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Cardiomyocyte death, myocardial remodeling, and scar 
tissue formation after myocardial infarction (MI) results 

in severe cardiac dysfunction and serious health problems. If 
not treated, and often with treatment, heart failure progresses. 
Direct transplantation of various cell types and bioactive mol-
ecules has shown promise; however, both strategies have been 
hampered by low injection site retention and even lower long-
term survival of the cells/bioactive molecules.1,2 To mitigate 
the problems, these treatments are combined with hydrogels 
to confine the cells/bioactive molecules to the site of injection 
and promote their long-term survival therein.

Clinical Perspective on p 341

The acute phase after MI might be the most appropriate time 
to use hydrogel-based therapy because therein hydrogel injec-
tions can prevent cardiac remodeling, deliver cells to replace 
the damaged tissue, and recruit endogenous stem cells.3 

Chitosan and collagen are natural, biodegradable, and bio-
compatible polymers that have been explored for their poten-
tial use in the treatment of cardiac dysfunction.4–9 Typically, 
collagen and chitosan, alone or in combination, are cross-
linked using exogenous, sometimes toxic, chemical cross-
linkers to improve the hydrogel mechanical properties.4,10,11 
However, we have previously shown that chitosan–collagen 
composites gel because of ionic interactions at physiological 
temperature and pH to form mechanically stable hydrogels 
that are appropriate for in vivo application.12 Furthermore, the 
collagen–chitosan interaction within the gels resembles the 
collagen–glycosaminoglycan interaction found in vivo in the 
extracellular matrix.13 Thus, chitosan–collagen may mediate 
physiological cell–matrix interactions.

The functional success of hydrogel-based cardiac and cell 
therapies can be improved by modifying biomaterials with 
bioactive molecules because bioactive molecules (cytokines, 

Original Article

© 2015 American Heart Association, Inc.

Circ Heart Fail is available at http://circheartfailure.ahajournals.org DOI: 10.1161/CIRCHEARTFAILURE.114.001881

Background—Hydrogels are being actively investigated for direct delivery of cells or bioactive molecules to the heart 
after myocardial infarction (MI) to prevent cardiac functional loss. We postulate that immobilization of the prosurvival 
angiopoietin-1–derived peptide, QHREDGS, to a chitosan-collagen hydrogel could produce a clinically translatable 
thermoresponsive hydrogel to attenuate post-MI cardiac remodeling.

Methods and Results—In a rat MI model, QHREDGS-conjugated hydrogel (QHG213H), control gel, or PBS was injected 
into the peri-infarct/MI zone. By in vivo tracking and chitosan staining, the hydrogel was demonstrated to remain in 
situ for 2 weeks and was cleared in ≈3 weeks. By echocardiography and pressure–volume analysis, the QHG213H 
hydrogel significantly improved cardiac function compared with the controls. Scar thickness and scar area fraction 
were also significantly improved with QHG213H gel injection compared with the controls. There were significantly 
more cardiomyocytes, determined by cardiac troponin-T staining, in the MI zone of the QHG213H hydrogel group; and 
hydrogel injection did not induce a significant inflammatory response as assessed by polymerase chain reaction and an 
inflammatory cytokine assay. The interaction of cardiomyocytes and cardiac fibroblasts with QHREDGS was found to 
be mediated by β

1
-integrins.

Conclusions—We demonstrated for the first time that the QHG213H peptide–modified hydrogel can be injected in the 
beating heart where it remains localized for a clinically effective period. Moreover, the QHG213H hydrogel induced 
significant cardiac functional and morphological improvements after MI relative to the controls.  (Circ Heart Fail. 
2015;8:333-341. DOI: 10.1161/CIRCHEARTFAILURE.114.001881.)
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growth factors, etc) have the potential to increase transplanted 
cell survival, reduce resident cell apoptosis, recruit desired 
regenerative cells, and promote stem/progenitor cell differen-
tiation.14,15 One such bioactive molecules is the growth factor 
angiopoietin-1 (Ang1). In endothelial cells, Ang1 binds the 
Tie2 receptor16–18 but in cells such as neonatal rat cardiomy-
ocytes that lack the Tie2 receptor Ang1 binds to integrins19 
and activates prosurvival pathways.20 We identified the short 
sequence QHREDGS as the integrin-binding motif of Ang1, 
and the QHREDGS peptide was found to support cardiomyo-
cyte attachment and survival similar to full-length Ang1.5,21 It 
is therefore possible that the QHREDGS peptide could retain/
restore cardiac contractile function after MI by promoting car-
diomyocyte survival. Importantly, the QHREDGS peptide is 
water-soluble, stable, fully synthetic with a precisely defined 
composition and does not require a specific orientation to 
function.

