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Intervening to Preserve Function in Ischemic
Cardiomyopathy with a Porous Hydrogel and Extracellular
Matrix Composite in a Rat Myocardial Infarction Model

Yasunari Hayashi, Taro Fujii, Seungil Kim, Takahiro Ozeki, Stephen F. Badylak,
Antonio D’Amore, Masato Mutsuga, and William R. Wagner*

Multiple hydrogels are developed for injection therapy after myocardial
infarction, with some incorporating substances promoting tissue regeneration
and others emphasizing mechanical effects. In this study, porosity and
extracellular matrix-derived digest (ECM) are incorporated, into a
mechanically optimized, thermoresponsive, degradable hydrogel
(poly(N-isopropylacrylamide-co-N-vinylpyrrolidone-co-MAPLA)) and evaluate
whether this biomaterial injectate can abrogate adverse remodeling in rat
ischemic cardiomyopathy. After myocardial infarction, rats are divided into
four groups: NP (non-porous hydrogel) without either ECM or porosity, PM
(porous hydrogel) from the same synthetic copolymer with mannitol beads as
porogens, and PME with porosity and ECM digest added to the synthetic
copolymer. PBS injection alone is a control group. Intramyocardial injections
occurred 3 days after myocardial infarction followed by serial
echocardiography and histological assessments 8 weeks after infarction.
Echocardiographic function and neovascularization improved in the PME
group compared to the other hydrogels and PBS injection. The PME group
also demonstrated improved LV geometry and macrophage polarization
(toward M2) compared to PBS, whereas differences are not observed in the
NP or PM groups versus control. These results demonstrate further functional
improvement may be achieved in hydrogel injection therapy for ischemic
cardiomyopathy by incorporating porosity and ECM digest, representing
combined mechanical and biological effects.

1. Introduction

Ischemic heart disease, a major source of
morbidity and mortality worldwidel!l re-
sults when infarcted myocardium from the
obstruction of coronary arteries leads to is-
chemic cardiomyopathy (ICM). This condi-
tion can commonly progress to end-stage
heart failure (HF). The mortality of HF re-
mains high (20.2% and 52.6% at 1 and
5 years after diagnosis, respectively) even
with current optimal therapies.[?! The pro-
gressive clinical deterioration after myocar-
dial infarction (MI) is driven by a remod-
eling process in the left ventricle (LV).
This process positively compensates cardiac
function in the acute phase, but chroni-
cally contributes to irreversible LV dysfunc-
tion and structural deformation.3] ICM is
characterized by progressive wall thinning
and dilation of the infarcted ventricular seg-
ments coupled with an elevation in wall
stress. The wall thinning and dilatation dur-
ing the adverse remodeling increases the
wall tension, which triggers further LV de-
formation, spiraling down a pathway to-
ward cardiac decompensation and death.[*]

Intramyocardial injection therapy post-
MI has been widely investigated during the
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past two decades. While some injectates have focused princi-
pally on incorporating biologically active components, others
have aimed to reduce LV wall stress by injecting mechanically
stiffer agents to reduce the mechanical load in the infarct or bor-
der zone region, thereby interrupting or slowing the adverse re-
modeling process. We and others have designed a variety of hy-
drogels for this purpose and have shown their therapeutic ef-
fects in animal models.>"'] One of these injectates that we have
pursued is a group of poly(N-isopropylacrylamide)(PNIPAAm)-
based hydrogels that incorporate variously optimized features,
including temperature-dependent stiffening upon injection, tun-
able mechanical properties pre- and post-injection, and control-
lable degradation in situ.l!'3] Optimized versions of this hy-
drogel have demonstrated functional and geometrical improve-
ments on LV remodeling in a porcine model of ICM.!

To further interrupt the adverse remodeling response post-MI,
and to promote retention of cardiac function and geometry, we
have focused on incorporating bioactive functionality into these
mechanically promising biomaterials.l'*] To this end a thermore-
sponsive PNIPAAm composite hydrogel was developed where
D-mannitol particles were used as a porogen, with the expecta-
tion that the presence of porosity would stimulate further tis-
sue ingrowth and elaboration in the infarcted ventricular wall.
The polymer design was extended by the addition of both solu-
ble porogen and extracellular matrix (ECM) digest hydrogel de-
rived from porcine urinary bladder matrix.[®! Using these three
hydrogel designs (non-porous, porous, and porous + ECM), we
previously demonstrated that in a rat hindlimb intramuscular in-
jection model, porous hydrogels induced more rapid cellular in-
filtration and further addition of ECM content resulted in greater
M2 macrophage polarization in the infiltrate compared to con-
trol groups not incorporating ECM. Based on this experience, our
objective in the current report was to investigate the hypothesis
that hydrogels with bioactive ECM and porous structure would
decrease the infarction size, preserve cardiac wall thickness and
improve cardiac function in a rat MI model by altering the ad-
verse remodeling process in the infarcted left ventricular wall.

