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Abstract

Following myocardial infarction (MI), the destruction of vasculature in the infarcted heart muscle 

and progression of cardiac fibrosis lead to cardiac function deterioration. Vascularization of the 

damaged tissue and prevention of cardiac fibrosis represent promising strategies to improve 

cardiac function. Herein we have developed a bFGF release system with suitable release kinetics 

to simultaneously achieve the two goals. The release system was based on an injectable, 

thermosensitive, and fast gelation hydrogel and bFGF. The hydrogel had gelation time < 7 s. It can 

quickly solidify upon injection into tissue so as to increase drug retention in the tissue. Hydrogel 

complex modulus can be tuned by hydrogel solution concentration. The complex modulus of 

176.6 Pa and lower allowed cardiac fibroblast to maintain its phenotype. Bioactive bFGF was able 

to gradually release from the hydrogel for 4 weeks. The released bFGF promoted cardiac 

fibroblast survival under ischemic conditions mimicking those of the infarcted hearts. It also 

attenuated cardiac fibroblasts from differentiating into myofibroblasts in the presence of TGFβ 
when tested in 3D collagen model mimicking the scenario when the bFGF release system was 

injected into hearts. Furthermore, the released bFGF stimulated human umbilical endothelial cells 

to form endothelial lumen. After 4 weeks of implantation into infarcted hearts, the bFGF release 

system significantly increased blood vessel density, decreased myofibroblast density and collagen 

content, augmented cardiac cell survival/proliferation, and reduced macrophage density. In 

addition, the bFGF release system significantly increased cardiac function. These results 

demonstrate that delivery of bFGF with appropriate release kinetics alone may represent an 

efficient approach to control cardiac remodeling after MI.
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1. Introduction

Myocardial infarction (MI) is a major cardiovascular disease that affects millions of people 

in the western countries. Following MI, the destruction of vasculature in the affected cardiac 

muscle leads to extensive cell death. The dead tissue then undergoes progressive adverse 

remodeling. Revascularization to revitalize the dead tissue has been considered as an 

effective approach to attenuate the adverse remodeling and improve cardiac function [1–5]. 

Pro-angiogeneic therapy is commonly used for revascularization [6–10]. It involves delivery 

of angiogeneic growth factors such as bFGF, VEGF, and PDGF into infarcted area to 

stimulate angiogenesis. However, systemic delivery has low efficacy due to short half-life of 

the growth factors [6–10]. Controlled and local delivery of these growth factors using 

microspheres and hydrogels may improve the efficacy [6–10]. Yet a significant loss of 

growth factors may occur during the delivery due to low retention of microspheres and 

hydrogels in the heart tissue. Increase of growth factor retention in the tissue after delivery is 

expected to improve the efficacy of vascularization. This may be achieved by using fast 

gelation hydrogels as growth factor carriers. Previous studies have demonstrated that fast 

gelation hydrogels can be quickly immobilized in tissues after injection so as to improve 

drug retention [11–13].

Cardiac fibrosis also occurs after MI. It is characterized by excessive deposition of 

extracellular matrix (ECM) in the infarcted area, causing tissue stiffening and limiting the 

systolic and diastolic functions of the heart. While the fibrotic tissue formed initially has 

protective effect to prevent the infarcted heart from rupture, continued cardiac fibrosis leads 

to a decrease in cardiac function [14–18]. Myofibroblasts, formed primarily through TGFβ 
binding to TGFβ receptors (TGFβRs) on cardiac fibroblasts (TGFβ pathway), are 

responsible for cardiac fibrosis. To prevent cardiac fibrosis from progressing, it is crucial to 

inhibit TGFβ pathway-mediated myofibroblast formation. However, this cannot be readily 

achieved by existing therapies. Current therapies are mostly focused on the systemic 

delivery of TGFβ inhibitors or anti-TGFβ antibodies to decrease the amount of active TGFβ 
in the heart [19–24]. These drugs do not block TGFβ from binding to TGFβRs. Therefore, 

they cannot fundamentally prevent myofibroblast formation. For this reason, current 

therapies can only decrease cardiac fibrosis, but cannot essentially prevent cardiac fibrosis. 

TGFβR inhibitors have the potential to block TGFβ from binding to TGFβRs on cardiac 

fibroblasts. While various TGFβR inhibitors exist, most are used for cancer therapy [25,26]. 

One of the potential challenges in using these inhibitors for anti-fibrotic therapy is their 

relatively high toxicity [25,26]. Employing nontoxic growth factors for anti-fibrotic therapy 

may address the toxicity issue. Previous studies have shown that bFGF and HGF had anti-

fibrotic effect when delivered into infarcted hearts. [27] [28] The anti-fibrotic effect of bFGF 

has long been attributed to increased angiogenesis in infarcted hearts. Until recently, its 

direct contribution has been identified, i.e., bFGF is capable of inhibiting TGFβ-induced 

cardiac fibroblast differentiation into myofibroblast [29].
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The objective of this work was to simultaneously vascularize the infarcted heart tissue and 

attenuate cardiac fibrosis in order to improve cardiac function. To achieve the goal, the pro-

angiogenic and anti-fibrotic growth factor bFGF was delivered into infarcted hearts. While 

bFGF has pro-angiogenic and anti-fibrotic effects, it is yet to determine how bFGF release 

profiles can be modulated to simultaneously inhibit myofibroblast formation and promote 

endothelial cell morphogenesis. We show in this report that the two goals can be achieved by 

appropriate bFGF release kinetics. To address the low retention associated with growth 

factor delivery, a fast gelation hydrogel that can solidify within 7 s at 37 °C was used as 

bFGF carrier. When using a hydrogel as the growth factor carrier for anti-fibrotic therapy, it 

is essential that the hydrogel itself does not induce myofibroblast formation. This requires 

that the hydrogel to have appropriate stiffness as matrix stiffness itself can stimulate 

fibroblasts to differentiate into myofibroblasts. [30,31] In this report, the hydrogel stiffness 

was modulated to not induce myofibroblast formation.

