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Abstract

Following myocardial infarction (M), degradation of extracellular matrix (ECM) by upregulated
matrix metalloproteinases (MMPs) especially MMP-2 decreases tissue mechanical properties,
leading to cardiac function deterioration. Attenuation of cardiac ECM degradation at the early
stage of MI has the potential to preserve tissue mechanical properties, resulting in cardiac function
increase. Yet the strategy for efficiently preventing cardiac ECM degradation remains to be
established. Current preclinical approaches have shown limited efficacy due to low drug dosage
allocated to the heart tissue, dose-limiting side effects, and cardiac fibrosis. To address these
limitations, we have developed a MMP-2 inhibitor delivery system that can be specifically
delivered into infarcted hearts at early stage of Ml to efficiently prevent MMP-2-mediated ECM
degradation. The system was based on an injectable, degradable, fast gelation and thermosensitive
hydrogel, and a MMP-2 specific inhibitor, peptide CTTHWGFTLC (CTT). The use of fast
gelation hydrogel allowed to completely retain CTT in the heart tissue. The system was able to
release low molecular weight CTT over 4 weeks possibly due to the strong hydrogen bonding
between the hydrogel and CTT. The release kinetics was modulated by amount of CTT loaded into
the hydrogel, and using chondroitin sulfate and heparin that can interact with CTT and the
hydrogel. Both glycosaminoglycans augmented CTT release while heparin more greatly
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accelerated the release. After injecting into the infarcted hearts for 4 weeks, the released CTT
efficiently prevented cardiac ECM degradation as it not only increased tissue thickness, but also
preserved collagen composition similar to that in the normal heart tissue. In addition, the delivery
system significantly improved cardiac function. Importantly, the delivery system did not induce
cardiac fibrosis. These results demonstrate that the developed MMP-2 inhibitor delivery system
has potential to efficiently reduce adverse myocardial remodeling and improve cardiac function.
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1. Introduction

Myocardial infarction (MI) affects millions of people in the world. Following MI, the matrix
metalloproteinases (MMPs) especially MMP-2 is upregulated,!: 2 causing the imbalance of
MMPs and tissue inhibitors of MMPs (TIMPs) in the cardiac tissue. This leads to the
degradation of cardiac extracellular matrix (ECM). After degradation, cardiac tissue
thickness decreases, resulting in cardiac function deterioration.3-> MMP-2 degrades not only
ECM, but also intracellular proteins such as tropoin-1, titin’, a-actinin8, and myosin light
chain®. MMP-2 upregulation occurs as early as one hour after MI19 and can last for over
three weeks!1.

One of the therapeutic goals of post-MI treatment is to minimize the extent of cardiac ECM
degradation to attenuate cardiac function decrease. As MMP-2 plays a major role in cardiac
ECM degradation, decreasing its activity in the infarcted region represents a therapeutic
target. Studies have shown that MMP-2 knockout mice experienced less cardiac ECM
degradation after MI12 13, The most common approaches to decreasing MMP-2 activity
include using pharmacologic MMP inhibitors and transgenic constructs.l: 14-22 Majority of
current MMP-2 inhibitors are small organic molecules with reactive zinc-chelating groups
such as thiol or hydroxamate.23: 24 These inhibitors have poor selectivity. They inhibit most
of MMP family members instead of mainly MMP-2.23-25 |n addition, they may have toxic
effects.26: 27 Use of recombinant TIMPs may address these disadvantages.16: 20 A potential
concern for MMP inhibitors is that they may cause cardiac fibrosis. Studies have
demonstrated that various MMP inhibitors increase the density of myofibroblasts that are
responsible for cardiac fibrosis.16: 19. 20, 22,28 Deletion of specific MMP/TIMP genes by
transgenic constructs has been shown to change the course of cardiac remodeling. For
example, deletion of MMP-2 gene reduced the degree of adverse remodeling when tested in
a mouse MI model.13 The major limitation of transgenic constructs is the persistent rather
than temporal expression of MMPs and/or TIMPs at different stages of post MI1.2° This may
lead to beneficial effects in some stages while adverse effects in other stages.2°

Systemic delivery represents the most common approach to administrate MMP-2 inhibitors.
While this approach has been shown to reduce cardiac ECM degradation to an extent, its low
efficacy makes it impractical for wide clinical application.l: 14-22 The inferior efficacy is a
result of the systemic delivery approach not being able to distribute sufficient amount of
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inhibitors to the infarcted region. Those inhibitors distributed to healthy tissue may
unbalance the balanced MMPs and TIMPs, causing excessive ECM production and tissue
fibrosis.1: 14-22

