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Abstract

Treatment of ischemia through therapeutic angiogenesis faces significant challenges. Growth 

factor (GF)-based therapies can be more effective when concerns such as GF spatiotemporal 

presentation, bioactivity, bioavailability, and localization are addressed. During angiogenesis, 

vascular endothelial GF (VEGF) is required early to initiate neovessel formation while platelet-

derived GF (PDGF-BB) is needed later to stabilize the neovessels. The spatiotemporal delivery of 

multiple bioactive GFs involved in angiogenesis, in a close mimic to physiological cues, holds 

great potential to treat ischemic diseases. To achieve sequential release of VEGF and PDGF, we 

embed VEGF in fibrin gel and PDGF in a heparin-based coacervate that is distributed in the same 

fibrin gel. In vitro, we show the benefits of this controlled delivery approach on cell proliferation, 

chemotaxis, and capillary formation. A rat myocardial infarction (MI) model demonstrated the 

effectiveness of this delivery system in improving cardiac function, ventricular wall thickness, 

angiogenesis, cardiac muscle survival, and reducing fibrosis and inflammation in the infarct zone 

compared to saline, empty vehicle, and free GFs. Collectively, our results show that this delivery 

approach mitigated the injury caused by MI and may serve as a new therapy to treat ischemic 

hearts pending further examination.
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1. Introduction

Ischemic heart disease is a leading cause of morbidity and mortality in the United States. In 

2010, the estimated direct and indirect cost of heart disease was approximately $200 billion. 

In that year, myocardial infarction (MI) was prevalent in 7.6 million Americans. 

Approximately, 15% of the people who experience a heart attack (MI) in a given year will 

die of it [1]. During MI, insufficient blood supply to a region of the heart muscle (infarct 

zone) leads to cell death and pathological remodeling which often progresses to heart failure 

over time [2]. Therapeutic angiogenesis aims to restore blood flow to the affected ischemic 

heart muscles by new blood vessel formation from existing vasculature [3–5]. 

Revascularization by pro-angiogenic therapies has thus far failed to provide satisfactory 

outcomes in clinical trials [6–8]. Bolus injections of single GFs led to limited efficacy 

because of loss of bioactivity, missing critical signals in the cascade of events that lead to 

stable angiogenesis, among others. An effective angiogenesis-based therapy can be 

developed when a comprehensive understanding of angiogenic mechanisms becomes 

available [8, 9]. Repair and regeneration strategies should focus on utilizing the growth 

factors (GFs) that play vital roles in the process of angiogenesis, as well as the need to 

administer them spatiotemporally and in bioactive conformations [6, 7, 10–12].

Many studies have shown that GFs such as fibroblast growth factor-2 (FGF-2), vascular 

endothelial growth factor (VEGF), angiopoietin-2 (Ang-2) are key factors in triggering 

angiogenesis, but these factors alone may result in leaky and immature blood vessels that are 

susceptible to early regression [13, 14]. Other GFs such as platelet-derived growth factor 

(PDGF) and angiopoietin-1 (Ang-1) help stabilize neovessels [15, 16]. Among potential 

angiogenic candidates, VEGF and PDGF are promising due to their potency, specificity, and 

cardioprotective roles [5, 6, 17, 18]. VEGF, an endothelial-specific factor, triggers the 

process through endothelial cell (EC) sprouting, proliferation, migration, and lumen 

formation, and is thus primarily needed in the first few days of angiogenesis [17, 19, 20]. 

After lumenal formation, mural cells are recruited by PDGF to cover the neovessels and 

provide stabilization; therefore PDGF is required at a later stage of angiogenesis to prevent 

vessel regression or the formation of aberrant and leaky vessels [15, 17]. It has been shown 

that early-stage angiogenic factors can have antagonistic effects on late-stage factors and 

vice versa, when present simultaneously [21–23]. Therefore, it appears imperative to 

sequentially administer these two GFs to imitate their physiological presence during 

angiogenesis.

To control the spatiotemporal cues and protect the bioactivity of VEGF and PDGF, we 

developed a controlled delivery system composed of fibrin gel and a recently developed 

biocompatible heparin-based coacervate that we characterized in previous reports [24, 25]. 

Fibrin gel, formed through the polymerization of fibrinogen by thrombin, is commercially 

available and has been used for protein and cell delivery [26]. Complex coacervates are 

formed by mixing oppositely charged polyelectrolytes resulting in spherical droplets of 

organic molecules held together noncovalently and apart from the surrounding liquid and 

have shown potential in sustained protein delivery [24, 25, 27–34]. VEGF was embedded 

into the fibrin gel, while PDGF was loaded into the coacervate then embedded into the gel. 

The coacervate was used to control the release of PDGF based on its affinity to heparin. This 
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system provided rapid release of VEGF followed by slow and sustained release of PDGF 

from a single injection. Here we report the effects of sequentially delivered VEGF and 

PDGF on revascularization and heart function after MI in rats.

