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Intramyocardial delivery of bFGF with a biodegradable
and thermosensitive hydrogel improves angiogenesis
and cardio-protection in infarcted myocardium
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Abstract. Basic fibroblast growth factor (bFGF),a known angio-
genic factor, may provide a potential strategy for the treatment
of myocardial infarction (MI), but it is limited by a relatively
short half-life. Dex-PCL-HEMA/PNIPA Am hydrogel provides
a reservoir for the controlled release of growth factors. The
aim of the current study was to evaluate the effects of bFGF
incorporated into a Dex-PCL-HEMA/PNIPA Am hydrogel on
angiogenesis and cardiac health in a rat model of acute MI,
induced by coronary artery ligation. Phosphate-buffered solu-
tion (PBS group), Dex-PCL-HEMA/PNIPAAm hydrogel (Gel
group), bFGF in phosphate-buffered solution (bFGF group)
or bFGF in hydrogel (Gel + bFGF group) was injected into a
peri-infarcted area of cardiac tissue immediately following MI.
On day 30 post-surgery, cardiac function was assessed by echo-
cardiography, apoptosis index by terminal deoxynucleotidyl
transferase dUTP nick-end labeling assessment and vascular
development by immunohistochemical staining. The findings
demonstrated that injection of bFGF along with hydrogel
induced angiogenesis, reduced collagen content, MI area and
cell apoptosis and improved cardiac function compared with
the injection of either bFGF or hydrogel alone. bFGF incor-
porated with Dex-PCL-HEMA/PNIPA Am hydrogel injection
induces angiogenesis, attenuates cardiac remodeling and
improves cardiac function following MI.

Introduction

Myocardial infarction (MI) remains one of the most serious
cardiovascular diseases worldwide and causes high mortality
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and morbidity (1). Acute blocking of the coronary artery leads
to acute ischemia, hypoxia and irreversible death in myocar-
dial cells, eventually inducing adverse cardiac remodeling and
progressive heart failure (2-4). Thus, in situ repair and regen-
eration of vessels to rebuild coronary collateral circulation and
improve blood supply to the infarction zone and its periphery
have emerged as potential therapeutic approaches for treating
MI (5,6).

Growth factors are widely used to treat MI by inducing
angiogenesis (7). Fibroblast growth factors (FGFs) are potent
mitogens that induce angiogenesis in vascular and capillary
endothelial cells. Basic FGF (bFGF), a 16-kD monomeric
factor, is the most potent angiogenic factor in the FGF family,
and it targets the migration and proliferation of endothelial
cells, smooth muscle cells and fibroblasts (8,9). bFGF has
been extensively studied in animal (10-12) and clinical (13,14)
experiments.

However, as bFGF has a short half-life and because the
improper administration of bFGF at high doses is accompanied
by side effects, including retinopathy (15,16), hypotension (17),
angioma, and edema and thrombocytopenia (8,9), the thera-
peutic administration of bFGF is largely limited to laboratory
and clinical trials.

Thermosensitive Dex-PCL-HEMA/PNIPAAm hydrogel
is a type of cross-linked polymer with biocompatibility and
nontoxicity (18). In a previous study, hydrogel was identified
to be a suitable delivery vehicle and controlled-release system
for drugs and cells. He et al (19) combined this hydrogel with
high mobility group box 1 and injected it into the peri-infarct
zone of a rat heart, which induced the activation of endogenous
c-Kit cardiac cells and vascular regeneration. Wan ez al (20)
combined this hydrogel with short hairpin RNA of angiotensin
converting enzyme, which induced enhanced cardioprotective
effects in a rat with MI.

