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Abstract
A pH- and temperature-responsive, injectable hydrogel has been designed to take advantage of the
acidic microenvironment of ischemic myocardium. This system can improve therapeutic
angiogenesis methods by providing spatio-temporal control of angiogenic growth factor delivery.
The pH- and temperature-responsive random copolymer, poly(N-isopropylacrylamide-co-
propylacrylic acid-co-butyl acrylate) (p[NIPAAm-co-PAA-co-BA]), was synthesized by reversible
addition fragmentation chain transfer polymerization. This polymer was a liquid at pH 7.4 and 37
°C but formed a physical gel at pH 6.8 and 37 °C. Retention of biotinylated basic fibroblast
growth factor (bFGF) between 0-7 days after injection into infarcted rat myocardium was 10-fold
higher with hydrogel delivery versus saline. Following 28 days of treatment in vivo, capillary and
arteriolar densities were increased 30-40% by polymer+bFGF treatment versus saline+bFGF or
polymer-only controls. Treatment with polymer+bFGF for 28 days resulted in a 2-fold
improvement in relative blood flow to the infarct region versus day 0, whereas saline+bFGF or
polymer-only had no effect. Fractional shortening determined by echocardiography was
significantly higher following treatment with polymer+bFGF (30±1.4%) versus saline (25±1.2%)
and polymer alone (25±1.8%). By responding to local changes in pH and temperature in an animal
model of ischemia, this hydrogel system provided sustained, local delivery of bFGF, improved
angiogenesis, and achieved therapeutic effects in regional blood flow and cardiac function.
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INTRODUCTION
Ischemic heart disease is a leading cause of death worldwide and presents significant
morbidity. Therapeutic angiogenesis, or the delivery of angiogenic growth factors to
promote revascularization of ischemic tissue, is a promising approach to treat ischemic heart
disease [1]. However, this approach has been met with limited clinical success because of
several challenges that must be overcome from a delivery standpoint [2,3]. In particular,
angiogenic growth factors must be retained locally at the ischemic site to prevent systemic
side effects and be gradually released to allow adequate time for growth of new blood
vessels.

Biomaterials that can provide spatial and temporal control of angiogenic growth factor
delivery can improve the clinical viability of therapeutic angiogenesis approaches [4-6].
Prior approaches that have shown evidence of increased blood vessel growth in infarcted
myocardial tissue include delivery of basic fibroblast growth factor (bFGF) with sustained
release gelatin [4,7] or chitosan [8,9], or sequential administration of vascular endothelial
growth factor (VEGF) followed by platelet-derived growth factor (PDGF) via an alginate
hydrogel [10]. There are still significant limitations, however, that must be overcome before
clinical implementation. First, the ability to maintain functional improvement at later time
points remains a challenge. Shao et al. did not find sustained functional improvement at 4
weeks despite encouraging echocardiography results at 2 weeks following bFGF delivery
with a gelatin-based system to infarcted rat hearts [7]. Also, delivery systems that require
external stimuli such as an ultraviolet light source for gel formation [8] could be challenging
to implement clinically. Finally, while these systems were capable of providing sustained
release in vitro, the kinetics of growth factor release in vivo remained unclear in many of
these studies. Release kinetics could be quite different in vivo due to animal movement,
dilution by bodily fluids, or changes in the surrounding environment following acute injury
(e.g. changes in pH due to ischemia, changes in extracellular milieu due to the inflammatory
response). Thus, there remains a need for new biomaterials that offer logistically feasible
delivery methods, display sustained delivery in vivo, and demonstrate functional
improvement in therapeutic angiogenesis applications.

Polymers responsive to clinically-relevant stimuli such as pH or temperature have
significant potential for use as biomaterials [11,12]. In particular, changes in pH can be used
as stimuli for drug delivery to regions of local acidosis as found in ischemic myocardium
(pH 6-7) [13,14]. For example, incorporation of carboxylic acid-derived monomers such as
acrylic acid [15], methacrylic acid [16], ethylacrylic acid [17], or propylacrylic acid [18] has
been used to create copolymers that respond to acidic pH values. In addition, increasing
temperature from room temperature to body temperature (37 °C) can facilitate phase change
in stimuli-responsive polymers such as in Pluronics® [19] or poly(N-isopropylacrylamide)
[20].

