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Abstract
Although natural biological matrices have demonstrated modest improvement in the survival of
cells transplanted into the infarcted myocardium, these materials have not been amenable to
systematic optimization and therefore have limited potential to treat post infarct cardiac injuries.
Here we have developed tunable bioactive semi-interpenetrating polymer network (sIPN)
hydrogels with matrix metalloproteinase (MMP) labile crosslinkers to be used as an assistive
microenvironment for transplantation of bone marrow derived mesenchymal stem cells (BMSCs)
into the infarcted myocardium. Injectable sIPN hydrogels were designed with a range of
mechanical and biological properties that yielded material-dependent BMSC proliferation in vitro.
Five groups were evaluated to treat myocardial infarction (MI) in adult mice: saline injection;
green fluorescent protein (GFP)(+)-BMSCs delivered in saline; a sIPN matrix; a sIPN + GFP(+)-
BMSCs; and Matrigel™ + GFP(+)-BMSCs. Injection of cells alone created a transient
improvement in LV function that declined over time, and the synthetic hydrogel without cells
resulted in the highest LV function at 6 weeks. Donor GFP-positive cells were detected after
matrix-enhanced transplantation, but not without matrix support. Biomimetic sIPN hydrogel
matrices succeeded both in mechanically supporting the injured myocardium and modestly
enhancing donor cell survival. These matrices provide a foundation for systematic development of
“pro-survival” microenvironments, and improvement in the long-term results of cardiac stem cell
transplantation therapies.

Introduction
Acute damage wrought by myocardial infarctions (MIs) continues to combine with post-MI
remodeling to result in heart failure for many patients. To date, no treatments have
succeeded in preventing or reversing the progression of heart failure; therefore, new
techniques, such as biomaterial based tissue engineering, are urgently needed. This approach
may involve innovatively designed biomaterials, transplantation of stem cell populations,
and novel surgical methods in an attempt to stabilize an injured ventricle and hopefully
replace lost cardiomyocytes in order to regenerate a working myocardium.
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Stem cell transplantation to the damaged left ventricle (LV) has received widespread
attention in the last decade, and numerous preclinical1-5 and early clinical6-8 studies have
been reported. Despite the encouraging preliminary results obtained with numerous types of
transplanted cells, including bone marrow derived mesenchymal stem cells (BMSCs),3,9,10

endothelial progenitor cells,2 resident cardiac stem cells,11,12 and embryonic stem cells,13

definitive demonstration of functional regeneration of an organized myocardium remains an
unmet goal. As the survival of transplanted cells has come under scrutiny,14,15 the addition
of extracellular matrices (ECMs) to provide a suitable microenvironment for the implanted
cells has been explored, and has included such biomaterials as fibrin based glue,16 the
biologically derived basement membrane material Matrigel™,13,17 collagen foam,18

alginate,19 and peptide-based associative networks.20,21

In addition to any benefits associated directly with increased cell survival after
transplantation, the injection of material even without cells may improve post-MI ventricular
function. Recently, we have reported a theoretical mathematical model of matrix-assisted
myocardial stabilization (MAMS),22 demonstrating that injection of non-contractile material
with a wide range of mechanical properties in the border zone (BZ) of the infarct can reduce
elevated wall stresses. This work suggested that injection of biomaterials in the left ventricle
might attenuate post-infarct myofiber stresses and ameliorate both ventricular remodeling
and infarct extension. These simulated results fit well with recent experimental studies that
used materials such as Matrigel™,13 collagen, 23 fibrin,16 alginate,24,25 and synthetic
polymers26-28 to treat the injured heart, all of which have demonstrated modest
improvements in heart function compared to saline controls in the absence of added cells.

