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Abstract

Injectable biomaterials have been evaluated as potential new therapies for myocardial infarction
(M1) and heart failure. These materials have improved left ventricular (LV) geometry and ejection
fraction, yet there remain concerns that biomaterial injection may create a substrate for
arrhythmia. Since studies of this risk are lacking, we utilized optical mapping to assess the effects
of biomaterial injection and interstitial spread on cardiac electrophysiology. Healthy and infarcted
rat hearts were injected with a model poly(ethylene glycol) hydrogel with varying degrees of
interstitial spread. Activation maps demonstrated delayed propagation of action potentials across
the LV epicardium in the hydrogel-injected group when compared to saline and no-injection
groups. However, the degree of the electrophysiological changes depended on the spread
characteristics of the hydrogel, such that hearts injected with highly spread hydrogels showed no
conduction abnormalities. Conversely, the results of this study indicate that injection of a hydrogel
exhibiting minimal interstitial spread may create a substrate for arrhythmia shortly after injection
by causing LV activation delays and reducing gap junction density at the site of injection. Thus,
this work establishes site of delivery and interstitial spread characteristics as important factors in
the future design and use of biomaterial therapies for Ml treatment.
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1. Introduction

With myocardial infarction (MI) affecting over one million Americans each year [1], there
has been a push for the development of novel therapies for the treatment of MI, subsequent
left ventricular (LV) remodeling and eventual heart failure (HF). The field of biomaterials
for treating MI has rapidly expanded over the past decade and in particular, injectable
biomaterials, including hydrogels, have been evaluated as potential minimally invasive
therapies for M1 and HF [2-4]. Injection of hydrogels composed of collagen [5, 6], alginate
[7, 8], fibrin [9], chitosan [10], small intestinal submucosa [11], myocardial matrix [12, 13]
and degradable synthetic materials [14-16] have shown therapeutic benefit in terms of
global cardiac parameters such as improved or maintained left ventricular geometry and
ejection fraction (EF). As these therapies show positive results with potential for catheter
delivery in some cases [8, 12], injectable hydrogels are beginning to advance to large animal
pre-clinical models [8, 13] and recently clinical trials [17, 18]. Several hydrogels have also
shown success in improving cell transplant survival in the heart in animal models [2, 3, 19,
20]. With the promise of injectable hydrogels, it is exceedingly important to understand the
mechanisms by which this type of biomaterial affects the underlying tissue and the impact
on not only treatment of the pathological condition, but also patient safety.

Many patients eligible for a cell and/or biomaterial therapy may already be at increased risk
of ventricular arrhythmia [21], so it is essential that the therapy does not increase the
ventricular vulnerability above the baseline level. However, previous studies have shown
that injection of certain cell types disturbs normal electrical propagation through the tissue
and increases vulnerability to dangerous ventricular arrhythmias [22—24]. Along similar
lines, injection of a hydrogel in the myocardium could cause conduction abnormalities and
alter action potential propagation. If such changes occurred, the hydrogel could create a
substrate for arrhythmia and ultimately a pose hazard to patient safety. However to date,
studies aimed at understanding the effect of hydrogel injection on cardiac electrophysiology
and arrhythmogenesis are lacking.

A variety of both biologically derived and synthetic hydrogels have been injected into
infarcted tissue as a potential therapy for MI. There is heterogeneity in both the site of
delivery and interstitial spread of these biomaterials. Injection of a hydrogel in the infarcted
region of the myocardium has been advantageous through augmentation of LV wall

Acta Biomater. Author manuscript; available in PMC 2016 October 15.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Suarez et al.

Page 3

mechanics [5] and promoting cellular migration into the region [25]. In contrast, injection
into the viable border zone has shown improved myocardial salvage and prevention of
infarct expansion [26]. The latter is also a common injection site when delivering cells [27].
One concern is that the presence of the hydrogel in viable tissue may make that region
vulnerable to alterations in electrical propagation. Another important concern is that
different hydrogels demonstrate varying degrees of interstitial spread [28-30]. Hydrogels
with low spread stay confined in a localized region resulting in myocardium being pushed to
the perimeter of the hydrogel structure. In contrast, highly spread hydrogels occupy the
interstitial space between neighboring cardiomyocytes resulting in the presence of
myocardial fibers throughout the hydrogel structure. The amount of integration with the
native myocardium may therefore influence how the hydrogel impacts the
electrophysiological properties of the underlying tissue.