We have developed a sharply pH- and temperature-responsive injectable hydrogel system
composed of a random terpolymer of N-isopropylacrylamide (NIPAAm), propylacrylic acid
(PAA), and butyl acrylate (BA) (p[NIPAAm-co-PAA-co-BA]) [21]. This polymer exists as
a liquid at room temperature and pH 7.4 but becomes a gel at 37 °C and pH 6.8. We
hypothesized that the ability of this polymer to form a reversible gel under conditions of
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intermediate acidity allows it to first act as a depot system for the release of angiogenic
growth factors to ischemic tissue, and second, to promote polymer dissolution and
elimination once the tissue has returned to physiological pH.

In this study, the time course of exogenous bFGF release from the hydrogel in vivo between
0 and 7 days was quantified using biotinylated bFGF. Furthermore, the ability of our
hydrogel drug delivery system to achieve measurable therapeutic benefits in angiogenesis,
regional blood flow, and cardiac function in a rat model of myocardial ischemia was
evaluated.

MATERIALS AND METHODS
Materials

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) and used as received
unless otherwise described. N-isopropylacrylamide (NIPAAm) was recrystallized from
hexane. 2,2′-Azobisisobutyronitrile (AIBN) was recrystallized from methanol. Propylacrylic
acid (PAA) was synthesized as shown previously [22]. Butyl acrylate (BA) was purified by
distillation. 2-dodecylsulfanylthiocarbonylsulfanyl-2-methyl propionic acid (DMP) was
obtained as a gift from Drs. Charles L. McCormick (University of Southern Mississippi) and
John Lai (Noveon Company). Basic fibroblast growth factor (bFGF) was generously
donated by Scios (Mountain View, CA). PD-10 desalting columns were purchased from GE
Healthcare (Piscataway, NJ). FluoSpheres microspheres were purchased from Molecular
Probes (Eugene, OR). Polycarbonate filters (10 μm) were purchased from GE Healthcare
(Waukesha, WI). Primary antibodies for immunohistochemistry and western blot were
purchased from Abcam (Cambridge, MA) (rat endothelial cell antigen, RECA-1; smooth
muscle α-actin, α-SMA; and α-tubulin) or BD Pharmingen (BD Biosciences, San Jose, CA)
(CD45). Biotin-SP-AffiniPure Goat Anti-Mouse IgG secondary antibody was purchased
from Jackson ImmunoResearch (West Grove, PA). ProtOn biotin labeling kit, Quant*Tag
biotin quantification kit, peroxidase anti-mouse IgG (H+L) secondary antibody, goat serum,
Vectastain Elite ABC reagent, and 3,3′-diaminobenzidine (DAB) substrate were purchased
from Vector Labs (Burlingame, CA). Tissue protein extraction reagent (T-PER), Halt
protease inhibitor cocktail, Precise protein polyacrylamide gels (8-16%), and streptavidin-
horseradish peroxidase were purchased from Pierce (Rockford, IL). 3,3′,5,5′-
Tetramethylbenzidine 1-component Membrane Peroxidase Substrate was purchased from
KPL (Gaithersburg, MD).

Animals
A total of 77 male Fischer 344 rats (Charles River, Wilmington, MA) were used in this
study. Twenty-two rats were used to quantify retention of biotinylated bFGF (bFGF-biotin)
by western blot. Rats were sacrificed at 0, 1, 2, or 7 days post-surgery. Fifty-seven male
Fischer rats, aged 8-10 weeks, were used for efficacy studies involving survival surgery with
a planned endpoint of 28 days post-surgery. These rats underwent echocardiography
measurements, injection of fluorescent microspheres for blood flow analysis, and
preparation of tissues for histology. All animals were treated according to the guidelines and
policies set forth by the Institutional Animal Care and Use Committee at the University of
Washington.

Polymer synthesis and characterization
Poly(NIPAAm-co-PAA-co-BA) was prepared by reversible addition fragmentation chain
transfer (RAFT) polymerization as previously described [21] with DMP as the chain transfer
agent (CTA), AIBN as the initiator, and 50 w/w % dimethylformamide (DMF) as the
solvent. Solutions were purged with nitrogen for 30 min and then allowed to polymerize at
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60 °C for 18 h. The polymers were then diluted in acetone and precipitated twice into ethyl
ether. After drying the product under high vacuum for 24 h, the polymer yields were
determined gravimetrically. Molecular weight of p(NIPAAm-co-PAA-co-BA) was
quantified by gel permeation chromatography (GPCmax VE2001, Viscotek, Houston, TX)
by comparison to a series of poly(methyl methacrylate) standards. High-performance liquid
chromatography (HPLC)-grade DMF containing 0.01 mol/L LiBr was used as the eluent.
Copolymer compositions were determined by proton nuclear magnetic resonance
spectroscopy (1H-NMR) by comparing the peak area of the NIPAAm amide N-H signal at
7.2 ppm with the total peak area between 3.7 and 4.1 ppm (corresponding to the sum of the
NIPAAm isopropyl C-H and the butyl acrylate ester – O-CH2 proton peaks) and the total
peak area between 0.7 and 2.2 ppm (encompassing the remainder of C-H protons).