2. Materials and methods

2.1. Materials

All materials were purchased from Sigma-Aldrich unless otherwise stated. N-

isopropylacrylamide (NIPAAm, TCI) was recrystallized before use. 2-hydroxyethyl 

methacrylate (HEMA, TCI) was passed through an inhibitor remover (Sigma Aldrich) to 

remove the inhibitors. Heparin sulfate (Alfa Aesar), recombinant human bFGF (peprotech), 

bFGF Elisa Kit (peprotech), collagen I solution (Fisher Scientific), Dulbecco’s Modified 

Eagle Medium (DMEM) powder (Fisher Scientific), 3,6-dimethyl-1,4-dioxane-2,5-dione, 

sodium methoxide, and triethylamine (Fisher-Scientific) were used as received.

2.2. Synthesis of hydrogel polymer

The hydrogel polymer was based on NIPAAm, HEMA, and a macromer acrylate-

oligolactide (AOLA). AOLA was synthesized through ring-opening polymerization of 3,6-

dimethyl-1,4-dioxane-2,5-dione followed by esterification with acryloyl chloride using our 

established approach [11]. Structure of the macromer was confirmed by 1H NMR, and the 

number of lactide units per macromer was 2.57. The hydrogel polymer was polymerized by 

free radical polymerization. In brief, under the protection of nitrogen, NIPAAm (7.44 g, 65.8 

mmol), HEMA (0.996 g, 7.7 mmol), and AOLA (0.816 g, 3.1 mmol) were dissolved in 1,4-

dioxane. Benzoyl peroxide (37.3 mg, 0.154 mmol) was then added into the solution. The 

polymerization was conducted at 70 °C for 24 h. The polymer solution was precipitated in 

hexane, and further purified by THF/diethyl ether. The synthesized polymer had a NIPAAm/

HEMA/AOLA ratio of 86.0/10.4/3.6 as determined by 1H NMR spectrum.

2.3. Characterization of hydrogel complex modulus

Hydrogel solutions with concentrations of 2, 4, 7 and 10 wt% were prepared by dissolving 

the hydrogel polymer in Dubecco’s modified phosphate-buffered saline (DPBS). The 

rheological test was conducted in an AR-G2 rheometer equipped with a Peltier plate (TA 

Instruments). The radius of smooth geometry was 8 mm, and the gap height was 1 mm. The 

testing was performed in a temperature range of 11 °C to 37 °C with a rate of 2 °C/min. The 

Fan et al. Page 3

J Control Release. Author manuscript; available in PMC 2020 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



strain and oscillatory frequency were 2% and 1 Hz, respectively. TA Rheology Advantage 

TM software was utilized for data acquisition and analysis.

2.4. Cardiac fibroblast phenotype on hydrogel surface

The hydrogel solutions with concentrations of 2, 4, 7, and 10 wt% were sterilized under UV 

light for 30 min. Each solution was then added into 24-well plates (300 μL/well). After 10 

min of incubation at 37 °C, the supernatant was removed, and the rat cardiac fibroblasts 

were seeded on the hydrogel surface. The seeding density was 1 × 106 cells/mL. The cells 

were cultured at 37 °C with 5% CO2 and 21% O2. DMEM supplemented with 10% fetal 

bovine serum (FBS) and 1% penicillin-streptomycin was used as culture medium. The 

samples were collected after 1 and 7 days of incubation.

The phenotype of cardiac fibroblasts on the hydrogel surface was characterized at the protein 

level by immunohistochemistry. To perform immunohistological staining, the samples were 

fixed by 4% formaldehyde solution followed by permeabilization with 0.1% Triton X-100 

and blocking with 10% goat serum. The samples were stained with primary antibody αSMA 

overnight, and secondary antibody Alexa Fluor 546 goat-anti-rat IgG for 1 h. Hoechst 33328 

was used to stain cell nuclei. Fluorescent images were taken with a confocal microscope 

(Olympus FV1000).

2.5. Release of bFGF from the hydrogel

Hydrogel solution with concentration of 4 wt% was used to fabricate bFGF release system. 

bFGF stock solution was added to reach the final concentration of 10 and 50 μg/mL, 

respectively. To preserve the bioactivity of the encapsulated bFGF, heparin sulfate (1 wt%) 

was also added into the solutions [32]. 200 μL of bFGF-loaded hydrogel solution was then 

incubated in a 37 °C water bath for gelation. After 30 min, supernatant was collected and 

replaced by 200 μL DPBS. bFGF release was conducted in a 37 °C water bath for 4 weeks. 