In order to provide more rigorous control of ECM materials for tissue engineering
applications, we have chosen to create a biomimetic polymer, a synthetic hydrogel modified
with short amino acid sequences to reproduce specific biological functionality of the natural
ECM such as cellular attachment points and injury driven remodeling capacity. The base
polymer system we utilized for these modifications is referred to as a semi-interpenetrating
polymer network (sIPN), and we exploited the unique properties of sIPNs to test the
hypotheses that injected materials, with or without cells, can support the injured
myocardium. Furthermore we also tested the hypothesis that by designing modified,
biomimetic sIPN systems that support donor cell proliferation, the persistence of
transplanted cells in the myocardium can be enhanced. The sIPNs used in this work
contained a crosslinked copolymer network of N-isopropylacrylamide and acrylic acid,
similar to hydrogels used in cardiac work previously, 26,28 but interpenetrated with linear
chains of polyacrylic acid with chemically tethered peptides that engage with cell-surface
integrin receptors (i.e., αvβ3),29-32 encouraging cellular attachment and presenting a known
angiogenic motif.33 When polymerized in aqueous solution, this polymer forms a loosely
crosslinked and highly hydrated hydrogel that has the ability to sustain the growth of a cell
population30-32 across a wide range of controllable mechanical properties. In the context of
cardiac bioengineering, control of mechanical properties in the cellular milieu is of
increasing importance as it has been shown to affect proliferation and differentiation of
numerous cell types, including adult mesenchymal stem cells.32,34-36 Within this hydrogel,
cells can be entrained for direct injection into the injured myocardium, after which the
material warms and stiffens in place due to a lower critical solution temperature (LCST)
phase change.37,38 Due to the added AAc polymer units, the change in volume is low
following this LCST transition to prevent swelling or collapse of the network. Following
implantation, this material is designed to take advantage of the myocardium specific
microenvironment, degrading through cell-based proteolytic action on the matrix
metalloproteinase (MMP)-labile peptide sequences which crosslink the polymer chains.
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Methods and Materials
sIPN Hydrogel Synthesis

Thermoresponsive poly(N-isopropylacrylamide-co-acrylic acid) [p(NIPAAm-co-AAc)]
hydrogels with MMP peptide degradable crosslinkers were produced through free radical
addition polymerization similar to previously described methods (Figure 1, A).30-32 All
peptides used in this study were custom synthesized by American Peptide Co. (Sunnyvale,
CA) and characterized using mass spectrometry and HPLC (purity > 95 %). Briefly,
NIPAAm and AAc monomers (Polysciences Inc, Warrington, PA) in a 95:5 molar ratio,
along with 0.3 mol% of a diacrylated MMP labile peptide sequence (Ac-GPLGLSLGK-
NH2, see below) were dissolved at 3 – 5 wt% in incomplete phosphate buffered saline
(iPBS). Polyacrylic acid (pAAc) linear chains (450 kDa) grafted with a 15 amino acid bone
sialoprotein derived -RGD- peptide sequence (Ac-CGGNGEPRGDTYRAY-NH2, referred
to as bsp-RGD(15)), synthesized as described previously,30,32 were then added in the 0 –
0.8 mg/mL range (corresponding to a -RGD-peptide concentration of ∼ 0 – 100 μM). The
resulting solutions were degassed with dry N2, mixed with the free radical initiator
ammonium persulfate (AP) and the accelerator N,N,N′,N′-tetramethylethylenediamine
(TEMED), and allowed to polymerize overnight under N2. After polymerization, the
hydrogels were washed of unreacted monomers by thorough sequential rinses in iPBS
combined with cycling through the hydrogel's LCST.

MMP labile crosslinker
In order to establish control of the degradation rate of the gel, the peptide crosslinking
sequence previously used in the MMP labile sIPN hydrogels (i.e., Ac-QPQGLAK-NH2)31

was varied and tested against a panel of MMPs known to be upregulated in the injured
rodent heart (e.g., MMP-2, -9, and -13).39 In addition to the original sequence initially
studied two other sequences were chosen from published studies of MMP labile sequences40

that would be suited for diacrylation: Ac-GPLGLSLGK-NH2 and Ac-GPLGMHGK-NH2.
Proforms of MMP-13, MMP-9, and MMP-2 were obtained (R&D Systems) and activated
using p-aminophenylmercuric acetate (APMA) according to the manufacturer's protocols.
Peptide substrate sequences were then dissolved at varying concentrations in TCNB buffer
and incubated with a constant amount of activated MMPs. At time points ranging between .5
– 4 hrs, samples of the reaction were removed and mixed with equal volumes of 0.1%
heptafluorobutyric acid to quench the MMP reaction. The set of samples were then assayed
via high performance liquid chromatography (HPLC) to determine the remaining
concentration of uncleaved protein. Change in concentration was used to calculate reaction
rate, and Michaelis-Menton kinetic parameters were then computed through direct non-
linear regression analysis (MATLAB software, Mathworks, Inc, Natick, MA) on the
reaction rate as a function of substrate concentration.

