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Abstract
Injectable hydrogels derived from the extracellular matrix (ECM) of decellularized tissues have
recently emerged as scaffolds for tissue engineering applications. Here, we introduce the potential
for using a decellularized ECM-derived hydrogel for the improved delivery of heparin-binding
growth factors. Immobilization of growth factors on a scaffold has been shown to increase their
stability and activity. This can be done via chemical crosslinking, covalent bonding, or by
incorporating natural or synthetic growth factor binding domains similar to those found in vivo in
sulfated glycosaminoglycans (GAGs). Many decellularized ECM-derived hydrogels retain native
sulfated GAGs and, therefore, these materials may provide an excellent delivery platform for
heparin-binding growth factors. In this study, the sulfated GAG content of an ECM hydrogel
derived from decellularized pericardial ECM was confirmed with FTIR and its ability to bind
basic fibroblast growth factor (bFGF) was established. Delivery in the pericardial matrix hydrogel
increased retention of bFGF both in vitro and in vivo in ischemic myocardium compared to
delivery in collagen. In a rodent infarct model, intramyocardial injection of bFGF in pericardial
matrix enhanced neovascularization by approximately 112% compared to delivery in collagen.
Importantly, the newly formed vasculature was anastomosed with existing vasculature. Thus, the
sulfated GAG content of the decellularized ECM hydrogel provides a platform for incorporation
of heparin binding growth factors for prolonged retention and delivery.

1. Introduction
In many disease states – myocardial and peripheral ischemia, diabetic ulcers, retinal
diseases, chronic wounds, etc. – the pathology is caused by a reduced blood supply [1]. This
causes cell death in the downstream tissue, followed by degradation of the associated
extracellular matrix. Tissue engineering approaches, designed to mitigate the damage and
promote healing or regeneration, focus on eliciting angiogenesis and remodeling of the
damaged region. This remodeling can be achieved by encouraging endogenous cell
infiltration into an acellular biomaterial or by delivering exogenous cells; in both cases, the
goal is to encourage repair and contribute to the function of the organ. In order to do this,
many tissue engineering strategies have attempted to design materials to mimic the structure
and composition of the native extracellular matrix (ECM) [2–5]. More recently, scaffolds
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derived from the native ECM of decellularized tissues have been developed and used in
tissue engineering applications [6–9]. These materials can be used intact as three-
dimensional implantable scaffolds, as well as processed into injectable hydrogels that self-
assemble in situ. When implanted or injected in vivo, previous work has demonstrated that
these materials provide a template for cell infiltration and neovascularization [10–12]. In the
case of cardiac repair, injectable ECM-derived hydrogels from decellularized small
intestinal submucosa and the myocardium have been explored [7, 13, 14]. Injected alone
into an infarct in small animals, these materials promote cell infiltration and have also been
shown to preserve cardiac function post-myocardial infarction (MI) [13, 14]. While the
mechanisms behind their effectiveness in vivo have yet to be fully elucidated, it is clear that
ECM-derived hydrogels provide porous, fibrous scaffolds that allow for cellular infiltration
and neovascularization in ischemic regions.

In addition to their use as biomaterial only therapies and cellular delivery platforms, tissue
engineered scaffolds can also be used to deliver bioactive moieties such as growth factors.
Therapeutic angiogenesis via administration of angiogenic factors, such as vascular
endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF), has
specifically been investigated in a variety of disease models including myocardial and
peripheral ischemia [15–20], and wound repair [21–26]; a number of good reviews have
been written on the topic [1, 27–29]. Restoring blood supply has been demonstrated to have
positive effects; for example, using growth factors for cardiac repair has demonstrated that
inducing angiogenesis may preserve endogenous cardiomyocytes and functionally
contractile myocardium post-MI [30–32]. To harness this potential, growth factor delivery
systems have been designed to deliver these proteins to infarcted tissue. Growth factors,
such as VEGF and bFGF have been immobilized within delivery systems based on synthetic
polymers such as poly(ethylene glycol) (PEG) [29, 33] and poly-NiPAam [34–36], as well
as naturally derived polymers such as collagen [37, 38] and hyaluronic acid [27–29]. Other
delivery systems involve self-assembling peptides [39] or hybrid materials. Most systems
either incorporate biomolecules that associate with growth factors natively, such as heparin
or heparan sulfate [40, 41] or use derivatives that include highly sulfated sugars [42] or
heparin-like growth factor binding domains [43, 44]. Previous work has demonstrated the
advantage of immobilization over physical entrapment or bolus injection, as it increases
growth factor stability and localizes the effects to the site of treatment [45]. Unfortunately,
the modifications used to increase growth factor activity or stability may change the
chemistry of many natural biopolymers and therefore change their activity in vivo [46].
Natively, immobilization is achieved by the interaction between growth factors and sulfated
glycosaminoglycans (sGAGs) that are bound to ECM proteins [47]. In this way, the ECM
sequesters and presents growth factors within the tissue microenvironment.