In this work, we aimed to address these limitations by specifically delivering a MMP-2
inhibitor release system into the infarcted region. Upon delivery, the inhibitor can be
released locally, thus reducing MMP activity specifically in the infarcted tissue instead of
healthy tissues. In addition, continuous release will make repeated administration of the
inhibitor unnecessary. We used a peptide-based, nontoxic MMP-2 inhibitor, CTTHWGFTLC
(CTT). The advantages of using CTT include: (1) CTT is an inhibitor specific to MMP-2
and MMP-930, Both MMPs are upregulated after M1 while MMP-2 expression is more than
30 times greater than that of MMP-9 in the damaged region.3! Therefore, CTT will mainly
inhibit the activity of MMP-2; (2) CTT is a peptide that has a low toxic effect on cells
compared to small organic MMP inhibitors;39 and (3) CTT does not affect cell attachment
and spreading on the matrix.30 To deliver CTT, a thermosensitive and degradable hydrogel
based on poly(N-isopropylacrilamide) (PNIPAAmM) copolymer was used. PNIPAAmM
copolymers have been widely utilized for drug delivery application due to their good
biocompatibility and capability to solidify at 37°C without using crosslinkers.32: 33 |n this
work, the hydrogel was designed to be degradable. Before degradation, it had gelation
temperature below 37°C so that the hydrogel can solidify at body temperature. After
degradation, the gelation temperature was evaluated to above 37°C. The degradation product
can thus dissolve in the body fluid and be removed from body. The results of this work
demonstrated that the developed CTT delivery system effectively preserved cardiac ECM
from degradation, leading to a significant increase of cardiac function. Importantly, the CTT
delivery system decreased cardiac fibrosis.

2. Materials and methods

2.1 Materials

All reagents were purchased from Sigma-Aldrich unless otherwise stated. N-
isopropylacrylamide (NIPAAm) was recrystallized in hexane for 3 times before
polymerization. 2-hydroxyethyl methacrylate (HEMA) was used after passing through
inhibitor remover column to eliminate the inhibitors. Sodium methoxide, D,L-lactide,
heparin sodium (Alfa Aesar), chondroitin sulfate, peptide NH,-C-T-T-H-W-G-F-T-L-C-K
(FITC)-COOH (CTT, Celtek Bioscience), MMP Substrate I11 (Calbiochem), and
recombinant human MMP-2 (Peprotech) were used as received.

2.2 Synthesis of hydrogel

The hydrogel was synthesized by free radical polymerization of NIPAAm, HEMA and a
macromer acrylate-oligolactide (AOLA, Figure 1a). To synthesize AOLA, D,L-lactide
(0.347 mol) and NaOCH3 (0.019 mol) were dissolved in 100 mL of CH,Cl, and 15 mL of
methanol, respectively. The two solutions were then mixed and cooled to 0°C. After 2 h of
reaction under stirring, the mixture was rinsed with 0.1M HCI and deionized water,
respectively. The collected organic layer was dried over anhydrous MgSO,, followed by
evaporation of the solvent under reduced pressure. The obtained crude product (0.141 mol)
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was dissolved in 100 mL CH,ClI; solution. 0.169 mol of triethylamine was then added. After
the mixture was cooled to 0°C, acryloyl chloride (0.169 mol) was added dropwise for 1 h.
The mixture was further stirred at room temperature overnight. It was then filtered, and the
filtrate was rinsed by 0.2 M Nap,CO3, 0.1 M HCI and deionized water sequentially. After the
collected organic layer was dried over anhydrous MgSQy, the solvent was evaporated under
reduced pressure to obtain crude AOLA. It was then purified by chromatography. Ethyl
acetate and hexane at the ratio of 2:1 was used eluent. The structure of the final product was
confirmed by H-NMR (300 MHz, CDCls): 6.48-6.53 (d, /=6.5 Hz, CH,=), 6.18-6.25 (dd,
J6.2Hz, -CH=CHy), 5.91-5.93 (d, £5.9Hz, CH, =), 5.15-5.28 (m, -CH-), 3.76(s,
—-OCHs), 1.51-1.64 (M, —CHj).

To synthesize hydrogel, NIPAAm, HEMA, and AOLA with molar ratio of 86/10/4 were
dissolved in 100 mL of dioxane. The initiator benzoyl peroxide was then added. The
polymerization was conducted at 70°C for 24 h under the protection of nitrogen. The
solution was then precipitated in hexane. The polymer was purified twice by dissolving in
THF and precipitating with ethyl ether.