2. Experimental Section

2.1. Materials

All chemicals were purchased from Sigma-Aldrich (St. Louis,
MO, USA), unless otherwise specified. Methacrylate polylactide
(MAPLA) was synthesized as described previously.'?] Briefly,
NaOCH3/methanol was added to a lactide/dichloromethane
solution to synthesize polylactide (HO-PLA-OCH3), and then
MAPLA was synthesized by dropping methacryloyl chloride
into an HOPLA- OCH3/dichloromethane solution with tri-
ethylamine. Poly(N-isopropylacrylamide-co-N-vinylpyrrolidone-
co-MAPLA) copolymer (poly(NIPAAm-co-VP-co-MAPLA) was
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synthesized from NIPAAm, VP, and MAPLA by free radical poly-
merization as previously described,'!! using NIPAAm, VP and
MAPLA at 80/10/10 feed ratios. Monomers (0.066 mol) were dis-
solved in 1,4-dioxane (180 mL) with 0.23 g BPO. Polymerization
proceeded at 70 C for 24 h under an argon atmosphere. The
copolymer was precipitated in hexane with purification by precip-
itation from THF into diethyl ether and vacuum-drying, to pro-
vide ~80% yields.

Mannitol particles (Sigma—Aldrich) were prepared by size sep-
aration between 170 and 230 meshes (63-88 pm) before use. The
mannitol beads used as a porogen were selected to be identical in
size and distribution to our earlier report where a similar set of
injectable hydrogels were created. Mannitol was highly soluble in
saline at body temperature, while its solubility was relatively low
at 4 °C. This behavior was opposite of that for poly(NIPAAm-co-
VP-co-MAPLA) in PBS solution. At body temperature the man-
nitol solubilizes, while the polymer collapses by hydrophobic de-
hydration.

Using a published technique, ECM hydrogel was pre-
pared from urinary bladder matrix (UBM) digest as previously
described.["®] Briefly, fresh porcine bladders (Thoma Meat Mar-
ket, Pittsburgh, PA) were cleaned and excess connective tissue
excluded, followed by mechanical removal of the tunica serosa,
tunica muscularis externa, the tunica submucosa, and the tu-
nica muscularis mucosa. The luminal surface was rinsed with
1.0 N saline to dissociate urothelial cells of the tunica, leaving
basement membrane and subadjacent lamina propria, or UBM.
Sheets of UBM were placed in a 0.1% (v/v) peracetic acid solu-
tion, 4% (v/v) ethanol, and 95.9% (v/v) sterile water for 2 h fol-
lowed by 2x15 min PBS rinses and 2x15 min washes with sterile
water. The sheets were lyophilized and milled into powder and
filtered through a 60 mesh screen. Powdered UBM was solubi-
lized at 10 mg mL™! in 0.1 mg mL~! pepsin in 0.01 N HCI at
a constant stir rate for 48 h and then neutralized to pH 7.4 with
NaOH and diluted in phosphate buffered saline (PBS).[5 The di-
gest was converted to hydrogel when pH was neutralized and the
temperature raised to ~37 °C.

Three different hydrogel types were prepared for later injec-
tion studies: 1) nonporous hydrogel (NP) containing 10 w/v%
copolymer in PBS, 2) a porous hydrogel (PM) composed of
10w/v% copolymer with 30 w/v% sized mannitol particles, and 3)
a porous hydrogel with UBM digest (PME) with 20w/v% copoly-
mer mixed with 10 mg mL~! UBM digest mixture (1:1, v/v), fol-
lowed by addition of 30 w/v% sized mannitol particles. All sam-
ples were prepared and stored at 4 °C prior to use. The physical
properties of these hydrogels, including pore size, compression
modulus, and degradation rate, were previously reported.[®! The
compression modulus of the NP group was 272 + 38 kPa. Pore
structures significantly decreased the compression modulus to
106 + 8 kPa and 87 + 6 kPa for the PM group and PME group,
respectively. PME hydrogel lost 50% of weight in 2 weeks in colla-
genase/PBS, while similar weight loss took 3 weeks for the other
two groups.