Optical mapping is widely established as a robust technique for the detection, visualization
and quantification of electrophysiological changes in cardiac tissue [31]. This technology
has been recently utilized for the assessment of changes in electrophysiology and potential
arrhythmogenesis after infarction [32, 33] and cellular transplantation at the site of infarction
[34, 35]. Herein, we utilize optical mapping as a tool to assess the effects of injection of a
hydrogel with varying interstitial spread on LV activation and repolarization in healthy and
cryoinfarcted hearts acutely following injection. This work assesses the potential of this type
of biomaterial to become a substrate for arrhythmias.

2. Materials and Methods

All experiments in this study were conducted in accordance with the guidelines established
by the Institutional Animal Care and Use Committee and the American Association for
Accreditation of Laboratory Animal Care and were approved by the Institutional Animal
Care and Use Committee at the University of California, San Diego.

2.1. Preparation of injectable materials

Hydrogels were prepared by mixing solutions of 4-arm polyethylene glycol-succinimidyl
glutaramide (PEG-SGA, JenKem Technology USA, Plano, TX; 50 mg/mL in phosphate
buffer pH 4.0) and 4-arm polyethylene glycol-amine (PEG-NH,, JenKem Technology USA,
Plano, TX; 50 mg/mL in borate buffer pH 8.0) to create PEG hydrogels by chemical
crosslinking. PEG-ASG and PEG-NH, were combined in a 1:1 ratio and gelation occurred
40 seconds after mixing in vitro.

2.2. Experimental Design

Sixty-six Sprague-Dawley rats were divided into healthy (n = 31) and cryoinfarct (n = 35)
groups. Healthy animals received either hydrogel injection (n = 15), saline injection (n = 8)
or no injection (n = 8) into the LV free wall. Animals undergoing the cryoinfarct surgery
were allowed to recover for one-week prior to injection surgeries. At the time of injection
surgery animals were divided into treatment groups: hydrogel injection into the borderzone
(n =17) or no injection (n = 18). Twenty-minutes after injection, the hearts were excised and
hung on a Langendorff apparatus to complete optical mapping experiments. After
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completing the mapping, hearts were prepared for histological analysis. Specific methods
are detailed below.

2.3. Cryoinfarction surgery

Female Sprague Dawley rats were anesthetized using 5% isoflurane, intubated and
maintained at 2.5% isoflurane for the surgery procedure. A left thoracotomy was used to
access the heart. A custom cryoprobe filled with liquid nitrogen was held at the apical end of
the LV free wall for thirty seconds to create the cryoinfarct. The animals were sutured
closed and allowed to recover. One week after cryoinfarction, hemodynamic measurements
and an injection surgery were performed as described below for hydrogel-injected and non-
injected groups. Hydrogel injections were made at the border zone of the basal side of the
infarct. Cryoinfarct location was selected so that the entire injury would be visible in the
imaging frame and so that hydrogel injections could be made in a similar location to healthy
hearts. If the probe location was inconsistent leading to a cryoinfarct that was too close to
the apex (out of the viewing frame) or too close to the base (interfering with hydrogel
injection) the hearts were excluded from analysis (n = 4 excluded from each group). No
mortality occurred during these procedures.

2.4 In vivo hemodynamic measurements and injection surgery

Female Sprague Dawley rats were anesthetized using 5% isoflurane, intubated and
maintained at 2.5% isoflurane for the surgery procedure. The animals were ventilated using
a respirator at 75 breaths/minute. The right carotid artery was carefully isolated and a
pressure transducer (Millar; SPR-407) was inserted in through the carotid artery and
advanced into the left ventricle. The isoflurane was reduced to 1% and the ECG and LV
pressures were monitored and recorded. End diastolic pressure (EDP) was defined as the LV
pressure at the peak of the QRS complex while peak systolic pressure (PSP) was established
as the maximum LV pressure. All pressure measurements were averaged over 10 beats in
the cardiac cycle. After acquiring pressure measurements, the heart was exposed using a left
anterior thoracotomy and injected once with either 75 pl of the hydrogel or saline using a 27
G needle into LV free wall or not injected as a sham group. To create a range of resulting
interstitial spread of the hydrogel, the mixed solution was injected into the LV myocardium
between 25 and 35 seconds after mixing. In general, the earlier the mixture was injected, the
more interstitial spread occurred before gelation and vice versa. There was some variability
in spread within one injection time point, but this method enabled a broader range of
interstitial spread from approximately 20 to 50 % (Figure S1). Isoflurane was maintained at
2.5% during the injection procedure. Presence of the injection was verified by temporary
discoloration of the tissue. If the hydrogel was partially or fully extruded from the tissue
immediately following injection the hearts were excluded from the study (n = 3 healthy and
n = 3 cryoinfarcted excluded). Post-injection hemodynamic parameters were measured 20
minutes after injection, or an equivalent time point after the heart was exposed for non-
injected controls, as described at baseline. No mortality occurred during these procedures.