At each pre-determined time point, the release medium was collected and replaced with 

equal volume of fresh DPBS. The content of released bFGF was measured using a bFGF 

ELISA kit [33].

2.6. Bioactivity of released bFGF

Bioactivity of the released bFGF was evaluated by proliferation assay of rat cardiac 

fibroblasts. The cell suspension was seeded in a 96-well plate at a density of 2 × 105 

cells/mL. After 24 h, the culture medium was replaced with the collected release medium 

supplemented with 0.5% FBS. Following 48 h of culture, cell viability was assessed by MTT 

assay [34]. 1 ng/mL bFGF solution, and the release medium collected from the hydrogel 

without bFGF were used as controls. Relative cell viability was quantified by normalizing 

MTT absorbance of the release medium to that of the 1 ng/mL bFGF.

2.7. Effect of bFGF release on cardiac fibroblast phenotype in the presence of TGFβ

To determine the effect of released bFGF on cardiac fibroblast phenotype, a 3D model of 

collagen gel seeded with cardiac fibroblasts and injected with hydrogel/bFGF was used. This 

model mimics the scenario where hydrogel/bFGF is injected into heart [35]. In brief, type I 

rat tail collagen solution (2.0 mg/mL) was mixed with DMEM, 10% FBS, and 0.1 M NaOH. 
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Cardiac fibroblast suspension was mixed with the collagen gel solution at a density of 2 × 

106 cells/mL. The mixture was pipetted into a 48-well plate (600 μL/well) and incubated at 

37 °C for gelation. After 45 min, 300 μL hydrogel/bFGF solution was injected into each 

collagen gel at 5 points. The culture medium was supplemented with 5 ng/mL of TGFβ1. 

The samples were collected after one day of culture in a hypoxic incubator (1% O2, 5% 

CO2, and 37 °C). The phenotype of cardiac fibroblasts was characterized at the mRNA level 

by real-time RT-PCR, and protein level by immunohistochemistry.

To prepare the samples for real-time RT-PCR, TRIzol™ reagent (ThermoFisher) was 

utilized to extract RNA. The RNA concentration was determined by Nanodrop 

(ThermoFisher). One microgram of RNA was utilized for cDNA synthesis by a High 

Capacity cDNA Reverse Transcription kit (ABI). Primers β-actin (F: 

ACTCTGTGTGGATTGGT GGC; R: AGCTCAGTAACAGTCCGCCT), alpha smooth 

muscle actin (αSMA, F: CATCAGGAACCTCGAGAAGC; R: TCGGATACTTCAGGGTC 

AGG), Collagen 1A1 (F: TTCACCTACAGCACGCTTGT; R: TTGGGATGG 

AGGGAGTTTAC), and CTGF (F: ACTGGTATTTGCAACTGCTTTGG; R: 

GCGACCCACACAAGGGTCT) were used. Real-time RT-PCR was conducted with 

Maxima SYBR Green/fluorescein master mix on LightCycler® 480 System (Roche). Fold 

difference was calculated using a standard ΔΔCt method. The immunohistochemical staining 

was performed using the approach described above. The myofibroblast density was 

calculated as number of αSMA+ cells per area of each image.

2.8. Effect of bFGF release on endothelial lumen formation

To determine the effect of released bFGF on endothelial cell function, tube formation assay 

was performed. The collagen gel described above was used for the assay. After gelation, 

human umbilical vein endothelial cells (HUVECs) were seeded on the gel surface at a 

density of 6 × 104 cells/mL. 300 μL hydrogel solution or Hydrogel/bFGF solution was then 

injected into each collagen gel at 5 points. Five collagen gels were used for each group. 5 

ng/mL of TGFβ1 was added to the culture medium. The samples were incubated in a 

hypoxia incubator (1% O2, 5% CO2, and 37 °C) for 24 h. The tube formation was 

determined by immunohistochemistry. The samples were stained with vWF (rabbit-anti-rat) 

antibody and Alexa 546 secondary antibody, respectively. Cell nuclei were stained by 

Hoechst 33328. The vWF positive endothelial lumens were counted from images.

2.9. Myocardial infarction and implantation of hydrogel encapsulated with bFGF

All the animal experiments were conducted in line with the National Institutes of Health 

guide for handling laboratory animals. The animal protocol was approved by the 

Institutional Animal Care and Use Committee of the Ohio State University. Sprague-Dawley 

rats aged 10–12 weeks (~ 200 g) were used. MI was induced by ligation of left anterior 

descending coronary artery based on our previously established method [11,13]. After 30 

min, hydrogel solution (Hydrogel group) or bFGF encapsulated hydrogel solution 

(Hydrogel/bFGF group) was injected into the apical, proximal, lateral, and septal wall 

regions bordering the infarct, and the center of the infarct with 40 μL/injection. The animals 

without injection was used as control. Each group had at least 6 animals.
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2.10. Cardiac function analysis by echocardiography

Four weeks following injection, the cardiac function of animals was evaluated by 

echocardiography. [11,13] Two dimensional and M-mode echocardiographic images were 

captured and analyzed using Vevo 2100 High-Resolution in vivo imaging system and 

MS400 transducer (VisualSonics, Toronto, ON, Canada). Images were obtained in a 

parasternal short and long axis view. In the echocardiographic images, the dimensions of the 

left ventricle were measured in a short axis view during the diastole and systole. Ejection 

fraction (EF) and fractional shortening (FS) were quantified.