2.2. Animal Model

The 10- to 12-week-old adult female syngeneic Lewis rats (EN-
VIGO, Indianapolis, IN, USA) weighing 180-220 g were used for
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Figure 1. Timeline of study. All echocardiographic images in this figure were taken during the diastolic phase at 8 weeks before explant. The Masson’s
trichrome staining images show the injection sites. Image created with BioRender.com.

this study. The study did not use animals with hypertension or
diabetes. The research protocol followed the National Institutes
of Health guidelines for animal care and was approved by the
Institutional Animal Care and Use Committee of the University
of Pittsburgh (#20097929). Rats were randomly divided into four
groups reflecting the injectate used post-MI: group NP without
either ECM or pores (n = 7), group PM with pores (n = 8), group
PME with pores and ECM (n = 8), and a control group with PBS
injection (n = 8) (Figure 1).

2.3. Procedures for Ml Model Creation and Hydrogel Injection

Left myocardial infarction was created by ligation of the proxi-
mal left coronary artery (LCA) as previously described.['®] Briefly,
the rat was anesthetized with 2.5% isoflurane induction and 1.25
to 1.5% maintenance with 100% oxygen followed by intubation
and respiratory support with a rodent volume-controlled mechan-
ical ventilator (683 Ventilator, Harvard Apparatus, Holliston, MA,
USA) at a tidal volume of 2 mL and 60-70 breaths/min. The rat
was placed in the supine position on a warming blanket (37 °C),
and the chest was shaved and prepared with povidone-iodine so-
lution. Before skin incision, 10 mg kg~! lidocaine hydrochloride
as an analgesic and an antiarrhythmic agent and cefazolin as
an antibiotic were administered intramuscularly. All procedures
were performed in a sterile environment.

The heart was exposed through the 4th left thoracotomy, and
the proximal LCA was directly ligated with 5-0 polypropylene. The
incision was closed with 4-0 continuous sutures. The animals
were allowed to recover from anesthesia and returned to their
cages. The hydrogel injection was performed 3 days after infarc-
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tion creation as previously described.”] The rat was anesthetized
and screened by echocardiography for infarct size in terms of the
percentage of scar area (akinetic or dyskinetic regions) to LV free
wall area. Only rats with infarction >25% of the LV-free wall were
chosen for further procedures. At the time of injection, the in-
farcted rat heart was exposed through the same left thoracotomy,
and hydrogel or PBS was injected into infarct border zones and
the center of the infarct (5 injections, 20 uL per region, 100 uL
in total). The volume of injected hydrogel was determined based
on the surgeon’s experience in injecting biomaterials into this rat
model to maximize the volume injected in general.

2.4. Wall Thickness and Scar Size in LV Anterior Wall

The cross sections with Masson’s trichrome staining were digi-
tally photographed. The wall thickness was expressed as follows:
Area of region of interest / [(epicardial circumference + endocar-
dial circumference)/2]. Wall thicknesses were measured in the
injection site inside the myocardial infarcted area as well as the
whole myocardial infarcted area. The scar area was defined as
a blue-stained area (with Masson’s trichrome staining), and the
scar size (%) was calculated by dividing the scar area by the total
left ventricular area. Each parameter was measured using Image]
(v.1.54b, National Institutes of Health, Bethesda, MD, USA).

2.5. Echocardiography
Cardiac functional parameters were evaluated with echocardiog-

raphy before surgery, 3 days after MI, and 1, 2, 4, and 8 weeks
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after hydrogel injection. Rats were anesthetized with 1.5-2.0%
isoflurane inhalation with 100% oxygen without mechanical ven-
tilation. Transthoracic echocardiography was performed using
the Acuson Sequoia C256 system with 13-MHz linear ultra-
sonic transducer (15L8; Acuson Corporation, Mountain View,
CA, USA) in a phased array format. Left ventricular (LV) parame-
ters recorded were the end-diastolic area (EDA), end-systolic area
(ESA), end-diastolic dimension (LVDd), and end-systolic dimen-
sion (LVDs) as obtained from the short axis view at the papil-
lary muscle level. The LV fractional area change (%FAC) and
fractional shortening (%FS) were calculated as %FAC = (EDA-
ESA)/EDA x 100% and %FS = (LVDd-LVDs)/LVDd x 100%, re-
spectively. Ventricular volume (V) was estimated using the for-
mula of Teichholz to calculate LV end-diastolic volume (LVEDV)
and end-systolic volume (LVESV) as follows: V = 7.0/(2.4+D) x
D3, where D is the LV diameter measured by M-mode echocar-
diography. LV ejection fraction (LVEF) was calculated as LVEF =
(LVEDV-LVESV)/LVEDV x 100%.