2. Materials and methods

2.1. Release kinetics assay

The release assay (n=3) was performed using 100 ng of VEGF165 and 100 ng of PDGF-BB 

(PeproTech, Rocky Hill, NJ). PDGF Coacervate was made by mixing PDGF with heparin 

first (Scientific Protein Labs, Waunakee, WI), then with the polycation, poly(ethylene 

arginyl aspartate diglyceride) (PEAD) [27] at PEAD:heparin:GF mass ratio of 50:10:1. 

Fibrin gel was made by mixing 90 µl of 20 mg/ml fibrinogen solution (Sigma-Aldrich, St. 

Louis, MO) containing unbound VEGF and the PDGF coacervate with 5 µl of 1 mg/ml 

thrombin solution (Sigma-Aldrich, St. Louis, MO) and 5 µl of 1 mg/ml aprotonin solution 

(Sigma-Aldrich, St. Louis, MO). A 100 µl of 0.9% saline was deposited on top of fibrin gel 

to be collected at 1 hr, 16 hrs, 1, 4, 7, 14, and 21 days. The samples were incubated at 37°C. 

After centrifugation at 12,100 g for 10 min, supernatant was aspirated and stored at −80°C 

to detect amount of released GFs by ELISA kits (PeproTech, Rocky Hill, NJ). The 

absorbance at 450/540 nm was measured by a SynergyMX plate reader (Biotek, Winooski, 

VT). Normalizing standards (n=3) were prepared using the same amounts of free GFs in 100 

µl of 0.9% saline.

2.2. Smooth muscle cell chemotaxis assay

Chemotactic media was prepared as 500 µl MCDB-131+10% fetal bovine serum (FBS) per 

well in a 24-well plate with group-specific addition of saline (basal media), empty vehicle, 

or 100 ng free PDGF or in the coacervate. 8 µm pore size culture inserts (BD Falcon, 

Franklin Lakes, NJ) were placed in each well and 104 baboon smooth muscle cells (SMCs) 

were pipetted into the insert in 200 µl basal media and plate was incubated at 37°C. After 12 

hrs, cells remaining inside the insert were removed from the upper surface of the membrane 

with a cotton swab. Cells that had migrated to the lower surface of the membrane were then 

fixed in methanol for 15 min. Cells were incubated for 15 min in the dark with PicoGreen 

fluorescent dye from Quant-iT PicoGreen dsDNA Kit (Molecular Probes, Eugene, OR), 

diluted 200-fold to working concentration in DPBS. Cells were imaged with a fluorescent 

microscope (Eclipse Ti; Nikon, Tokyo, Japan) and images were taken in the center of each 

well in three wells per group and counted manually.

2.3. Endothelial and smooth muscle cells proliferation assays

Human umbilical vein endothelial cells (HUVEC) (ATCC, Manassas, VA) or baboon SMCs 

were seeded at 104 cells per well in a 96-well plate and cultured in EGM-2 media (Lonza, 

Walkersville, MD) and MCDB131+0.2% FBS media, respectively. Group-specific additions 

were made to media with GF concentrations at 20 ng/ml per well for SMCs and 25 ng/ml of 

each GF per well for HUVEC. The plates were incubated for 48 hrs at 37°C. 20 µl of pre-

prepared BrdU label was then added for 4 hrs and the proliferation assays were performed 

according to kit’s instructions (Millipore, Temecula, CA). The absorbance at 450/540 nm 
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was measured by a SynergyMX plate reader. Absorbance proliferation values were 

normalized to basal media value.

2.4. Ex vivo rat aortic ring assay

Thoracic rat aortae (n=3 per group) were dissected according to established protocols [35, 

36], cleaned from fibro-adipose tissue, and cut into approximately 1.5 mm ring segments. 

Rings were serum-starved overnight in serum-free endothelial basal medium (EBM). Next 

day, the rings were embedded in the center of a 3D fibrin matrix that contained different 

treatment groups (GF dose of 250 ng) with luminal axis perpendicular to the bottom of the 

well in a 24-well plate. 500 µL of EBM was placed on top of gel. Rings were incubated at 

37°C for 6 days. Rings were then imaged using brightfield (BF) microscopy and quantified 

in terms of microvasculature sprouting area in 3 wells per group.