Mechanical Characterization
Mechanical properties of the hydrogels synthesized at varying polymer weight percentages
were tested using parallel plate rheology. For each synthesized material, 3 mL of hydrogel
was loaded onto a temperature controlled rheometer (MCR300, Anton Paar, Ashland, VA)
with 50 mm sandblasted parallel plates, and the complex modulus of the materials
determined using a 5% dynamically loaded strain at a gap height of 1.0 mm. Sample
modulus was first measured across a range of frequencies (0.01 – 14 Hz) at 22°C, then the
sample was slowly warmed to 37°C, and the frequency again swept to test the mechanical
properties after the LCST. In addition to mechanical testing, sIPNs were tested by surgeons
to examine their injectability. All the hydrogels produced were loaded into 1 mL syringes
with a range of needle sizes to test how well small volumes of the materials could be
delivered.
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Cell Isolation and Characterization
We used an established cell culture system to maintain and expand well-characterized green
fluorescent protein (GFP)-expressing C57Bl mouse BMSCs in vitro. Briefly, marrow was
flushed from the tibia and femur of adult GFP transgenic mice (8-12 weeks of age) and
subjected to density centrifugation to eliminate many of the mature leukocytes. BMSCs are
known to preferentially attach to polystyrene surfaces, and differential plating was used to
eliminate hematopoietic cell lineages. BMSCs were propagated in alpha minimum essential
medium (αMEM), with Glutamax plus 10% fetal bovine serum until reaching a logarithmic
phase of cell growth. These bone marrow-derived cell lines have been associated with a
pattern of stem cell marker expression consistent with the reported literature, including
CD-90, CD-71, and CD-117, but not hematopoietic markers CD-34 or CD-45.

Hydrogel Cell Culture
For three dimensional (3D) cell culture studies, hydrogels were synthesized in the
characterized stiffness range of 3 – 5% total polymer content in the same monomer ratios as
above. Synthesized pAAc-graft-bspRGD(15) was incorporated into the gels at 0 mg/mL, 0.4
mg/mL and 0.8 mg/mL, giving bulk concentrations of 0, ∼50 μM and ∼100 μM.
Polymerizing hydrogel solutions were mixed as was done for the bulk synthesis, and then
200 μL aliquots of the reacting solutions were pipetted quickly onto methoxysilane treated
glass coverslips in order to create a permanent bond between the surface and the forming
polymer network. After overnight polymerization, hydrogel samples were rinsed 3× in iPBS
and sterilized by 30 minute incubation in 70% EtOH.41 They were rinsed again 3× in sterile
iPBS followed by equilibration in culture media (αMEM w/o nucleosides, 10% FBS, 2mM
L-glutamine, and antibiotics) at 37°C for 4 hours.

To seed the hydrogel samples, GFP+ BMSCs were suspended at a concentration of 106

cells/mL, and 200 μL total of this solution containing 2×105 cells was injected into the
coverslip bound hydrogels in a series of 15 – 20 small volume injections using a 23 gauge
needle. These cell-loaded hydrogels were then placed into 16 well tissue culture plates and
1.5 mL of warm media was added to each well. Samples were incubated at 37°C in 5% CO2
for 14 days, with media changed every 2 – 3 days, and hydrogels removed at 1, 4, 7, and 14
days. Hydrogel samples were then visualized using a fluorescent microscope, homogenized
using hand held small volume homogenizer, and assayed for cell number using the Cyquant
GR assay (Molecular Probes, Eugene, OR) against generated cell number standards. Cell
proliferation as a function of stiffness and RGD content at day 14 was mapped to a response
surface by fitting the data to a quadratic curve using MATLAB software.