Thus, the aim of the present study was to investigate whether
the angiogenesis effect induced by bFGF is strengthened or
enhanced by incorporating it into a hydrogel (a controlled
delivery system) to sustain and localize release in the infarcted
heart wall of a rat model of MI, and also to investigate whether
bFGF and hydrogel implantation may improve infarcted left
ventricle (LV) function, and inhibit LV remodeling.
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Materials and methods

Animals. A total of 52 8-10 week old male Sprague Dawley
rats (200-250 g) were used. Rats were purchased from Hunan
Provincial Center for Disease Control and Prevention (Beijing,
China) and maintained in a controlled environment with
temperature at 22-25°C, humidity at 45-55%, and a 12:12-h
light-dark cycle. Groups of five rats were housed in a cage
with food and water provided ad libitum. All experimental
procedures involving animal use conformed with the Guide
for the Care and Use of Laboratory Animals, as published
by the US National Institutes of Health, and the protocol was
approved by the Institutional Animal Care Committee from
Wuhan University (Wuhan, China).

Synthesis of hydrogel. All the reagents used to synthesize
the hydrogel, including N-isopropylacrylamide (NIPAAm),
2-Hydroxylethyl methacrylate (HEMA) and dextran
were obtained from Shanghai Chemical Reagent Co.,
Ltd. (Shanghai, China). As described previously (18), the
hydrogel was synthesized with biodegradable dextran chains
grafted with a hydrophobic poly (e-caprolactone)-HEMA
(PCL-HEMA) chain and the PCL (polycaprolactam)-grafted
polysaccharide chains into a thermoresponsive poly-NIPAAm
(PNIPA Am) network. The former is hydrophobic and the latter
is amphiphilic and thermoresponsive. Thus, the hydrogel is
biodegradable, biocompatible and thermoresponsive. The gel
solution has a lower critical solution temperature (LCST) of
33°C and is therefore able to shift from solution to gel at 37°C
and solidify at a temperature below the LCST. The polymer
was mixed with phosphate-buffered solution (PBS) to develop
the 1.5% weight (WT) gel solution and was subsequently auto-
claved at 120°C for 20 min for sterilization.

In vitro release of bFGF from hydrogel. Initially, 100 units of
bFGF was dissolved in 1.0 ml Dex-PCL-HEMA/PNIPAAm
hydrogel solution (1.5% WT), and air bubbles were prevented
during the mixing process. The mixture was then combined
with 500 ml PBS in a beaker at 37°C. At 1, 5, 10, 15, 20, 25
and 30 days after the combination during the in vitro release
experiment, a 1 ml aliquot of the buffer medium was removed
for bFGF concentration measurement. The concentration
of bFGF released from the hydrogel was analyzed using a
human bFGF chemiluminescence immunoassay diagnostic
kit (xy-CL-HO0394c¢; Siemens AG, Munich, Germany); and
a chemiluminescence immunoassay analyzer machine
(IMMULITE® 2000; Siemens AG) according to the manu-
facturer's protocol. Dex-PCL-HEMA/PNIPAAm hydrogel
without bFGF was used as a control. Cumulative bFGF release
(%) from the hydrogel was calculated as follows: Cumulative
release (%) = (Mt / MO) x 100, where Mt is the amount of bFGF
released from the hydrogel at time (t) and MO is the concentra-
tion of 100 U of bFGF dissolved in 500 ml PBS. Assessments of
the bFGF release from the hydrogel were repeated three times.

Model of MI and in vivo bFGF delivery. All 52 male Sprague
Dawley rats were anesthetized with 3% sodium pentobarbital
(p3761; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany)
(30 mg/kg) peritoneally, intubated and ventilated at a respira-
tory rate of 70 times/min. A thoracotomy was then performed
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at the third left intercostal space. Following stripping of the
epicardia and identification of the anatomy, the left coronary
artery was ligated with 6-to-0 polypropylene stitching, 2 mm
below the left atrial appendage. Electrocardiogram (ECG)
monitoring was used and when the ECG read an ST-segment
elevation in Leads II and IIT and pallor appeared in the
infarcted area, this indicated successful MI. Rats with MI
were randomly assigned to groups receiving multiple intra-
myocardial injections of 100 u1 PBS without bFGF (group
PBS), 100 gl hydrogel without bFGF (group Gel), 100 pl PBS
containing 2 ug bFGF (PBS + bFGF; group bFGF) or 100 ul
hydrogel containing 2 ug bFGF (hydrogel + bFGF; group
Gel + bFGF). Each group had 7-10 rats available for testing.
The compound was injected via a 32-gauge needle into four
sites (25 ul per injection) of the peri-infarct zone immediately
following coronary ligation.