2.5. Rat acute myocardial infarction model

University of Pittsburgh Institutional Animal Care and Use Committee (IACUC) approval 

was obtained prior to beginning all animal studies. MI and injections were performed as 

previously described [37]. Briefly, 6–7 week old male Sprague-Dawley rats (Charles River 

Labs, Wilmington, MA) were anesthetized with isoflurane (Butler Schein, Dublin, OH), 

intubated, and connected to a mechanical ventilator. The ventral side was shaved and a small 

incision was made through the skin. The muscle and ribs above heart were separated. The 

heart was exposed and MI was induced by ligation of the left anterior descending (LAD) 

coronary artery using a 6-0 polypropylene suture (Ethicon, Bridgewater, NJ). Five minutes 

after the induction of MI, 100 µl of saline, empty vehicle, free VEGF+PDGF (1.5 µg of each 

GF), or sequentially delivered VEGF+PDGF (using fibrin gel-coacervate system) solutions 

were injected intramyocardially at 3 equidistant points around the infarct zone using a 31 G 

needle (BD, Franklin Lakes, NJ). For injections of fibrin gel, thrombin was added to 

fibrinogen solution and injected shortly before gelation. The chest was closed and the rat 

was allowed to recover. After 4 weeks, all animals were sacrificed and hearts were harvested 

for histological and immunohistochemical evaluation.

2.6. Echocardiography

Echocardiography was performed 2 days before surgery (baseline) and at 2, 14, and 28 days 

post-MI surgery to evaluate cardiac function. Short-axis videos of the left ventricle (LV) by 

B-mode were obtained using a Vevo 770 high-resolution in vivo micro-Imaging system 

(Visual Sonics, Ontario, Canada). End-systolic area (ESA) and end-diastolic area (EDA) 

were measured using NIH ImageJ 1.46r and fractional area change (FAC) was calculated 

as :[(EDA-ESA)/EDA]*100%. Percent improvements of one group over another were 

calculated as the difference between the % drops in FAC values of the first and second 

groups divided by the higher % drop of the two groups.

2.7. Histological analysis

At 4 weeks post-infarction, rats were sacrificed by injecting 2 ml of deionized (DI) water 

saturated with potassium chloride (KCl) (Sigma Aldrich, St. Louis, MO) in the LV to arrest 

the heart in diastole. Hearts were harvested and frozen in OCT compound. Specimens were 
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sectioned at 6 mm thickness from apex to the ligation level with 500 µm intervals. Sections 

were fixed in 2–4% paraformaldehyde (fisher Scientific, Fair Lawn, NJ) prior to all staining 

procedures.

Hematoxylin and eosin (H&E) staining was performed for general evaluation. Five to six 

H&E stained slides from each group were randomly selected and the ventricular wall 

thickness in the infarct zone of each was measured near the mid-section level of the infarct 

tissue using NIS Elements AR imaging software (Nikon Instruments, Melville, NY).

For assessment of fibrosis, picosirius red staining was used to stain collagen fibers. The 

fraction area of collagen deposition in the infarct region was measured by NIS Elements AR 

software. Five to six slides from each group were used for quantification near the mid-

section level of the infarct tissue.

2.8. Immunohistochemical analysis

For evaluation of inflammation, a mouse anti-rat CD68 (Millipore, Temecula CA) was used 

followed by an Alexa fluor 594 goat anti-mouse antibody (Invitrogen, Carlsbad, CA). For 

evaluation of angiogenesis, ECs were detected by a rabbit anti-rat Von Willebrand factor 

(vWF) antibody (US Abcam, Cambridge, MA) followed by an Alexa fluor 594 goat anti-

rabbit antibody (Invitrogen Carlsbad, CA). Mural cells were detected by a FITC-conjugated 

anti-α- smooth muscle actin (α-SMA) monoclonal antibody (Sigma Aldrich, St. Louis, 

MO). Viable cardiomyocytes were detected by staining using a mouse anti-rat cardiac 

troponin I (cTnI) antibody (US Abcam, Cambridge, MA) followed by an Alexa fluor 488 

goat anti-mouse antibody (Invitrogen, Carlsbad, CA). All slides were last counterstained 

with DAPI (Invitrogen, Carlsbad, CA).

For quantification, four to five slides from each group were utilized near the midsection 

level of the infarct tissue. The numbers of CD68-positive cells and vWF- and α-SMA-

positive vessels were counted and reported per mm2 areas. The cTnI-positive fraction area in 

the infarct region was measured by NIS Elements AR software. Intensity of fluorescence 

was determined by ImageJ and normalized to the background value.

2.9. Statistical analysis

Results are presented as means ± standard deviations (SD). GraphPad Prism 5.0 statistical 

software (La Jolla, CA) was used for statistical analysis. One-way ANOVA followed by 

Tukey’s SD test was used for in vitro assays, histological and immunohistochemical 

analyses. Two-way ANOVA followed by Bonferroni post-hoc test was used for 

echocardiography analysis. P value < 0.05 was considered significantly different.

3. Results

3.1. Fibrin gel-coacervate system achieves sequential delivery

Previously, we studied VEGF release from the coacervate which was relatively slow 

because of its mid-range affinity for heparin (kd=165 nM) [25, 38]. With a weaker heparin-

binding affinity (kd=752 nM) [39], PDGF release from the coacervate occurs faster than for 

VEGF (supplemental Fig. S1). A proper therapeutic angiogenesis process needs a sequential 
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release of VEGF first followed by PDGF. In order to obtain faster VEGF release, we 

embedded it in a fibrin gel without loading it into the coacervate. We then loaded PDGF in 

the coacervate to provide its sustained release and embedded it in the same fibrin gel (Fig. 