We therefore incorporated the prosurvival peptide 
QHREDGS into our chitosan–collagen hydrogel to design a 
novel hydrogel-based cardiac regenerative therapy. We used 
≈85% deacetylated, chitosan-glutamate salt (UPG213), in the 
form of a linear polysaccharide. We covalently immobilize the 
QHREDGS peptide to this chitosan backbone using 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide (EDC)/Sulfo-N-
hydroxysulfosuccinimide chemistry. EDC is a zero-length 
cross-linker; therefore, no other chemical moieties aside from 
the QHREDGS peptide are added to chitosan. The hydrogel is 
made by mixing collagen and the QHREDGS-chitosan with-
out the addition of any exogenous chemical cross-linkers to 
facilitate gelation and without formation of permanent cross-
links between chitosan and collagen.

The peptide was immobilized onto chitosan by cova-
lent cross-linking because as an integrin-binding ligand, 
QHREDGS does not need to be internalized to function,12 and 
immobilization has been demonstrated, in previous studies, 
to both reduce the amount of bioactive molecules required 
and prolong signaling by stabilizing the receptor/ligand com-
plex.22–26 In our previous study using the QHREDGS-modified 
chitosan–collagen hydrogel, we demonstrated increased car-
diomyocyte survival in in vitro culture and negligible hydro-
gel degradation therein, as well as in vivo biocompatibility in 
a subcutaneous model.12 This indicates that peptide release, 
which depends on hydrogel degradation, was not required for 
improved cardiomyocyte survival.

Based on these findings, we sought to investigate the effect 
of our QHREDGS-modified chitosan–collagen hydrogel 
in vivo after MI. We examined the in vivo biodistribution, 
localization, and lifespan of the hydrogel in the heart, and 
its effect on cardiac remodeling in a rat acute MI model at 
6 weeks, when pathological remodeling is considered to be 
complete.27–29

Methods
All animal experimental procedures were approved by the Animal 
Care Committee of the University Health Network and the University 
of Toronto Committee on Animal Care, according to the Guide to the 
Care and Use of Experimental Animals from the Canadian Council 
on Animal Care.

For expanded Methods, see Data Supplement.

Peptide-Modified Chitosan–Collagen Hydrogel 
(QHG213H)
QHREDGS peptide (Biomatik) was conjugated to chitosan (UP-
G213, Novamatrix) using EDC chemistry as described previously.12 
Briefly, 2.5-mg/mL 1:1 (mass:mass) chitosan–collagen hydrogel was 
prepared to produce control (no peptide) or QHG213H hydrogel 
(651±8 nmol peptide/mL gel) and kept on ice for ≤3 hours before use.

In Vivo Studies

Animal model
Lewis rats (200–250 g) were obtained from Charles River Laboratories 
(Saint-Constant, QC, Canada), and MI was generated under general 
anesthesia by occluding the left anterior descending coronary artery 
as previously described.9,30–32 Three weeks after injection, rats were 
assessed by echocardiography and only those exhibiting 20% to 40% 
fractional shortening were included in the study.

