifications were
carried out by a blinded observer using a Nikon Eclipse TE200 microscope.

2.11. Statistical analyses

Data were expressed as mean � standard error. Analyses were performed using
SPSS software (v.12.0), with the critical a-level set at p < 0.05. Comparisons among
multiple groupsweremadeusinganalysesof variance (ANOVAs).WhenFvalueswere
significant, differences between the groups were specified with Tukey’s multiple
comparison post-tests or least significant difference (LSD) multiple range post-tests.

3. Results

3.1. Characterization of the collagen scaffold

SEM imaging demonstrated that the chemical process used to
conjugate VEGF to the collagen scaffold did not significantly change
the physical characteristics of the biomaterial (Fig. 1AeC). Pore
structure and size were similar in control and VEGF-treated scaf-
folds, though control scaffolds in the wet state exhibited slightly
collapsed pores (Fig. 1A).

Low and High VEGF-treated scaffolds contained 14.5 � 1.4 ng
and 97.2 � 8.0 ng, respectively, of covalently immobilized VEGF.
Therefore, the amount of VEGF immobilized increased as the VEGF
concentration in the immobilization solution increased (p < 0.01;
Fig. 1D). Over the course of a 28 day incubation in PBS, most VEGF
release from the scaffolds occurred between days 0 and 3. Total
VEGF release over 28 days was 0.005� 0.005 ng from the LowVEGF
and 0.073 � 0.005 ng from the High VEGF scaffolds (p < 0.01;
Fig. 1E, F). The amount of VEGF released was therefore insignificant
compared to the initial amount immobilized onto the collagen
sponges, indicating that the growth factor was stable after covalent
immobilization to the scaffold.

3.2. Cell growth and metabolism in vitro

Fresh scaffolds were seeded with endothelial cells or BMCs
(since BMCs could also migrate into an implanted scaffold in vivo)
and cultured for 3 days. The number of endothelial cells or BMCs
within the scaffold was significantly increased in VEGF-treated
scaffolds (p < 0.05 vs. controls), with a further increase in the High
VEGF group (p < 0.05 vs. Low VEGF) (Fig. 2A, B). This suggests
a dose response in seeded cell growth as a function of immobilized
VEGF concentration. Lactate production rates were significantly
increased (p < 0.05) in Low and High VEGF-treated scaffolds
compared to controls whether the biomaterial was seeded with
endothelial cells or BMCs (Fig. 2A, B).

To investigate whether VEGF that remained immobilized on the
collagen scaffolds over a 28 day incubation period retained its
bioactivity, the same endothelial cell growth and lactate production
assays were performed using scaffolds that were first incubated in
PBS for 28 days. Similar to the results with fresh scaffolds (Fig. 2A),
the “aged” Low and High VEGF scaffolds maintained significantly
higher cell numbers (p < 0.05) and lactate production rates
(p< 0.01) than the aged controls (Fig. 2C). Therefore, VEGF exhibited
sustained bioactivity when covalently immobilized onto collagen
scaffolds.
twork from ClinicalKey.com by Elsevier on October 10, 2018.
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Fig. 1. In vitro properties of porous collagen scaffolds with covalently immobilized VEGF. (AeC) SEMmicrographs demonstrating pore size and structure in scaffolds either untreated
(control, A), or with 14.5 � 1.4 ng (Low VEGF, B) or 97.2 � 8.0 ng (High VEGF, C) immobilized VEGF. (D) Amount of immobilized VEGF per scaffold (using ELISA). (E) Cumulative (total)
amount of VEGF released from scaffolds over 28 days of incubation. (F) Time course illustrating immobilized VEGF release from scaffolds over 28 days.
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3.3. Right ventricular repair with collagen scaffolds

3.3.1. BMC recruitment to the implanted patch
Cell homing into an implanted collagenpatchwas assessed using

GFP-positive BMCs delivered intravenously at 1 day after patch
implantation. Immunohistochemical staining revealed that GFP-
positive BMCs were recruited to control and VEGF-treated patches
by 5 days after patch implantation (Fig. 3AeC). The number of GFP-
positive cells was greater in the High VEGF patches than in the
control patches (GFP-positive BMCsper 0.4mm2: control¼8.0�1.3,
Low VEGF¼ 15.7�4.7, High VEGF¼ 25.0� 5.5; p< 0.05 for control
vs. High VEGF) (Fig. 3D).