Echocardiography. On day 30 following MI, all of the
living rats were anesthetized with 3% sodium pentobarbital
(25 mg/kg) injected peritoneally and placed in a lateral posi-
tion, with their chest shaved. In a blind manner, transthoracic
echocardiography (Acuson; Siemens Healthcare, Mountain
View, CA, USA) equipped with a 3- to 7-MHz probe was used
to assess their left ventricular (LV) dimension and function
through long-axis and short-axis views. Rats with a visual
infarct area <20% at the papillary level in the short-axis view
were excluded to minimize the variation in infarct areas. LV
end-diastolic diameter (LVEDD), LV end-systolic diameter
(LVESD) and LV ejection fraction (LVEF) were measured
from at least three consecutive cardiac cycles.

Histopathological examinations. Following the echocar-
diography measurements on day 30 post-MI, the rats were
sacrificed by sodium pentobarbital overdose (200 mg/kg).
The heart was quickly removed in diastole with 10% KCI.
Ventricles were fixed in 10% (vol/vol) buffered formalin solu-
tion at 4°C for 24-48 h. After dehydration with a graded series
[75, 85, 90, 95 and 100% (vol/vol)] of ethanol solution, five
different transverse levels around the injection site were subse-
quently embedded. The specimens were sliced into 5-pm thick
sections from apex to base and stained with Masson trichrome
and underwent immunohistochemistry analysis.

Firstly, the sections were rinsed in peroxidase blocking
agent (K4011; Dako; Agilent Technologies, Inc., Santa Clara,
CA, USA) at room temperature for 5 min to block endog-
enous peroxidase activity, then washed with PBS 3 times
(5 min/wash). Secondly, the sections were incubated with
the following primary antibodies at 4°C overnight to analyze
neovascularization: Anti-a-smooth muscle actin (0SMA) anti-
body (MABT381; 1:100 dilution; EMD Millipore, Billerica,
MA, USA) and anti-cluster of differentiation (CD)31 antibody
(sc-1506; 1:100 dilution; Santa Cruz Biotechnology, Inc.,
Dallas, TX, USA). Sections were then washed with PBS.
Thirdly, horseradish peroxidase (HRP)-conjugated goat
anti-rabbit antibody (K4011; Dako; Agilent Technologies,
Inc.) and HRP-conjugated rabbit anti-goat antibody (14-13-06,
KPL, Inc., Gaithersburg, MD, USA) were used as secondary
antibodies and the incubation extended for 30-60 min at room
temperature. Finally, sections were rinsed in diaminobenzi-
dine substrate-chromogen solution (K4011, Dako; Agilent
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Technologies, Inc.) for 10 min and subsequently in hema-
toxylin solution (03971; Sigma-Aldrich; Merck KGaA) for a
further 10 sec for counterstaining. Sections were washed with
PBS and prepared for testing.

The MI area, collagen content and new blood vessels
were examined via light microscopy in sections taken from
the border zone (1-2 mm from the edge of the infarction
zone) of the four groups. In each LV transverse section, four
random microscopic fields were selected in a blind fashion and
subsequently examined. The infarct size (%) was calculated
from the ratio of the surface area of the infarct wall and the
entire surface area of the left ventricle by automated computer
image analysis. The collagen content (%) was calculated
from the ratio of the collagen area to the area of the entire
high-powered field (magnification, x200) using image analysis
software (Image-Pro Plus 6.0; Media Cybernetics, Inc,
Rockville, MD, USA). The number of arterioles/high-powered
field (magnification, x200) and capillaries/high-powered field
(magnification, x200) were counted in three tissue sections
from each rat. The mean results of data compiled from the
four fields of each section were subsequently calculated. Blood
vessel density was indicated as the number of vessels at one
high-powered field (magnification, x200).