2.6. Histology and Immunohistochemistry

Harvested heart tissues were fixed with 10% buffered forma-
lin and embedded in paraffin. Five um-thick serial paraffin-
embedded sections were deparaffinized in xylene, dehydrated
in graded ethanol mixtures, and stained with hematoxylin and
eosin, and Masson’s trichrome. Paraffin-embedded sections were
blocked with staining buffer for 1 h (10% goat serum with 1%
BSA in PBS). For macrophage analysis, the primary antibodies
were rabbit anti-CD68 antibody (ab125212, 1:100, Abcam, Cam-
bridge, MA), mouse anti-CD86 antibody (ab220188, 1:100, Ab-
cam), and mouse anti-CD206 antibody (sc-58986, 1:100, Santa
Cruz, Dallas, TX). The secondary antibodies were a goat anti-
rabbit IgG Alexa Fluor 568 (1:200) for pan-macrophages and a
goat anti-mouse IgG Alexa Fluor 488 (1:200) for M1 and M2
macrophages. For vessel analysis, the primary antibodies were a
mouse anti-a-SMA antibody (ab7817, 1:200, Abcam) and a rab-
bit anti-Von Willebrand factor (vWF) antibody (ab6994, 1:200,
Abcam). The secondary antibodies were a goat anti-mouse IgG
Alexa Fluor 488 (ab150117, 1:500, Abcam) for a-SMA, and a goat
anti-rabbit IgG Alexa Fluor 568 (ab175695, 1:500, Abcam) for
vWE. Nuclei were stained with 4',6-diamidino-2-phenylindole di-
hydrochloride (DAPI, ab104139, Abcam). Multispectral epifluo-
rescent images were acquired using a Nikon Eclipse 6600 mi-
croscope (Nikon corporation, Tokyo, Japan), with spectral un-
mixing to remove autofluorescence using Nuance 3.0.2 soft-
ware (Caliper Life Science Inc., Hopkinton, MA). To quan-
tify macrophage infiltration, M1 macrophages were defined as
CD68/CD86 double-positive cells and M2 macrophages were de-
fined as CD68/CD206 double-positive cells, identified using dig-
ital image analysis software (CellProfiler v.4.2.1, Broad Institute,
inc., Cambridge, MA). To quantify vessel distribution in the in-
jection sites, each vessel was identified as a tubular structure
with a visible lumen of > 10 pm in diameter, positively stained
for a-SMA and vWF in the infarction sites. The total percent
area occupied by blood vessels (the vessel area %) and the num-
ber of vessels were quantified in the region of interest (micro-
scope field). The vessel measurements were performed using
Image].
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2.7. Statistical Analyses

Based on the experience in the same rat myocardial infarction
model with hydrogel injection, the minimal required sample size
is calculated to detect a difference in left ventricular ejection frac-
tion as assessed by standard transthoracic echocardiogram us-
ing R statical software (v 4.1.0). All data collection and analy-
sis of outcomes were done separately by different authors, and
their assessments were conducted in a blinded manner. One-
way repeated measures analysis of variance (ANOVA) followed
by Tukey’s test was applied for all multi-group comparisons in
the study. All statistical analyses were conducted using Graph-
Pad Prism for Mac (Version 8, San Diego, CA, USA). Data are
expressed as mean + standard error of the mean (SEM). P-values
< 0.05 were considered significantly different.

2.8. Ethics Approval Statement

The Institutional Animal Care and Use Committee of the Univer-
sity of Pittsburgh (#20097929) reviewed and approved the animal
study

3. Results

3.1. LV Wall Histology After Infarction

The Masson’s trichrome stained images show the infarcted and
scarred LV wall at 8 wk post-MI (Figure 2A). The magnified im-
ages of Figure 2A show details of the injection sites in MI areas
(Figure 2B). The wall thickness in the whole MI area (Figure 2C),
and injection site inside the MI area (Figure 2D) were larger in
the NP, PM, and PME groups than the PBS group. There were
also significant differences in the scar size as a percentage of the
total left ventricular area between the therapeutic groups and the
control (Figure 2E).