Biotinylation of bFGF
To quantify bFGF retention following hydrogel delivery into infarcted myocardium, bFGF
was biotinylated (bFGF-biotin) using a ProtOn biotin labeling kit according to the
manufacturer’s instructions (Vector Laboratories, Burlingame, CA).

Polymer sample preparation
To prepare P(NIPAAm-co-PAA-co-BA) random copolymers for injection, polymer samples
were dissolved in DPBS (with a small amount of 1 N NaOH added to promote solubility),
purified by PD-10 columns then lyophilized. Lyophilized polymer was re-dissolved in
Dulbecco’s phosphate buffered saline (DPBS), and the pH of the polymer samples was
adjusted with cold 1 N HCl until the polymer samples were capable of gel formation at 37
°C (pH 6.8 at 37°C). Chilled samples were filtered through 0.2-μm filters. For western blot
time course studies, bFGF-biotin was diluted in sterile DPBS then incorporated into the
polymer solution by gentle mixing such that each 40 μL injection contained 2.5 μg of bFGF-
biotin with a final polymer concentration of 50 mg/mL (5 w/v %). For efficacy studies,
bFGF and heparin (to stabilize bFGF) were diluted in sterile DPBS then incorporated into
the polymer solution by gentle mixing to achieve a final concentration of 5 μg of bFGF and
50 μg heparin per 40 μL (injection volume) and 80 mg/mL (8 w/v %) of polymer (polymer
+bFGF). Three controls were prepared in a similar manner: saline, polymer, and saline
+bFGF (all contained equal heparin concentrations).

Rat myocardial infarct model
A permanent occlusion rat myocardial infarct model was used as described previously
[23,24]. Briefly, rats were anesthetized with isoflurane (5%), intubated, and supported with a
mechanical ventilator. The heart was accessed through a left thoracotomy, and a retractor
was used to keep the chest wall open during the procedure. A sterile suture was used to
permanently occlude the left anterior descending coronary artery (LAD) approximately 1
mm distal to the distal edge of the left atrium to create a medium-sized infarct (typically
involving ~30% of the left ventricle (LV)). Ten minutes after the onset of ischemia, two 20
μL injections (40 μL total) of polymer solution or saline were placed directly into the central
region of the infarct zone of the myocardium using a 29 gauge needle. The chest was then
closed with sutures and the animal was allowed to recover.

Tissue homogenization and western blotting
Rats injected with bFGF-biotin were sacrificed at 0, 1, 2, or 7 days post-surgery. Hearts
were harvested and then cut in half perpendicular to the long axis with a scalpel to separate
the heart into the apical and basal halves. Tissue samples were homogenized in T-PER then
centrifuged for 5 minutes at 16,000 x g. The supernatant was transferred to clean
microcentrifuge tubes and frozen at −80 °C until further use. To detect bFGF-biotin,
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samples were evaluated with western blotting using a streptavidin-horseradish peroxidase
detection system. The loading control, α-tubulin (50 kDa), was detected using a peroxidase-
conjugated secondary antibody. For quantification, blots were digitally scanned and the
density of the bands was quantified with ImageJ software (NIH, Bethesda, MD). Values are
reported as percent relative density (%) = (band density of sample) / (band density of the
saline control at 0 h) x 100. A saline control at 0 h sample was included on every blot for
normalization.

Echocardiography
For efficacy studies, rats were assigned randomly into 4 groups: saline, polymer, saline
+bFGF, and polymer+bFGF. Echocardiography measurements were taken prior to surgery
in 10 rats, and at 2, 14, and 28 days after surgery in all surviving rats to quantify left
chamber dimensions. Rats were lightly anesthetized with isoflurane (2% isoflurane in room
air supplemented with 100% O2) and chest walls were shaved for echocardiography
measurements as previously described [24]. Parameters examined include the left-
ventricular end diastolic dimension (LVEDD), left-ventricular end systolic dimension
(LVESD), and heart rate (beats per minute). The percent fractional shortening (FS%) was
calculated by the following equation: fractional shortening = (LVEDD – LVESD) / LVEDD
x 100. All measurements were performed by a blinded observer.