2.5. Optical mapping of the polymer injection in Langendorff-perfused rat heart

Final group numbers that were included in the optical mapping analysis were as follows:
healthy (hydrogel: n = 12, saline: n = 8, no injection: n = 8) and cryoinjured (hydrogel: n =
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10, no injection: n = 14. Immediately after post-injection hemodynamic measurements (20
minutes post-injection), the hearts were excised and arrested using a solution containing 25
mM NaHCOg3, 2 mM CaCl,, 5 mM Dextrose, 2.7 mM MgSQy, 22.8 mM KCI, 121.7 mM
NaCl, 20 mM 2,3 butanedione monoxime. The aorta of the heart was cannulated and
attached to a Langendorff apparatus. The hearts were then retrograde perfused with a
Tyrode’s solution (25 mM NaHCO3, 2 mM CaCl,, 5 mM Dextrose, 2.7 mM MgSOy, 4.8
mM KCI, 121.7 mM NaCl, 10 mM Blebbistatin) at 37° C in a custom designed optical
mapping chamber. A constant pressure of 70 mmHg was maintained and the flow rate was
monitored. Blebbistatin (EMD Millipore, Darmstadt, Germany) was used as an
electromechanical decoupler as previously shown to minimize motion artifact [36].

The heart was stained with the voltage sensitive fluorescent dye di-4-ANEPPS (Biotium,
Hayward, CA) that was dissolved in dimethysulfoxide (DMSO) and diluted to 5.2 mM with
Tyrode’s solution. A 10 mL bolus of this solution was injected into the perfusion line. The
LV free wall was imaged with a high-speed CMOS camera (MiCAM Ultima L, Brainvision)
using a custom-built tandem lens imaging system, with an objective lens of 0.5X and
imaging lens of 1X (Leica planapo objective). Images were collected with a spatial and
temporal resolution of 100 x 100 pixels at 0.2 mm x 0.2 mm per pixel, and a frame rate of
1000 frames per second. The dye-stained LV epicardial surface was excited by an LED lamp
(LEDtronics) at 470 nm (excitation of the LED lamps) and the emitted fluorescence was
collected and filtered with a long-pass filter >610 nm (Figure 1). The images were collected
at intrinsic cardiac rhythm.

2.6. Data analysis

Optical signals were imported into Matlab and analyzed using custom software as
previously described [37]. Briefly, activation time was identified at each pixel as the time of
maximum rate of change of fluorescence for the action potential upstroke for each beat
(dF/dt)max- To calculate the time of repolarization, the time at which the action potential
recovered to 20%, 50%, and 80% of the peak value were determined. The action potential
duration (APD) at 20%, 50%, and 80% were calculated as the difference between
repolarization time at the respective level and activation time of the action potential. The
dispersion in APD and repolarization times was calculated as the difference between the
maximum and minimum APD or repolarization time over the LV epicardium in the field of
view respectively. Heterogeneities in dye perfusion created increasing variability in
dispersion values at longer repolarization times. Therefore dispersion in APD and
repolarization in healthy hearts were only determined at 20% repolarization. Furthermore
due to the resultant dye perfusion differences in the cryoinfarcted hearts (ie. non-perfused
infarcts), dispersion values were not determined in these hearts.