3.2. Echocardiography

The results of echocardiography before surgery, 3 days after M1,
and 1, 2, 4, and 8 weeks after hydrogel injection are shown in
Figure 3. There were no differences in all parameters of cardiac
function between the groups before surgery. At 8 weeks, the ge-
ometrical analyses showed that PME was significantly smaller
in LVDd, LVDs, EDA, ESA, EDV, and ESV than the PBS group
(Figure 3A-F). There were no significant differences in geomet-
rical parameters between PME and the other hydrogel groups
(PM or NP). On the other hand, in the functional assessments at
8 weeks, PME showed greater function in %FS and LVEF com-
pared to NP and PM, and greater %FS, %FAC, and LVEF com-
pared to PBS (Figure 3G-I).

3.3. Macrophage Infiltration and Polarization
As shown in Figure 4A-D, staining for CD68, CD86, and

CD206 showed the distribution of CD68 single-positive cells (rep-
resenting all macrophages), CD86/CD68 double-positive cells
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Figure 2. Left ventricular wall thickness and scar size. The representative images from each group of the left ventricular wall with Masson’s trichrome
staining. Scale bars = 1 mm. B) The zoom images of box regions in (A), focusing on and around injection sites. Scale bars = 100 um. The LV wall
thickness C) in the myocardial infarction area and D) in injection sites. E) The scar size in the myocardial infarction area. The PBS (n = 8), NP(n = 6),
PM (n=5), and PME (n = 5). *p < 0.05, **p < 0.01, ***p < 0.001, ****p <0.0001.

(consistent with M1 macrophages), and CD206/CD68 double-
positive cells (consistent M2 macrophages). The percent ratio
of CD86/CD68 double-positive cells (M1 macrophages) to CD68
single-positive cells (all macrophages) in the ischemic areas was
lower in the PM and PME groups than in the control group
(Figure 4E). Whereas the percent ratio of CD206/CD68 double-
positive cells (M2 macrophages) to CD68 single-positive cells (all
macrophages) in the injection areas was higher in the NP, PM,
and PME groups than in the control group (Figure 4F). The ra-
tio of CD206/CD68 double-positive cells (M2 macrophages) to
CD86/CD68 double-positive cells (M1 macrophages) in the injec-
tion area was higher in the PME group than in the control group
(Figure 4G).
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3.4. Neovascularization

Immunofluorescence staining for a-SMA and vWF was per-
formed to illustrate the vessel distribution in the ventricular wall
at 8 weeks (Figure 5A,B). As shown in Figure 5C, the vessel area
in injection sites was higher in the hydrogel groups than in the
PBS group. Furthermore, the PME group showed a higher vessel
area than the NP group in the ischemia area and border zone but
not in the injection site. The number of vessels per field was sig-
nificantly higher in the hydrogel groups than in the control group
in the ischemic area and injection site. The PME group showed
more vessels than the NP group in all three areas and the PM
group in the ischemic area (Figure 5D).
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Figure 3. Echocardiography. A) Left ventricular end-diastolic diameter (LVDd), B) Left ventricular end-systolic diameter (LVDs), C) End-diastolic area
(EDA), D) End-systolic area (ESA), E) End-diastolic volume (EDV), F) End-systolic volume (ESV), G) Fractional shortening (%FS), H) Fractional area
change (%FAC), I) Ejection fraction (EF). All data are means + SEM and were assessed by one-way ANOVA followed by Tukey’s multiple comparisons
test. *p < 0.05, **p < 0.01, and ****p < 0.0001 between the PME and PBS groups. ##p < 0.01 between the PM, NP, and PBS groups. {p < 0.05 between

the PME and the other hydrogel groups (the PM or NP).

4, Discussion

This study examined the response to three novel thermorespon-
sive hydrogels in a rat ICM model with an open chest injec-
tion approach. A similar NIPAAM-based thermoresponsive hy-
drogel with MAPLA segments has already demonstrated its pos-
itive effects in preserving cardiac function and structure in a pre-
vious report using a porcine MI model.l”) We designed this hy-
drogel to have comparable features, in terms of injectability fol-
lowed by rapid stiffening in situ and degradation.l®! Based on
this optimized hydrogel, in this report the functionality of the
hydrogel was expanded by adding porosity and an ECM com-
ponent, with hypothesized additional biological effects. Support-
ing this hypothesis, more pronounced effects in preserving LV
function were seen in the PME group compared to the other
hydrogels and the PBS group, specifically in %FS and LVEF.
The PME group preserved all LV geometrical parameters rela-
tive to the PBS group, whereas differences were only observed
in LVDs and ESV for the NP or PM groups versus the con-
trol. Regarding the ratio between M2 and M1 macrophages, the
PME group had higher levels of this ratio than the PBS group
in the injection site, whereas no differences were observed for
the NP or PM groups versus the control. Moreover, the PME
group consistently had greater levels of vascularization and ves-
sel area relative to the other two hydrogel groups and PBS
controls.