Terminal deoxynucleotidyltransferase dUTP nick-endlabeling
(TUNEL) assay. On day 30, a TUNEL assay (11684817910;
Roche Diagnostics GmbH, Mannheim, Germany) was used
to detect apoptotic cardiac cells in the LV. As directed by
the manufacturer, this method uses the transferase-mediated
dUTP nick-end labeling technique to stain DNA fragments in
the nucleus of apoptotic cells, followed by hematoxylin coun-
terstaining. A total of three different fields (magnification,
x200) from each slide were examined by light microscopy.
TUNEL-positive nuclei and the total number of nuclei were
recorded by a blinded rater. The percentage of TUNEL posi-
tive nuclei was deemed as the apoptotic index.

Statistical analysis. Data are presented as the mean + standard
deviation. Statistical analysis of the data were performed
by one-way analysis of variance followed by the
Student-Newman-Keuls' test. P<0.05 was considered to
indicate a statistically significant difference.

Results

Animals. A total of 52 rats were initially included in the
present study. Prior to surgery, 2 rats succumbed to hyperaes-
thesia, 5 (1 in PBS, 1 in Gel, 1 in Gel + bFGF and 2 in bFGF
group) succumbed to acute left heart failure within 24 h of MI
surgery and another 2 (1 in PBS and 1 in Gel group) due to
wound infection. A total of 3 rats (1 in PBS, 1 in Gel and 1 in
Gel + bFGF group) were excluded because the infarct size was
<20% on visual inspection. From each group, 30 days post-MI
after echocardiography testing, 7 rats were sacrificed to
measure the infarct size, collagen content and angiogeneisis, in
addition to a TUNEL assay. Echocardiography was performed
in all the rats, 30 days post MI.

In vitro release kinetics of bFGF from the hydrogel. In vitro
release rates of bFGF from the hydrogel are presented in
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Fig. 1. Within 5 days, ~60% of the bFGF was released from
the hydrogel and, by day 10, ~72% of the bFGF was released.
By day 30, >95% was released.

LV diameter and LVEF. On day 30 post-MI, the Gel, bFGF
and Gel + bFGF groups exhibited a significant reduction in LV
diameter (P<0.05; Fig. 2A and B) and a significant increase in
the LVEF (P<0.05; Fig. 2C), compared with the PBS group.
The Gel + bFGF group demonstrated a significant decrease
in LVEDD and LVESD and a significant increase in LVEF
compared with the Hydrogel and bFGF group (P<0.05; Fig. 2A
and B). Differences in the LV diameters or LVEF between the
hydrogel and bFGF groups were not significant.

Infarct size. The Gel, bFGF and Gel + bFGF groups exhib-
ited a significant reduction in infarct size compared with the
PBS group on day 30 following MI (P<0.05; Fig. 3), whereas
the Gel + bFGF group demonstrated the largest reduction
compared with groups treated with either agent alone. The
bFGF group demonstrated a slight reduction in infarct size
compared with that of the Gel group, but it was not significant.

Collagen content. On day 30 post-MI, the collagen content was
significantly decreased following treatment with bFGF and
hydrogel compared with the results of using either agent alone
(P<0.05; Fig. 4). Although the PBS, Gel and bFGF groups
indicated no significant differences in collagen content, the
bFGF group exhibited a slightly decreased collagen content
compared with that of the Gel and PBS group.

Apoptosis. The bFGF group and the Gel + bFGF group exhib-
ited a significant decrease (P<0.05; Fig. 5) in the apoptosis
index when compared with the PBS and Gel groups 30 days
after MI, whereas the Gel + bFGF group had a significantly
reduced apoptosis index (P<0.05; Fig. 5) compared with the
bFGF group. There was no significant difference in the apop-
totic index between the PBS group and the Gel group (Fig. 5).