2.3 Characterization of hydrogel properties

Chemical composition of the hydrogel was determined by *H-NMR using CDClj as the
solvent. The hydrogel solution (20%) was prepared by dissolving the polymer in Dulbecco’s
modified phosphate buffer saline (DPBS) at 4°C. Gelation temperature of the hydrogel
solution was measured by DSC (TA instrument) over a temperature range of 0-60°C with a
heating rate of 10°C/min. The endothermal peak was recorded as the gelation temperature.3
The hydrogel solution injectability was determined by injecting the 4°C solution through a
26-gauge needle.3® The solid hydrogel was obtained by incubating the hydrogel solution at
37°C. Hydrogel mechanical properties were tested by an Instron tensile tester equipped with
a 37°C water bath. An elongation speed of 50 mm/min was used.3¢ Hydrogel degradation
was conducted in DPBS at 37°C for 8 weeks following our previously described method.3°
Weight loss was then determined.

2.4 Development and characterization of hydrogel based CTT delivery system

The CTT release system was developed by encapsulation of CTT into hydrogel. The
hydrogel solution with concentration of 20% was used. CTT solution in PBS was thoroughly
mixed with 1 mL of hydrogel solution at 4°C overnight. To control CTT release kinetics,
chondroitin sulfate (CS) and heparin (HP) were added respectively with a final concentration
of 1 mg/mL. Total of 5 groups were prepared: hydrogel without CTT, hydrogel encapsulated
with 20 pg/mg (CTT mass/hydrogel mass) CTT (denoted as CTT20), hydrogel encapsulated
with 20 pg/mg CTT with addition of CS (denoted as CTT20CS), hydrogel encapsulated with
20 pg/mg CTT with addition of HP (denoted as CTT20HP), and hydrogel encapsulated with
40 pg/mg CTT with addition of CS (denoted as CTT40CS).

To characterize CTT release kinetics, FITC labeled CTT was used in order to
spectrometrically quantify amount of released CTT. 200 L of the mixture was transferred
into a 1.7 mL Eppendorf tube. The tube was placed in a 37°C water bath for gelation for 30
min. The supernatant was then removed and 200 pL of release medium (DPBS
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supplemented with 1% penicillin-streptomycin) was added. The release was conducted in a
37°C water bath for 28 days (n=5 for each group). At each time point, 200 uL of supernatant
was collected and the same amount of fresh release medium was added. The fluorescent
intensity of released CTT was measured by Flexstation 3 benchtop multimode microplate
reader (Molecular Device). An excitation wavelength of 495 nm and an emission wavelength
of 518 nm were used. The CTT concentration was determined according to calibration
curve.

2.5 Characterization of bioactivity of released CTT

Bioactivity of the released CTT was measured in terms of its efficacy in inhibiting MMP-2
to cleavage MMP-2 substrate.3” To determine the effect of CTT concentration on inhibiting
MMP-2 to cleavage MMP-2 substrate, different concentrations of freshly prepared CTT
were used during the measurement. In brief, recombinant human MMP-2 (rhMMP-2) was
diluted to 80 nM with buffer A (50 mM Tris, 5 mM CaCls,, 150 mM NaCl, 1 uM ZnCl,, and
0.01% Brij35). MMP-2 substrate I11 was dissolved in DMSO to obtain a stock solution with
concentration of 0.244 mM. The rhMMP-2 solution was added to each well of a 96-well
plate with a final concentration of 12 nM. Different concentrations of CTT were then added
into the wells. After incubation at 37°C for 1 h, MMP-2 substrate 111 solution was added
with a final concentration of 12.5 uM. The mixture was then incubated at 37°C for 3 h. The
fluorescent intensity was measured using a microplate reader with an excitation wavelength
of 340 nm and an emission wavelength of 485 nm. To measure bioactivity of the released
CTT, the same protocol was used except that the CTT release medium, 60 uL of rhMMP-2
solution, and 30 pL of MMP-2 substrate 111 were added into each well. In the control group,
DPBS supplemented with 1% penicillin-streptomycin, 60 puL of rhMMP-2 solution, and 30
uL of MMP-2 substrate 111 were added into each well. The data were then normalized to the
control group.