1A). The loading efficiencies were 87% for VEGF and 97% for PDGF as observed 1 hour 

after loading. VEGF had a burst release of 44% including the unloaded amount by day 1, 

while PDGF had a minimal burst release of 14% (Fig. 1B). Having a significant release of 

VEGF by day 1 might prove beneficial for angiogenesis and heart function after MI [40]. 

This delivery system achieved sequential release kinetics, where 95% of VEGF was released 

by one week and only 40% of PDGF, which continued to release up to 75% after three 

weeks (Fig. 1B). The in vivo release rate can be further influenced by fibrinolysis, 

hydrolytic degradation of the PEAD polycation, enzymatic degradation by esterases and 

heparinases, and dissociation of the coacervate in an ionic environment. Thus, in vivo 

release is expected to be faster. Overall, the release kinetics attained with the fibrin gel-

coacervate delivery vehicle may enhance the formation of neovasculature based on the 

physiological roles of VEGF and PDGF during angiogenesis [15, 17].

3.1. PDGF coacervate induces SMC chemotaxis and proliferation

We reported previously on VEGF bioactivity in free form and using the coacervate [25]. 

Here, we evaluated the effect of PDGF released from the coacervate on SMC migration 

using a Boyden chamber assay. Free PDGF induced significantly more SMC migration 

compared to controls, however the same dose of PDGF delivered by the coacervate had the 

greatest chemotactic effect compared to all groups (Fig. 2A,B). The empty vehicle was also 

demonstrated to be inert with no effect on cell migration compared to basal media alone.

We also tested the effect of coacervate-released PDGF on SMC proliferation using a BrdU 

assay. Again, we observed no significant effect of the vehicle compared to basal media 

control. Both free PDGF and PDGF coacervate induced significant SMC proliferation 

compared to control groups. However, PDGF coacervate also increased cell proliferation 

compared to free PDGF (Fig. 2C). Collectively, these results demonstrate that PDGF 

released from the PEAD coacervate is highly bioactive and can stimulate proliferation and 

migration of SMCs in vitro.

3.2. Sequential delivery improves EC proliferation and vessel sprouting

In order to evaluate the potential benefit of sequential release of VEGF and PDGF, we 

performed EC proliferation and aortic ring vessel sprouting assays. We hypothesized that 

high initial PDGF concentrations would reduce the effect of VEGF on ECs. Free VEGF

+PDGF induced significantly more proliferation than basal media, but not more than empty 

vehicle, which showed no difference compared to basal media. However, sequentially 

delivered VEGF+PDGF induced significantly more proliferation than both control and free 

GFs (Fig. 3A).

In the aortic ring assay, free GFs induced significantly more microvessel outgrowth and 

longer sprouts from ring segments compared to basal media but not compared to empty 

vehicle. In contrast, sequential delivery showed significantly larger sprouting area than all 

groups (Fig. 3B,C). Taken together, these experiments suggest that PDGF has an 
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antagonistic effect on VEGF-mediated angiogenic responses in vitro which can be avoided 

by a sequential delivery approach.

3.3. Sequential delivery of VEGF and PDGF improves overall cardiac function

We next evaluated the in vivo effect of sequential delivery in a rat MI model comparing 

saline, empty vehicle, free VEGF+PDGF, and sequentially delivered VEGF+PDGF. We 

evaluated changes in LV contractility using 2-D echocardiography and reported heart 

function as fractional area change (FAC). ESA and EDA values were similar for all groups 

suggesting little to no effect on ventricular dilation over the time period evaluated (Fig. 

4A,B).

MI induction was confirmed by a significant drop in FAC 2 days after infarction (Fig. 4C). 

No significant differences were found between groups at baseline or at day 2. At 2 weeks, 

sequential delivery group showed a significant improvement in cardiac function compared to 

all other groups. FAC values were 32.5 ± 3.3% for saline, 34.9 ± 5% for empty vehicle, ,36 

± 2.6% for free GFs, and 45.6 ± 2.5% for sequential delivery (Fig. 4C). No significant 

differences were found between saline, empty vehicle, and free GFs values at 2 weeks. This 

result represented a 60% improvement by sequential delivery over free GFs and 68% over 

saline.

At 4 weeks, FAC declined slightly for all groups, but sequential delivery group maintained 

its improvement in cardiac function with a significantly higher FAC compared to all groups. 

FAC values were 30 ± 4.3% for saline, 32.2 ± 2.8% for empty vehicle, 33.9 ± 4.4% for free 

GFs groups, and 44.4 ± 3.2% for sequential delivery (Fig. 4C). The sequential delivery value 

represented a 59% improvement over free GFs and 66% over saline. The ability of 

sequential delivery to improve and maintain the cardiac function 4 weeks after MI stresses 

the importance of spatiotemporal presentation towards the effectiveness of VEGF and 

PDGF.