Neovascularization: a-SMA and CD31. On day 30 post-MI,
the arterial density and capillary density in the peri-infarct
area was significantly increased in the bFGF group and the
Gel + bFGF group compared with the other groups (P<0.05;
Figs. 6 and 7), whereas the Gel + bFGF group exhibited a
significant increase in arterioles, compared with the bFGF
group (P<0.05; Figs. 6 and 7). No significant difference in
arteriole density was observed between the PBS group and
the Gel group.

Discussion

The present study is, to the best of our knowledge, the first
to demonstrate that an intramyocardial injection of bFGF
along with a Dex-PCL-HEMA/PNIPAAm hydrogel immedi-
ately following MI in rats significantly decreases the size of
the infarct zone for up to 30 days, inhibits the apoptosis of
cardiomyocytes, increases angiogenesis, attenuates ventricular
remodeling, and improves cardiac function compared with
injection of either alone or PBS treatment.

Angiogenic therapy is emerging as a potential strategy for
the treatment of ischemic heart disease. As growth factors have
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Figure 1. Time course of the in vitro basic fibroblast growth factor release
from the Dex-PCL-HEMA/PNIPA Am hydrogel over 30 days.
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Figure 2. Echocardiographic evaluation of LV function. Evaluation of
(A) LVEDD, (B) LVESD and (C) LVEF 30 days post-MI. Data are expressed
as the mean + standard deviation, "P<0.05 vs. PBS and Gel; “P<0.05 vs.
bFGF (n=7 in each group). LV, left ventricular; LVEDD, LV end-diastolic
diameter; LVESD, LV end-systolic diameter; LVEF, LV ejection fraction;
MI, myocardial infarction; bFGF, basic fibroblast growth factor; PBS, phos-
phate buffered saline; Gel, rats treated with 100 ul hydrogel without bFGF;
Gel + bFGF, rats treated with 100 1 PBS containing 2 g bFGF.

ashort half-life, numerous approaches have been used to deliver
them in vivo, including intracoronary delivery, intravenous
delivery and left atrial administration. (8,9,21,22) However,
these methods cannot ensure an adequate concentration of the
growth factors in the targeted myocardium as general blood
circulation accelerates their metabolism and degradation (23).
Lazarous et al (24) demonstrated that when ~100 yg/kg bFGF
was injected per animal, only 3-5% of the total dose was
recovered from the heart following intracoronary administra-
tion, 1.3% following left atrial administration, 0.5% following
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Figure 3. Infarct size on day 30 post-MI. (A) Representative images of
left ventricles from each group following Masson's Trichrome staining
(magnification, x10). (B) Infarct size as percentages at 30 days. Infarct size
is calculated from the ratio of surface area of infarct wall and the entire
surface area of the left ventricle. Data are expressed as the mean + standard
deviation, "P<0.05 vs. PBS and Gel; “P<0.05 vs. bFGF (n=7 in each group).
MI, myocardial infarction; PBS, phosphate buffered saline; Gel, rats treated
with 100 ul hydrogel without bFGF; bFGF, basic fibroblast growth factor;
Gel + bFGF, rats treated with 100 u1 PBS containing 2 ug bFGF.
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Figure 4. Collagen content 30 days post-MI. (A) Representative images of left
ventricles from each group following Masson's Trichrome staining (magni-
fication, x200). (B) Collagen content as percentages on day 30. Collagen
content is calculated from the ratio of the collagen area to the area of the
entire high-power field. Data are expressed as the mean + standard deviation,
“P<0.05 vs. PBS and Gel (n=7 in each group). MI, myocardial infarction;
PBS, phosphate buffered saline; Gel, rats treated with 100 ul hydrogel
without bFGF; bFGF, basic fibroblast growth factor; Gel + bFGF, rats treated
with 100 1 PBS containing 2 ug bFGF.