2.7. Histology

After the completion of the optical mapping experiments, the heart was removed from the
cannula, embedded and fresh frozen in Tissue-Tek O.C.T. freezing compound. Short axis
cross sections (10 um thick) were taken every 350 um from apex to base and stained with
hematoxylin and eosin (H&E). Cryoinjury size, measured as percent of LV circumferences,
was quantified as previously described [38]. Slides were imaged with a Carl Zeiss Observer
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D.1 and hydrogel spread was quantified using Photoshop software (Adobe Photoshop CS3).
Specifically, the injection region was selected to include the hydrogel with any respective
penetrating muscle. The hydrogel within the injection region was identified by the lightly
pink stained material, and histological artifacts were carefully avoided in all measurements.
The pixel count was recorded for both the “injection’ and “hydrogel’ regions for each heart
slice. Known spacing between slices enabled calculation of “injection volume’ and
‘hydrogel volume’ and the percent muscle within the hydrogel was determined as:

Volume — Volumenydrogel

Injection

x 100
VOlumeInjcction

Percent muscle within hydrogel=

2.8. Gap junction staining and quantification

To assess gap junction density, immunohistochemistry was performed on two representative
slides from each heart. Slides containing the largest area of hydrogel were used in the
hydrogel group, and equivalent anatomical locations were used in non-injected and saline-
injected hearts. Cryosections were fixed with acetone, incubated with anti-connexin 43
antibody (EMD Millipore, Billerica, MA; 1:200 dilution) and anti-cardiac troponin antibody
(Abcam, Cambridge, United Kingdom; 1:100 dilution), and then stained with Alexa Fluor
568 anti-mouse antibody (Invitrogen, Carlsbad, CA; 1:500 dilution) and Alexa Fluor 488
anti-rabbit antibody (Invitrogen, Carlsbad, CA; 1:500 dilution). Nuclei were visualized with
fluorescent Hoechst 33342. Slides were imaged using a Leica DM6000B (Leica
Microsystems Inc, Buffalo Grove, IL) immune-fluorescent microscope at 20x magnification
and analyzed using a proprietary Leica software suite. Gap junction densities in the hydrogel
groups were measured in the injection regions as well as in a region on the LV free wall
adjacent to the injection. A representative area within the LV free wall was selected for
analysis in all other groups. Gap junction density was calculated as:

Area of connexind3 positive staining
# of nuclet

Gap junction density=

2.9. Statistical analysis

A one-way analysis of variance (ANOVA) test with a Dunnet post-hoc test analysis was
used to detect differences among groups for the pressure measurements. ANOVA with
Newman-Keuls post-hoc analysis was used to detect differences in LV activation time in
healthy hearts, in dispersion of APD and repolarization at 20%, as well as in gap junction
densities between groups. A t-test was used to compare LV activation times of cryoinfarcted
heart treatment groups. Correlation analysis was performed to determine whether LV
activation time, dispersion of 20% repolarization and gap junction density depended on the
percent muscle within the hydrogel injection. All measurements were reported mean + SEM,
unless otherwise specified. Significance was accepted at p < 0.05.
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3.1. Hemodynamic measurements

Hemodynamic measurements were performed at baseline to ensure normal cardiac behavior
prior to the injection surgery and also as a comparison between injected and non-injected
hearts prior to optical mapping. The average baseline LV EDP and PSP in the rat hearts
included in the study was 8.31 + 1.02 mmHg and 96.02 + 11.8 mmHg respectively,
signifying normal cardiac function. Measurement of the hemodynamic properties acutely
after injection demonstrated no statistical differences in LV EDP and PSP between injected
hearts and respective non-injected controls, indicating no acute changes in hemodynamic
parameters upon injection of the biomaterials (Table 1).

3.2. Optical mapping and histological analysis

Immediately after post-injection hemodynamic measurements the hearts were excised and
arrested. Electrical propagation in the isolated rat heart was studied using a Langendorff,
aorta-perfused setup. Fluorescent images of the epicardial surface of the hearts were
obtained to verify the perfusion of the dye over the entire healthy epicardium; the dye did
not perfuse the cryoinfarct region (Figure 2A & 2E, respectively). Histological analysis was
performed upon completion of the optical mapping study to verify the presence and
distribution of material in the injection region. In Figure 2B & 2F the hydrogel injection
region is clearly visible as denoted by the black arrows. Non-injected and saline-injected
healthy heart slices are shown for comparison (Figure 2C & 2D, respectively). In Figure 2F
and 2G the cryoinfarct is visible and denoted by red arrows for hydrogel-injected and non-
injected hearts, respectively.