Processed from native extracellular matrix, a variety of ECM-derived hydrogels have been
shown to retain sGAG content [6–9]. As discussed, in vivo, the ECM sequesters growth
factors; we therefore hypothesized that the sGAG content of decellularized ECM-derived
hydrogels could provide a platform for enhanced retention and delivery of growth factors
without additional material manipulation. While a variety of hybrid materials have been
developed as growth factor delivery systems, the potential for using exogenous angiogenic
factors incorporated in a decellularized ECM-derived hydrogel has yet to be investigated. To
this end, we examined the delivery of a heparin-binding growth factor in a pericardial matrix
hydrogel, which was recently developed as a potentially autologous scaffold for cardiac
repair [8]. As a model system, we explored the delivery of bFGF in the ECM hydrogel in a
rat myocardial infarction model. We demonstrate that the sGAG-containing ECM-derived
hydrogel enhances retention and delivery of bFGF in ischemic myocardium via ionic
association with the extant sugar content, resulting in increased retention and acute
neovascularization when compared to delivery of the growth factor in collagen or saline.
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2. Materials and Methods
All experiments in this study were performed in accordance with the guidelines published by
the Institutional Animal Care and Use Committee at the University of California, San Diego,
and the American Association for Accreditation of Laboratory Animal Care.

2.1 Tissue collection and decellularization
Porcine pericardia were collected from juvenile Yorkshire pigs and decellularized with
sodium dodecyl sulfate (SDS), an ionic detergent previously shown to decellularize
pericardium [8, 48]. After dissecting away any adherent adipose tissue, the samples were
first washed in DI water for 30 min, and then stirred continuously in 1% SDS in PBS for 24
h, followed by an overnight DI rinse. Specimens were then removed from solution and
agitated rinses under running DI water were performed to remove residual SDS. This
protocol has previously demonstrated consistent decellularization of both human and
porcine pericardial tissue samples [8, 49].

2.2 Preparation of injectable ECM and collagen hydrogels
Injectable ECM was prepared via methods modified from previously published protocols for
bladder [9] and myocardial matrix [7]. Decellularized porcine pericardia were lyophilized
and ground into a coarse powder with a Wiley mini mill (Thomas Scientific, Swedesboro,
NJ). Milled samples were frozen and stored at −80 °C until further use. When used, aliquots
were pepsin-digested in 0.1 M HCl at a concentration of 10 mg ECM per 1 mL HCl. Pepsin
(Sigma, St. Louis, MO) was used at a concentration of 1 mg/mL. The ECM powder was
digested for 60–65 h and then brought to physiologic pH (7.4) and osmolarity (1x PBS) by
adding 1 M NaOH (1/10 of original digest volume) and 10x PBS (1/10 of final neutralized
volume). Raising the pH stops pepsin activity; the enzyme is deactivated above pH 6 [50].
All processing steps, including the pepsin digestion, were performed at room temperature.
The resulting liquid was diluted with 1x PBS to the 6 mg/mL before use. For gels including
growth factor, bFGF (GlobalStem, Rockville, MD) was added prior to dilution to the matrix
such that the final 75 μL volume contained 10 μg of growth factor. Collagen gels were
prepared from rat tail collagen type 1 (BD Biosciences). Collagen was used at a pH of 7.4
and a concentration of 2.5 mg/mL. All solutions were sterile-filtered before use and all
manipulation was performed in a biosafety cabinet.