Mouse Infarct Model and Injections
An sIPN formulation of 4% 95:5 p(NIPAAm-co-AAc) with 0.3 mol% crosslinker content
and 50 μM RGD was synthesized for direct injection with or without BMSCs. This
formulation was specifically chosen from in vitro results in order to maximize cell growth in
the matrix while maintaining cell/matrix interaction within the limitations of the animal
model employed (see, Results). EGFP-expressing BMSCs were grown to near confluence,
trypsinized, counted, and pelleted in a microfuge tube. Sufficient quantities of
prepolymerized hydrogel were then pipetted into the tube and mixed with a spatula to
achieve a cell density of 107 cells/mL. The cell / gel mixture was microscopically visualized
to assure an even distribution of cells within the matrix, and was kept at 4°C until injection.
As a comparative matrix control, the same procedure was used with cold, liquid growth
factor-reduced, phenol red-free Matrigel™ (BD Biosciences, San Jose, CA) to make an
injectable cell / gel mixture. A control suspension of cells in sterile saline was also prepared
at the same cell concentration.
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Male C57Bl/6 mice (6-8 weeks old) were anesthetized with pentobarbitol prior to intubation
with a 24 gauge angiocatheter. Inhalation anesthesia was then instituted with 1.5%
isoflurane using a rodent ventilator (Harvard) at 115 breaths/min. A left lateral thoracotomy
incision was placed at the level of the fourth interspace and a 6-0 polypropylene suture was
used to ligate the left anterior descending (LAD) artery at approximately 1/3 the distance
from the base to the apex of the heart. Blanching of the distal left ventricular wall was
observed to verify ligation. Immediately after generation of the infarct, inhalation anesthesia
was reduced and 10 μL of the test material was injected into the anticipated infarct border
zone region of the LV wall in a single injection using a 30 gauge needle. Animals were
ventilated for approximately 15 minutes after chest closure, and were then recovered in a
light-warmed incubator. Animals in the sham surgery group underwent thoracotomy without
LAD ligation.

Transthoracic echocardiography was performed at 2, 4, and 6 weeks after MI on conscious,
gently restrained mice using an Acuson Sequoia 512 machine and a 13-MHz probe. A two-
dimensional short-axis view of the left ventricle was obtained at the level of the papillary
muscles, and two-dimensional M-mode tracings were also recorded. LV fractional
shortening (FS) was calculated as (Dd –Ds) / Dd and LV ejection fraction (EF) as (LVEDV-
LVESV) / LVEDV, where Dd = LV diastolic dimension, Ds = LV systolic dimension,
LVEDV = LV end-diastolic volume, and LVESV = LV end-systolic volume. LV volume
was calculated as (short axis length)2 × (long axis length) × 0.654.

Mice were sacrificed at 6 weeks post-MI. Thin frozen sections were obtained to preserve the
GFP signal of the implanted cells, which, when present, could be detected easily via
fluorescent microscopy of the ventricle wall. For each heart, sections were taken every 200
microns from the apex of the ventricle to the point of LAD ligation. Adjacent sections were
stained using Gomori's trichrome, and image analysis software (ImageJ, NIH) was used to
determine the thicknesses of both the infarcted and the remote, uninfarcted left ventricular
wall, as well as the extent of infarction.

Statistics
All statistical differences between time points and between groups were determined by one
way analysis of variance followed by Tukey HSD post-hoc tests. Data are reported as mean
± SEM, and a P-value of less than 0.05 was considered to denote statistical significance.

Results
MMP Labile Crosslinkers

Michaelis-Menten parameters (Vmax, Km) for the MMP labile crosslinking sequences are
shown in Table 1, along with the selectivity and ratio of the selectivity to the most slowly
degrading sequence. Between the three sequences, selectivity spanned two orders of
magnitude against MMP-13 and one order of magnitude for MMP-9 and MMP-2, providing
a specific means of controlling degradation rates in varying microenvironments.

sIPN hydrogel Characterization
Hydrogels were made with controllable mechanical properties, having a complex shear
modulus spanning 95 – 155 Pa at biological temperature and relevant cyclical loading ranges
(Figure 1, B, filled markers). At this temperature (37°C), there was also a significant
qualitative difference between the formulations; the 3% sIPN behaving very soft and pliable
while the 5% gel was much stiffer. The mechanical properties of all the formulations at
room temperature differed substantially from those measured at 37°C, with very low moduli
(Figure 1,B, open markers) and high loss angles (data not shown) that allowed them to be
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passed through small gauge needles. However, there was a change in room temperature
stiffness between the 4 wt% and 5 wt% polymer compositions, and while all formulations
could easily pass through larger gauge needles, clinicians reproducibly detected a difference
in pressure required during delivery through a 30 gauge needle for high weight percent
sIPNs. Due to the limitations of the animal model, where fine control was needed to inject
into the thin wall of the mouse, the surgeons preferred sIPNs less or equal to 4 wt% for the
in vivo studies.