Despite various efforts and treatment strategies, there is still
no definitive treatment in preventing the onset or progres-
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sion of ICM resulting from adverse LV remodeling. To remedy
end-stage HF, various surgical strategies have been attempted,
such as dynamic cardiomyoplasty!’”:*8] and ventricular restraint
therapies!'! However, most have been withdrawn from clinical
practice or are only applied in limited patient populations to-
day. Alternatively, coronary revascularization and optimal med-
ical therapy have expanded in recent years.[?l The limitation of
revascularization therapy is that the success largely depends on
how many viable cardiomyocytes can be salvaged, because lost
myocardium cannot be regained with this therapy. Heart trans-
plantation or ventricular assist devices are applied as the last op-
tions for patients with end-stage HF. Still, requests for organ
transplantation continue to substantially outpace the number of
donor organs?!l and highly invasive mechanical support carries
acute and chronic risks from infection, thromboembolism, and
bleeding as well as lifestyle compromises.[??!

There is a long interval in treatment between the period when
revascularization could provide beneficial effects and the period
when a patient has reached end-stage HF, representing both a
need and opportunity for more advanced therapies. Treatment
that preserves or restores cardiomyocytes in the face of adverse
remodeling during this period is desirable to fill this gap. Many
studies have evaluated stem cell therapy approaches in recent
years, aiming to regenerate and restore functioning cardiomy-
ocytes. However, the outcomes thus far have been modest consid-
ering the original aims due largely to the low cell retention rate
in impaired tissue. Today, this therapy is believed to contribute
primarily through paracrine effects.[2>-%]
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Figure 4. Macrophage infiltration and polarization. The representative images of immunofluorescence staining for A,B) CD68 (red) and CD86 (green),
and C,D) CD68 (red) and CD206 (green) in the ischemic areas, and injection sites & injection border zones. Red-stained areas that appear to be
myocardium structures were excluded as autofluorescence. All scale bars = 100 pm. Arrows show CD86/CD68 double-positive cells or CD206/CD68
double-positive cells. E) The percent ratio of M1 macrophages to all macrophages in the ischemic areas. F) The percent ratio of M2 macrophages to
all macrophages in the injection areas. G) The ratio of M2 macrophages to M1 macrophages in the injection area. Data are means + SEM. *p < 0.05
and ***p < 0.001 assessed by one-way ANOVA followed by Tukey’s multiple comparisons test. Is: Ischemic area, Bz: injection border zone, lj: injection

site.

4.1. Stiffness

Elastic modulus is a tunable parameter, and the stiffness of in-
jected hydrogels is believed to be an essential factor in modu-
lating LV remodeling. The stress reduction in the infarct bor-
der zone region may contribute to minimizing stress-induced
apoptosis and infarct border zone expansion, suppressing further
adverse remodeling.?®l The modulus of human myocardium
is 10-20 kPa during diastole, and 200-500 kPa during systole,
which is much stiffer than alginate hydrogel (3-5 kPa) and ECM-
derived hydrogel (2-15 Pa) that have been used in the clinical
trials.[?’-2%1 The relatively low modulus might be one of the rea-
sons why these clinical trials have failed to demonstrate ade-
quate therapeutic effects despite encouraging pre-clinical results
in large animal models.?-3?] Higher stiffness hydrogels are rec-
ommended in myofiber stress reduction according to some fi-
nite element (FE) model simulations.®***] As a landmark study

Adv. Healthcare Mater. 2025, 14, 2402757 2402757 (7 Of12)

in this field, Wall et al. showed that stiffer materials with a higher
elastic modulus efficiently improved local wall stresses and LV
metrics with a FE model.**) In later studies with animal mod-
els, the efficacies of higher stiffness hydrogels have also been
demonstrated in terms of myofiber stress reduction, smaller in-
farct area, and ejection fraction.*®7] More specifically, another
FE model incorporating experimental data showed that diastolic
myofiber stress was more effectively reduced as the stiffness
reached higher values in a range of 5-100 kPa, but this ben-
eficial effect tapered after 50 kPa.[*®! One of the drawbacks of
ECM hydrogel is its relatively low modulus in terms of mechan-
ical support for the infarcted LV.[?>3?] The compression modu-
lus of hydrogel NP in our present study was 272 + 38 kPa, and
the compression modulus of the PME was 87 + 6 kPa despite
the presence of ECM and the porous structures inside the hy-
drogel, still falling into the range of the simulated requirements
above.[®]
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Figure 4. Continued