3.3. Action potential propagation

The timing of hydrogel injection was varied to generate a wide range of interstitial spread
(Figure S1; r = —0.48; p < 0.03). For initial analysis all hydrogel-injected hearts were
combined into one group. To detect any alterations in action potential propagation due to the
presence of the hydrogel, LV activation maps were constructed to depict action potential
propagation. Representative color maps indicate that LV activation times were higher in the
healthy hydrogel-injected hearts compared to non-injected and saline-injected, particularly
towards the base (Figure 3A). When including all degrees of hydrogel spread, on average
injection of the hydrogel led to a significant increase in total LV activation time, 5.2 + 0.4
ms compared to saline 3.5 £ 0.4 ms (p < 0.01) and no-injection 4.1 + 0.2 ms (p < 0.05),
indicating slowed action potential propagation across the LV (Figure 3B). To determine
whether similar increases in LV activation time would occur following hydrogel injection in
infarcted hearts, the hydrogel was injected into the borderzone one week following
cryoinfarction surgery. There was no difference in cryoinfarct size between hydrogel-
injected (22 £ 3%) and non-injected controls (18 + 2%). Again significantly higher LV
activation times were observed following hydrogel injection, 6.1 + 0.4, compared to no-
injection, 4.6 + 0.3 (p < 0.02; Figure 3C & 3D), revealing slowed action potential
propagation through hydrogel-injected tissue bordering an infarct.
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To investigate the effect of hydrogel spread on action potential propagation, the amount of
myocardium penetrating the hydrogel in each heart was determined histologically. High and
low percent muscle within the hydrogel was the metric used to define high and low
interstitial spread, respectively. Representative images of hydrogels exhibiting low and high
interstitial spread are shown in Figure 4A-D. The percent muscle within the hydrogel was
then compared to the LV activation time for each heart. There was a significant correlation
between the percent of muscle within the hydrogel injection and the LV activation time for
healthy (r = —0.78; p < 0.01; Figure 4E) and cryoinfarcted (r = —0.93; p < 0.0001; Figure 4F)
hearts. Specifically, lower LV activation times, comparable to non-injected hearts, occurred
in hearts with high percent muscle within the hydrogel (>35%), whereas when the percent
muscle in the hydrogel was low (<35%), the LV activation times were higher, indicative of
slowed conduction. The combined distribution for all hydrogel injected hearts is shown in
Figure 4G (r = -0.85; p < 0.0001). We compared the hydrogel volume in each heart to the
percent muscle within the hydrogel (Figure S2A) as well as to the activation time (Figure
S2B) and found no correlation (r = -0.31; p=0.18 and r = 0.17; p = 0.48, respectively).
Thus, injection of highly spread hydrogels caused no change in action potential propagation
across the LV, but propagation was slowed following injection of minimally spread
hydrogels.

3.4. Changes in other electrophysiological parameters

Dispersion in action potential duration (APD) and repolarization can increase the likelihood
for reentrant arrhythmias by creating local disturbances in the tissue [39]. Measurements of
action potential characteristics such as APD at 20%, 50% and 80% repolarization levels
demonstrate no significant changes in APD5g, APD5g and APDgq by the injection of the
hydrogel in healthy or cryoinfarcted hearts (Table 2). There were similarly no differences in
dispersion of APD,q between groups in healthy hearts (Figure 5A). However, there was a
trend for increased dispersion at 20% repolarization in the hydrogel-injected healthy hearts
compared to the saline and no injection groups (p = 0.06; Figure 5B). Color maps were
created to visualize the time of 20% repolarization at each pixel on the epicardium, which
revealed increase 20% repolarization times at the base of some hydrogel-injected healthy
hearts (Figure 5C). Furthermore, a higher percent of muscle within the hydrogel injection
significantly correlated with a lower dispersion of 20% repolarization (r = -.0.67; p < 0.03).
This indicates that the degree of interstitial spread of the hydrogel also impacted the
dispersion of repolarization in healthy hearts. As described in the methods section, the
absence of dye perfusion in the cryoinfarct resulted in increased variability in repolarization
times and thus these values were not reported. Specifically, a highly spread hydrogel did not
create heterogeneities in action potential characteristics, while such variability was observed
following injection of a hydrogel with low spread.