3.3.2. Cell proliferation within the implanted patch
BrdU injected into rats for 3 consecutive days after patch

implantation was incorporated into proliferating cells within
control and VEGF-treated patches (Fig. 3EeG). Significantly
Downloaded for Anonymous User (n/a) at University Health Netwo
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more BrdU-positive cells were identified immunohistochemi-
cally in the High VEGF patches than in the control patches
(BrdU-positive cells per 0.2 mm2: control ¼ 3.5 � 0.7, Low
VEGF ¼ 6.5 � 1.4, High VEGF ¼ 9.9 � 1.2; p < 0.05 for control vs.
High VEGF) (Fig. 3H).

3.3.3. Expansion of the implanted patch
The surface areas of the control and VEGF-treated patches were

similar before implantation. After implantation, the control
patches thinned and dilated, while the High VEGF-treated patches
resisted expansion. Specifically, patch surface areas increased
56.4% and 73.5% at 7 and 28 days, respectively, after implantation
in the control group, but only 12.1% and 18.2% at those time points
in the High VEGF group (Fig. 4AeF). Surface areas were therefore
significantly reduced (p < 0.05 vs. control patches at both time
points) in patches treated with the higher VEGF concentration
(Fig. 4G).
rk from ClinicalKey.com by Elsevier on October 10, 2018.
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Fig. 2. In vitro bioactivity of immobilized VEGF. (AeC) Number of cells (XTT assay) and lactate production rate at 3 days after endothelial cells (A) or bone marrow cells (B) were
seeded onto a fresh scaffold, or endothelial cells were seeded onto a scaffold pre-aged for 28 days (aged scaffold, C). Collagen scaffolds were untreated (control), or with 14.5 � 1.4 ng
(Low VEGF) or 97.2 � 8.0 ng (High VEGF) immobilized VEGF.
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3.3.4. Wall thickness and blood vessel density
Patch thickness (Fig. 4HeK) and blood vessel density (Fig. 4LeO)

were assessed using Masson’s trichrome staining and immunohisto-
chemical staining for CD31, respectively. The collagen patches were
2mmthick at the timeof implantation.Over the following28days, the
averagepatch thicknessdecreasedby82% in the control groupand64%
and 54% in the Low and High VEGF groups, respectively. Most of this
decrease occurred within the first 7 days after implantation in the
controlandLowVEGFpatches.At7days,wall thicknesses inHighVEGF
patches (1.92 � 0.41 mm) were largely preserved, and were signifi-
cantlygreater (p<0.05) than those in theother twogroups (Fig. 4K).At
28 days, wall thicknesses in both VEGF-treated patches were
Downloaded for Anonymous User (n/a) at University Health Ne
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significantlygreater than those in the control patches (p< 0.05 for Low
VEGF vs. control; p< 0.001 for High VEGF vs. control) (Fig. 4K). Blood
vessel densitywithin the patchwas significantly increased in theHigh
VEGF group at 7 days (p< 0.001 vs. control) and 28 days (p< 0.01 vs.
control; p< 0.05 vs. Low VEGF) after patch implantation (Fig. 4O).

Covalently immobilizing VEGF (particularly at the higher
concentration) on the implanted collagen scaffold increased both
patch thickness and blood vessel density within the biomaterial.
Further, a positive correlation was found between these two
measures (p ¼ 0.023, r ¼ 0.67, Supplementary Fig. 1), suggesting
that increasing capillary numbers (via VEGF immobilization) will
promote increased patch thickness.
twork from ClinicalKey.com by Elsevier on October 10, 2018.
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Fig. 3. Cell mobilization to and proliferationwithin the collagen scaffold. (AeC) Representative images of GFP expression (arrows) at 5 days post-implantation. Collagen patches that
are untreated (control), or with 14.5 � 1.4 ng (Low VEGF) or 97.2 � 8.0 ng (High VEGF) immobilized VEGF were implanted, followed by systemic injection of GFP-positive bone
marrow cells (BMCs) 1 day post-implantation. (D) Numbers of GFP-positive BMCs identified in the patches at Day 5. (EeG) Representative images of BrdU expression (arrows) at 3
days post-implantation. Collagen patches were implanted, followed by 3 consecutive days of intraperitoneal BrdU delivery. (H) Numbers of BrdU-positive cells identified in the
patches at Day 3.
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3.3.5. Recruitment of myofibroblasts to the implanted patch
Quantification of non-vascular a-SMA-positive pixels (myofibro-