2.3 Comparison of mechanical and structural properties
Rheometry was used to verify that the PPM and collagen gels had similar mechanical
properties at these concentrations. To do so, 350 uL gels were made from each material and
tested on a parallel plate rheometer with a gap height of 0.8 mm. A frequency sweep was
performed at 2.5% strain, a value previously determined to be within the linear region for
these materials. The storage modulus was determined and compared; both are reported at 1
rad/s. Each gel was run in duplicate and three gels from each material were tested. Scanning
electron microscopy was used to verify that the fiber density was similar. Gels were fixed in
2.5% glutaraldehyde (SigmaAldrich, Grade II, 25%, St Louis, MO) for 2 hours, dehydrated
with a serial dilution of ethanol (30 – 100%), before being critical point dried in CO2 using a
Tousimis AutoSamdri 815A and sputter-coated with iridium using an Emitech K575X
Sputter Coater. Samples were imaged with an FEI XL30 Ultra High Resolution Scanning
Electron Microscope (UHR SEM) and images were taken at 2000x magnification. To
compare fiber density, images were taken at 2,000x and the number of fibers that intersected
two diagonal lines drawn across the image was quantified. This provided a method of
comparing the two materials to each other and allowed us to determine if the fiber density
was similar.
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2.4 Confirmation and quantification of sulfated GAG content
Fourier transform infrared (FTIR) spectroscopy was performed to confirm the presence of
carbohydrates in the material. Porcine pericardial matrix (PPM) and collagen samples were
prepared as though for in vivo injections and then frozen and lyophilized. Transmission
FTIR spectra were measured on a Nicolet Magna 550 spectrometer. An average of 64 scans
were acquired, at a spectral resolution of 4 cm−1. A background scan was obtained in the
absence of material and the baseline was normalized for each sample after acquisition.
Sulfated glycosaminoglycan (sGAG) content of the injectable ECM was quantified using a
colorimetric Blyscan GAG assay (Biocolor, Carrickfergus, United Kingdom). Samples were
run in triplicate.

2.5 In vitro retention and release
In order to evaluate if the ECM-derived hydrogel could sequester bFGF for prolonged
release as compared to encapsulation in collagen, retention was first evaluated in vitro. Sets
(n = 6) of 100 μL PPM or collagen gels were formed overnight in microcentrifuge tubes. 10
μg of bFGF was added to both materials before gelation. After gelation, the gels were rinsed
to remove any bFGF not incorporated in the gels. After rinsing, 150 μL of PBS was added
to each sample. The supernatant was collected and exchanged every 24 hours for 5 days, at
which point bacterial collagenase (Worthington Biomedical Corporation, Lakewood, NJ) at
100 U/mL in a 0.1 M Tris-base, 0.25 M CaCl2 solution, at pH 7.4, was added to the gels.
Gels were incubated with collagenase at 37 °C for 4 hours to degrade the collagen. A
sandwich ELISA for bFGF was performed on rinse step as well as the collected supernatant
samples according to manufacturer’s directions (Super-X Elisa, Antigenix, Huntington
Station, NY). bFGF in the rinse was used to determine the amount of bFGF remaining in the
gels. Quantification of bFGF in the supernatant samples allowed for determination of
cumulative release over time, calculated as a percent of the bFGF remaining in the gels after
the rinse step. A second experiment was performed by forming gels in the described manner,
rinsing, and changing and collecting the supernatant after 24 hours. The gels were then
incubated with collagenase for 4 hours and a sample of the supernatant was taken. To
release remaining bFGF, 100 μL of a 1.5 M NaCl solution was added to each tube and
incubated for 1 hour. The supernatant was sampled again and a sandwich ELISA for bFGF
was run on the supernatant samples according to the manufacturer’s directions.