3.4. Sequential delivery increases ventricular wall thickness and reduces fibrosis in the 
infarcted myocardium

After evaluation of overall cardiac function, we performed investigations at the tissue level 

using histology and immunohistochemistry. At 4 weeks, H&E stained tissue showed 

increased granulated scar tissue areas with thinner LV walls in the infract region in saline 

(591.2 ± 55.1 µm), empty vehicle (630 ± 135.1 µm), and free GFs (797.9 ± 144.3 µm) 

groups with no significant differences in wall thicknesses between them. In contrast, 

sequential delivery showed significantly increased LV wall thickness (1205.7 ± 224.9 µm) 

compared to all groups with less scar tissue and granulation replacing normal cardiac muscle 

(Fig. 5A,B).

The extent of fibrosis was assessed using picosirius red staining. Collagen deposition was 

quantified and found to be significantly less in the sequential delivery group compared to all 

other groups which contained dense deposition of fibrillar collagen along the LV wall and 

extended to the infarct border zone (Fig. 5C,D). The area fractions of collagen deposition 

were 36.4 ± 12.1% for saline, 32 ± 6.6% for empty vehicle, 31.4 ± 3.2% for free GFs, and 
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19 ± 3.8% for sequential delivery (Fig. 5C). The reduced fibrosis and LV wall thinning due 

to sequential delivery of VEGF and PDGF is likely a contributing factor to the enhanced 

cardiac contractility since less fibrotic tissue reduces the stiffening of the ventricular walls 

and the extent of cardiac remodeling that occurs after MI [41].

3.5. Sequential delivery provides persistent angiogenesis in the infarcted myocardium

Restoring blood flow to the infarcted myocardium through robust angiogenesis is key to 

tissue regeneration and functional recovery. To investigate the development of mature and 

stable vasculature in the infarct region, we stained for the EC marker vWF and pericyte 

marker α-SMA (Fig. 6A). In addition to being an EC marker, vWF is a marker of cell 

homeostasis [42] and can be used to evaluate the functionality of new blood vessels. After 4 

weeks, free GFs group (25.6 ± 3.2 per mm2) showed a significantly higher number of vWF-

positive vessels in comparison to saline (15.5 ± 3.1 per mm2) and empty vehicle (15.7 ± 3 

per mm2) groups which showed only few vessels in the infarct zone (Fig. 6A,B). In contrast, 

sequential delivery (49.6 ± 8.1 per mm2) showed an increase in vWF-positive vessels that 

was significantly higher than all groups. This suggests that sequential release of VEGF and 

PDGF helped improve the formation of neovessels with increased functionality.

The stability and maturity of new vasculature and prevention of its regression is very 

important for successful ischemic tissue repair. The goal of therapeutic angiogenesis is 

therefore to produce neovasculature that is not transient but rather is long-term, stable, 

mature, and robust. To examine the maturity of neovessels, we stained for α-SMA to detect 

pericytes associated with newly formed vWF-positive vessels (Fig. 6A). Few α-SMA-

positive vessels were found in saline (6.9 ± 1.3 per mm2), empty vehicle (6.5 ± 1.9 per 

mm2), and free GFs (8.9 ± 2.7 per mm2) groups with no statistical difference among them. 

On the other hand, sequential delivery showed many α-SMA-positive vessels (25.5 ± 8.7 per 

mm2) likely due to the recruitment of pericytes by PDGF released in a sustained manner by 

the fibrin gel-coacervate delivery system (Fig. 6A,C). These results indicate the formation of 

stable and mature neovessels including capillaries and arterioles that are likely involved in 

tissue perfusion. This robust angiogenesis process is seemingly a key factor in the observed 

improvement of cardiac contractility at the functional level.

3.6. Sequential delivery maintains cardiac viability in the infarcted myocardium

Cardiomyocyte survival is essential to maintain proper contractile function of the LV after 

MI. The viability of the cardiac muscle in the infarcted myocardium was examined by 

staining for cardiomyocyte marker cTnI (Fig. 7A). At 4 weeks, Saline, empty vehicle, and 

free GFs groups showed reduced cardiomyocyte survival in the infarct region with cTnI-

positive area fractions of 30.5 ± 7.4%, 29.4 ± 11%, and 27.4 ± 3.7%, respectively (Fig. 

7A,B). There was no statistical differences noted among the three groups. In contrast, 

sequential delivery showed a significantly higher cTnI-positive area fraction (55.6 ± 18.2%) 

than all groups suggesting better viability and preservation of the cardiac myofibers which 

help in the improvement of overall cardiac function (Fig. 7A,B).