blast tissue) within the patches (Figure AeF) indicated that the myo-
fibroblast response was significantly greater in VEGF-treated patches
compared to control patches at 7 and 28 days after implantation
(p< 0.01 for LoworHighVEGF vs. control),with greatermyofibroblast
recruitment in the High VEGF patches compared to the Low VEGF
patches (p< 0.001) at the 7 day time point (Fig. 5G).

3.3.6. Survival of seeded BMCs within the patch
In all groups, some of the GFP-positive BMCs seeded into the

patches at the time of implantation remained in the patch area
(Fig. 6AeF). At 3 days after implantation, the area of the patch
containing GFP-positive cells was significantly greater (p < 0.01) in
both Low VEGF (11.2 � 5.1%) and High VEGF (13.5 � 11.5%) groups
Downloaded for Anonymous User (n/a) at University Health Netwo
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than in the control group (1.3 � 1.5%) (Fig. 6G). By 28 days, seeded
cell number dropped sharply in the Low and High VEGF groups
(% GFP-positive patch areas: High VEGF ¼ 4.2 � 1.7%, Low
VEGF¼ 1.5� 0.4%, control¼ 1.2� 0.7%), but remained significantly
greater (p < 0.001 vs. Low VEGF and control) in the High VEGF
patches (Fig. 6G).

4. Discussion

Engineered cardiac patches hold a great promise in improving
functional properties and attenuating pathological remodelling
upon myocardial infarction [15]. However, rapid vascularization is
required to ensure survival of the implanted tissue graft. It takes at
least 3 to 7 days post-implantation for the ingrowth of new blood
vessels to occur in vivo [14]. Thus, the viability of engineered tissues
rk from ClinicalKey.com by Elsevier on October 10, 2018.
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Fig. 4. Remodelling and angiogenesis within the collagen scaffold. (AeF) Representative images illustrating the extent of the scaffold (dotted outline) at 7 (AeC) or 28 (DeF) days after
implantationof collagenpatches [untreated(control), orwith14.5�1.4ng(LowVEGF)or97.2�8.0ng(HighVEGF) immobilizedVEGF]. (G)Patchsurfaceareasbefore (pre-implantation)and
7or28days after implantation. (HeJ) Representative imagesofMasson’s trichrome staining at28daysafterpatch implantation. Arrows indicate thicknessof thepatch. (K) Patch thickness at
7 or 28 days after implantation. Normal RV ¼ normal right ventricular tissue; red dotted line indicates patch thickness at the time of implantation. (LeN) Representative images of CD31
expression (arrows identify CD31-positive vascular structures) at 28 days after patch implantation. (O) Blood vessel density within the patches at 7 or 28 days after implantation.
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Fig. 5. Formation of myofibroblast tissue within the collagen scaffold. (AeF) Representative images of a-SMA expression (white arrows identify a-SMA-positive tissue) at 7 (AeC) or
28 (DeF) days after implantation of collagen patches [untreated (control), or with 14.5 � 1.4 ng (Low VEGF) or 97.2 � 8.0 ng (High VEGF) immobilized VEGF]. Black arrows identify
remaining collagen scaffold fragments. (G) Area (expressed as % of total tissue area) of non-vascular, a-SMA-positive tissue within the patches at 7 or 28 days after implantation.
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with physiologically relevant thickness remains low. We developed
an effectivemethod to incorporate an angiogenic growth factor into
the 3-dimensional structure of a biodegradable cardiac patch. This
is the first report of enhanced angiogenesis after a full thickness RV
repair using a collagen scaffold with covalently immobilized VEGF.
Successful cardiac repair with a biodegradable patch requires
extensive perfusion [29] to promote the survival of recruited or
implanted cells and to ensure that the patch material is replaced by
viable tissue, rather than fibrotic scar tissue, as it degrades [30,31].
In addition, an effective cardiac patch should maintain its geometry
upon implantation as patch thinning and dilatation may ultimately
result in pathological remodelling of the heart.