2.6 Infarct and injection surgeries
Female Sprague Dawley rats (225–250 g) were given an MI via 25 min occlusion-
reperfusion of the left coronary artery using a modified previously published protocol [13].
Briefly, animals were anesthetized under 5% isofluorane and then maintained at 2.5%
isofluorane for the remainder the procedure. The rats were placed in a supine position and
the chests were cleaned and shaved. Using aseptic technique, the chests were then opened by
performing a thoracotomy, accessing the pericardial space and using suture to temporarily
occlude the left coronary artery. One week later, all rats received an injection of 75 μL of
one of the following groups: bFGF in PPM, bFGF in collagen, bFGF in saline, PPM,
collagen, or saline. The injection procedure was performed under isofluorane, following a
well described protocol [13, 51]. Briefly, animals were placed in supine position and an
incision was made from the xyphoid process along the abdomen. A small incision is made in
the diaphragm to access the apex of the heart. 75 μL samples were drawn up into a syringe
and injected into the LV-free wall through a 30-gauge needle. Care was taken to prevent
puncture of the left ventricle. For each growth factor group, 10 μg of bFGF was used. On
day 5 post-injection (day 12 post-infarct), all animals were euthanized. In order to evaluate
anastomosis of the vessels formed as a result of the material and growth factor injections,
before euthanasia, two animals from each group were perfused with carboxylated red
fluorescent microbeads retrograde via the abdominal aorta as previously described [52].
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2.7 Histological and immunohistochemical analysis
After sacrifice, hearts were resected, fresh frozen in OCT, and short axis cross sections were
taken every 300 μm from apex to base throughout each heart. Sections were fixed with
acetone and stained with hematoxylin and eosin (H&E) to identify the infarct region. Infarct
screening based on histological (H&E) analysis was done to exclude hearts with small or no
infarcts; 2–3 animals were excluded per group prior to any analysis, leaving n = 6–7
remaining for each injection group. The 5 tissue sections in which the infarct region was
largest were identified in each heart. These slides were examined by an experienced
histopathologist who was blinded to the study groups. The slides were qualitatively scored
from 1 to 5 and an average, overall score was assigned to each heart. A score of 1 is defined
as a few inflammatory cells or mild inflammation; 2 as mild to moderate inflammation; 3 as
moderate inflammation; 4 as moderate to severe inflammation; and 5 as severe inflammation
with any necrosis.

Slides from the 5 previously identified sections were co-stained with fluorescein-
isothiocyanate-labeled isolectin (1:100) (Vector Labs, Burlingame, CA) to visualize
endothelial cells and anti-smooth muscle α-actin (1:50) (Dako, Carpinteria, CA) with an
AlexaFluor 488 secondary antibody (1:1000) (Invitrogen, Carlsbad, CA) to visualize smooth
muscle cells. Nuclei were visualized with fluorescent Hoescht 33342. Five images were
taken evenly spaced throughout the infarct region on each section. Infarct regions were
outlined and the arteriole density within the region was quantified. Any vessel that stained
positive for anti-SMA and had an average lumen diameter greater than 10 μm was included.
Remaining bFGF in the tissue was identified with an anti-human bFGF antibody at a
dilution of 1:100 and an AlexaFluor 488 secondary antibody at a dilution of 1:1000.
Anastomosis was evaluated within the relevant sections by staining with the anti-SMA
antibody with an AlexaFluor 568 secondary antibody at a dilution of 1:200 to visualize the
vessels in green and the fluorescent microbeads in red.

2.8 Statistical Analysis
All data is presented as the mean ± standard error. Statistical significance was calculated by
performing a one-way ANOVA followed by a Bonferroni post hoc analysis for all results
with multiple groups (data presented in Figures 5 and 7). A student’s T-test with a Tukey
correction was used to determine statistical significance for the in vitro retention experiment
(data presented in Figure 4) and the inflammation scores. Statistical significance was
accepted when p < 0.05.

3. Results
3.1 Confirmation of sulfated GAG content

Sulfated glycosaminoglycans have been previously identified in ECM-derived hydrogels [6–
8, 49, 53]; here both FTIR and a Blyscan assay for sGAGs were used to confirm and
quantify sGAGs in the porcine pericardial matrix (PPM). The Blyscan assay indicated the
PPM retained 26.5 ± 3.4 μg of sGAGs per mg dry ECM, while no sGAGs were present by
Blyscan on rat tail collagen I. These values are comparable to those found for matrix
hydrogels derived from myocardial and adipose tissue [7, 54]. The FTIR spectrum for the rat
tail collagen type I contained characteristic absorption bands at 1649 cm−1 (amide I), 1545
cm−1 (amide II), and 1339 cm−1 (amide III) [55–58]. The FTIR spectrum obtained for PPM
(Fig. 1) indicated the presence of sulfate groups as well sugar residues [55]. Peaks in the
PPM IR spectrum correlated with the characteristic spectral features of sGAGs, similar to
previously published work comparing proteoglycans and collagen in cartilage [55]. Both
chondroitin sulfate and heparan sulfate contain absorption bands at 1240 cm−1 indicative of
S=O stretch of R-SO3

−1 and absorption bands characteristic of polysaccharides from 1200–
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1000 cm−1 (C-C-O and C-O-C stretches). Taken together, the Blyscan assay and FTIR on
the PPM confirm the presence of sGAGs.