Awada et al. Page 8

J Control Release. Author manuscript; available in PMC 2016 June 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3.7. Sequential delivery reduces inflammation in the infarcted myocardium

Reducing inflammation triggered by MI is an important goal towards recovery and repair of 

the myocardium [43]. Local inflammation in the infarct zone was evaluated by staining for a 

pan-macrophage marker, CD68. At 4 weeks, we observed that both free GFs and sequential 

delivery groups greatly reduced the presence of macrophages (Fig. 7C,D). Sequential 

delivery group showed many less CD68-positive cells (48.9 ± 12.4 per mm2) than free GFs 

group (113.6 ± 28.2 per mm2), however no statistical difference was found between the two, 

though a trend is clearly observed. Saline (196.2 ± 44.4 per mm2) and empty vehicle (204.2 

± 52.7 per mm2) groups showed significantly higher numbers of CD68-positive cells (Fig. 

7C,D). This result suggests an indirect role for VEGF and/or PDGF in reducing macrophage 

infiltration into the infarct zone after MI possibly due to reduced tissue damage or down-

regulation of pro-inflammatory cytokines.

4. Discussion

With the aim of promoting tissue repair and functional recovery, restoring the blood supply 

to ischemic tissues through therapeutic angiogenesis remains an exciting route. VEGF and 

PDGF are potent angiogenic factors with relatively distinct roles [17]. One key to successful 

therapeutic angiogenesis is careful consideration of the spatiotemporal profiles of 

administered GFs. It has been shown that VEGF can inhibit PDGF signaling where 

VEGFR-2, activated by VEGF, complexes with PDGFR-β to block its signal transduction, 

thus compromising its role in pericyte recruitment and neovessel stabilization [22]. One 

study using synthetic modified RNA encoding human VEGF concluded that VEGF 

administration can effectively improve heart function when present for just 2 days after MI 

[40]. This strongly suggests that certain GFs are only needed in the early stage of 

angiogenesis, while others should be present in the later stages.

Administration of various angiogenic GFs has been studied for a long time [3, 5, 6]. 

However, most strategies showed limited therapeutic effect because they focus on delivering 

single GFs involved in the early stages of angiogenesis, while overlooking the importance of 

stabilizing the sprouting neovessels through the actions of late-stage GFs [10, 12, 17]. With 

a more comprehensive understanding of the mechanisms of angiogenesis, researchers 

realized the need to administer more than one GF in their therapeutic strategies [10]. 

However, these therapies still demonstrated low efficacy when important factors such as the 

spatiotemporal presentation and protection of GFs were not considered. One study found 

that combinatorial plasmid gene transfer of VEGF and PDGF did not improve angiogenesis 

more than single plasmid treatments did in infarcted rat myocardium [44]. Another study 

concluded that bolus injections of a cocktail of four GFs: FGF-2, stromal-derived factor 1-α 

(SDF1-α), insulin growth factor-1 (IGF-1), and hepatocyte growth factor (HGF), did not 

improve cardiac function, reduce infarct size, or promote stable microvasculature [45]. 

When the shortcomings of bolus injections were realized, investigators shifted their focus 

towards controlled delivery vehicles capable of sequential and spatiotemporal presentation 

of GFs. Factors such as GF loading efficiency, spatiotemporal profiles, burst releases, 

control over release kinetics, GF bioactivity and bioavailability, and cost of manufacturing 

are challenges that should be addressed to create an effective delivery system [10, 12, 26, 
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46, 47]. Several systems demonstrated the ability to sequentially deliver two GFs, however 

they are not injectable, and thus difficult to apply towards treating heart diseases [21, 48–

50]. Others were able to develop injectable platforms that displayed the benefit of sequential 

delivery using various GFs and in vivo models [51–54].

In studies where an early-stage factor was presented first followed by a late-stage factor, 

improved angiogenic responses over single factors or non-sequential delivery were 

observed. For example, when presented simultaneously, PDGF-BB and Ang1 inhibited the 

VEGF and Ang2-mediated EC sprouting and pericyte detachment in vitro and microvessel 

formation in a subcutaneous implant in vivo model; yet presentation of PDGF-BB and Ang1 

at a later stage enhanced the angiogenic process [21]. Similarly, when applied together, 

FGF-2 and PDGF-BB were shown to inhibit each other; however, sequential delivery of 

FGF-2 followed by PDGF-BB improved EC migration, EC and vascular pericyte 

colocalization, and functional angiogenesis in a subcutaneous implant model [23]. These 

results are in support of our in vitro findings regarding antagonism between VEGF and 

PDGF signaling. Therefore, in order to achieve a robust angiogenic response, therapies must 

take into consideration the multiple GFs involved, their spatiotemporal cues in the natural 

tissue microenvironment, and the translational potential of the delivery platform.