In Vitro Cell Culture
In vitro cell proliferation varied as a function of matrix stiffness and bsp-RGD(15) content
(Figure 2, A). All sIPN formulations were able to sustain cell growth over 2 weeks as
reflected by increased cell number; however, the integrin-binding peptide concentration and
the material stiffness influenced the rate of cell growth. Even in the absence of bsp-
RGD(15), BMSCs proliferated well within the softer gels (Figure 2A, top), while increases
in peptide concentration enhanced cellular proliferation within the stiffer gels (Figure 2A,
bottom). All variations of the 4% peptide crosslinked gel demonstrated substantial
proliferation after 1 week (Figure 2A, middle). The end cell density data from these nine
curves are reflected in the generated response surface that maps the cellular proliferation
response as a function of both stiffness (taken from a frequency of 1Hz) and bsp-RGD(15)
content (Figure 2B).

Fluorescence microscopy of these samples (Figure 2, C-H) shows sparse (due to low initial
seeding density), but proliferating cells within the matrix with morphology dependent on the
matrix composition. In the softest gels with no conjugated bsp-RGD(15), BMSCs grew in
cell aggregates, without spreading, indicating that cell–cell interaction was favored over
cell-matrix interaction. With the addition of bsp-RGD(15), cell association diminished, as
did cell proliferation. These observations indicated that the addition of an integrin-engaging
peptide influenced the interaction of cells with the matrix, but was not sufficient on its own
to induce cell proliferation. As the matrix stiffness increased, cell spreading, as detected by
light microscopy, was more abundant, and proliferation was stable across a range of peptide
concentrations. However, at the highest stiffness, in which proliferation increased with
increasing bsp-RGD(15) concentration, extensive cell spreading was visible within the high
peptide concentration hydrogels. Thus, the matrix organizes cells in two distinct ways: when
the modulus and ligand concentrations were low, cell-cell adhesion and proliferation as cell
aggregates was dominant; when the modulus and ligand density were high, cell-matrix
adhesion was preferred and proliferation occurred as single dispersed cells within the matrix.

Selection of the hydrogel for use in the mouse model was based on these results. Ideally, a 5
wt% formulation with high bsp-RGD(15) concentration would have been used. Limitations
in the animal model, however, such as the thin wall of the murine heart and the subsequent
need for a small gauge needle, influenced the choice of hydrogel. A 4 wt% formulation was
chosen that had a lower modulus and that was more easily injected into the infarcted mouse
heart. At this polymer content, 2 week proliferation was less dependent on bsp-RGD(15)
concentration, so a midrange concentration (50 μM) was used (identified in Fig. 2B as a
black circle).

Murine Infarct model
Matrix injection into the myocardium was well tolerated, with similar operational mortality
compared to infarct generation and saline injection. In addition, no ventricular arrhythmias
were observed with either cell or matrix injection. Matrix injection and cell transplantation
had measurable effects on ventricular function, as reflected in echocardiographic assessment
after acute MI (Table 2 and Figure 3). LV function in control infarcted hearts that were
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injected with saline alone was significantly reduced in comparison to sham surgery animals,
but did not change significantly over the time course studied. In contrast, while hearts
receiving sIPN injection alone also had decreased function compared to sham initially, they
experienced a gradual improvement in FS and EF, and at six weeks had functional levels
that were numerically lower, but no longer statistically significantly different from sham-
operated, uninfarcted animals. All groups with cell injection, either alone, with sIPNs, or
with Matrigel™, displayed a numerical but not statistically significant improvement in FS,
EF, and LVEDV compared to saline injection at 2 weeks. However, in these groups there
was a progressive decline in LV function at later time points (Table 2 and Figure 3), and at
six weeks, FS and EF were similar to saline controls. Comparing the differences in paired
animal measurements (Figure 4) showed that all the groups with cells had a numerical
decrease in function between 2 and 6 week time points.