2.11. Histological and immunohistochemical analyses

Rat hearts were harvested 4 weeks after surgery. The tissues were fixed in a freshly prepared 

4% paraformaldehyde overnight. The fixed tissues were then embedded in paraffin, and 

sequentially sectioned at 4 μm thickness. The sections were then stained with hematoxylin 

and eosin (H&E), and Picrosirius Red (PSR). In H&E images, the thicknesses of infarcted 

left ventricle and normal left ventricle were measured by Image J [36]. The relative 

thickness was calculated as the ratio of thickness of infarcted area to that of normal area. 

Collagen types I and III were identified from PSR staining using polarized light microscopy 

[37,38]. The percent area of collagen within the remote and MI regions was determined from 

images (n ≥ 5) using threshold image analysis with Image J software [37].

For immunohistochemical staining, the tissue sections were stained with αSMA, vWF, 

Ki67, and F4/80 antibodies, respectively [39]. Myofibroblasts were identified as αSMA+ 

cells that were not co-localized with vWF+ endothelial cells. The αSMA+ and spindle-

shape cells with stress fiber were myofibroblasts. The matured blood vessels were lumens 

with αSMA+ and vWF+ cells. The Ki67+ cells and F4/80+ cells in the infarcted area were 

proliferating cells and macrophages, respectively.

3. Results

3.1. Effect of hydrogel modulus on cardiac fibroblast phenotype

The hydrogel modulus was tailored by hydrogel solution concentration. Four hydrogel 

solutions with concentrations of 2%, 4%, 7%, and 10% were used. The 4 °C solutions can be 

readily injected through a 26G needle, and can solidify within 7 s at 37 °C. Rheological tests 

demonstrate that the increase of solution concentration from 2% to 4% to 7% increased 

complex modulus from 78.3 Pa to 156.5 Pa to 176.6 Pa at 37 °C (Fig. 1). Further increase of 

concentration to 10% remarkably increased the complex modulus to 756.1 Pa (Fig. 1).

To determine the effect of hydrogel modulus on cardiac fibroblast differentiation into 

myofibroblast, the cells were seeded on the hydrogel surface. After 1 day of culture, the cells 

were stained for αSMA, a marker for myofibroblast (Fig. 2). All of the cells on the 

hydrogels with complex moduli of 78.3 Pa – 176.6 Pa did not express αSMA, demonstrating 

that these moduli maintained cardiac fibroblast phenotype. The increase of complex 

modulus to 756.1 Pa led to myofibroblast formation as all of the cells were αSMA+.
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3.2. Release kinetics of bFGF and bioactivity of the released bFGF

The hydrogel with complex modulus of 156.5 Pa (concentration 4%) was further used to 

encapsulate bFGF for controlled release of bFGF. This hydrogel can be better handled 

during encapsulation and cell culture than the hydrogel with complex modulus of 78.3 Pa. 

bFGF was able to continuously release from the hydrogel for 4 weeks (Fig. 3A). The release 

exhibited a tri-phasic pattern, i.e., a burst release during the first day, a sustained release 

from days 1 to 7, and a nearly linear yet slow release after day 7. The release kinetics was 

dependent on the amount of bFGF loaded into the hydrogel. At each time point, the 

concentration of released bFGF was greater in the group with 50 μg/mL of bFGF than that 

with 10 μg/mL of bFGF.

The bioactivity of released bFGF was assessed through its stimulatory effect on the survival 

of cardiac fibroblast under the low oxygen condition mimicking that of the infarcted heart. 1 

ng/mL bFGF was used as a positive control. Fig. 3B shows that this concentration 

significantly increased cell viability compared to the release medium collected from the 

group without bFGF (Control group). The cardiac fibroblasts cultured in the medium with 

released bFGF had significantly greater viability than those cultured in 1 ng/mL bFGF, 

demonstrating that the bFGF released from the hydrogel loaded with 10 μg/mL and 50 

μg/mL bFGF remained bioactive.

3.3. Effect of bFGF release on cardiac fibroblast phenotype

To determine the effect of bFGF release on cardiac fibroblast phenotype, a 3D collagen 

model seeded with cardiac fibroblasts, injected with Hydrogel/bFGF, and cultured in the 

presence of TGFβ was used (Fig. 4A). This model mimics the scenario when the Hydrogel/

bFGF is injected into an infarcted heart where the upregulated TGFβ is mainly responsible 

for myofibroblast formation. Following 1 day of culture, the Collagen/Hydrogel group had 

greater expressions of αSMA, CTGF, and collagen 1A1 at the mRNA level than the 

Collagen group (Fig. 4B). After injection of Hydrogel/bFGF into collagen (Collagen/

Hydrogel/bFGF group), these expressions were remarkably decreased (p < .01 for all 3 

genes, Collagen vs. Collagen/Hydrogel/bFGF, Collagen/Hydrogel vs. Collagen/Hydrogel/

bFGF. Fig. 4B).

Further characterization of cardiac fibroblast phenotype was conducted at the protein level 

utilizing immunohistochemistry (Fig. 4C). In the Collagen group, most of the cells were 

αSMA+. Injection of hydrogel into the collagen did not change cell phenotype as 97% of 

the cells remained αSMA+. Interestingly, in the group injected with hydrogel/bFGF, the 

percentage of αSMA+ cells was significantly decreased to 26% (p < .01, Collagen vs. 