Microsphere injection for regional myocardial blood flow
FluoSpheres polystyrene microspheres (15 μm diameter) (Molecular Probes, Eugene, OR)
were injected into the chamber of the left ventricle of the heart via the apex to evaluate
blood flow [25,26]. Sixteen rats received injection of 200,000 yellow-green (excitation/
emission: 505/515 nm) microspheres immediately prior to infarct and 200,000 red-orange
(565/580 nm) microspheres immediately after infarct and just prior to closure of the animal.
The remaining 41 rats did not receive microsphere injections on day 0. The differences in
the fluorescent spectra of the microspheres injected on day 0 allowed us to compare the
differences in myocardial blood flow pre- and post-infarction on day 0. At 28 days post-
surgery, all surviving rats were intubated, their chests reopened and their left ventricular
cavities injected with 200,000 green (450/480 nm) microspheres in a 200 μL volume in a
similar manner as before. The microspheres were allowed to circulate for 5 minutes, and the
rats were then euthanized with an overdose of sodium pentobarbital.

Tissue harvest and sampling
Immediately after sacrifice, hearts were harvested then rinsed in PBS. Hearts were sliced
into ~1 mm thick short-axis sections using a rat heart slicer matrix (Zivic Instruments,
Pittsburgh, PA). At least five sections per heart were collected starting at the apex;
remaining heart tissue (closer to the base) was discarded (Figure 1). At least two sections per
heart were fixed in methyl Carnoy’s fixative and stored at 4 °C until further processing for
histological analysis. The remaining three sections were used for microsphere analysis, and
the infarct and uninjured regions were isolated with the aid of a dissecting microscope using
a scalpel. The peri-infarct regions were discarded. The non-infarct regions from all three
slices were combined into a single 15 mL polypropylene tube, weighed, and stored at −80
°C until further processing. Similarly, the infarct regions from all three slices were
combined, weighed, and frozen.

Microsphere analysis
Heart samples were prepared for microsphere analysis as previously described [26,27].
Briefly, tissue samples were digested in KOH with 2% Tween 80, and microspheres were
separated from the digested tissue by negative pressure filtration using polycarbonate filters
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(10 μm) and a suction filter apparatus. Fluorescent dye was extracted from the microspheres
using 2-(2-ethoxyethoxy)ethyl acetate. After centrifugation, supernatant samples were read
in a fluorescence spectrometer (Perkin Elmer LS-50, Waltham, MA). Relative fluorescence
intensity was determined in the supernatant at each of the three wavelengths used in this
study, with correction for spectral overlap. Raw data were reported as relative fluorescence
intensity (FI) units. To calculate relative regional myocardial blood flow, relative FI units of
the pooled infarct samples and uninjured samples were normalized to tissue weight. Blood
flow to the infarct region was expressed as a percentage of that in the non-infarcted region
using the following formula: (Relative fluorescence intensity in infarct region / tissue
weight) / (Relative fluorescence intensity in uninjured region / tissue weight) x 100.

Morphometric analysis
Hematoxylin and eosin (H&E)-stained sections located approximately 2 mm proximal to the
apex were used to measure the thickness of the infarcted free wall, thickness of the
uninjured septal wall, LV endocardial circumference, and LV epicardial circumference.
Images were digitally scanned and distances were measured using ImageJ software (NIH,
Bethesda, MD). Five measurements of the infarcted free wall (LV scar) and three
measurements of the uninjured septal wall were taken per sample and values were averaged
for each heart. Expansion index was calculated according to the following equation: (LV
cavity/total LV area) x (septal thickness/LV scar thickness).

Immunohistochemistry and vessel density quantification
Immunohistochemical staining was used to identify and quantify cells positive for rat
endothelial cell antigen-1 (RECA-1), alpha-smooth muscle actin (a-SMA), or CD45. Slides
were deparaffinized, rehydrated, then blocked in 1.5% goat serum in PBS for 60 min at
room temperature. Excess serum was blotted away and slides were incubated with the
primary antibody (RECA-1 (mouse anti-rat): 1:100 dilution; α-SMA (mouse): 1:100; CD45
(mouse anti-rat): 1:30) prepared in 1.5% goat serum in PBS for 60 min at room temperature
or overnight at 4 °C. Slides were rinsed in PBS then incubated with goat anti-mouse IgG
secondary antibody in PBS containing 1.5% goat serum (1:400) for 30 min at room
temperature. Slides were rinsed in PBS, incubated with Vectastain Elite ABC reagent, then
detected with DAB according to the manufacturer’s instructions. Slides were then rinsed in
tap water and counterstained with hematoxylin as described previously. Images were taken
using a 20x objective (Nikon E800, Melville, NY) in a section of each heart approximately 2
mm proximal to the apex. Capillary density was determined by manual counting in a blinded
manner as described previously in slides stained with RECA-1 antibody [28]. Capillaries
were identified by positive RECA-1 antibody staining of the endothelial cell(s), and any
distinct endothelial cell or group of endothelial cells was counted as a vessel. Vessel lumens
did not have to be present in the microscopic image to be counted as a capillary [28].
Arteriole density was quantified in a similar manner, with arterioles being identified by
positive α-SMA antibody staining of the vascular smooth muscle cell and a visible lumen
with an inner diameter > 10 μm [29].