Histological Examination
GFP-positive cells were detected in 38% of the hearts after injection with sIPN, while none
were observed in the hearts undergoing injection of cells alone. Donor cells were detected in
25% of hearts after Matrigel™-enhanced transplantation. All GFP-positive cells at 6 weeks
were localized to the area of injection near the infarct (Figure 5). An increase in wall
thickness and preservation of myocardial cells in the infarct region was observed for hearts
treated with sIPN alone compared to hearts injected with saline control (Figure 6).

Pooled Analysis of Cell Groups and Border Zone Placement
Significant differences were observed in comparisons of pooled data from treatment groups
that received cells and those that did not (Figure 5). At two weeks, the addition of cells
resulted in a significantly higher FS (45.6% versus 39.8%, p< 0.05) and a numerically
higher EF (73.7% versus 67.5%, NS) than no cells, while at 6 weeks function was worse in
hearts that received stem cells for both FS (34.2% versus 42.5%, p< 0.05) (Figure 7) and EF
(62.7 versus 76.0, p< 0.05).

Given the technical limitations on the accuracy of injection site relative to eventual border
zone formation in this murine model, we attempted to assess the impact of this variability in
a subgroup analysis of specimens in which we found definitive histologic confirmation of
border zone injection of matrix either alone or with cells (n=8, 4 Matrigel™, 4 sIPN). By
aggregating all recipients of a confirmed border zone injection, thinning of the infarct region
was found to be reduced compared to the animals without confirmation of border zone
injections (n=24). In addition, FS and EF were found to be numerically, though not
statistically, higher at 6 weeks in recipients of border zone injections compared to animals
without observable material added to the border zone, and trends toward improvements in
both infarct size and the thickness of the remote uninjured myocardium were also observed
(Table 3).

Discussion
In this study, highly tunable synthetic injectable hydrogels were designed with a range of
mechanical and biological properties that yielded different cellular responses in vitro. These
in vitro data were then used to identify specific formulations that promoted the survival of
transplanted cells and/or could provide mechanical stabilization to an injured ventricular
wall. In vivo studies confirmed that these fully synthetic systems can be injected directly into
the beating ventricle after ischemic injury without causing arrhythmias, and in comparison
to non-degradable gels we have previously implanted in the myocardium they remodel with
minimal foreign tissue responses and are no longer visible as bulk gel by 6 weeks
(unpublished result). These matrices improved the survival of a population of transplanted
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stem cells and could be useful for providing mechanical stabilization of the ventricle as a
stand alone treatment.

While not statistically significant in our study, compared with other published studies using
passive materials, we observed similar quantitative increases in ventricle function with the
direct injection of the sIPNs. The lack of significance was due to the size and number of
comparisons in our study, and the inherent variability in the in vivo metrics used, as a simple
t-test comparing the saline to the sIPN at six weeks was significant on its own (p<0.05).
Beneficial effects may initially be mechanical in nature, as even small amounts of added non
contractile material in an infarct injured heart may be able to significantly reduce elevated
fiber stress according to theoretical models we have developed.22 As high border zone
stresses have been implicated in chronic post-MI remodeling,42,43 by reducing this myofiber
mechanical dysfunction, the deterioration of the ventricle after a major ischemic event may
be minimized or even reversed. The trends we and others16,19,26-28 have observed with
injections of the various hydrogels without any stem cells or growth factors provides early
support for the published theoretical results, and the hypothesized impact of matrix injection
on longer-term LV remodeling. The subgroup analysis of successful border zone injection
further strengthens this hypothesis, and is in line with other studies which demonstrate that
using biomaterials such as pNIPAAm based polymers, 26,28 Matrigel™,13 collagen,27 fibrin,
16 alginate24,25 in the infarct injured heart improves mechanical behavior and potentially
reduces pathological remodeling.