3.2 Rheometry and SEM
In order to determine that the effects observed in vitro and in vivo were due to the
association of bFGF with the pericardial matrix and not simply a change in diffusion due to
a difference in the structural properties, rheometry and SEM were performed on both PPM
and collagen gels. The storage moduli for the PPM and collagen gels were 6.5 ± 1.7 Pa and
7.7 ± 0.7 Pa, respectively, values which are not significantly different from each other (Fig.
2). Loss moduli for the PPM and collagen gels were 1.3 ± 0.3 and 0.9 ± 0.2 Pa, respectively.
Fiber diameter was analyzed from images taken at 20,000x (Fig. 3) – fibers ranged widely in
both materials, most were on the order of hundreds of nanometers, similar to other work
with these hydrogels [49, 59]. There were approximately 2.5 ± 0.3 and 2.2 ± 0.2 fibers per
linear micron in the PPM and collagen, respectively.

3.3 bFGF retention in vitro
To evaluate whether the processed pericardial matrix would retain its native growth factor
binding capability, an in vitro study was first performed. bFGF was encapsulated in either
PPM or collagen gels, and release was determined via ELISA. The incorporated bFGF
diffused out of the collagen gels quickly compared to the PPM gels; cumulative release from
the collagen gels reached 73.5 ± 0.62% by the fifth day (prior to treatment with
collagenase), while only 27.8 ± 4.1% of the bFGF was released from the PPM gels (Fig. 4a).
After collagenase treatment, the collagen gels were completed degraded and the cumulative
release reached 82 ± 2.9%; however, an intact structure remained with the PPM gels and
cumulative release only increased to 33 ± 4.1%. To confirm that bFGF was still bound to the
remaining components of the PPM gels, a high ionic strength buffer (1.5 M NaCl) was
employed, which releases growth factors that bind electrostatically to sulfated sugars [60].
Similar to the previous experiment, gels were rinsed and the supernatant was sampled after
24 hours, followed by sequential incubation with collagenase and NaCl. As expected, the
addition of 1.5 M NaCl did not change the cumulative release from collagen gels (84.5 ±
6.5% to 85.0 ± 6.3%). The salt did, however, release remaining bFGF from the PPM gels –
cumulative release reached 82 ± 4.1% (Fig. 4b).

3.4 bFGF retention in vivo
After first establishing the ability of the ECM-derived hydrogel to enhance growth factor
retention in vitro, we next explored whether the PPM gel could enhance delivery of bFGF in
the setting of myocardial infarction. Here, of the 80 Sprague Dawley rats that received a
myocardial infarction, 54 survived the initial surgery and were injected on day 7 post-MI
with either PPM, collagen, or saline with or without bFGF (n = 9 per group). Upon
histological analysis of tissue sections from the hearts, which were resected 5 days post-
injection (12 days post-MI), hearts with no infarct, or a small infarct, were excluded from
the study and no further analysis was done on that tissue. A total of 16 animals were
excluded, after which the sample distribution was as follows: bFGF in PPM, n = 6, bFGF in
collagen, n = 7, bFGF in saline, n = 6, PPM, n = 6, collagen, n = 7, and saline, n = 6.