Statistics
Statistical significance between groups was evaluated using an unpaired t-test, with
significance achieved when p<0.05. Values are reported as mean±SEM unless noted
otherwise.
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RESULTS
Polymer characterization

P(NIPAAm-co-PAA-co-BA) was synthesized by RAFT polymerization (Figure 2a) with a
feed composition of 80 mol % NIPAAm, 10 mol % PAA, and 10 mol % BA and a
calculated polymer composition of 67 mol % NIPAAm, 18 mol % PAA, and 15 mol % BA
by 1H-NMR. The number-average molecular weight (Mn) and polydispersity index (PDI) of
the polymer as determined by gel permeation chromatography were 28 kDa and 1.13,
respectively. This polymer was selected because of its ability to undergo a sol-to-gel phase
transition in the expected pH range of ischemic myocardium (pH 6–7 [13, 14]), with a gel
pH of 6.8 at 37 °C. Images of acutely ischemic rat hearts injected with saline or hydrogel are
shown in Figures 2b and 2c, respectively. A persistent white, raised mass was observed
following polymer injection, whereas saline-only injections typically caused transient
blanching (temporary change of color from dark pink to light pink) of the tissue. Twenty-
two rats were used to quantify retention of bFGF-biotin by western blot analysis. Four rats
were sacrificed at 0 h post-surgery, and the remaining rats were sacrificed at 1, 2, or 7 days
post-surgery (100% survival rate). Forty-nine out of 57 rats used for efficacy studies
remained alive at 28 days post-surgery (86% survival rate). Eight rats died less than 24 h
post-surgery due to complications of myocardial infarction.

Quantification of bFGF retention following hydrogel delivery to infarct model
The hydrogel provided local retention of bFGF-biotin in the apex with minimal diffusion to
the basal half of the heart (Figure 3a-b). Basic FGF could be detected in the apex half of the
heart at 24 h post-injection following delivery with polymer, with a relative band density of
20% compared to saline control at 0 h. In contrast, little to no bFGF was detectable in the
basal half of the heart at 24 h post-injection following delivery with polymer (relative
density < 1%), confirming that the polymer system was able to retain bFGF at the site of
injection with minimal diffusion to distant regions of the heart.

Between 1-7 days post-injection, the amount of bFGF-biotin recovered from homogenized
apex tissue was consistently higher following delivery with polymer compared to saline
vehicle (Figure 3c-d). Immediately after injection, recovery of bFGF-biotin was nearly
identical in the saline and polymer animals. However, at 1, 2 and 7 days post-injection, we
observed relative band densities of 21%, 13%, and 3% of bFGF-biotin when delivered with
polymer, respectively. In contrast, when delivered with saline, band densities of only 2%
and 1% of bFGF-biotin were observed at 1 and 2 days, respectively, and virtually no bFGF-
biotin could be detected by western blot at 7 days.

Echocardiography
Values for fractional shortening (FS%) as a function of time are shown in Figure 4. In non-
infarcted animals, FS% averaged 46±3%. At two days post-infarction, all groups showed
significant depression of systolic function, with FS% of 31±0.8% and no differences among
groups. Systolic function decreased further by 2 weeks as left ventricular remodeling
progressed, with FS% ranging from 25-28%, again with no differences among treatment
groups. By 28 days, however, the FS% in the polymer+bFGF group (30±1.4%) was
significantly higher than the FS% in the saline (25±1.2%) and polymer control (25±1.8%)
groups (p<0.05 vs. either saline or polymer controls).

Regional myocardial blood flow
Blood flow in the infarct zone was significantly increased in the polymer+bFGF group at 28
days (26±5% of blood flow to uninjured myocardium) compared to the post-infarct group on
day 0 (10±3%) and the polymer alone group at 28 days (13±3%) (Figure 5). Relative blood
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flow to the infarct region in the polymer alone and saline+bFGF (16±4%) groups did not
show any improvement at 28 days compared to post-infarct on day 0. However, there was no
difference in relative blood flow between the saline alone and polymer+bFGF groups at 28
days.