In vitro, the conjugated VEGF was active for at least the 28 day
duration of the study (Fig. 2). In vivo, collagen scaffolds with cova-
lently immobilized VEGF improved tissue formation by promoting
cell proliferation within the graft, thus increasing blood vessel
density and cellular engraftment and reducing construct thinning in
a rat model of full thickness RV free wall repair. Interestingly, we
Downloaded for Anonymous User (n/a) at University Health Netwo
For personal use only. No other uses without permission. C
documented adose response inwhichHighVEGFpatches supported
greater cell survival and more vascular structures than Low VEGF
patches by28days after implantation (Fig. 4LeO, 6). Importantly,we
did not explore implantation of the patches with non-conjugated
(soluble) VEGF because our previous in vitro studies clearly
demonstrated that solublegrowth factorswere inferior tocovalently
immobilized growth factors for promoting endothelial cell prolif-
eration and infiltration into the scaffold [25,32].

EDC chemistry was used to couple carboxyl groups in the
collagen scaffold to amine groups of VEGF. EDC is a water-soluble,
zero-length crosslinking agent that creates stable amide bonds
between proteins [33]. To do so, EDC reacts with carboxyl groups of
collagen to form an amine-reactive O-acylisourea intermediate.
Then, sulfo-NHS is added to convert the intermediate into an
amine-reactive sulfo-NHS ester [33]. The reactive esters then react
with amine groups on VEGF to form amide bonds [33]. In our
previous studies, we conclusively demonstrated that the utilized
method resulted in covalent immobilization of the growth factor to
rk from ClinicalKey.com by Elsevier on October 10, 2018.
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Fig. 6. Survival of seeded bone marrow cells within the collagen scaffold in vivo. (AeF) Representative images of GFP expression (arrows) at 3 (AeC) or 28 (DeF) days after
implantation of collagen patches [untreated (control), or with 14.5 � 1.4 ng (Low VEGF) or 97.2 � 8.0 ng (High VEGF) immobilized VEGF].GFP-positive bone marrow cells (BMCs)
were injected directly into the patches before implantation. (G) Area (expressed as % of patch area) that contained GFP-positive BMCs at 3 or 28 days after implantation.
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the biomaterial, rather than physical adsorption [25]. The side-
reactions may cause the crosslinking of the scaffold to itself, or
immobilization of the VEGF molecule in various configurations as
well as the crosslinking of the active site as we previously analyzed
[34]. Thus, more specific chemistries such as click chemistry will be
explored in future studies.

After covalent immobilization, more than 99% of immobilized
VEGF remained on the scaffolds over 28 days of incubation in PBS in
vitro (Fig.1D, E). That theVEGFremained bioactivewas illustratedby
enhanced cell proliferation in vitro (Fig. 2) and in vivo (Fig. 3EeH).
Endothelial cell proliferation occurs early in the angiogenic process
(before tube formation, pericyte recruitment, or vessel stabilization
[35]). Not surprisingly, we found that proliferation of endothelial
cells or BMCswas increased in vitro (vs. control) in the VEGF-treated
scaffolds. This effect was dose-dependent in fresh scaffolds, but not
aged ones (incubated in PBS for 28 days before use) (Fig. 2). Previ-
ously, Shenet al. showed that degradationof these collagen scaffolds
was minimal during the first 7 days of incubation, but significant
after12days [32]. Thus, theearlyeffects ofVEGFmaybeattributed to
the immobilized VEGF, while later effects may be partially due to
VEGF released during scaffold degradation.

In vivo, regenerative responseswere enhanced in cardiac patches
that had been modified with the immobilized VEGF. Specifically, an
Downloaded for Anonymous User (n/a) at University Health Ne
For personal use only. No other uses without permissio
increasednumberof intravenouslyadministeredGFP-positive BMCs
were recruited to High VEGF patches compared to control patches
(Fig. 3AeD). BMC mobilization was previously found to promote
healing aftermyocardial infarction [36]. This process is thought to be
the initial step of angiogenesiswithin the collagenpatches, and BMC
engraftment enhances the recruitment of endothelial progenitor
cells [37]. Both post-surgery cell proliferation (evaluated using BrdU
labelling) and seeded BMC survival were significantly increased in
the High VEGF patches (Fig. 3EeH, 6). These patches also exhibited
the highest blood vessel densities (Fig. 4LeO) e probably due to
VEGF-induced recruitment and subsequent proliferation of
progenitor cells. Angiogenesis was probably not the result of an
increased inflammatory response in the VEGF-treated scaffolds
because inflammatory responses (assessed by two blinded
observers) were similar among groups (data not shown). Future
patches might use two immobilized growth factors (e.g., VEGF and
angiopoietin-1 [25]) to further promote maturation of the newly-
formed blood vessels within.