Analysis of the tissue sections obtained after sacrifice five days post-injection indicated
increased retention in the bFGF in PPM group compared to bFGF in saline (p < 0.05); due to
high variability, other differences were not significant, though retention trends upward from
delivery in saline to collagen to PPM. Thus, at five days post-injection, a significantly
increased amount of bFGF was retained in the tissue when injected in the ECM-derived
hydrogel when compared to a bolus injection in saline, with a trend towards increased
retention when compared to delivery in collagen.
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3.5 Enhanced neovascularization in vivo
Beyond establishing the binding and retention of bFGF injected in an ECM-derived
hydrogel, the ultimate goal of investigating this growth factor delivery system was to
determine if additional activity can be achieved by delivering growth factors through
inherent sGAGs in the material. In this case, we assessed the ability of this system to
enhance bFGF-mediated neovascularization in ischemic myocardium. Here, acute
vascularization was examined 5 days post-injection (12 days post-MI) to determine if the
extended retention of bFGF had a significant effect on vessel formation (Fig. 6).
Quantification of arteriole density showed that only bFGF in PPM significantly increased
arteriole density within the infarct region (p < 0.05) when compared to the controls (Fig. 7).
Injecting bFGF in PPM resulted in a statistically significant increase in arteriole density
(arterioles/mm2) with respect to injecting bFGF in collagen, bFGF in saline, PPM, collagen,
or saline. This increase was approximately 112% higher than when bFGF was delivered in
collagen. After binning the data into diameter ranges, it was observed that the majority of
vessels (70–75%) had average diameters of 10–25 μm; injecting bFGF in PPM produced a
significantly greater number of arterioles both in this range and in the 25–50 μm range
compared to the other groups (Fig. 7). The increase in vessels alone is not sufficient to
establish increased vascularization of the infarct region – the vessels must be perfused and
delivering blood to the damaged region. We therefore confirmed the existence of
anastomosed neovasculature by the presence of perfused microbeads within the arterioles
formed in the infarct region. Presence of microbeads indicated that vessels formed through
the delivery of bFGF in PPM were in fact functional (Fig. 8).

In order to assess the potential influence of inflammation on our neovascularization results,
we performed a semi-quantitative assessment of tissue sections from each group. The result
of a blinded pathologist’s score of the tissue indicated that injection of growth factor in any
form – alone, with collagen, or with pericardial matrix – caused an increase in the
inflammation score (from mild/moderate to moderate/severe) that was statistically
significant compared to the saline-injected hearts (p<0.05). Injection of the materials alone
showed a trend toward increased inflammation (from mild/moderate to moderate), but the
degree was not statistically significant compared to the saline-injected hearts or to each
other.

4. Discussion
Growth factor delivery systems have been designed from a variety of materials – both inert
and bioactive. These systems are diverse and numerous, taking the form of injectable
microspheres [61], implantable patches [38, 62], and in situ gelling scaffolds [3, 4, 63]. In
vivo, growth factor delivery is achieved via sequestration in the native extracellular matrix.
Through binding to sulfated glycosaminoglycans linked to ECM proteins, growth factors
can be immobilized for presentation or stored for future release [64]. When designing tissue
engineering approaches that mimic this system, important design parameters include
providing for prolonged presentation and release of the incorporated growth factors, as well
as a fibrous, porous template that allows for cellular infiltration and remodeling. A wide
array of materials have previously been investigated for encapsulation of angiogenic factors
for therapeutic delivery [29], including synthetic materials such as poly(lactide-co-
glycolide) (PLG) [65] and poly-NiPAam co-polymers [66], as well as natural materials such
as alginate [67, 68], fibrin [26, 69], collagen [70], gelatin [71], and chitosan [72–74], among
others. Often, a material that has been demonstrated to be a useful scaffold for a certain
tissue engineering application will be modified to deliver growth factors in order to enhance
the therapeutic effect. Common modifications include crosslinking the material or
covalently attaching growth factors [38, 62] or growth factor-binding molecules such as
heparin [75]. Previous work has shown that when angiogenic growth factors are
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immobilized on a scaffold, angiogenic potential is enhanced [37, 76]. Unfortunately, the
modifications used to increase growth factor activity or stability may change the chemistry
of many natural biopolymers and therefore change their activity in vivo [46]. ECM-derived
hydrogels processed from decellularized tissue have shown great promise as scaffolds for
tissue repair, but their potential as growth factory delivery systems had not been previously
explored. These matrix hydrogels have been demonstrated to retain components of the
native ECM, including proteins, glycoproteins, and glycosaminoglycans [6–8, 49, 53];
implying the possibility of employing the same method for sequestration and delivery
observed in the native tissue microenvironment. With this work, the natural incorporation of
a heparin binding growth factor, bFGF, in a pericardial matrix hydrogel was explored.