2.6 Myocardial infarction and implantation of CTT release system

All in vivo experiments were conducted in accordance with the National Institutes of Health
Guide for the care and use of laboratory animals. Animal protocol was administrated by the
Institutional Animal Care and Use Committee (IACUC) of The Ohio State University. Male
Sprague-Dawley rats aged from 10 to 12 weeks were used for the study. All rats were
divided into four groups, i.e., sham, non-treatment (MI), hydrogel injection (Gel), and
CTT40CS injection (n = 6 for each group). The rats were anesthetized with 2.5% isoflurane
inhalation followed by endotracheal intubation and connection to a mechanical ventilator.
The rat hearts were exposed through a left thoracotomy. After identifying left anterior
branch of the coronary artery, it was carefully ligated with 6-0 polypropylene suture.
Myocardial infarction was verified by regional cyanosis and ST-segment elevation. Thirty
minutes after ligation, 200 uL of Gel or CTT40CS were injected into the apical, proximal,
lateral, and septal wall regions bordering the infarct, and the center of the infarct (40 uL/
injection). Controls were sham and MI groups.

2.7 Histological analyses

Four weeks after surgery, the rat hearts were harvested. The hearts were then perfused with
PBS to rinse out blood followed by fixing in 4% paraformaldehyde overnight. The heart

Biomacromolecules. Author manuscript; available in PMC 2017 December 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Fan et al.

Page 6

tissues were embedded in paraffin, and sequentially sectioned along the transverse direction
with a thickness of 4 um. The sections at the level of center of injection sites were collected
for histological analysis. The sections were stained with Hematoxylin and Eosin (H&E) and
Picrosirius Red (PSR) as previously described.38: 39 Wall thickness was calculated from
H&E staining using Image J.40 Thickness of five different fields was measured for each
sample. The relative thickness of the infarcted area was calculated as the ratio of thickness at
infarcted area to that of normal area. Type | and Il collagen were identified from PSR
staining as yellow-red and green respectively using polarized light microscopy with
appropriate band-pass filters.41: 42 The percent area of collagen within the remote and Ml
regions was determined from images (n=5) using threshold image analysis with Image J
software.41 42 The ratio of type 111 to type | collagen was also quantified.41: 42

Immunohistochemical stainings were performed for markers alpha smooth muscle actin
(a«SMA) and VWF. Before staining, the sections were deparaffinized with xylene followed
by rehydrating with serial concentrations of ethanol. The sections were blocked with goat
serum and incubated with antibodies against aSMA and VWF. Alexa Fluor 488 and Alexa
Fluor 647 were used as secondary antibodies. Nuclei were stained with DAPI. The stained
sections were imaged using a confocal laser scanning microscope. Blood vessels were
recognized as VWF positive lumen. Myofibroblasts were identified as aSMA positive cells
not co-localized with VWF positive endothelial cells.*3 Images (n=5) of the infarcted area
were analyzed.

2.8 Analysis of cardiac function by echocardiography

Echocardiography was performed 4 weeks after the surgery following an established
protocol.** The rats were anesthetized with 2.5% isoflurane inhalation. Standard
transthoracic echocardiography was performed using a Vevo-2100 high-resolution
ultrasound imaging system (Visualsonics; Toronto, Canada). The M-mode ultrasound
images were acquired. Ejection fraction (EF) and fractional shortening (FS) were calculated
using VevoStrain™ Advanced Cardiac Analysis Software.

2.9 Statistical analysis

3. Results

Statistical analysis was performed using JMP software. One way ANOVA with post-hoc
Tukey HSD test was utilized for data analysis. Data were presented as mean * standard
deviation. Statistical significance was defined as p<0.05.

3.1 Characterization of hydrogel properties

The hydrogel was synthesized by free radical polymerization of NIPAAm, HEMA and
macromer AOLA. Among the three components, NIPAAm imparts the hydrogel with
themosensitivity. Hydrophilic HEMA increases hydrogel solubility in agueous condition.
The degradable and hydrophobic AOLA allows the sol-gel temperature to be lower than
37°C before degradation (Figure 1a). 1H-NMR spectrum confirmed the chemical structure
of the hydrogel as the characteristic peaks of each component were seen in the spectrum
(Figure 1b). The ratio of NIPAAmM/HEMA/AOLA was 86.0/10.4/3.6, consistent with the
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feed ratio. The hydrogel solution exhibited a gelation temperature of 26.5°C before
degradation. The 4°C hydrogel solution was flowable and can be readily injected through a
26G needle (Figure 2 A and B). At 37°C, the hydrogel solution solidified within 7 s to form
a flexible hydrogel (Figure 2C) with Young’s modulus of 35 + 5 kPa. The hydrogel degraded
slowly in PBS at 37°C with 7% of weight loss after 8 weeks. The degradation product had a
gelation temperature of 41.2°C and was water soluble at 37°C.