Experimental Groups and Injection Timeline
Syringes with PBS (MI-only), control gel (no peptide), or QHG213H 
(peptide-modified) hydrogel were prepared before surgeries as previ-
ously described.12 Treatments were randomized among the animals 
and the surgeon was blinded to the treatment given. Injections were 
performed using a 28-guage needle (BD Biosciences) inserted into 
the peri-infarct left ventricle (LV) wall and directed toward the devel-
oping scar (MI zone). A total of 50 μL was injected into 3 locations 
immediately after left anterior descending ligation, before closure of 
the thorax.

Statistical Analysis
Statistical analysis was performed using SPSS Statistics 17.0 and 
GraphPad Prism 5.0. Differences between experimental groups were 
analyzed using 1- or 2-way ANOVA with Bonferroni post hoc tests 
unless otherwise specified. P<0.05 was considered significant for all 
statistical tests. Results were plotted with GraphPad Prism 5.0.

Results
In Vivo Hydrogel Degradation
DyLight800-conjugated hydrogel was injected into rat LVs. 
After 1 hour, animals were imaged and labeled hydrogel was 
seen to localize in the heart with unconjugated dye and gel 
washout evident in the chest (Figure 1A). After 24 hours, 
labeled hydrogel was visible in the heart but no longer in the 
chest. At 3, 5, 7, and 14 days after injection, labeled hydrogel 
was visible in the heart but the extent of staining decreased 
with time. By day 14, labeled hydrogel was only visible with 
increased exposure. To confirm heart localization and to quan-
tify the amount of gel remaining, hearts were excised at 1 hour 
and 14 days and fluorescence intensity was measured. By day 
14, ≈40% of the gel present at 1 hour remained in the heart 
(Figure 1B). Heart sections were also excised at 3 weeks and 
stained for chitosan, wherein ≈20% of animal hearts stained 
positive (Figure 1A).

Functional Data
All animals had similar echocardiograms before surgery. Left 
anterior descending ligation caused significant and progressive 
ventricular dysfunction, decreased fractional shortening, and 
increased LV internal diameter at systole and diastole at 3 and 
at 6 weeks after MI (Figure 2A–2C). Injection of the control 
gel significantly increased the cardiac shortening fraction and 
the LV internal diameter at systole compared with the MI-only 
group at 3 and 6 weeks, with additional improvements in these 
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parameters with QHG213H gel injection (Figure 2A and 2B). 
Most of the decrease in fractional shortening for the MI-only 
and control gel groups occurred in the first 3 weeks after MI, 
as there was no significant reduction in fractional shortening 
between 3 and 6 weeks for either group, whereas the decrease 
was lesser and more gradual with QHG213H gel injection 
(Figure 2A and 2D). The LV internal diameter at diastole was 
not markedly affected by either treatment (Figure 2C).

At 6 weeks after MI, load-dependent measurements of ejec-
tion fraction, dP/dt max and dP/dt min were all significantly 
improved in the QHG213H gel group relative to either the 
control gel or the MI-only group (Figure 3A–3C). Control 
gel injection significantly improved these parameters rela-
tive to the MI-only group (Figure 3A–3C). The end-systolic 
LV volume was lowest in the QHG213H group, followed by 
the control gel group, which was significantly lower than the 
MI-only group (Figure 3D). No difference was observed in the 
end-diastolic LV volumes between groups (Figure 3E).

Load-independent measurements of end-systolic pressure–
volume relationship (Figure 4A) and preload recruitable 

stroke work (Figure 4B) were also significantly improved with 
hydrogel injection relative to the MI-only group, and addition 
of the peptide further improved these parameters (Figure 4A 
and 4B).

Gross Morphology and Histology
Untreated MI-only hearts appeared larger than control and 
QHG213H gel–injected hearts, and the MI-only cross-sec-
tions showed the most remodeling (Figure 5A). The largest 
scar fractional area and the smallest scar thickness were in 
the MI-only group. The control gel group had significantly 
smaller scar areas and thicker scars than the MI-only group, 
parameters that were significantly improved in the QHG213H 
gel group (Figure 5B and 5C).