3.5. Impact of polymer interstitial spread on gap junction density

To better understand the mechanism behind the effect of hydrogel interstitial spread on
action potential propagation, the gap junction densities (Cx43+ area per nuclei) within the
hydrogel injection and a region adjacent to the hydrogel were quantified. For comparison,
gap junction density within a representative area of the LV free wall was quantified for non-
injected and saline-injected groups. Again including all degrees of hydrogel spread, when
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compared to all other groups, gap junction densities within the hydrogel injection site were
significantly lower on average for both healthy (Figure 6A; p < 0.0005) and cryoinfarcted
(Figure 6B; p < 0.0001) hearts. Comparison of hydrogel spread and gap junction density
revealed that an increase in the percent muscle within the hydrogel injection in healthy and
cryoinfarcted hearts correlated with an increase in gap junction density (r = 0.66; p < 0.005;
Figure 6C). Gap junction densities within the highly spread hydrogels were close to the
densities observed in non-injected hearts, yet were lower within the less spread hydrogels. A
representative image of the ‘normal’ gap junction density of non-injected/saline-injected
hearts is shown in Figure 6D along with the densities in the injection site of a hydrogel with
high and low interstitial spread (Figures 6E and 6F, respectively).

4. Discussion

With the rapid increase in potential injectable biomaterial therapies for myocardial repair
after infarction, the question of safety of biomaterial injection is an important issue and pre-
requisite to clinical translation. In this study the important, but often overlooked issue of
electrophysiological impact of hydrogel injection during these procedures was studied.
Utilizing optical mapping, we were able to assess the acute effect of intramyocardial
injection of a hydrogel on the global electrophysiological parameters — activation time,
APD, and repolarization. Most importantly, we found that injection of a hydrogel with high
interstitial spread did not affect LV activation time, while injection of a hydrogel with low
interstitial spread significantly increased this parameter. Using the metric of ‘percent muscle
within the hydrogel’ to quantify hydrogel spread, we found that a hydrogel injection
containing >35% muscle did not increase the LV activation time compared to non-injected
hearts (Figure 4). Similarly, these highly spread hydrogels did not increase dispersion of
repolarization (Figure 5D). Interestingly, we did not observe any differences in APD
between hydrogel-injected and non-injected hearts. Thus the electrophysiological impact of
the minimally spread hydrogel injection was through delaying action potential propagation
across the LV, rather than altering the action potential morphology.

A potential mechanism by which the injection of the hydrogels with low interstitial spread
caused slowed action potential propagation may be the disruption of gap junctions between
the conductive cardiomyocytes. Disturbance in gap junctions has been associated with
induction of harmful ventricular arrhythmias in small animal studies [40]. Here we show
that cardiac muscle within the hydrogels with low spread had a reduced gap junction density
compared to muscle penetrating highly spread hydrogels. There was likely a combination of
factors that lead to the rapid reduction of gap junction density following hydrogel injection.
First, connexin43 is rapidly turned over in healthy rat hearts, with a half-life of just over one
hour [41]. Furthermore, one response of cardiomyocytes under lethal and sub-lethal stress is
a reduction in gap junction density [41]. Thus under the stress of muscle fibers being
physically separated by the hydrogel, the cardiomyocytes in the injection region may have
initiated a survival response that included reducing gap junction density. In combination
with the already rapid connexin43 turnover rate this could result in low gap junction
densities just twenty minutes after hydrogel injection. Gap junction density in the
myocardium adjacent to the injection region was unaffected.
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The clinically relevant question is whether or not slowing of action potential propagation
and reduced gap junction density caused by injection of a hydrogel with low interstitial
spread would lead to ventricular arrhythmias. VVan Rijen et al. showed that through
conditional deletion of connexin4d3 (Cx43) in adult mice, >70% reduction in Cx43 protein
expression was required to significantly slow conduction velocity (CV) and enhance
arrhythmogenesis [42]. Even with a 50% reduction in Cx43 expression, CV was maintained
at normal levels. In our study, when the hydrogel spread was low enough to cause high LV
activation time (<35% muscle in the injection, Figure 4), gap junction densities inside the
hydrogel were on average >70% reduced compared to healthy myocardium (Figure 6). This
suggests that the disruption may be enough to enhance arrhythmogenesis. In contrast, in
hearts injected with highly spread hydrogels that did not increase global activation time
(>35% muscle in the injection, Figure 4), gap junction densities within the injection tended
to be <70% reduced (Figure 6), reducing the risk for arrhythmogenesis based solely on gap
junction density.