3.2 Release kinetics of CTT

CTT delivery systems were developed by encapsulating CTT into the synthesized hydrogel.
Glycosaminoglycans CS and HP were used to modulate release kinetics. Figure 3
demonstrates that the small molecular weight CTT was able to gradually release from the
hydrogel for 28 days. For all 4 groups, burst release was seen in the first 8 hours followed by
a slower release pattern. Interestingly, all groups showed nearly linear release after 4 days.
The release kinetics was dependent on the type of glycosaminoglycan added to the hydrogel,
and CTT loading amount. Compared to the CTT20 group where no glycosaminoglycan was
added, the groups containing CS and HP (CTT20CS and CTT20HP) released significantly
higher amount of CTT at each time point (Figure 3, p<0.05 for CTT20CS vs. CTT20, and
CTT20HP vs. CTT20). By comparing release kinetics of the groups added with CS and HP,
it was found that significantly higher amount of CTT was released from the group with HP
(CTT20HP) than the group with CS (CTT20CS) at each time point (p<0.05). When the CTT
loading amount was increased from 20 pg/mg to 40 pg/mg, the amount of released CTT was
significantly increased (p<0.05 for all time points).

3.3 Bioactivity of released CTT

Bioactivity of the released CTT was examined in terms of its ability to inhibit MMP-2 to
degrade MMP-2 substrate. Prior to testing released CTT, the efficacy of fresh CTT in
inhibiting MMP-2 mediated MMP-2 substrate degradation was examined. Figure 4A shows
that the relative MMP-2 bioactivity was decreased when the CTT concentration was
increased from 1 pM to 100 M. The calculated half maximal effective concentration
(EC50) was 16 UM or 18.7 pg/mL. These results suggest that CTT is an efficient MMP-2
inhibitor.

CTT released at 3 time points (4-8 h, 10-14 day, and 21-28 day) from groups CTT20,
CTT20CS and CTT20HP were selected for bioactivity tests. The 3 time points represent
early, middle and late stages of the release kinetics. The release medium without CTT was
used as control. The relative MMP-2 bioactivity was 100% for the control group, indicating
that the substrate can be completely degraded by MMP-2 when there was no CTT. For the
CTT20, CTT20CS and CTT20HP groups, the relative MMP-2 bioactivity was decreased to
less than 15% (Figure 4B). This demonstrates that all of the released CTT was able to
efficiently prevent MMP-2 from degrading MMP-2 substrate. Therefore, the released CTT
remained bioactive.

3.4 Efficacy of CTT release in preserving cardiac ECM after Ml

To examine the efficacy of CTT release in attenuating cardiac ECM degradation by
upregulated MMPs especially MMP-2, the hydrogel encapsulated with CTT and CS
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(CTT40CS group) was injected into infarcted rat hearts 30 min after MI. Sham, infarcted
hearts without injection (MI group) and infarcted hearts injected with hydrogel without CTT
and CS (Gel group) were used as controls. H&E images demonstrated that substantial left
ventricle dilation was occurred for the MI and Gel groups after 4 weeks of injection (Figure
5). In contrast, the CTT40CS group appeared to have less dilation. The wall thickness of
infarcted area was calculated from H&E images (Figure 6). The wall thickness of MI group
was decreased to 29% of the Sham group after 4 weeks. Injection of hydrogel significantly
increased the wall thickness to 46% of the Sham group (p<0.01, Gel group vs. Ml group). A
remarkable wall thickness increase was observed for the CTT40CS group where relative
wall thickness was 76% of the Sham group (p<0.01, CTT40CS group vs. Gel group). These
results demonstrate that the released CTT decreased MMP-2 bioactivity, leading to the
attenuation of cardiac ECM degradation. The higher magnification H&E images of the
infarcted area indicate that cell infiltration into the hydrogel occurred in both Gel and
CTT40CS groups (Figure 5).

Picrosirius red staining was used to characterize collagen types | and 11 in the infarcted area
(Figure 7). Both are major components in the cardiac ECM. Collagen type | is more rigid
than type I11. In the MI group, the ratio was less than 1/1 (Figure 7d). Injection of hydrogel
(Gel group) did not change the ratio (p>0.05, Gel group vs. MI group). Interestingly, the
injection of CTT40CS group significantly increased the ratio (p<0.05, CTT40CS group vs.
Gel and M1 groups). The greater collagen type Il ratio may make the infarcted tissue more
compliant.