An alternate hypothesis for the noted improvements in ventricle function associated with
synthetic materials was originally hypothesized by Fujiwara and co-workers who suggested
that postinfarct inhibition of apoptosis might preserve myofibroblasts and endothelial cells
in granulation tissue and modulate chronic left ventricular remodeling and heart failure.44,45

Recent experiments using a biodegradable cardiac patch and injectable pNIPAAm hydrogels
appear to demonstrate that enhancing the presence of granulation tissue during the
inflammatory phase, and temporal extension of this phase, induced by the patch material,
leads to improvement in cardiac function.28,46 Furthermore, there may be an angiogenic
effect and a tissue generating response from transient inflammation brought about by the
host response to an implanted degradable material.28 These effects could help to salvage the
organ as any neotissue could provide mechanical support and increased blood perfusion to
the at risk area could prevent the continued loss of functional tissue. Although the
hypothesis is controversial, its validity cannot be discounted based on experimental
evidence, and that it is impossible to avoid a mild inflammatory response to any material
implanted in the heart. Further research, including more detailed modeling, in vivo testing
with large animals, and histological tracking of implanted materials is obviously needed to
better elucidate the mechanism of improvement.

Although a host of materials have shown promise in stabilization of the ventricle, most
materials used have not been not ideal for cardiac tissue engineering applications. Some,
such as Matrigel™, are derived biologically, and therefore pose potential problems of
disease transmission, purity and reproducibility in large-scale manufacturing. Others have
poorly controlled degradation profiles, or, like alginate, require calcium to gel, which may
lead to local calcification by themselves or with the use of transplanted cells.47 Most
importantly, none of the materials, even the other NIPAAm based formulations,26,28 used in
these previous studies lend themselves to systematic optimization both mechanically and
biologically, as precise modification of the various substrates is difficult. The material
platform used in the present study provides potentially significant advancement in cardiac
tissue engineering applications. The wide orthogonal control over both mechanical and
biological properties of this injectable material allow for tuning the material for the specific
application, presenting bioactive peptides for engagement and angiogenesis to the local
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tissue, matching the degradation mode of the implant to the specific local MMP production,
and choosing the material stiffness to provide an adequate growth structure for transplanted
cells.

In contrast to the positive results with the use of a biomaterial alone in our animal model, the
transplantation of BMSCs provided a transient improvement at 2 weeks but was associated
with a negative trend over the course of the study. Although previous reports of stem cell
transplantation using natural matrix products such as Matrigel™ have not described this
transient benefit, our data are consistent with early time points from those reports. Kofidis et
al,13 followed hearts for only two weeks after Matrigel™-assisted cell transplantation. We
also demonstrated a similar early benefit after cell injection, but found that this benefit was
consistently lost at later time points. Furthermore, Kutshka et al.,18 observed in a working
heterotopic heart transplant model that ex vivo cell transplantation, alone or with either a
Matrigel™ or collagen matrix, yielded a trend similar to that observed in this work. In that
study, FS was increased at 2 weeks in all four groups undergoing cell transplantation. The
average FS in each of these groups, however, decreased by week 4, at a time when the
average FS had increased in the groups receiving matrix alone. More recently, Landa et al19

also observed that FS at 8 weeks was not statistically significant from baseline for infarcts
treated with neonatal cardiomyocytes, supporting the results in this work.

Although we cannot exclude the possibility that our results are specific to the type of cell
used, the transient nature of the functional benefit we observed with cell transplantation is
consistent with the published literature, and leads one to question why cell transplantation
may not yield a sustained improvement in myocardial performance. One limitation to
achieving long-term benefit is the failure to obtain true regeneration of functional tissue
through survival, differentiation, and integration of donor cells in the host myocardium.
Regression of early benefit may also be related to the rapid loss of the majority of
transplanted cells, reported by many groups to occur within days after transplantation. This
not only limits the cells available for integration, but also limits their anti-apoptotic effect
via paracrine mechanisms.48,49 Death of transplanted cells might even be directly
detrimental to the myocardium through exacerbation of inflammatory signals or other
biochemical sequelae.