Confirmation of the sulfated GAG content in the PPM gel was performed by comparing the
FTIR spectra obtained for PPM and collagen and identifying a sulfate peak and a sugar peak
(Fig. 1), similar to previous work comparing proteoglycans and collagen in cartilage [55]. A
Blyscan sulfated glycosaminoglycan assay allowed for quantification of the sGAG content,
which was comparable to matrix hydrogels derived from myocardial and adipose tissue [7,
54]. While bFGF diffused readily out of the collagen gels over 5 days in vitro, significant
release of bFGF from the PPM gels was only observed after the addition of NaCl (Fig. 4b),
indicating that the growth factor was bound to the matrix through electrostatic means,
presumably through the sGAGs in the material. A portion of bFGF did diffuse out of the
PPM gel over 5 days, indicating that some of the growth factor was simply encapsulated in
the material instead of bound. Upon the addition of collagenase, additional bFGF was
removed as the collagen structure was degraded; however, the remaining components of the
gel, which were visible in an intact 3D structure, retained a significant amount of growth
factor that was dissociated upon the further addition of NaCl. These in vitro results with
enhanced retention were further validated by the increased retention in vivo, quantified five
days post-injection (Fig. 5d). This data, taken in conjunction with the similar mechanical
and structural properties of the two materials, indicates that the growth factors are likely
associating with the extant binding domains in the decellularized ECM hydrogel.

Using biomaterials for immobilization and prolonged release of angiogenic factors has been
shown to enhance their activity; in this study, injection of bFGF in pericardial matrix was
the only treatment group to significantly increase acute neovascularization compared to
controls (Fig. 7). Additionally, a significantly greater density of large-diameter vessels (25–
50 μm) were identified in the infarcts in these animals (Fig. 7), indicating a maturation of
the vasculature. These results may be due to the extended presence of bFGF in the injected
PPM or an increase in stability or activity due to immobilization on the PPM scaffold. There
may also be synergistic effects with the addition of bFGF to the matrix hydrogel.
Inflammation is known to influence neovascularization, and the inclusion of bFGF [77, 78]
and GAGs [79] as well as differences between allogeneic and xenogeneic material sources
could influence this process. We therefore obtained a semi-quantitative score of the
inflammation in each group. While an increase in the degree of inflammation was observed
with injection of all groups with a growth factor (bFGF alone, bFGF in collagen, and bFGF
in pericardial matrix) when compared to the saline injection, there was no significant
difference in the inflammatory response of either material alone (pericardial matrix or
collagen) when compared to saline or each other. Thus, while an increase in inflammation
may be one of the mechanisms by angiogenesis is enhanced [80], since the inflammatory
response was not significantly different among the growth factor groups, it is likely not the
major contributing factor in the increased arteriole density observed when bFGF is delivered
with the pericardial matrix.

It is important to note that while other studies have shown extant growth factor content
(bFGF and VEGF) in decellularized matrix materials after processing, the quantity is on the
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order of picograms per milligram of dry weight ECM [81]. While we previously did not
identify bFGF in the PPM using mass spectrometry [8], any potential extant bFGF content
should be masked by the much larger quantity added to the injection. Additionally, the
control pericardial matrix injection did not show a significant increase in arteriole density
compared to collagen or saline, indicating the material alone does not enhance
neovascularization over other injections at this time point.

Given the potential for hemangioma formation [82–84], where vascular tissue proliferates
without being connected to the host vasculature, it was important to determine if using the
pericardial matrix hydrogel to deliver bFGF would result in anastomosis of the blood vessels
formed in the infarct region. This was done by perfusing red fluorescent carboxylated
microspheres retrograde before euthanasia. Red fluorescence in the vessels formed in the
infarct region for all bFGF groups indicated that the vessels were connected to the host
vasculature (Fig. 8), supporting the feasibility of the pericardial matrix as a delivery system
for bFGF. Importantly, even though the high concentration of bFGF injected did not cause
hemangioma formation, it would still be necessary to optimize the loading dose of growth
factor for any application. In previous studies utilizing bFGF for treatment post-MI, the
administered dose varied greatly, from 30 mg injected with 3 mg of heparin sulfate in a
canine model [85], 110 mg daily intracoronary bolus injection also in a canine model [86],
or a total of 5 ug incorporated in heparin-sepharose-alginate beads in a porcine model [61].
Further investigation with ECM-derived hydrogels will be necessary to determine the
maximum loading capacity for a heparin-binding growth factor. This value will vary for
matrix hydrogels derived via different methods and from different tissues as it will depend
on the concentrations of growth factor-binding motifs in the processed materials.