Histology Studies: Expansion Index, Inflammation and Angiogenesis
The wall thickness of the LV scar in animals treated with polymer+bFGF (1.5±0.1 mm) was
statistically increased compared to animals treated with saline alone (1.0±0.1 mm) or saline
+bFGF (1.1±0.1 mm) (Figure 6a). In addition, wall thickness was increased in animals
treated with polymer alone (1.4±0.2 mm) compared to saline alone. The expansion index in
the polymer+bFGF group (0.9±0.1) was also significantly lower than that of the saline group
(1.4±0.2, p<0.05 versus polymer+bFGF) (Figure 6b).

There was a higher inflammatory response as indicated by CD45 staining in animals injected
with polymer compared to saline at 28 days (Figure 7). The inflammatory cells were
predominantly mononuclear. Neutrophils were not noted, while foreign body giant cells
were occasionally seen (not shown). In addition, many of the polymer-treated animals had
large void spaces in the tissue that were not seen in saline-treated animals. These void
spaces were likely residual polymer that had dissolved in the solvents used during tissue
fixation and histological processing.

The principal hypothesis of this study was that our pH-responsive hydrogel would enhance
angiogenic effects of bFGF therapy. In support of this notion, histological studies showed a
significant improvement in the angiogenic response following delivery of bFGF with the
hydrogel. There was a significant increase by approximately 30% in both capillary (Figure
8a-e) and arteriolar (Figure 8f-j) densities as quantified by the number of RECA-1-positive
or α-SMA-positive microvessels, respectively, per mm2 in the polymer+bFGF group
compared to saline, polymer alone, and saline+bFGF.

DISCUSSION
The injectable, pH- and temperature-responsive hydrogel system, p(NIPAAm-co-PAA-co-
BA), was tested for its efficacy as a delivery system for angiogenic growth factors in vivo.
P(NIPAAm-co-PAA-co-BA) was a liquid at room temperature but formed a gel after
injection into ischemic myocardium. This hydrogel system was capable of both sustained
release and local delivery of bFGF. The efficacy of our p(NIPAAm-co-PAA-co-BA)
hydrogel was tested in a rat model of myocardial infarct. We demonstrated that this system
is able to provide spatio-temporal control of bFGF delivery, which in turn promoted
increased angiogenesis, enhanced blood flow, and improved cardiac function.

The dual ability of this hydrogel to respond to both pH and temperature allowed us to tune
the system to provide a rapidly gelling but still reversible hydrogel system that will dissolve
away from the site as the tissue returns to physiological pH.Basic FGF-biotin delivered with
this system remained localized near the site of injection, as bFGF-biotin could only be
detected in the apex region; little to no bFGF-biotin could be detected in the base samples
tested. In addition, the amount of bFGF-biotin recovered at 1, 2, and 7 days was enhanced
10-fold with polymer delivery compared to saline delivery. Using this system to deliver
bFGF, there was a significant increase in capillary and arteriolar densities in animals treated
with polymer+bFGF compared to saline, polymer alone, or saline+bFGF at 28 days post-
surgery. These results demonstrate the significant potential for this pH- and temperature-
responsive system to provide spatial and temporal control of angiogenic growth factor
delivery and be used as an effective therapy following acute myocardial infarction.
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We found improved blood flow to the infarct region with our polymer system. In general,
regional blood flow measurements at 28 days correlated well with histological analysis of
microvascular density. There was a statistically higher relative blood flow in the polymer
+bFGF group at 28 days compared to baseline (immediately after infarct on day 0). Also,
both regional blood flow measurements and histology showed that polymer+bFGF treatment
was superior to polymer-alone at 28 days. There was one notable discrepancy between the
results seen with regional blood flow measurements compared to histology: microsphere
data indicated no difference between saline-only and polymer+bFGF at 28 days. This is
contrast to the histological results showing that saline-only, polymer only, and saline+bFGF
had no effect on microvascular density, while polymer+bFGF substantially increased
microvascular density. One potential explanation is that rather than achieving venule-to-
arteriole anastomosis during capillary formation, we instead had venule-to-venule
connections. If this occurred, we could still see increased microvascular density with
histology, however, an improvement in blood flow would not be observed as the fluorescent
microspheres were only embedded in the arterial side. Note, however, that angiogenesis on
the post-capillary side would not explain our observation that blood flow was enhanced in
polymer+bFGF compared to saline+bFGF animals. An alternative, and perhaps more likely
explanation, is that there may have been inadvertent contamination of some of the infarct
samples with non-ischemic tissue in the saline-only group. We were unable to prove this
definitively, however, so data from all animals are included in this paper.