Collagen/Hydrogel/bFGF, Collagen/Hydrogel vs. Collagen/Hydrogel/bFGF). The above 

results demonstrate that the released bFGF was capable of inhibiting TGFβ-induced cardiac 

myofibroblast formation.

3.4. Efficacy of bFGF delivery system in inducing endothelial cell tube formation

bFGF has proangiogenic effect. To determine whether the released bFGF can also effectively 

stimulate endothelial cell lumen formation, the above collagen model with HUVEC seeded 
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on the surface, and injected with Hydrogel/bFGF was used (Fig. 5A). After 2 days of 

culture, only few HUVECs migrated.

and sprouted to form lumens in the Collagen and Collagen/Hydrogel groups (Fig. 5B). The 

injection of Hydrogel/bFGF greatly induced the lumen formation where the lumen density 

was significantly higher than the Collagen and Collagen/Hydrogel/bFGF groups (p < .0001, 

Fig. 5C). These results suggest that the released bFGF was able to efficiently promote 

angiogenesis.

3.5. Effect of bFGF release on left ventricle remodeling

To examine the effect of bFGF release on the left ventricle remodeling, the infarcted hearts 

were injected with hydrogel loaded with bFGF (Hydrogel/bFGF) 30 min following MI. The 

infarcted hearts injected with hydrogel (Hydrogel), or without treatment (MI) were used as 

controls. Four weeks after MI, apparent wall thinning was found for the MI group (Fig. 6). 

The walls of the Hydrogel and Hydrogel/bFGF groups appear to be thicker (Fig. 6). Relative 

wall thickness was quantified as the ratio of the wall thickness at infarcted zone to that of the 

healthy left ventricles. The thickness of the MI group was decreased to ~30% after 4 weeks 

(Fig. 7). The injection of Gel group significantly increased wall thickness (p < .05, Fig. 7). It 

was further increased after injection of Hydrogel/bFGF group (p < .05, Hydrogel vs. 

Hydrogel/bFGF, Fig. 7). These results demonstrate that injection of Hydrogel and Hydrogel/

bFGF attenuated left ventricle remodeling.

3.6. Effect of bFGF release on angiogenesis and cardiac fibrosis in infarcted tissue

bFGF promotes tissue angiogenesis. To determine whether bFGF released from the hydrogel 

was sufficient to stimulate vessel formation in the infarcted area, the density of vWF+ 

vessels was quantified. The MI and Hydrogel groups exhibited similar vessel density (p 
> .05, Fig. 8), indicating that the hydrogel alone did not induce vessel formation. In contrast, 

the injection of Hydrogel/bFGF remarkably increased the vessel density (p < .001 for MI vs. 

Hydrogel/bFGF, and Hydrogel vs. Hydrogel/bFGF). These results demonstrate that the 

hydrogel released adequate bFGF to promote angiogenesis.

In the infarcted hearts, myofibroblasts are responsible for cardiac fibrosis that is featured by 

increased collagen deposition. To evaluate the effect of bFGF release on cardiac fibrosis, 

myofibroblast density and total collagen content in the infarcted area were quantified (Figs. 

8 & 9). Myofibroblasts are identified as those αSMA+ cells that are not colocalized with 

vWF+ endothelial cells [11,13]. The injection of hydrogel did not significantly induce 

myofibroblast formation as the Hydrogel group had similar myofibroblast density as the MI 

group (p > .05). The myofibroblast density was significantly decreased in the Hydrogel/

bFGF group compared to the Hydrogel and MI groups (p < .001 for MI vs. Hydrogel/bFGF, 

and Hydrogel vs. Hydrogel/bFGF). Picrosirius Red staining was used to identify two major 

collagens (I and III) in the infarcted tissue (Fig. 9). The Hydrogel/bFGF group exhibited 

significantly lower total collagen content than the Hydrogel and MI groups (p < .05 for MI 

vs. Hydrogel/bFGF, and Hydrogel vs. Hydrogel/bFGF). The above results show that the 

released bFGF effectively attenuated cardiac fibrosis by inhibiting cardiac fibroblast 

formation and decreasing collagen deposition.
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3.7. Effect of bFGF release on host cell proliferation

bFGF is capable of promoting cell survival and proliferation under ischemic conditions [34]. 

To determine whether the cells in the infarcted area were able to proliferate in response to 

the released bFGF, ki67 staining was performed (Fig. 10). The MI group had ki67+ cell 

density of 201.6 #/mm2. The injection of hydrogel did not significantly increase the density 

(p > .1). In contrast, the density was significantly augmented after the injection of Hydrogel/

bFGF group (p < .05 for hydrogel/bFGF vs. MI, and p < .05 for Hydrogel/bFGF vs. 

Hydrogel), indicating that the released bFGF promoted host cell proliferation.

3.8. Efficacy of bFGF release in reducing tissue inflammation

F4/80 staining was utilized to evaluate the effect of bFGF release on tissue inflammation. 