4.2. Porosity

It remains a significant challenge in synthetic hydrogel develop-
ment to effectively integrate bioactive functions promoting tis-
sue regeneration. In recent years, the concept that controlled
porosity in hydrogels could better promote tissue integration and
vascularization has been a research focus.***% Parameters such
as pore size and distribution, porosity and interconnectivity are
important in facilitating cell behaviors, such as proliferation,*!!
differentiation(*?] and adhesion(**! Moreover, the presence of
pores in a scaffold generally reduces stiffness as pore size and
porosity increase, which would be counter to the stiffness benefit
from the theory of Wall et al.33] The optimal pore size from the
perspective of cellular behavioral regulation depends on which
cells or tissues are targeted.[*>** It has been reported that dif
ferent pore sizes in implants affects macrophage polarization,!*’!
with macrophages showing a transition from M1 toward M2
phenotype around implant pores. However, the influences of
porosity and pore profile on remodeling after MI have not yet
been well studied. Although hydrogels generally have water-filled
pores between crosslinked molecular chains, the pore size of the
“nonporous” hydrogel would be expected to be on the order of
nanometers. In contrast, by adding porogens, the “porous” hy-
drogels of this study formed pores on a scale of 10-100 um,
which would be physically compatible with cellular infiltration.
In the present report, a highly soluble mannitol bead was used
as a porogen. While the porogen was sieved to obtain beads sized
between 63-88 um, the formed pore sizes of PM and PME were
237 + 80 um and 295 + 87 um, respectively, potentially due to
some bead aggregation occurring. However, the key finding from
our earlier report was that interconnected pores were formed and
this porosity led to markedly increased cell infiltration in vivo.[®!

Adv. Healthcare Mater. 2025, 14, 2402757 2402757 (8 of 12)
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In the current study we have not made an effort to optimize the
pore size and porosity. However, further evaluation of the impact
of these parameters on the remodeling response in the rat MI
model might lead to optimization of functional outcomes. Al-
though the hydrogel stiffness was reduced with the introduction
of porosity, PM and PME injectates still preserved enough com-
pressive modulus to support the LV wall mechanically.l®! The pa-
rameters for mannitol bead size and the added amount was based
on an earlier report in skeletal muscle and the demonstration that
the selected values in that study provided extensive cellular infil-
tration and an M2 versus M1 effect. We demonstrated that the
porous hydrogel combined with ECM has the same impact on
macrophage in myocardial ischemic tissue.

4.3. ECM

Other efforts to acquire bioactive functions include incorpo-
rating bioactive substances directly into the hydrogels. ECM
is naturally bioactive and plays an important role in the in-
flammation and remodeling process after MI via cell signal-
ing processes.[*] ECM-derived hydrogels with inherent bioac-
tivity have been hypothesized to modulate the inflammatory
responses and positively impact adverse remodeling. Decellu-
larized tissue, processed into an injectable hydrogel form, is
comprised of remnants of tissue ECM, a complex network of
proteins, proteoglycans, and glycosaminoglycans. ECM hydro-
gel provides not only adhesive sites for infiltrating cells but
also bioactive cues to endogenous cells promoting cellular in-
filtration and differentiation, which is expected to play an es-
sential role in the inflammation and remodeling process after
ML*] An emulsion derived from small intestine ECM was as-
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Figure 5. Vessel analysis of the representative images of immunofluorescence staining for a-SMA (green) and vWF (red) in (A) ischemic areas and B)
border zones and injection sites. The areas encircled with dashed white lines correspond to the injection sites. All scale bars = 50 um. G: hydrogel.