Differences in scar thickness and area were also evident 
by Masson’s trichrome staining, which showed more healthy 
(red) tissue in the MI zone of the QHG213H group relative to 
the controls (Figure IA in the Data Supplement). Heart sec-
tions were stained for smooth muscle cell (marker of mature 
vasculature), CD31 and FVIII (endothelial cell marker for all 

Figure 1. In vivo lifespan of DyLight800-labeled chitosan-collagen gel. DyLight800-labeled gel was detected in live animal hearts (A) at 
1 hour ≤14 days (d) after injection with increased exposure (↑exp.). Insets, Enlarged and enhanced view of the heart region indicated by 
the white square. At 3 weeks, heart sections were stained for chitosan (purple dots). Whole heart fluorescence was quantified (B) from 
homogenized hearts excised at 1 hour (n=3) and 14 days (n=4) after injection.
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vasculature, including immature neovasculature; Figure IB–ID 
in the Data Supplement). The mean vessel density and diameter 
of all vasculature (FVIII+; Figure II in the Data Supplement, 

top) and mature vasculature (smooth muscle cell+; Figure II in 
the Data Supplement, bottom) were quantified in the MI and 
border zones. Although no difference in vascular metrics was 

Figure 3. Load-dependent cardiac function and left ventricular (LV) volumes at 6 weeks after myocardial infarction (MI). Steady-state pres-
sure–volume analysis was used for load-dependent cardiac functional analysis. A to C, Injection of the control gel significantly improved 
cardiac function compared with MI-only, and injection of the QHG213H gel further improved function. D, End-systolic LV volume was signifi-
cantly lower in the QHG213H gel group vs either control, and in the control gel group vs MI-only group. E, The end LV diastolic volume was 
unchanged between groups. Data expressed as mean±SD, n=7 per group. *P<0.05, **P<0.01 vs MI-only; #P<0.05 vs control gel.

Figure 2. Cardiac function after myocardial infarc-
tion (MI) measured by echocardiography. A, 
QHG213H gel injection significantly enhanced the 
%fractional shortening (%FS) at 21 days (3 weeks) 
and 42 days (6 weeks) after MI compared with the 
control gel and MI-only groups. The control gel 
injection induced a significant improvement in %FS 
relative to MI-only group. B, Injection of gel with 
or without peptide significantly reduced left ven-
tricular systolic dimension (LVIDs) at 3 and 6 weeks 
relative to MI-only. The QHG213H gel significantly 
improved the LVIDs relative to the control gel. C, 
No significant difference in LV diastolic dimension 
(LVIDd) was evident between groups. D, Repeated 
measures ANOVA results for factor days after injec-
tion for data from A to C. Data were analyzed by 
2-way repeated measures ANOVA and expressed 
as mean±SD, n=7 per group. *P<0.01, **P<0.001 vs 
MI-only; #P<0.01 vs control gel.
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seen in the MI zone or in the border zone FVIII+ vessels, there 
were significantly larger border zone smooth muscle cell+ ves-
sels in the QHG213H gel group compared with the controls.

Cardiomyocyte Survival Mechanism
Terminal deoxynucleotidyl transferase dUTP nick end labeling 
(TUNEL) and cardiac troponin-T staining was used to determine 
whether the functional and morphological improvements seen 
with control and QHG213H gel injection could be attributed 
to improved cardiomyocyte survival. Fewer TUNEL+ (apop-
totic) cells were visible within the border zone of the control 
and QHG213H gel groups compared with the MI-only group 
(Figure 6A and 6B). In the MI zone, there was no difference in 
the apoptotic cell fraction among the treatment groups but the 
QHG213H gel group had a higher proportion of cardiac troponin-
T+ cells (cardiomyocytes) than the controls (Figure 6C and 6D).