The delivery system described in this study is based on a combination of fibrin gel and a 

complex coacervate for sequential delivery of VEGF followed by PDGF. The coacervate 

contains heparin and a biocompatible polycation, PEAD, which closely and advantageously 

imitates the native signaling environment involving extracellular matrix proteoglycans, 

ligands, and cell receptors [33, 55–57]. This vehicle can protect the GFs from rapid 

enzymatic degradation and potentiate their bioactivities [24, 25, 27–33]. In this study, we 

demonstrated that the fibrin gel-coacervate system achieved early release of VEGF to trigger 

EC proliferation and sprouting and delayed release of PDGF to recruit pericytes that 

stabilize the newly formed vessels. Even though PDGF is still present in the early stage, our 

delivery system largely limited its overlap with VEGF presence and thus limited the 

antagonism between the two factors. Our in vitro assays demonstrated that PDGF coacervate 

significantly improved SMC proliferation and migration compared to free PDGF. We also 

showed the importance of sequential delivery of VEGF followed by PDGF towards EC 

proliferation by limiting PDGF-mediated inhibition of VEGF angiogenic effects, in 

accordance with previous reports [21–23]. The benefit of sequential release was further 

demonstrated by improved microvasculature sprouting from rat aortic rings.

In vivo, we demonstrated using a rat MI model that the fibrin gel-coacervate system led to a 

robust angiogenic response with extensive formation of mature and functional blood vessels 

in the infarct zone. We observed a significant increase in the number of vWF- and α-SMA 

positive vessels reflecting the formation of new stable and mature vasculature. Our results 

further demonstrate a reduction in myocardial fibrosis which mitigates the loss in contractile 

function seen in control groups [41, 43]. Moreover, cardiomyocyte survival, essential for 

preserving contractile function, was improved as a result of sequential delivery of VEGF 

and PDGF. Several variables not investigated in this study may have played a role in the 

improvement of cardiomyocyte survival and angiogenesis. For example, VEGF has been 

shown to elevate the levels of nitric oxide [58, 59], which is a potent vasodilator and an 
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endothelial survival factor that prevents apoptosis and improves EC proliferation and 

migration [60]. Vasodilation soon after infarction may improve cardiomyocyte survival. 

VEGF also improves FGF-2-mediated angiogenesis [20] and induces the release of SDF1-α 

which promotes cardiac stem cell and other progenitor cell mobilization to the infarct region 

[61]. In addition to its role in stabilizing neovessels, PDGF can also activate cardioprotective 

signaling pathways in cardiomyocytes [18]. Maintaining a viable cardiac muscle is essential 

to improving cardiac function after MI as demonstrated in studies attempting to stimulate 

proliferation of cardiomyocytes, prevent their apoptosis, and recruit cardiac progenitor cells 

to the heart [62–68]. Moreover, we demonstrated that sequential delivery of VEGF and 

PDGF reduced the presence of macrophages in the infarct zone 4 weeks after MI. This 

reduction might be due to indirect VEGF and/or PDGF down-regulation of proinflammatory 

cytokines. It is also possible that the improved angiogenesis and better preservation of 

cardiac muscle observed in our study reduced tissue damage, which may have in turn 

reduced inflammation. The culmination of these many benefits was reflected on a functional 

level by improved cardiac contractility as early as 2 weeks after infarction with 

approximately 60% improvement over free GF delivery.

Many studies have investigated different types of delivery vehicles for spatiotemporal 

control over the release or expression of two or more GFs [21, 23, 48–50, 53, 54, 69–72]; 

however very few have been tested in an animal model of MI [51, 52, 73]. In the one study 

testing sequential delivery of VEGF and PDGF in the infarcted myocardium, an increased 

systolic velocity-time integral, a measure of displacement of the myocardium during 

contraction, was reported but surprisingly no significant improvement in ejection fraction or 

LV end-systolic dimension was observed compared to saline control or single GF delivery 

[51]. Our study demonstrates significantly improved cardiac function through the 

measurement of LV contractility based on the FAC parameter, which is similar to ejection 

fraction but is a two-dimensional measurement. This functional improvement is 

corroborated by comprehensive histological and immunohistochemical analyses showing the 

beneficial effects of sequential delivery of VEGF and PDGF at the tissue level of the infarct 

region.

5. Conclusions

This study demonstrated that sequential controlled release of VEGF165 and PDGF-BB can 

trigger the formation and stabilization of neovasculature, and improve cardiac function after 

MI in a rat model. The improvement is observed at 2 weeks and maintained at a similar level 

at 4 weeks. Improvements at the tissue level include increased mature blood vessel 

formation, cardiomyocyte survival, and decreased collagen deposition and inflammation in 

the infarct zone. These results suggest that the fibrin gel-coacervate delivery system can 

induce robust angiogenesis, reduce scar burden, and potentially halt the pathological 

progression post MI. This controlled delivery approach warrants further investigation in a 

clinically-relevant large animal model.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Sequential delivery of VEGF and PDGF using a fibrin gel-coacervate system. (A) The 

delivery system was comprised of a fibrin gel embedding free VEGF and PDGF-loaded 

coacervate droplets. The coacervate was formed through electrostatic interactions by 

combining PDGF with heparin then with PEAD polycation (B) The delivery system 

described achieved sequential quick release of VEGF followed by a sustained release of 

PDGF. Data are presented as means ± SD (n=3 per group).
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Fig. 2. 
PDGF coacervate promotes SMC chemotaxis and proliferation. (A) After 12h, images show 

more migrated SMC through the cell culture insert membrane towards PDGF coacervate 

compared to other groups. (B) Although free PDGF significantly induced migration 

compared to control, it was less than PDGF coacervate which significantly enhanced 

migration compared to all other groups. (C) After 48h, free PDGF induced significantly 

more SMC proliferation than controls, while PDGF coacervate induced significantly more 
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proliferation than all groups. Proliferation values were normalized to basal media average. 