The MI group exhibited the greatest inflammation as demonstrated by the highest F4/80+ 

cell density (Fig. 11). The injection of hydrogel did not significantly increase F4/80+ cell 

density (p > .1 Hydrogel vs. MI). The lowest inflammation was found for the Hydrogel/

bFGF group where the F4/80+ cell density was significantly lower than that in the Hydrogel 

and MI groups (p < .05 for Hydrogel/bFGF vs. Hydrogel, and p < .01 for Hydrogel/bFGF 

vs. MI).

3.9. Efficacy of bFGF release in improving cardiac function

Cardiac function (EF and FS) was evaluated by echocardiography after 4 weeks of 

implantation (Fig. 12). The EF and FS were remarkably decreased for the MI group 

compared to the Sham group (p < .01). Injection of hydrogel only (Hydrogel group) into the 

infarcted area significantly increased EF and FS (p < .05, Hydrogel vs. MI). The EF and FS 

were further significantly increased after injection of the Hydrogel/bFGF group (p < .05, 

Hydrogel/bFGF vs. Hydrogel). These results demonstrate that the released bFGF increased 

cardiac function and attenuated cardiac remodeling.

4. Discussion

In this work, a bFGF release system was developed to directly and simultaneously promote 

angiogenesis and attenuate cardiac fibrosis following MI. Re-establishment of destructed 

vasculature and attenuation of cardiac fibrosis represent effective strategies to increase 

cardiac function. bFGF is known to stimulate angiogenesis by promoting endothelial cell 

morphogenesis. bFGF also has direct effect on tissue fibrosis by inhibiting TGFβ-induced 

fibroblast differentiation into myofibroblast [29]. Yet our knowledge is still lacking on how 

the bFGF release can be modulated to concurrently promote endothelial cell morphogenesis, 

and inhibit cardiac fibroblast differentiation into myofibroblast. In this report, we have 

shown that bFGF release system with appropriate release kinetics can achieve the goals.

To develop bFGF release system, a NIPAAm-based injectable and thermal sensitive 

hydrogel with fast gelation rate was used as carrier. PNIPAAm solution exhibits 

temperature-dependent hydrophilicity and hydrophobicity that change abruptly when the 

temperature is increased to the thermal transition temperature. At this temperature, the 

polymer chains undergo a coil-to-globule transition. Therefore, PNIPAAm is precipitated out 

from the solution to form a solid gel [40,41]. At 37 °C, the hydrogel solution can solidify 
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within 7s. The advantage of quick gelation is that the hydrogel as well as the encapsulated 

drug can be readily immobilized in the tissue without substantial leaking. Slow gelation rate 

hydrogels have the disadvantage of leaking out during tissue injection [12]. Besides serving 

as a drug carrier, the injected hydrogel can also provide mechanical and structural support to 

the infarcted tissue.

One of the considerations when selecting drug carrier is that the carrier itself has suitable 

stiffness that does not induce cardiac fibroblast differentiation into myofibroblast. Matrix 

stiffness has been shown to regulate fibroblast phenotype [30,31]. High stiffness matrix 

promotes myofibroblast activation through PI3K/AKT signaling pathway while soft matrix 

maintains the quiescent phenotype of fibroblast [42]. To determine suitable stiffness for the 

current hydrogel that can keep the fibroblast phenotype, hydrogels with 4 different complex 

moduli were fabricated by using solutions with different concentrations. The complex 

modulus was ranged from 78.3 to 756.1 Pa (Fig. 1). The cells on the hydrogel with 756.1 Pa 

complex modulus turned cardiac fibroblasts into αSMA+ myofibroblasts (Fig. 2), but not on 

the hydrogels with complex modulus of 78.3–176.6 Pa. These results demonstrate that 

hydrogel with complex modulus of 176.6 Pa or lower is suitable for bFGF delivery.

The bFGF release system was able to gradually release bioactive bFGF for 28 days (Fig. 3). 

The release exhibited a tri-phasic pattern: a burst release in day 1, a sustained release from 

day 1 to day 7, and an approximately linear but slow release from day 7 to day 28. This 

release profile is consistent with previous work using a PNIPAAm-based hydrogel as 

delivery vehicle [34]. The burst release is possibly due to the diffusion of bFGF from surface 

layer of the hydrogel. The slower and sustained release is likely attributed to the interactions 

among heparin, bFGF, and hydrogel. Heparin contains negative charges including carboxylic 

and sulfate groups, which may interact with amine and amide groups in bFGF, and hydroxyl 

and amide groups from the hydrogel by electrostatic interaction and hydrogen bonding. In 

addition, the amine, amide and hydroxyl groups in the bFGF and hydrogel can form 

hydrogen bonding. These different interactions among heparin, bFGF and hydrogel allowed 

bFGF to gradually release out from the hydrogel instead of burst release. Similar approach 

has been used to achieve sustained release of proteins even small molecules from gelatin 

hydrogel. The enhanced interactions of gelatin and proteins or small molecules by host-guest 

complexation and hydrogen bonding enabled them to release for > 2 weeks [43,44]. The 

bFGF release kinetics was dose-dependent. The hydrogel loaded with 50 μg/mL bFGF 

released greater amount of bFGF at each time point than that loaded with 10 μg/mL bFGF 

(Fig. 3).