The increased angiogenesis combined with the increased thickness of the infarcted wall in
the polymer+bFGF group likely facilitated the improvement in cardiac function as measured
by echocardiography at 28 days post-injection compared to saline alone and polymer alone.
These results are consistent with previous work from our group in mice where bFGF was
knocked out or overexpressed [30]. In that study we found that genetic deletion of bFGF
inhibited angiogenesis and fibroblast proliferation post-infarction, in association with
worsened ventricular remodeling and contractile function. Conversely, overexpression of
bFGF enhanced angiogenesis and fibroblast proliferation, in association with reduced
ventricular remodeling and better contractile function. The long term benefit observed with
bFGF protein therapy in the current study contrasts with results found by Shao et al., who
found that there was no difference in FS% four weeks after delivery of bFGF by a gelatin
hydrogel compared to saline [7]. However, our results are consistent with those described by
Wang et al., who found approximately 9-10% improvement in FS% following delivery of
bFGF by a chitosan hydrogel compared to saline [9]. These results demonstrate the
significant potential for our pH- and temperature-responsive system to be an effective
therapy following acute myocardial infarction.

The polymer alone group also had increased wall thickness of the LV scar but not increased
angiogenesis compared to saline alone. Although this did not translate into significant
differences in FS% between the saline and polymer groups, these results suggest that
injection of the polymer itself may be capable of preventing the wall thinning that occurs
during the normal progression of wound healing following myocardial infarction [31]. This
is in agreement with others who have suggested that some biomaterials can increase LV
thickness and improve cardiac function in the absence of exogenous growth factor delivery
[32,33]. This may be due to increased inflammatory cell migration to the injection site in
animals treated with polymer, which can facilitate collagen deposition [34].

There was evidence of a chronic inflammatory response marked by macrophage infiltration
and occasional foreign body giant cells observed near the polymer injection site at 28 days
post-surgery. Whether this inflammatory response is beneficial to further facilitate an
angiogenic effect or detrimental to our therapeutic outcome remains unclear. In the context
of myocardial infarct, inflammatory cells such as monocytes and macrophages play an
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important role in wound healing. It has been shown that certain subsets of monocytes are
responsible for clearing away dead cardiomyocytes, stimulating angiogenesis, or depositing
collagen [34]. Monocytes and macrophages are capable of secreting angiogenic growth
factors to promote angiogenesis [35]. Thus, it is possible that the increased presence of
macrophages in animals treated with polymer could provide beneficial effects to improve
the angiogenic response of our system. However, the lack of control over the extracellular
milieu also has the potential for having a detrimental effect on angiogenesis. In addition, it is
unclear how long the inflammatory response will be activated and whether a chronic
inflammatory response would be detrimental in this context. Time points later than 28 days
will be necessary determine whether the inflammatory response persists after the polymer is
completely eliminated from the myocardium.

CONCLUSIONS
We have shown that delivery of bFGF to infarcted rat myocardium with the stimuli-
responsive hydrogel, p(NIPAAm-co-PAA-co-BA), can increase microvessel density,
improve regional blood flow, and improve cardiovascular function after 28 days of
treatment. In addition, we quantified the rate of release of bFGF-biotin from the hydrogel
system over a 7-day period following injection into infarcted myocardium and confirmed the
ability of this polymer to provide spatio-temporal control over bFGF delivery. Based on the
results described, this system has strong potential for further development as a vehicle for
therapeutic growth factors. Future work should be aimed at modifying the polymer system
to improve drug retention and reduce inflammation.
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LIST OF ABBREVIATIONS

AIBN 2,2′-azobisisobutyronitrile

BA butyl acrylate

bFGF basic fibroblast growth factor

CTA chain transfer agent

DAB 3,3′-diaminobenzidine

DMF dimethylformamide

DMP 2-dodecylsulfanylthiocarbonylsulfanyl-2-methyl propionic acid

DPBS Dulbecco’s phosphate buffered saline

FS% fractional shortening

GPC gel permeation chromatography

H&E hematoxylin and eosin
1H-NMR proton nuclear magnetic resonance
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LV left ventricle