Injectable matrix hydrogels derived from different tissue sources have been previously
explored as therapies for the prevention of heart failure post-myocardial infarction [11].
Intramyocardial injection of hydrogels derived from porcine myocardium and small-
intestinal submucosa has been demonstrated to preserve ejection fraction post-MI while
saline-injected control animals continue to decline [13, 14]. While the exact mechanism
behind this success has not yet been elucidated, it may be that the fibrous microstructure
provides a template for cell infiltration and vascularization [87–89] or that degradation may
promote cell in-growth and tissue remodeling [11, 90]. ECM-derived hydrogels are of
special clinical interest as they are deliverable via catheter and therefore could potentially be
administered via minimally invasive methods [13]. While long-term studies with this growth
factor delivery system will be necessary to evaluate its effect on cardiac function and
remodeling post-MI, with this work, we have established proof-of-concept for using an
ECM-derived hydrogel to enhance retention and delivery of a heparin-binding growth
factor.

5. Conclusions
Thus, with this work we have demonstrated, both in vitro and in vivo, that the porcine
pericardial matrix hydrogel, with its sulfated sugars, has the ability to sequester bFGF. By
relying on the sGAG component of the ECM-derived hydrogel to bind bFGF, the angiogenic
growth factor was bound and presented in a manner similar to growth factors in the native
ECM. In a rodent MI model, intramyocardial injection of bFGF in PPM was the only group
to demonstrate enhanced acute neovascularization post-MI when compared to controls. We
have demonstrated the potential use of a decellularized ECM-derived hydrogel as a growth
factor delivery system for tissue engineering applications. While bFGF was used as the
model growth factor in this study, other heparin-binding growth factors could be
incorporated in a similar fashion. Additionally, the findings of this study imply that the
sulfated GAG content in other ECM-derived hydrogels would provide a platform for the
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incorporation of heparin-binding growth factors. This incorporation can be achieved without
additional chemical modification and could allow for prolonged delivery of the growth
factors to the site of application.
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Figure 1.
FTIR. Spectra obtained for porcine pericardial matrix and rat tail collagen, both lyophilized
after pepsin digestion. Arrows denote carbohydrate peak and sulfate peak.
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Figure 2.
Rheometry. Storage and loss moduli reported at a frequency of 1 rad/s. The two materials
are not statistically different, though there is more variability within the pericardial matrix.
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Figure 3.
Scanning electron microscopy. Representative images of the microstructure of gels
composed of (A) PPM at 6 mg/mL and (B) collagen at 2.5 mg/mL. Fiber diameter and
density were similar between the two materials. Scale bar is 2 μm.
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Figure 4.
in vitro binding and release. (A) Cumulative release of bFGF from porcine pericardial
matrix and collagen gels in vitro over 5 days, followed by a 4-hour collagenase incubation.
(B) Release with 1.5 M NaCl; cumulative release of bFGF from porcine pericardial matrix
and collagen gels. Here, incubation with 1.5 M NaCl allowed for release of bFGF from
pericardial matrix gels. *p < 0.05 compared to PPM at the same timepoint.
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Figure 5.
in vivo retention. Visualization of bFGF (red) retention in the infarct region in animals
injected with bFGF in PPM (A), bFGF in collagen (B), and bFGF in saline (C) in vivo after
5 days. Quantification of bFGF in the three groups (D) via total fluorescent area (n = 6–7).
Scale bar is 25 μm. *p < 0.05.
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Figure 6.
Neovascularization. Arterioles (red) in infarct regions of animals injected with bFGF in
PPM (A), bFGF in collagen (B), bFGF in saline (C), PPM (D), collagen (E), and saline (F).
Scale bar is 200 μm.
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Figure 7.
Arteriole density. Graphical representation of the arteriole density binned by vessel
diameter. Majority of vessels are 10–25 μm in diameter. *p < 0.05 compared to all other
treatment groups.
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Figure 8.
Functional vessels. Anastomosis is shown by red beads in vessels formed in the infarct of an
animal injected with bFGF in PPM. Scale bar is 50 μm.
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