intravenous or Swanz Ganz delivery, and 19% 150 min
after pericardial administration. Furthermore, such delivery
methods with a high dose of bFGF have side effects, including
proatherogenic effects, plaque expansion and instability,
rheumatoid arthritis, hemangiomas and atherosclerosis (25).
An intramyocardial route provides a high myocardial uptake
of angiogenesis factors. Kawasuji et al (26) demonstrated that
intramyocardial administration of bFGF increased regional
myocardial blood flow and improved cardiac function in acute
MI, indicating that intramyocardial administration of bFGF
may be a possible therapeutic approach for patients with acute
MI. Similarly, in the current study when compared with the
PBS group, the bFGF group presented with a smaller infarct
size, less collagen deposition, a smaller apoptosis index,
more angiogenesis and more preserved cardiac function.
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Figure 5. Cardiomyocyte apoptosis 30 days post-ML. (A) Immunohistochemistry
of terminal deoxynucleotidyl transferase dUTP nick-end labeling in the border
zone (magnification, x200). (B) Apoptotic index was quantified at 30 days.
Data are expressed as the mean + standard deviation, "P<0.05 vs. PBS and
Gel; "P<0.05 vs. bFGF (n=7 in each group). MI, myocardial infarction; PBS,
phosphate buffered saline; Gel, rats treated with 100 u1 hydrogel without bFGF;
bFGF, basic fibroblast growth factor; Gel + bFGF, rats treated with 100 u1 PBS
containing 2 yg bFGF.
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Figure 6. Arterial density 30 days post-MI. (A) Representative immunohis-
tochemistry images of a-SMA staining in the border zone (magnification,
x200). (B) Arterial density per HPF (magnification, x200) at 30 days. Data
are expressed as the mean + standard deviation, "P<0.05 vs. PBS; *P<0.05
vs. Gel; “P<0.05 vs. bFGF (n=7 in each group). MI, myocardial infarction;
a-SMA, a-smooth muscle actin; PBS, phosphate buffered saline Gel, rats
treated with 100 ul hydrogel without bFGF; bFGF, basic fibroblast growth
factor; Gel + bFGF, rats treated with 100 1 PBS containing 2 g bFGF; HPF,
high power field.

Furthermore, the dose of bFGF in the current study was only
8 ug/kg per rat, which was much less than the doses used in
previous studies.

Biomaterials including collagen (27), fibrin glue (28),
alginate (29), matrigel and self-assembling peptides (30) and
hydrogel (31) are widely used in tissue engineering and they
are more likely to be used as a delivery and sustained release
system for growth factors to induce enhanced myocardial
protective effects. Garbern et al (32) used a pH-responsive
hydrogel carrying bFGF to induce angiogenesis and achieve
therapeutic effects on regional blood flow and cardiac func-
tion in infarcted myocardium. However, the dual ability of
this hydrogel to respond to both pH and temperature makes
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Figure 7. Capillary density 30 days post-MI. (A) Representative images of
Immunohistochemistry of CD31 staining in the border zone (magnification,
x200). (B) Capillary density per HPF (magnification, x200) at 30 days. Data
are expressed as the mean + standard deviation, “P<0.05 vs. PBS; "P<0.05 vs.
Gel; "P<0.05 vs. bFGF (n=7 in each group). MI, myocardial infarction; CD31,
cluster of differentiation 31; PBS, phosphate buffered saline; Gel, rats treated
with 100 pl hydrogel without bFGF; bFGF, basic fibroblast growth factor;
Gel + bFGF, rats treated with 100 p1 PBS containing 2 ug bFGF; HPF, high
power field.

it uncontrollable in the presence of an infarcted myocardium
with a pathological microenvironment. The sustained release
of bFGF with an alginate microsphere induced a valid
improvement in treating MI but the alginate is a polysac-
charide with poor biodegradability (33). A combination of
polyvinyl alcohol-dextran blended hydrogel with bFGF stimu-
lated angiogenesis and increased wall thickness in an infarcted
myocardium but did not increase cardiac function 2 months
after MI (34). In a study by Nie et al (7), bFGF integrated with
a fibrin glue in a canine infarct model improved myocardial
perfusion and cardiac function, but the fibrin interacted with
cells from the blood and vessel walls, which would inevitably
impair the bindings of bFGF to relevant receptors (7).