LVEDD left ventricular end diastolic dimension

LVESD left ventricular end systolic dimension

NIPAAm N-isopropylacrylamide

PAA propylacrylic acid

RAFT reversible addition fragmentation chain transfer

RECA-1 rat endothelial cell antigen-1

SEM standard error of the mean

α-SMA alpha-smooth muscle actin

T-PER tissue-protein extraction reagent

VEGF vascular endothelial growth factor
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Figure 1.
Preparation of heart sections for histology and microsphere regional blood flow analysis.
Infarcted and uninjured sections were individually isolated for microsphere (flow) analysis.
RV, right ventricle; LV, left ventricle.
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Figure 2.
(a) Synthesis of p(N-isopropylacrylamide-co-propylacrylic acid-co-butyl acrylate) by
reversible addition fragmentation chain transfer (RAFT) polymerization. (b) and (c) Photos
of ischemic rat hearts immediately after injection of 40 μL of either (b) saline or (c)
p(NIPAAm-co-PAA-co-BA). Forceps are pointing to injection site. Note the greater extent
of blanched tissue in the hydrogel-injected heart.
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Figure 3.
Quantification of bFGF-biotin retention by western blot analysis following injection into
infarcted rat myocardium. Localization of bFGF to apex but not base half of heart at 24 h
demonstrated by (a) western blot and (b) densitometry results. Quantification of bFGF
release kinetics demonstrated by (c) western blot and (d) densitometry results. Heart samples
were harvested at 0 h, 24 h, 48 h, or 7 days post-injection then homogenized to facilitate
detection of bFGF-biotin by western blot. Samples injected with either phosphate buffered
saline (PBS) (△in panels b and d) or polymer (■in panels b and d) (28 kDa, 5 w/v % in
PBS) as the delivery vehicle. Each 40 μL injection contained 2.5 μg of bFGF-biotin. Values
reported as mean±SD are normalized to α-tubulin and to bFGF band density of saline
control at 0 h, n=3 for each time point.
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Figure 4.
Systolic fractional shortening determined by echocardiography at 2, 14, and 28 days post-
surgery in rats injected with polymer+bFGF (■, n=16), saline+bFGF (△, n=8), polymer (◆,
n=9), or saline (|○, n=15). All injections contained 50 μg heparin. Values shown are mean
±SEM. *p<0.05 versus saline at 28 days; †p<0.05 versus polymer at 28 days.
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Figure 5.
Regional myocardial blood flow to infarct region after 28 days of treatment, expressed as a
percentage of the blood flow to the uninjured myocardium. Relative flow quantified using
fluorescent polystyrene microspheres. Post-infarct day 0 indicates baseline data from red-
orange microspheres injected on day 0, while saline, polymer, saline+bFGF, and polymer
+bFGF groups indicate data from green microspheres injected at the time of sacrifice (28
days post-surgery). Infarcted and uninjured tissue samples were isolated at 28 days post-
injection at the time of sacrifice, and fluorescence intensity values were normalized to tissue
weights. Values shown are mean±SEM. *p<0.05 versus post-infarct day 0, †p<0.05 versus
polymer at 28 days.
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Figure 6.
Morphometry of heart sections at 28 days post-injection. (a) Wall thicknesses of the
infarcted free wall (LV scar) and uninjured septal wall (septum) of the left ventricle at 28
days. (b) Expansion index. Sections were taken from approximately 2 mm proximal to the
apex and stained with H&E. Values shown are mean±SD. *p<0.05 versus saline. †p<0.05
versus saline+bFGF.
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Figure 7.
Representative images stained with hematoxylin and eosin (H&E) (left column) or CD45
(middle and right columns) at 28 days post-injection with saline, polymer, saline+bFGF, or
polymer+bFGF. Scale bar indicates 400 μm in left and middle columns and 100 μm in right
column. Note the intense CD45+ inflammatory infiltrate in hearts receiving polymer
injections. Void spaces likely reflect residual polymer, dissolved during histological
processing.
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Figure 8.
(a-e) Capillary density evaluated by rat endothelial cell antigen-1 (RECA-1) staining and (f-
j) arteriolar density evaluated by smooth muscle α-actin (α-SMA) staining. (a-e)
Representative images of sections with endothelial cell staining (dark brown stain indicates
positive antibody staining for RECA-1) after 28 days of treatment with (a) saline (n=9), (b)
polymer (n=9), (c) saline+bFGF (n=7), or (d) polymer+bFGF (n=9). (e) Quantification of
capillary density following 28 days of treatment. (f-j) Representative images of sections with
smooth muscle cell staining (dark brown stain indicates positive antibody staining for α-
SMA) after 28 days of treatment with (f) saline (n=9), (g) polymer (n=9), (h) saline+bFGF
(n=7), or (i) polymer+bFGF (n=9). (j) Quantification of arteriolar density following 28 days
of treatment. Scale bar indicates 100 μm. *p<0.001 versus saline, §p<0.001 versus polymer,
†p<0.05 versus saline+bFGF. ‡p<0.001 versus saline+bFGF.
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