The gap junction density and distribution seen in the less spread hydrogels (Figure 6E) also
looked remarkably similar to that observed by Van Veen et al. in mice with severe
interstitial fibrosis caused by aging and a 50% knockdown of the Scn5a sodium channel
[43]. Fibrosis has been indicated as a substrate for reentrant arrhythmia in patients with
dilated cardiomyopathy [44]. This and other studies [45] have indicated the architecture of
the fibrosis as a factor in whether or not conduction block was observed. Small amounts of
interstitial fibrosis did not appear to disrupt lateral cell-cell connections, mitigating the
generation of anisotropic conduction [44, 45]. Thus, based on comparable disruption of cell-
cell coupling, the hydrogel with low spread may act as a substrate for arrhythmia in a similar
manner to severe fibrosis. Furthermore, it is also possible that the degree of interstitial
spread impacted the stiffness of the hydrogel, which may have contributed in part to the
observed differences in conduction. Finally, it is now widely accepted that cardiac electrical
conduction is a function of not only the cellular conductivity but also the conductivity of the
extracellular space [46, 47]. The presence of a hydrogel with different electrical properties
than the native extracellular matrix could affect the local extracellular conductivity, though
this warrants further study. All these studies suggest that distribution in the tissue is an
important factor to consider when designing injectable biomaterial therapies for M.

Controlling how much hydrogels spread in the tissue is complex due to contribution of
several factors. For example, gelation mechanism, injection time and material concentration
could all be modified to achieve varying interstitial spread. In this study, we varied injection
time of a model PEG hydrogel to allow for a wide range in the degree of hydrogel spread in
the tissue. We chose a PEG hydrogel with a polymer content of 50 mg/mL to create a gel
with mechanical properties within the range of other commonly injected material for
biomaterial M1 therapy [27, 48]. Selecting a concentration in the middle of the range
allowed access to both high and low amounts of interstitial spread. Other material properties
could however be modulated to achieve differences in interstitial spread. For example,
materials such as alginate can be crosslinked in situ following intracoronary infusion, which
leads to greater interstitial spread of the material in the tissue. In fact both large animal
studies [8] and initial clinical trials [17, 18] show no evidence of arrhythmias with this
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material. Moreover, other materials with higher interstitial spread such as a myocardial
matrix hydrogel have not been shown to elicit arrhythmias in large animal models [13]. In
contrast, other studies using materials, which appear to have lower interstitial spread, have
had potential indicators of arrhythmias. Injection of a different alginate formulation into a
chronic canine heart failure model (microembolization) was non-arrhythmogenic in the
long-term; however, one hydrogel-injected dog died from ventricular fibrillation shortly
after the injection [49]. The histological images of the injected dog hearts reveal fairly low
interstitial spread [49], which may have contributed to the rhythm disturbance in the animal
that died post-injection. Another fast gelling hydrogel system, a fibrin-alginate composite,
was injected into infarcted porcine myocardium [50]; the authors noted that mortality was
higher in hydrogel-injected animals, which they believed warrants further study into the
impact of the hydrogel on electrical activation patterns. While the exact cause in both studies
cannot be definitively determined given even needle penetration into the myocardium can
cause ventricular arrhythmias, these studies along with the results of the current study,
suggest that the link between material properties and arrhythmia vulnerability should be
continued to be carefully studied prior to clinical translation. This study only investigated
the impact of hydrogels, but micro- and nano-particles are another commonly used form of
biomaterial for treating cardiovascular disease [51]. These particles typically spread well
through the interstitial space and consequently should, based on the results of the current
study, provide minimal disruption to cardiac conduction.