To gain further insight into the cardiomyocyte survival mech-
anism, RNA isolated from MI and border zone tissue excised 24 

hours after injection was subjected to quantitative polymerase 
chain reaction. We did not observe any significant differences 
between the treatment groups, but there were some large fold 
changes that may warrant further investigation. Specifically, 
there was a 4.50- and 2.29-fold increase in interleukin-6 and 
interleukin-1β (proinflammatory cytokines), respectively, in the 
QHG213H gel compared with the MI-only group. Also, there 
was a 7.69-fold decrease in caspase-9 (proapoptotic), a 2.32-
fold decrease in phosphatidylinositol-4,5-bisphosphate 3-kinase 
(prosurvival), and a 2.17-fold increase in B-cell lymphoma 2 
(antiapoptotic) gene expression in the QHG213H gel compared 
with the MI-only group (Figure III in the Data Supplement). For 
all the aforementioned genes, peptide addition to the gel resulted 
in a larger fold change than the control gel with the exception 
of B-cell lymphoma 2, which was downregulated by control gel 
treatment and upregulated by QHG213H gel treatment (Figure 
III in the Data Supplement). We also performed an inflamma-
tory cytokine array on the border zone tissues extracted at 24 

Figure 4. Load-independent pressure–
volume analysis at 6 weeks after 
myocardial infarction (MI). Occlusion 
pressure–volume analysis was used for 
load-independent cardiac functional anal-
ysis. Significant differences were seen in 
both (A) end-systolic pressure–volume 
relationship and (B) preload recruitable 
stroke work between the QHG213H 
gel group and either control, as well as 
between the control gel group and the 
MI-only group. Data are expressed as 
mean±SD, n=7 per group. *P<0.05.

Figure 5. Gross heart morphology at 6 
weeks after myocardial infarction (MI). 
A, Representative whole heart and heart 
sections (from just below suture to apex 
of heart, 5 sections per heart) illustrate 
differences in gross morphology between 
groups (scale=1 mm). Significant differ-
ences in (B) fractional MI scar coverage 
and (C) MI scar thickness between the 
QHG213H gel and the control gel and 
MI-only groups, as determined from (A) 
gross section images. Data are expressed 
as mean±SD, n=7 per group. *P<0.05, 
**P<0.01 vs MI-only; #P<0.05 vs control 
gel.

D
ow

nloaded from
 http://ahajournals.org by on O

ctober 10, 2018



338  Circ Heart Fail  March 2015

hours but did not detect any significant differences in protein 
expression, indicating a lack of significant inflammatory reac-
tion (Figure IV in the Data Supplement).

Western blot analysis was performed to determine whether 
integrin-linked kinase and mitogen-activated protein kinases 
(MAPK) were involved in the cardiomyocyte survival mecha-
nism as both proteins have been reported to be upregulated by 
QHREDGS.33 In the border zone, integrin-linked kinase pro-
tein levels and MAPK phosphorylation did not differ between 
groups but there was a significant increase in MAPK protein 
expression in the QHG213H gel group relative to the controls 
(Figure V in the Data Supplement).

To identify the receptor mediating the cardiomyocyte–
QHREDGS and cardiac fibroblast–QHREDGS interaction, 
major cell types in the native myocardium,34 polyethylene 
glycol (PEG) hydrogels were generated with and without 

immobilized QHREDGS peptide. PEG was used because it is 
nonfouling and nonadhesive in short-term culture. The pep-
tide concentration in the PEG hydrogel was 11.7±4.5 mg/mL 
(9.7±3.7 nmol/L).35 The addition of QHREDGS to PEG sig-
nificantly increased the number of adherent cells relative to 
PEG alone (Figure 7A and 7B). Preincubation of either cell 
type with an anti–β

1
-integrin antibody reduced adhesion to the 

QHREDGS-PEG hydrogel to that of PEG alone.

Discussion
Hydrogel degradation is most often characterized in vitro or 
by histological staining of excised in vivo samples36,37 because 
tracking hydrogels in the heart is extremely difficult because 
of the dynamic nature of the beating heart, the depth of the 
heart within the animal, and the small volume of material 
injected therein (≈20–200 μL).36,38 The near-infrared dye 

Figure 7. Cardiac cell attachment to polyethylene 
glycol (PEG) and PEG-QHREDGS gels. Rat neonatal 
rat cardiomyocytes (NCMs; A) or cardiac fibroblasts 
(B) were seeded onto PEG-only (no peptide) or PEG-
QHREDGS disks with or without preincubation with 
an anti–β1-integrin (CD29) antibody. After 50 min-
utes, the attached cells were counted. The data are 
normalized to the PEG-only gels. Both NCMs and 
cardiac fibroblasts have significantly more attached 
cells to PEG-QHREDGS surfaces over PEG alone, 
but the difference is abolished when preincubated 
with anti–β1-integrin antibody. Data are expressed as 
mean±SE, n=6 per group. **P<0.01.