Following MI, the harsh low nutrient and oxygen conditions lead to cell death. To investigate 

how released bFGF affects cardiac fibroblast survival under the low nutrient and oxygen 

conditions mimicking that of the infarcted heart, the cells were cultured at 1% oxygen and 

1% FBS conditions, and treated with the released bFGF. At each time point the released 

bFGF significantly improved cardiac fibroblast survival (Fig. 3B). Consistent with in vitro 

results, the in vivo implantation of the bFGF release system into infarcted hearts promoted 

cell proliferation as the ki67+ cell density was significantly greater in the Hydrogel/bFGF 

group than that in the Hydrogel and MI groups (Fig. 10). While cardiac fibroblasts may not 

be the only cells that were ki67+, these cells represent one of the major cell types in the 
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infarcted area. The in vitro and in vivo studies demonstrate that the released bFGF was 

sufficient for promoting cardiac fibroblast survival under ischemic conditions. The enhanced 

cell proliferation in vivo may also be the result of enhanced vascularization in the infarcted 

area as the Hydrogel/bFGF group had significantly higher density of vessels than the MI and 

Hydrogel groups (Fig. 8). In addition, the released bFGF may augment cardiac cell survival 

before vascularization is established.

In the infarcted hearts, the upregulated TGFβ differentiates cardiac fibroblast into 

myofibroblast leading to cardiac fibrosis. bFGF has been found to decrease tissue fibrosis 

initiated by TGFβ. [45–47] This is partially a result of bFGF attenuating cardiac fibroblasts 

from differentiating into myofibroblasts. [29] To determine whether the released bFGF was 

sufficient to prevent cardiac fibroblast differentiation, a 3D collagen gel model seeded with 

cardiac fibroblasts, treated with TGFβ, and injected with Hydrogel/bFGF was used. 3D 

collagen model has been utilized to mimic the microenvironment of cardiac ECM to study 

fibroblast phenotype in previous reports [48,49]. After 1 day of culture, the number of 

αSMA+ myofibroblasts was remarkably decreased compared to the Collagen group and 

collagen injected with hydrogel only group (Collagen/Hydrogel group) (Fig. 4). In addition, 

the hydrogel injected into the collagen gel did not induce myofibroblast formation as the 

number of αSMA+ myofibroblasts was similar in the Collagen group and Collagen/

Hydrogel group. This is consistent with Fig. 2 where the hydrogel with the same modulus 

did not differentiate cardiac fibroblasts into myofibroblasts. After 4 weeks of in vivo 

implantation, the released bFGF significantly decreased the density of myofibroblasts in the 

infarcted area (Fig. 8). As a result, collagen deposition was reduced (Fig. 9). These results 

demonstrate that the amount of released bFGF was able to effectively inhibit cardiac 

fibroblasts to differentiate into myofibroblasts, and attenuate cardiac fibrosis.

Vascularization of infarcted hearts has been considered as an effective approach to improve 

cardiac function. bFGF is known to stimulate angiogenesis by promoting endothelial cell 

morphogenesis [50]. To determine whether the released bFGF can induce endothelial cell to 

form lumen in vitro, HUVECs were seeded on the surface of collagen gel injected with 

Hydrogel/bFGF, and cultured under low oxygen and nutrient conditions mimicking those of 

the infarcted hearts. The released bFGF remarkably increased HUVEC lumen density 

compared with the control (Collagen) and hydrogel injection alone (Collagen/Hydrogel, Fig. 

5). After 4 weeks of injection of the bFGF release system into infarcted hearts, the released 

bFGF stimulated blood vessel formation. The vessel density was remarkably greater in the 

Hydrogel/bFGF group than in the Hydrogel and MI group (Fig. 8). The above results 

demonstrate that the released bFGF was capable of promoting endothelial cell 

morphogenesis in vitro, and angiogenesis in vivo.

MI leads to left ventricular wall thinning [51,52]. Four weeks post-MI, the MI group 

exhibited a remarkably low wall thickness (Figs. 6 & 7). Injection of hydrogel alone into the 

infarcted area significantly increased wall thickness (Figs. 6 & 7). It is likely that the soft 

hydrogel acted as a bulking agent. Similar results were found in previous studies [39,53,54]. 

The injection of bFGF delivery system further significantly augmented the wall thickness 

(Figs. 6 & 7). The increased wall thickness (Figs. 6 & 7), improved cell survival/

proliferation (Fig. 10), decreased cardiac fibrosis (Figs. 8 & 9), and enhanced tissue 
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vascularization (Fig. 8) after delivery of bFGF release system in the infarcted hearts led to 

the increase of cardiac function including EF and FS (Fig. 12). The cardiac function in the 

Hydrogel/bFGF group was significantly greater than that in the Hydrogel and MI groups 

(Fig. 12). In addition, the Hydrogel group exhibited higher EF and FS than MI group. This 

increase may be resulted from structural support of the hydrogel [39,53]. It is also possible 

that the injected hydrogel effectively decreased the elevated wall stress [55].

bFGF has been delivered into infarcted hearts after MI by using either injectable hydrogels 

[56–59] or cardiac patches [60,61] as carriers. In these studies, the reduced fibrosis and 

increased cardiac function were considered as the result of increased vascularization. In this 

study, we demonstrate that the anti-fibrotic effect of bFGF in infarcted hearts is resulted 

from bFGF inhibition of cardiac fibroblasts to differentiate into myofibroblasts. This work is 

advantageous over previous studies in using bFGF carrier that does not induce cardiac 

fibroblast differentiation into myofibroblast. Prior reports did not consider the effect of 

carrier mechanical properties on the myofibroblast formation as matrix stiffness itself may 

stimulate the differentiation of cardiac fibroblast. The results from this work also 

demonstrate that bFGF release systems capable of releasing sufficient amount of bFGF can 

simultaneously improve cell survival/proliferation, attenuate cardiac fibrosis, stimulate tissue 

vascularization, and improve cardiac function.