Data are presented as means ± SD (n=3 per group). **P<0.01. Scale bar=250 µm.

Awada et al. Page 18

J Control Release. Author manuscript; available in PMC 2016 June 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Sequential delivery of VEGF and PDGF promotes endothelial cell proliferation and vessel 

sprouting. (A) After 48h, free GFs (VEGF+PDGF) induced significantly more endothelial 

proliferation than basal media, while sequential delivery of VEGF and PDGF induced 

significantly more proliferation than all groups. Proliferation values were normalized to 

basal media average. (B) After 6 days, rat aortic ring assay shows that free GFs induced 

significantly larger microvasculature sprouting area than basal media. Sequential delivery 

induced significantly larger sprouting areas compared to all groups. (C) Representative 

Awada et al. Page 19

J Control Release. Author manuscript; available in PMC 2016 June 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



images show microvasculature formation around rat aortic rings, with more sprouting 

observed in the sequential delivery group. Data are presented as means ± SD (n=3 per 

group). *P<0.05, **P<0.01. Scale bar=500 µm.
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Fig. 4. 
Sequential delivery of VEGF and PDGF improves cardiac function after MI. (A) End-

systolic area (ESA) and (B) End-diastolic area (EDA) showed no statistical difference 

between groups at all time points suggesting no effect on ventricular dilation. (C) % 

Fractional area change (FAC) reflected a significantly improved cardiac contractility at 2 

wks and maintained at 4 wks in the sequential delivery group compared to all groups. In 

comparison, sequential delivery group displayed a 68% improvement over saline and 60% 

over free GFs at 2 wks. Data are presented as means ± SD (n=7 per group). **P<0.01.
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Fig. 5. 
Sequential delivery of VEGF and PDGF improves ventricular wall thickness and reduces 

fibrosis 4 wks after MI. (A) H&E staining showed ventricular wall thinning with damaged 

cardiac muscle surrounded by scar tissue in saline, empty vehicle, and free GFs groups. 

However, these damages were apparently alleviated in the sequential delivery group. 

Quantitative analysis showed (B) significantly increased ventricular wall thickness and (C) 

significantly reduced collagen deposition in the sequential delivery group compared to all 

groups. (D) Picosirius red staining images show the vast collagen deposition areas along the 

LV wall and infarct zone in saline, empty vehicle, and free GFs groups. Collagen deposition 
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was reduced in the sequential delivery group indicating less fibrotic tissue and scar 

formation. Data are presented as means ± SD (n=5–6 per group). *P<0.05, **P<0.01. Scale 

bar=1000 µm.
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Fig. 6. 
Sequential delivery of VEGF and PDGF improves angiogenesis 4 wks after MI. (A) 

Representative images show co-staining of VWF (red) and α-SMA (green) that reflect the 

level of neovessel formation, their functionality and maturity, with noticeable improved 

angiogenesis in the sequential delivery group. (B) Saline and empty vehicle groups showed 

little angiogenesis with few VWF-positive vessels. While free GFs induced significantly 

more VWF-positive vessels than controls, sequential delivery induced significantly more 

than all groups. (C) Sequential delivery induced significantly more α-SMA-positive vessels 
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than all groups. Data are presented as means ± SD (n=4–5 per group). *P<0.05, **P<0.01. 

Scale bar=200 µm.
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Fig. 7. 
Sequential delivery of VEGF and PDGF improves cardiac muscle viability and reduces 

inflammation 4 wks after MI. (A) Cardiac troponin I (cTnI) staining (green) showed few 

viable cardiomyocytes in saline, empty vehicle, and free GFs groups, while sequential 

delivery group showed a larger area of viable cardiac muscle in the infarct zone. Scale 

bar=500 µm. (B) Quantitative analysis revealed that the sequential delivery group showed a 

significantly larger cTnI-positive area fraction in the infarct region compared to all groups. 

(C) Staining of inflammatory marker CD68 showed large numbers of CD68-positive cells in 

saline and empty vehicle groups, while significantly less cells were found in free GFs group 

and even less in sequential delivery group, with no significant difference between them. (D) 

Representative images of CD68 staining show less positive (red) cells in free GFs and 

sequential delivery groups. Scale bar=250 µm. Data are presented as means ± SD (n=4–5 per 

group). *P<0.05.
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