Figure 6. Apoptosis at 6 weeks after myocardial infarction (MI). Heart sections were stained for terminal deoxynucleotidyl transferase 
dUTP nick end labeling (TUNEL; red), cardiac troponin-T (cTnT; green), and 4′,6-diamidino-2-phenylindole (DAPI) nuclear stain (blue). A, 
Representative images showed fewer TUNEL+ cells in the control gel and QHG213H gel groups than the MI-only group in the border zone 
(scale bars, 100 μm). B, Quantification of the fraction of TUNEL+ cells (number of TUNEL+ cells/number of DAPI+ cells) in the border zone. 
The control and QHG213H gel groups had a significantly smaller TUNEL+ cell fraction relative to the MI-only group. C, There was no dif-
ference in the TUNEL+ cell fraction between groups in the MI zone. There was a significant increase in cTnT expression in the QHG213H 
group relative to either control. Data are expressed as mean±SD, n=7 per group. *P<0.05, **P<0.01.
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DyLight800 and the Kodak In-Vivo FX Pro Imaging Sys-
tem were used in this study to provide online information on 
hydrogel localization and lifespan. Near-infrared dyes permit 
deep tissue imaging without affecting the surrounding tissue; 
a potential advantage in comparison with the long-term use 
of radiolabels or the use of contrast agents (eg, iron oxides or 
gadolinium), which might be taken up by macrophages, skew-
ing the degradation profiles, although PET and MRI imaging 
have much higher resolution.38

By imaging the injected labeled hydrogel for 14 days, we 
confirmed localization and retention of the hydrogel within the 
heart (Figure 1A). We were unable to perform quantification 
because the 2-dimensional imaging system could not provide 
volumetric information for the injected material and images 
were distorted by heart movement over the 40-second imag-
ing period. Therefore, we quantified degradation from excised 
tissue samples using the assumptions: (1) the bulk of unbound 
dye was removed from the gel by 1 hour after injection and 
(2) the gel present at 1 hour after injection represented the 
total amount of successfully localized gel. We determined that 
≈60% of the gel was degraded/removed from the heart by day 
14 (Figure 1B).

Notably, there was no observable fluorescent signal in the 
processing organs (eg, kidneys or liver) 24 hours after injection. 
The collagen and chitosan-Dylight800 that leaked into the chest 
cavity before gelation (Figure 1, first panel) was cleared in 24 
hours (Figure 1, second panel). These results are consistent with 
reports that polysaccharides (dextrans and pollulans of 5–850 
kDa) are cleared in under 24 hours.39 Even the largest sugars had 
a tissue clearance rate of 10 μL/h and an excretion rate of 100 
μL/h, which suggests that a polysaccharide-like chitosan (150–
600 kDa) would be cleared in hours, thus further motivating its 
incorporation into a stable hydrogel. In addition, fluorescein iso-
thiocyanate-labeled chitosan (≈100 kDa) injected directly into 
murine peritoneum was found to rapidly distribute to the urine 
and kidneys.40 Within 1 hour, ≈25% of the injected chitosan was 
detected in the urine.40 By 14 hours, chitosan was completely 
absorbed from the peritoneal cavity, >90% of the injected chito-
san was detected in the urine and <6% remained in the kidneys.40

On gelation, the hydrogel would have undergone degra-
dation then clearance. Because of the absence of exogenous 
crosslinking, hydrogel degradation and chitosan release are 
depended on the digestion of the collagen fibers holding the 
hydrogel together. The degraded collagen and chitosan would 
then be quickly cleared and expelled from the body.