The developed bFGF release system may be delivered into the infarcted hearts during 

coronary revascularization after MI [4]. In this work, acute MI model was used. This model 

has been widely utilized to evaluate therapeutic efficacy of cell, biomaterials and drug 

therapies [4,5,54,62,63]. Yet the major limitation of acute MI model is its relatively low 

clinical relevance.

5. Conclusions

An injectable, biodegradable, thermosensitive, and quick gelation hydrogel that can preserve 

cardiac fibroblast phenotype was used to deliver bFGF into infarcted hearts. The developed 

bFGF delivery system can release bFGF for at least 28 days, and released bFGF remained 

bioactive. In vitro, the bFGF release system with appropriate release kinetics simulatnously 

prevented cardiac fibroblasts differentiation into myofibroblasts, stimulated endothelial cell 

morphogenesis, and promoted cardiac fibroblast survival when tested in the conditions 

mimicking those of the infarcted hearts. In vivo, the bFGF release system significantly 

reduced cardiac fibrosis, promoted blood vessel formation, and improved cardiac function.
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Fig. 1. 
Rheological characterization of the hydrogel with different concentrations.
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Fig. 2. 
Immunohistochemical staining of rat cardiac fibroblasts cultured on the hydrogels with four 

different concentrations, 2% (A), 4% (B), 7% (C), and 10% (D), for 1 day. Scale bar = 30 

μm.
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Fig. 3. 
(A) Release kinetics of bFGF encapsulated in the 4% hydrogel for 28 days. bFGF loading 

was 10 and 50 μg/mL, respectively; and (B) Bioactivity of the released bFGF. Non-bFGF 

containing medium and 1 ng/mL bFGF were utilized as controls. The stimulatory effect of 

bFGF on cell growth was determined by normalizing MTT absorbance of the release 

medium to that of the 1 ng/mL bFGF.
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Fig. 4. 
(A) schematic illustration of 3D collagen model seeded with cardiac fibroblasts and injected 

with hydrogel/bFGF to study cardiac fibroblast phenotype; (B) gene expression of fibrotic 

markers (αSMA, CTGF, and Collagen 1A1) in cardiac fibroblasts; (C) protein expression of 

fibrotic markers (αSMA) in cardiac fibroblasts. The cells were cultured for 1 days under 

within 3D model under hypoxic condition (1% O2, 5% CO2, and 37°C) mimicking that of 

the infarcted heart. 5 ng/ml TGFβ was used for the culture. Scale bar = 40 μm. **p < .01.
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Fig. 5. 
(A) schematic illustration of collagen model seeded with HUVECs on surface and injected 

with hydrogel/bFGF in the bulk to study endothelial cell morphogenesis; (B) HUVECs 

formed neovessel (arrowed) under the effect of for 2 days. HUVECs were cultured on the 

collagen gel surface at hypoxic condition (1% O2, 5% CO2, and 37°C). 5 ng/mL of TGFβ1 

was added. Scale bar = 100 μm. Lumen density was measured from the images. **** p 
< .0001.
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Fig. 6. 
H&E staining of cardiac tissue after 4 weeks of injection with bFGF release system.

Fan et al. Page 22

J Control Release. Author manuscript; available in PMC 2020 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 7. 
Wall thickness of the myocardium 4 weeks after surgery. The relative wall thickness was 

evaluated as a ratio between the thickness of myocardium at infarct site to the normal area. * 

p < .05.
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Fig. 8. 
vWF and αSMA staining of the infarcted region after 4 weeks of injection. Scale bar = 50 

μm. Myofibroblast and blood vessel density are determined from immunohistological 

images for MI, Hydrogel, and Hydrogel/bFGF groups. ***p < .001.
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Fig. 9. 
Picrosirius red staining of the hearts harvested 4 weeks after surgery. Views were taken at 

the infarcted region of the MI, Hydrogel, and Hydrogel/bFGF groups. Scale bar = 40 μm. 

Total area of collagen has been quantified from the images. *p < .05. (For interpretation of 

the references to colour in this figure legend, the reader is referred to the web version of this 

article.)
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Fig. 10. 
Ki67 staining of the infarcted region after 4 weeks of injection. Scale bar = 100 μm. Cell 

proliferation is identified by ki67 (Red) positive cells density analyzed from images for MI, 

Hydrogel, and Hydrogel/bFGF groups. *p < .05. (For interpretation of the references to 

colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 11. 
F4/80 staining of the infarcted region after 4 weeks of injection. Scale bar = 100 μm. 

Inflammatory cells are identified by F4/80(Green) positive cells from images for MI, 

Hydrogel, and Hydrogel/bFGF groups. **p < .01. (For interpretation of the references to 

colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 12. 
Echocardiographic analysis of four different groups. (a) ejection fraction and (b) fractional 

shortening. *p < .05.
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