#3skkp < 0.0001 assessed by one-way ANOVA followed by Tukey’s multiple comparisons test. Is: Ischemic area, Bz: injection border zone, lj: injection

site.

sociated with functional improvements following post-MI injec-
tion with recruitment of macrophages.[*) M2 macrophage po-
larization, the transition from the pro-inflammatory M1 pheno-
type to the constructive and modulatory M2 phenotype, has also
been recognized in recent years.[*’] Some ECM-derived bioma-
terials have shown positive outcomes in MI therapy. VentriGel,
derived from decellularized porcine myocardial tissue, demon-
strated increased cardiac muscle, reduced fibrosis, and signifi-
cant improvements in cardiac function in a porcine MI model.[*8
In the subsequent phase I clinical trial, this hydrogel also showed
improvements in some clinical parameters, including 6-min
walk test distance and New York Heart Association functional
class.l??]

In this study, we applied the same ECM as in our previous rat
hind limb hydrogel injection studies to the rat myocardial infarc-
tion model. The rationale for using porcine bladder ECM was
to maintain consistency with the earlier report in the rat muscle
where significant cellular ingrowth was observed.l®) Our previ-

Adv. Healthcare Mater. 2025, 14, 2402757 2402757 (9 Of12)

ous paper showed the difference in cellular infiltration between
the hydrogels.l®] This data was at 3 weeks post-injection in the rat
hindlimb model. In the current study, Figure 5 shows the DAPI
staining results with generally comparable cellular infiltration at
the 8-week time point in the rat MI injection model. These re-
sults suggest that although there may be an early advantage to
having porosity, by 8 weeks, all of the injectable gels showed good
infiltration in the infarcted rat ventricular wall. This speculation
also assumes that the propensity for cellular infiltration is com-
parable between the infarcted cardiac wall and healthy skeletal
muscle. It was also observed in the rat MI model presented here
that the presence of porosity and ECM gel was associated with
increased numbers of blood vessels versus non-porous hydrogels
lacking ECM gel. Furthermore, we demonstrated that PME was
superior to the other hydrogels in LVEF and %FS, which we con-
sider the most important functional parameters. A contributing
effect to the functional improvement might be the angiogenesis
promoted by adding ECM to PM.
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4.4, Limitations

This study has several limitations. To inject the hydrogels, a con-
ventional open chest approach was used. This was done since
the rat model was too small to apply alternative less-invasive
approaches. However, such minimally invasive approaches are

Adv. Healthcare Mater. 2025, 14, 2402757 2402757 (10 Of'|2)

D
AFokok *okok Kk
I 1 T 1 I 1
100+ Aok I;! Hokokok
%k *k Aokokk * D PBS
801 — B NP
* o B P™Mm
60- L : . L . [l PME

Number of vessels per field

a theoretical benefit of injection therapy and would need to be
demonstrated in a large animal model. Also, the volume and
distribution of hydrogel injection is difficult to control and vary
with the small animal heart. Hydrogel injection might be opti-
mized based on the specific location of the infarct. Specifically,
recent finite element mechanical models employ clinical mea-
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surements from MRI and catheterization results to create so-
phisticated simulations.*3 These in silico models with location
data regarding the infarcted segments obtained from MRI could
provide guidance for an optimal injection pattern for a given in-
farcted ventricle. This might lead to further benefits as injection
therapy is translated to the clinic. Finally, although we hypothe-
sized that by combining porosity and ECM in the hydrogel, there
would be further positive differences in macrophage polarization
and angiogenesis, a statistical difference was only observed in
vessel number. A larger animal model (e.g., porcine)l”! may bet-
ter serve to separate the three hydrogel behaviors. In particular,
the injection volumes would be greater in such a model as well as
for a human. In larger injectate sites the importance of porosity
to improve infiltration over greater distances will likely be more
important. Also, the importance of angiogenesis in the larger in-
jected regions may also become more important.

5. Conclusion

In this study, we aimed to show the potential therapeutic ef-
fects associated with a thermoresponsive hydrogel incorporating
porosity and ECM components in a rat ICM model. Our results
indicate that adding porosity together with ECM had an addi-
tional positive effect on cardiac function over hydrogel alone. The
PME group also significantly improved LV geometry compared to
the PBS group in all parameters, whereas the NP and PM groups
were improved in only a few parameters. In terms of inflamma-
tory response, the ratio between M2 and M1 macrophages was
greater in the PME group than the PBS group in the injection
site, whereas no differences were observed for the other hydro-
gels versus the control. There were also consistently greater levels
of vascularization and vessel area with porosity and ECM con-
tent versus the other two hydrogel groups and PBS controls. The
results support the advancement of this hydrogel design toward
clinically relevant large animal studies, which would allow the
utilization of minimally invasive approaches and potentially in-
farct mechanical modeling to optimize injection strategies.
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