We injected into the peri-infarct and MI-border region to 
prevent the damaged area from expanding. In rat and dog stud-
ies, cardiomyocyte apoptosis was shown to continue through 
the first 4 months after MI, which correlated with deteriora-
tion of pump function.34,41 We performed TUNEL staining 
at 6 weeks to determine whether there was expansion of the 
scar and border zone, which would induce apoptosis in the 
expanding region. Injection of either the control or QHG213H 
gel attenuated apoptosis in the border zone (Figure 6). We 
observed no difference in the MI zone (scar) with the treat-
ments; however, by 6 weeks the scar tissue was fully formed 
and nonapoptotic.

Importantly, the amount of QHG213H hydrogel that local-
ized in the heart and its lifespan therein was sufficient to 

improve cardiac functional outcomes relative to the controls at 
6 weeks after MI (Figures 2, 3 and 4). Specifically, QHG213H 
gel treatment resulted in a 62% improvement in ejection frac-
tion and a 35% improvement in fractional shortening from 
the MI-only group (Figures 2 and 3), which translates into 
an improvement in ejection fraction and fractional shorten-
ing from severe to mild impairment, on a normal–mild–mod-
erate–severe scale of impairment.42 At 6 weeks after MI, we 
observed a significant decrease in the systolic dimension and 
volumes but did not find any difference in the diastolic param-
eters. This may be because while systolic function decreases 
significantly because of cardiomyocyte necrosis after MI, a 
longer time frame (eg, 12 weeks) may be required to observe 
changes in diastolic parameters because of matrix remodeling 
and scar expansion.

One explanation for the functional results is that the 
QHG213H hydrogel stabilized the infarct wall and increased 
its thickness thus altering the surrounding tissue properties 
and reducing wall stress. This is unlikely because the storage 
modulus of the control and QHG213H gels were measured 
at ≈55 and ≈45 Pa, respectively, well below the stiffness of 
native rat myocardium (1–140 kPa, diastole to systole).12,43 
Also, there was no difference in end LV diastolic volume 
between groups, which would be expected if the hydrogel was 
aiding LV mechanics and altering the geometry (Figure 3).

Alternatively, the QHG213H hydrogel may act at the cel-
lular level to promote survival. We investigated the number 
of cardiomyocytes and apoptotic cells in the various areas 
of the infarct at 6 weeks. There was significantly more MI 
zone cardiomyocytes in the QHG213H gel group compared 
with controls. There was no difference in apoptotic cells in 
this same region (Figure 6). It is possible that the increased 
cardiomyocyte numbers in the QHG213H injected group 
were because of the increased size of the mature vessels in 
the QHG213H gel group border zone (Figure 2 II in the Data 
Supplemeny). By delivering more nutrients and oxygen to the 
infarcted tissue, these vessels may have promoted cell sur-
vival. Interestingly, apoptosis was significantly reduced in the 
control and QHG213H gel group border zone compared with 
MI-only (Figure 6). The chitosan–collagen gel may therefore 
have a long-term prosurvival effect on the progressing front of 
apoptosis after MI.

We observed no difference in total vascularization (neo- 
and mature) but a significant increase in large (smooth mus-
cle cell+) vessels within the border zone with QHG213H 
gel treatment. This may be because Ang1 angiogenic effects 
are mediated through the receptor Tie2, whereas the peptide 
QHREDGS is the Ang1 integrin-binding site20 and may not 
elicit identical angiogenic responses. Other Ang1-derived pep-
tides (eg, vasculotide) have been demonstrated to bind Tie2 
and are angiogenic.44 Moreover, the Ang1–cardiomyocyte 
interaction is integrin dependent and Tie2 independent20; 
whereas QHREDGS has been demonstrated to interact with 
integrins on endothelial cells (α

5
β

1
 and α

v
β

3
) and induced 

pluripotent stem cells (β
1
-type) to promote cell adhesion and 

survival.33,45 Thus, the QHG213H gel treatment may have pro-
moted the survival of existing vessels after MI.