3.5 Efficacy of CTT release in reducing cardiac fibrosis

Cardiac fibrosis naturally forms after MI. It is rich in type | collagen. To determine whether
CTT release can reduce cardiac fibrosis, total collagen content and myofibroblast density in
the infarcted area were characterized. Figure 7e shows that total collagen content in the Ml
and Gel groups were significantly higher than the CTT40CS group (p<0.05, CTT40CS
group vs. Ml and Gel groups). There was no significant difference between Ml and Gel
groups (p>0.05). These results in combination with collagen type I11/I ratios in Figure 7d
demonstrate that M1 and Gel group had higher type collagen I content than the CTT40CS
group. As myofibroblasts are mainly responsible for cardiac fibrosis, their densities in
different groups were determined from immunohistochemical staining images (Figure 8).
Myofibroblasts are identified as a SMA+ cells in the infarct area that are not co-localized
with VWF+ endothelial cells in the vessels. Consistent with type | collagen content, the
myofibroblast density was significantly higher in the MI and Gel groups than in the
CTT40CS group (Figure 9A. p<0.01, CTT40CS group vs. Ml and Gel groups). The Ml and
Gel groups had similar myofibroblast density. The above results demonstrate that the
released CTT significantly decreased cardiac fibrosis.

3.6 Efficacy of CTT release in improving cardiac function

To determine whether cardiac function can be increased when using CTT to inhibit cardiac
ECM degradation, left ventricular ejection fraction (EF), fractional shortening (FS), end-
systolic volume (ESV), and end-diastolic volume (EDV) were measured by
echocardiography (Figure 10 A-D). After 4 weeks of injection, the Gel group exhibited
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similar EF, FS, EDV and ESV as the MI group (p>0.05). Compared to the Gel group, the
CTT40CS group had significantly higher EF and FS (p<0.01 and p<0.05 for EF and FS
respectively), and lower ESV and EDV (p<0.05 for ESV and EDV). These results suggest
that using CTT to inhibit cardiac ECM degradation significantly increased cardiac function.

4. Discussion

The objective of this work was to develop a CTT-based MMP inhibitor release system that
can be locally delivered into infarcted heart to decrease activity of upregulated MMP-2, thus
inhibiting cardiac ECM from degrading after MI. The preserved cardiac ECM provides
mechanical support to the infarcted tissue so as to augment cardiac function. It also provides
a native-like platform for further vascularization and cell therapies in order to regenerate
new myocardium. As the CTT was delivered specifically into the infracted tissue, it can
efficiently reduce MMP activity in the damaged area with limited effect on healthy tissues.
Previous studies have demonstrated that local injection of hydrogels capable of releasing
tissue inhibitor of MMPs constrained the released inhibitor in the infarcted tissue.16: 20 The
continuous release of CTT makes repeated administration of the inhibitor unnecessary.
Importantly, CTT used in this work decreased myofibroblast density and cardiac fibrosis
(Figures 8-10).

To develop CTT release systems, a thermosensitive, fast gelation, and degradable hydrogel
was used as CTT carrier. The thermal sensitivity and degradability are contributed by
NIPAAmM and AOLA units, respectively. The role of HEMA unit is to increase the
hydrophilicity of the polymer. The hydrogel solution had a gelation temperature around
room temperature (26.5°C), and can solidify within 7 s at 37°C (Figure 2C). The use of
thermosensitive hydrogel for CTT delivery allows solidification process to be simply
initiated by temperature without using chemical crosslinkers that may raise cytotoxic
concerns. The advantage of fast gelation hydrogel is that it quickly immaobilizes in the heart
upon injection to largely retain CTT in the tissue. This is evidenced by our finding that no
hydrogel was leaked out during and after injection. The injected hydrogel not only serves as
CTT carrier but also provides mechanical support to the infarcted heart tissue. After Ml, the
left ventricular wall stress is gradually increased leading to the decrease of cardiac
function.*> Therefore, the injection of hydrogel with similar modulus as that of the heart
tissue may efficiently decrease elevated wall stress to increase cardiac function. In this work,
the developed hydrogel exhibited Young’s modulus of 35 + 5 kPa, within in the modulus
range of heart tissue.#®: 47 The hydrogel had a slow degradation rate with 7% of weight loss
after 8 weeks. The degradation product possessed a gelation temperature above body
temperature. It can thus dissolve in the body fluid and be removed from the body.