Over 28 days after patch repair, both the area and the thickness
of the implanted scaffold were best preserved in the High VEGF
group (Fig. 4AeK). Further, patch thickness was positively corre-
lated with blood vessel density (Supplementary Fig. 1). Increased
vessel density enhances the capacity of the biomaterial for oxygen
twork from ClinicalKey.com by Elsevier on October 10, 2018.
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and nutrient transport, preventing thinning and dilatation of the
repaired region by contributing to the formation of viable myogenic
tissue [38] as the biomaterial degrades. Indeed, improved vascu-
larization in the High VEGF patches was associated with tissue
formation and cell survival, as evidenced by increased formation of
a-SMA-positive myogenic tissue that was sustained for 28 days
after patch repair in this group (Fig. 5). On the other hand, patch
remodelling was most pronounced in the control patches (no
VEGF), in association with the lowest rates of injected BMC
recruitment and myogenic tissue formation.

An ideal cardiac patch should maintain its thickness and assume
the shape of the native cardiac structure it replaces. Here, patch
thickness was sustained most effectively when VEGF was cova-
lently immobilized to the collagen scaffold. Importantly, the in-
creased patch thickness did not compromise cell viability (Fig. 6). In
general, thicker cardiac patches should provide greater flexibility
and enhanced mechanical support for tissue growth rather than
being resorbed during the formation of a fibrotic scar. We found
that the thickness of the High VEGF patch was actually similar to
that of the normal RV wall at 28 days after implantation (Fig. 4K),
demonstrating the potential of the VEGF-treated patch to maintain
both the geometry and integrity of the RV free wall.

Bioactive biomaterials with covalently immobilized angiogenic
growth factors may be a useful alternative to current cell-, gene-, or
biomaterial-based strategies for cardiac repair. The VEGF-treated
collagen scaffold is simpler to engineer and apply than other vas-
cularized cardiac tissues [8,13,39]. Unlike cell transplantation or
gene therapies, patch repair does not require the consideration of
cell type or source, and has limited potential for oncogenesis
[29,40]. This approach is not limited by significant cell loss and
washout after implantation [41]. Rather, cytokine enhancement can
increase the survival of recruited cells and those injected into the
biodegradable scaffold at the time of implantation [2]. Future
studies will be required to optimize the configuration of these
particular scaffolds, to determine the optimal dose of immobilized
VEGF, and to formally compare cell seeded and non-seeded
patches. Covalent immobilization localizes the effects of cytokines
to the exact location of repair (the biomaterial itself), and ensures
growth factor stability in an aqueous environment. The approach
we described may eventually provide off-the-shelf, biodegradable
biomaterials that permit prolonged cardiac structural repair with
a viable elastic tissue rather than a dense scar.

5. Conclusions

Collagen scaffolds with covalently immobilized VEGF improved
tissue formation by promoting cell proliferation within the graft
both in vitro and in vivo, thus leading to increased blood vessel
density and reduced construct thinning in a ratmodel of RV freewall
repair. Interestingly, there was a dose response inwhich High VEGF
patches showed an increased presence of positively stained vascular
structures compared to Low VEGF patches by Week 4 of the
implantation. As such, these modified collagen scaffolds supported
vascularizationwithin the graft. Improved and rapid vascularization
of implanted grafts can overcome the limited transport capacity of
oxygen and nutrients into the growing tissue. Thus, collagen scaf-
folds with covalently immobilized VEGF have suitable mechanical
and biological properties for potential use in repairing heart defects.
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Appendix

Figures with essential color discrimination. Figs. 3e6 in this
article are difficult to interpret in black and white. The full color
images can be found in the online version, at doi:10.1016/j.
biomaterials.2010.10.007.

Appendix. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.biomaterials.2010.10.07.
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