We also investigated the acute phase (24 hours) after 
MI wherein critical apoptotic and immune/inflammatory 
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responses predominate. Both our polymerase chain reac-
tion (Figure III in the Data Supplement) and inflammatory 
cytokine array data (Figure IV in the Data Supplement) 
indicated no significant difference in the cytokines mea-
sured. This suggests that the hydrogel treatments did not 
elicit an inflammatory response that differs significantly 
from PBS injections after MI within the first 24 hours after 
an MI.

We have recently shown that the integrin subunits α
5
, β

3
, 

and β
1
 and the downstream effectors integrin-linked kinase 

and MAPK are involved in QHREDGS-mediated prosurvival 
pathways in stem cells and endothelial cells.33,45 Although 
we did not detect upregulation of either of these genes at 24 
hours (Figure III in the Data Supplement) or of integrin-linked 
kinase protein or MAPK phosphorylation between groups, we 
did observe a significant increase in MAPK protein expres-
sion in the QHG213H gel group compared with the controls 
(Figure V in the Data Supplement). Timing of the assessment 
is critical as phosphorylation and translation can occur within 
minutes to hours, whereas transcription occurs within hours to 
days. Once again, an extensive and individualized time course 
for each event would be required to fully delineate the mecha-
nism by which the QHG213H gel promotes cardiomyocyte 
survival after MI.

By conjugating QHREDGS to a PEG hydrogel, we found 
that both the cardiomyocytes and the cardiac fibroblasts inter-
act with QHREDGS through β

1
-integrins (Figure 7). We 

have previously demonstrated that QHREDGS interacts with 
endothelial cells through α

5
β

1
 and α

v
β

3
 integrins to promote 

cell survival.45 It has also been reported that Ang1-mediated 
effects on monocyte adhesion and chemotaxis are both Tie2 
and integrin independent.46 Hence, QHREDGS may bind and 
promote the survival of cardiomyocytes, cardiac fibroblasts, 
and endothelial cells through integrin-binding but may not 
affect monocyte/macrophage function, which would account 
for the absence of a significant inflammatory response.

Conclusions
This is the first study to evaluate the effect of the Ang1-
derived peptide QHREDGS on remodeling after MI. Injection 
of the QHG213H hydrogel into the LV of rats with acute MI 
showed significant improvements in cardiac morphology and 
functionality at 6 weeks relative to the controls. Scar thick-
ness improved by 53%, fractional scar area decreased by 34%, 
fractional shortening improved by 35%, and ejection fraction 
improved by 62% compared with the MI-only group. The 
injected hydrogel was demonstrated to remain in situ for 14 
days and was ≈80% cleared by 3 weeks. Based on our results, 
cardiac cells bind via β

1
-integrins to the QHREDGS peptide. 

The novelty of our work lies in the expanded insight into 
the integrin-mediated effects of the Ang1-derived peptide, 
QHREDGS, on cardiac cells after MI in vivo. The developed 
hydrogel, collagen:chitosan mixture with covalently immobi-
lized QHREDGS, could form the basis of a new cardiac ther-
apy that is fully chemically defined based on biocompatible 
and biodegradable molecules.
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CLINICAL PERSPECTIVE
Ischemic cardiomyopathy is a major clinical problem worldwide and cytokine therapy for angiogenesis is an effective 
treatment for those patients with diffuse vascular abnormality. Here, we presented a potential therapy for ischemic cardio-
myopathy that relied on the use of a hydrogel and the angiopoietin-1–derived peptide QHREDGS. The rationale for this 
combination of materials is that the hydrogel, designed for possible noninvasive intramyocardial application, can localize 
to the desired site in the heart. Relying on the cardioprotective properties of angiopoietin-1, the novel peptide sequence, 
QHREDGS, was selected because of its ability to promote survival of cardiomyocytes in an integrin-dependent manner. Our 
research data suggested that application of the peptide-modified hydrogel attenuated pathological ventricular remodeling 
and improved cardiac function, which has a potential for clinical application.
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