The CTT encapsulated in the hydrogel was able to gradually release for 4 weeks at 37°C in
PBS (Figure 3). Sustained CTT release was achieved when simply encapsulating it in the
hydrogel (Figure 3). This is interesting because CTT has a low molecular weight (1297 Da),
and small molecules usually release completely in a short period. The sustained CTT release
over 4 weeks is possibly resulted from hydrogen bonding between the hydrogel and CTT,
which delayed the CTT to release out. Specifically, amide and hydroxyl groups in the
hydrogel may form hydrogen bonding with amide groups in the CTT.
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The incorporation of glycosaminoglycans CS and HP in the hydrogel facilitated CTT release
(Figure 3). This is likely because CS and HP increased the hydrogel hydrophilicity as both
are highly hydrophilic and can interact with the hydrogel via hydrogen bonding.3° In
addition, HP may more greatly increase hydrogel hydrophilicity than CS since it has more
sulfate groups. As a result, the CTT released faster in the hydrogel with HP than that with
CS. The release profiles can also be tuned by CTT loading dosage. Figure 3 showed that a
higher loading dosage released more CTT (CTT20CS vs. CTT40CS). The released CTT
remained bioactive as it attenuated MMP-2 to degrade MMP-2 substrate (Figure 4B). The
above results demonstrate that the developed CTT release system can effectively release
CTT to decrease MMP-2 bioactivity. Previous studies showed that MMP-2 activity was
increased as soon as 1 h after MI19, and peaked around 2—3 weeks post-M111, Therefore, the
developed CTT release system has the potential to effectively attenuate MMP-2 activity at
different stages of MMP-2 upregulation. CTT release in vivo may be faster than in PBS as
the hydrogel may degrade quicker due to presence of enzymes in the tissue. Yet it is possible
that CTT release can last for 4 weeks in the infarcted region since the hydrogel was observed
after 4 weeks of implantation.

To examine the efficacy of CTT release in attenuating cardiac ECM degradation, three
groups were used for comparison, i.e., MI, Gel, and CTT40CS. After 4 weeks of post-Ml,
the Gel group had greater wall thickness than the MI group (Figures 5 and 6). This is
resulted from bulking effect of the injected hydrogel.#8 The injection of CTT40CS group
significantly increased wall thickness compared to the Gel group (Figures 5 and 6). This
indicates that the released CTT inhibited MMP-2 mediated cardiac ECM degradation.
Further analysis demonstrated that the preserved cardiac ECM had similar type I11/1 collagen
ratio as the healthy heart tissue (Figure 7d). These results clearly show that the released CTT
prevented cardiac ECM from degradation.

A potential concern when using MMP inhibitor for cardiac therapy is that cardiac fibrosis
may concurrently occur.16: 20,49 The formed scar tissue is rich in type I collagen, which
stiffens the infarcted heart tissue leading to cardiac function deterioration. MMP inhibitors
may initiate cardiac fibrosis in two aspects. First, they may stimulate cardiac fibroblasts to
differentiate into myofibroblasts to facilitate the secretion of type | collagen. Second, over
dose of MMP inhibitor may break the balance of collagen secretion and degradation, leading
to the increase in collagen content. In this work, the developed CTT release system actually
reduced cardiac fibrosis (Figures 7-10). Figures 9 and 10 demonstrate that the released CTT
decreased myofibroblast density compared to MI and Gel groups. In addition, the type |
collagen ratio in the CTT40CS group was decreased (Figure 7d). These results suggest that
CTT itself did not induce cardiac fibrosis, and the dosage of released CTT was appropriate.
The decrease in myofibroblast density is likely due to the decrease of MMP-9 activity by
CTT. MMP-9 has been shown to promote myofibroblast formation though epithelial
mesenchymal transition mechanism.>% CTT is an inhibitor specific to MMP-2 and
MMP-9.30 Both are upregulated after M1 although MMP-2 expression is more than 30 times
greater than that of MMP-9 in the damaged region.3!

The injection of the CTT40CS group into infarcted hearts augmented cardiac function (EF,
FS, ESV and EDV) compared to the MI and Gel groups (Figure 10). In addition, the Gel
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group had slightly higher EF and FS than MI group. This is likely due to mechanical support
of the hydrogel.5 In present work, the hydrogel had similar modulus as the healthy heart
tissue. It can thus efficiently decrease wall stress. The increase in cardiac function in the
CTT40CS group is possibly resulted from the mechanical support of hydrogel, the
preservation of cardiac ECM, and the decrease in cardiac fibrosis. The results in this study
are consistent with previous studies where delivery of recombinant tissue inhibitor of MMPs
into the infarcted hearts significantly increased cardiac function.®: 20 Various studies
demonstrated that increase of tissue vascularization may lead to cardiac function increase. In
this work, we found that injection of hydrogel or hydrogel encapsulated with CTT did not
increase vessel density in the infarcted area (MI: 37.1+15.3 lumens/mm?; Gel: 30.1%7.2
lumens/mm?2; CTT40CS: 39.6+8.4 lumens/mm?).