The enhancement of longer-term survival of at least a fraction of cells that we observed with
matrix-assisted transplantation provides an intriguing opportunity to overcome these
limitations. Although the degree of enhanced survival observed with either natural or first-
generation synthetic matrices was adequate to sustain early functional benefit, the tunable,
easily engineered nature of synthetic matrices represent a critical advantage over naturally
occurring matrices that cannot easily be modified or redesigned. While the complexity of the
material presented may make short term clinical translation difficult compared to simpler
systems, the orthogonal control of degradation, mechanical properties and biological
functionality makes this a material an excellent choice for hypothesis driven testing in
cardiac tissue engineering. While clinical delivery may be difficult, requiring cooled catheter
based systems due to the stiffening upon warming to body temperature, as a test system,
control of a wide latitude of parameters will allow for determining key functionality of
cardiac tissue engineering materials, after which the material could be re-engineered into a
simpler state containing the key functionality to allow for clinical application both in acute
LV treatment and potentially for non-acute injuries such as the globally failing LV.
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Figure 1.
Polymer synthesis scheme for sIPN thermoresponsive, MMP degradable, peptide modified
synthetic ECM hydrogel (A). Complex modulus as a function of temperature, frequency,
and composition of the sIPN hydrogels (B). Gray zone indicates cardiac tissue engineering
range of frequency loadings.
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Figure 2.
Time course of cellular growth in the sIPN matrix as a function of bsp-RGD(15)
concentration and matrix stiffness (A). The cell vs. time data can be transformed into a
response surface (t=14 days) by fitting the nine data points to a quadratic 3D surface,
R2=0.87 (B). The black circle indicates material composition used in the murine infarct
model. Fluorescent microscopy of GFP-expressing BMSCs cultures within sIPNs after 14
days (C-H, scale bar = 250 μm). Low modulus-low bsp-RGD(15) conditions show growing
clusters of multiple cells, while cell spreading can be seen in the high modulus, high bsp-
RGD(15) conditions. Arrows indicate spreading cells within the gel.
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Figure 3.
FS data as a function of time for all animal groups. Solid lines indicate conditions without
added cells while dashed lines represent groups with added cells. Error bars indicate SEM.
Groups marked with a * have a P < 0.05 while all other groups are not statistically different.
All data collected on non-anesthetized conscious gently restrained mice.
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Figure 4.
Paired differences in animal data in FS and EF from 2 to 6 weeks. All groups with cells
added show degradation of ventricular performance while sIPN treated ventricles increase in
metrics.
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Figure 5.
Localization of injected sIPN and present GFP cells at t = 6 weeks. Gomori's Trichrome
stained ventricle indicating region of injection (dashed box) and adjacent infarct,(A, scale
bar = 1mm). Higher magnification (4×) of injection region reveals partially degraded and
remodeled hydrogel (B, scale bar = 250 μm). Fluorescent image of the injection region (4×)
indicates the presence of GFP-positive cells (C) in the injection site, and a higher
magnification (10×) image of box of interest in C (dashed box) showing individual GFP
positive cells (D, scale bar = 250 μm).
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Figure 6.
Histological sections stained with Gomori's trichrome. Saline injections at 2.5× (A)
demonstrate extensive thinning of the LV wall 6 weeks after the infarct. Treatment with an
MMP-degradable sIPN in the infarct BZ demonstrates increased thickness of the LV wall
and extensive remodeling of the LV wall at the site of injection (B, 2.5×).
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Figure 7.
Temporal changes in FS after a generated MI. Gray bars indicate mean of animals with
BMSCs while white bars are animals without BMSCs. Error bars indicate standard
deviation. Two week and six week pooled samples are statistically significant (p<0.05)
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Table 3

Comparison between the animal subgroup which had clearly visible material (sIPN or Matrigel™) contained
within the infarct border zone and the other animals. Only the infarct thickness was statistically significantly
different (p<0.05) between groups with observable material in the border zone and those without.

Histological Measurements of Border Zone Placement

+ BZ Material - BZ Material

Infarct Thickness (mm) 0.40 ± 0.12 0.23 ± 0.15

Remote Thickness (mm) 1.14 ± 0.12 1.11 ± 0.21

Apical Infarct Area (%) 21.0 ± 12.0 31.0 ± 22.0

6 week FS (%) 41.0 ± 9.0 37.1 ± 11.4

6 week EF (%) 68.1 ± 9.7 65.4 ± 13.2

6 week LVEDV (%) 63.2 ± 20.8 69.7 ± 37.4
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