Compared with these materials, the hydrogel used
in the current study has a number of advantages. The
Dex-PCL-HEMA/PNIPAAm hydrogel is biodegradable,
biocompatible and nontoxic. Furthermore, this hydrogel is
thermosensitive and exhibits a LCST (~33°C) and solidifies
at 37°C (18,35). Thus, in vitro the liquid hydrogel uniformly
mixed with bFGF and, when it was injected into the heart
tissue, the hydrogel solidified instantly in situ at body tempera-
ture. The rapid gelation kinetics of the hydrogel guaranteed
the effective entrapment of biologically active additives at
the injection site. The solid hydrogel serves as a controlled
release system and caused local and sustained release of bFGF
at a relatively high concentration. As the release kinetics of
bFGF from the hydrogel in vitro demonstrated, even 30 days
following mixing, bFGF was still being released from the
hydrogel.

Furthermore, the hydrogels are cross-linked and porous
polymer networks that may absorb a large amount of water
and exchange oxygen, nutrients and other metabolites, thus
making hydrogels similar to the cardiac extracellular matrix
(ECM). The hydrogelism ECM may replace certain damaged
ECM functions and provide a suitable microenvironment for
the infarcted myocardiums, which results in a smaller infarct
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size and less collagen deposition. The solid hydrogel also
has a controllable mechanical strength, which may provide
structural and mechanical support for the infarcted wall and
prevent paradoxical motion at the infarct site.

As a previous study demonstrated, a MI of the
Dex-PCL-HEMA/PNIPAAm hydrogel may significantly
inhibit infarct ventricle remodeling and improve cardiac
function by thickening and toughening the infarcted wall and
reducing paradoxical motion (35). Therefore, this hydrogel
serves as an effective controlled release system to deliver
proteins, genes and cells at the infarct site in a sustained and
local manner and to induce enhanced cardiac protective effects
compared with using either hydrogel or bioactive additives
alone (19,20,36). For example, a MI of a hydrogel combined
with vascular endothelial growth factor-165 in the rat heart
30 days following MI stimulation has been demonstrated to
enhance angiogenesis and improve cardiac function (37).

Similarly, the present study indicated that the delivery
of bFGF with a Dex-PCL-HEMA/PNIPA Am hydrogel may
also improve angiogenesis and cardioprotection in infarcted
myocardium. In the bFGF + Gel group, the biocompatibility
and thermosensitivity of the hydrogel served as a controlled
release system and caused bFGF to accumulate at relatively
high concentrations in the peri-infarct areas. It induced more
angiogenesis than that of the bFGF group. Furthermore, the
porous polymer physical structure of the hydrogel allows
the absorbion of a large amount of water and nutrients, and
it may serve as a supporting wall at the peri-infarct site.
The bFGF + Gel group also had a smaller infarct size, less
collagen deposition and a smaller apoptosis index. However,
in the Gel and bFGF groups, the supporting function of the
hydrogel and the angiogenesis activity of the bFGF are less
effective than in the combined bFGF + Gel group. Thus, the
hydrogel may prolong the release of bFGF and increase the
local concentration of bFGF by protecting against extracel-
lular degradation. The inherent function of the hydrogel
itself may be the mechanism by which, an intramyocardial
injection of hydrogel with bFGF into the peri-infarcted
hearts of rats has a more synergistic effect than using bFGF
or hydrogel either alone.

A limitation of the present study is that the release kinetics
of sustained bFGF delivery from the hydrogel in vivo was not
analyzed. Future studies should investigate this and assess
different concentrations of bFGF to determine the optimal
dosage.

In conclusion, the present study is, to the best of our knowl-
edge, the first to demonstrate that a combination of bFGF
and Dex-PCL-HEMA/PNIPA Am hydrogel has synergistic
benefits that are superior to the administration of either treat-
ment alone. This combination is able to induce angiogenesis,
attenuate cardiac remodeling and improve cardiac function in
rats with MI.
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