Overall, the above results demonstrate the benefits of using CTT based MMP inhibitor
release system to preserve cardiac ECM while decreasing cardiac fibrosis. CTT has a low
molecular weight and EC50 (16 uM or 18.4 pg/ml, Figure 4A). Therefore, a relatively low
concentration of CTT can efficiently inhibit MMP activity. This is advantageous over those
high molecular weight MMP inhibitor where a relatively higher concentration may be
needed.16: 20 The developed CTT release system is translational. It may be delivered into
infarcted hearts in the context of surgery, such as during coronary revascularization after
M1.16 The release of CTT also improved cellularization in the infarcted region compared to
the groups without CTT release (Figure 5). This is consistent with previous studies where
recombinant tissue inhibitor of MMPs was delivered into the infarcted hearts.16: 20 It is
possible that the growth factors in the preserved ECM played important roles in this process.
Therefore, the preserved cardiac ECM may provide a platform for cell therapy as these
growth factors may promote cell survival, proliferation and differentiation. Endogenous cells
like cardiac progenitor/stem cells, bone marrow stem cells and other stem cell types may
migrate into the cardiac ECM. These cells may differentiate into endothelial cells,
cardiomyocytes and other cell types for the regeneration of new cardiac tissue.

In this work, acute M1 model was used to investigate the effect of CTT release on cardiac
ECM degradation and cardiac function. Many previous studies have used this model to study
the efficacy of hydrogel therapy.16: 20. 51-53 The major limitation of the model is that it is not
highly clinically relevant as there are concerns that patients may not be able to receive
treatment after such a short time following MI.

5. Conclusions

An injectable, degradable, thermosensitive and fast gelation hydrogel was synthesized to
deliver MMP-2 specific inhibitor CTT into infarcted hearts. The developed CTT delivery
system was able to release bioactive CTT over 4 weeks. The use of glycosaminoglycans
such CS and HP accelerated the release. Delivery of the CTT release system into infarcted
hearts efficiently prevented cardiac ECM from degradation, attenuated cardiac fibrosis, and
improved cardiac function.
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Figure2.
Hydrogel solution was flowable (a) and injectable by 26G needle (b) at 4°C. It solidified at

37°C (c).
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Figure 3.

Release kinetics of CTT encapsulated in the hydrogel with or without chondroitin sulfate
and heparin. Two different CTT concentrations were loaded into the hydrogel (20 and 40
HIcTT/MGHydroger)- The error bars are small.
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Figure 4.
Bioactivity of CTT in inhibiting MMP-2 from degrading MMP-2 substrate. (A)

concentration-dependence of CTT; (B) bioactivity of CTT released at 8 hours, days 14 and
28. The error bars are small.
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Figureb.
H&E staining of the rat hearts after 4 weeks of injection. (a) Sham; (b) Ml; (c) Gel; and (d)

CTTA40CS. Scale bar = 2 mm for whole heart view, and scale bar = 100 um for higher
magnification view. The wall thickness of MI group was decreased compared to the Sham
group. Injection of hydrogel and CTT40CS group increased wall thickness. The higher
magnification H&E images indicated that cell infiltration into the hydrogel occurred.
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Relative left ventricle wall thickness at infarcted region of the Sham, Ml, Gel, and CTT40CS
groups. The hearts were harvested 4 weeks after injection. ** p<0.01. *** p<0.001.
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Figure7.
Picrosirius red staining of the hearts harvested 4 weeks after surgery. Views were taken at

the infarcted region of the Ml (a), Gel (b), and CTT40CS (c) groups. Collagen type 11/
ratio (d) and total area of collagen (e) were analyzed from the images. * p<0.05.
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Figure 8.
Immunohistological analysis of the infarcted region after 4 weeks of injection. (a, b) MI; (c,

d) Gel; and (e, f) CTT40CS. Scale bar = 60 pum.
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Figure9.

Myofibroblast density determined from immunohistological images for Ml, Gel, and
CTT40CS groups. ** p<0.01.
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p<0.05, ** p<0.01, and *** p<0.001.
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