Previous studies have shown that the infarct already has slowed or disturbed conduction
[32], so injection of a hydrogel into the infarct may not cause conduction abnormalities
superseding the effects of infarction injury. In a study by Singelyn et al., arrhythmogenesis
was assessed in rat M1 model one week after injection of a myocardial matrix hydrogel in
the infarct region and there were no increases in incidences of arrhythmia [12]. Similar
results were seen after both intracoronary and intramyocardial injection of different
hydrogels in a porcine infarct [8, 20]. On the other hand, the borderzone contains electrically
viable and vulnerable tissue, so injection or spread of material into this region could be a
concern. Herein, we injected a hydrogel first in viable myocardium to specifically
understand the acute effect of material injection and interstitial spread on myocardial tissue
containing viable myocytes. Subsequently we injected the hydrogel into the borderzone of
an infarct to determine if viable myocardium bordering the injury was susceptible to the
same alterations in action potential propagation. One limitation of this study is the use of a
rodent model instead of a large animal model; this was chosen given the high number of
animals needed to complete a thorough investigation of hydrogel spread on conduction. In
addition, it is acknowledged that the cryoinjury model is not as physiologically relevant as
an occlusion model, but it was selected because it allowed dye perfusion of the viable
myocardium. Since the dye is introduced to the tissue through retrograde perfusion total
occlusion and ischemia-reperfusion models of MI create permanent damage to the vessels
preventing sufficient dye perfusion for imaging. The cryoinjury model also enabled control
over the location of the infarct and was initiated on the epicardial surface, facilitating
consistency across the hearts and clear visualization with the ex vivo imaging. In both
healthy and cryoinfarcted rat hearts, injection of a highly spread hydrogel into viable
myocardium resulted in no change to the LV activation time compared to non-injected
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controls, while hydrogel injections with low spread increased LV activation time shortly
after injection.

In this acute study, PEG was selected due to its bio-inert characteristics in order to isolate
and model the impact of the physical presence of a hydrogel on heart electrophysiology. The
hydrogel-injected hearts were excised within one hour of injection because a major concern
with arrhythmias is in the acute phase following injection. Our study suggests that it is
ultimately important how the injected material resides within the myocardium. Thus,
negative initial impacts on electrophysiology can be potentially avoided by designing the
material to spread well within the myocardium, and/or injecting into solely the infarct
instead of the borderzone. Given the difference in the size and heart rate of the human heart
compared to a rodent heart, it will, however, be important to study these parameters in large
animal models. Moreover, at later time points, degradation of the biomaterial and resulting
cell infiltration will both contribute to its level of risk of becoming a substrate for
arrhythmia, and therefore, it is also important to continue to study the risk of arrhythmias for
each individual biomaterial over time prior to use in patients.

5. Conclusions

Injection of a highly spread hydrogel in the myocardium does not alter action potential
propagation soon after injection, while injection of a hydrogel with low spread may create a
substrate for arrhythmia by causing slowed action potential propagation through reduced gap
junction density at the site of injection. While injection into the infarct may not be a concern
given the already slowed or perturbed conduction, our results indicate that delivery of a
highly spread hydrogel into viable or border zone myocardium is safe whereas a hydrogel
with low spread may have deleterious acute effects. This work establishes site of delivery
and spread of biomaterials in the tissue as important factors in the future use and
development of biomaterial therapies for MI treatment, and warrants further investigation in
large animal models.
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Fig. 1.
Schematic of experimental procedure. The healthy and cryoinfarcted hearts injected with the

hydrogel or saline are depicted, followed by the optical mapping setup. The heart is excised
and the aorta is cannulated for perfusion of the tissue with Tyrodes solution, allowing the
heart to remain viable ex vivo. A voltage sensitive dye (di-4-ANNEPS) is perfused through
the coronaries. A LED light excites the dye at 470 nm (black arrow) and the emitted
fluorescence is collected at a wavelength greater than 610 nm (red arrows). The incident
fluorescent signal is captured by a high-speed camera (1000 frames/second) and then
computational techniques are used to analyze the data.
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Fig. 2.

Higstological analysis. (A) Representative fluorescent image of the di-4-ANNEPS-perfused
healthy heart. Note: dye perfusion over the entire epicardial surface. Representative slides
stained with H&E for histological assessment of (B) hydrogel-injection (C) no-injection (D)
and saline-injection after optical mapping. A black arrow denotes the hydrogel in the
myocardium. All photomicrographs are taken at 1X and scale bar is 1mm. (E)
Representative fluorescent image of the di-4-ANNEPS perfused cryoinfarcted heart. Note:
dye perfusion over the entire epicardial surface except the cryoinfarct. Representative slides
stained with H&E for histological assessment of (F) hydrogel-injection (G) and no-injection
after optical mapping. Red arrows denote the cryoinfarction.
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LV activation time. (A) Representative activation maps of the LV free wall of healthy hearts
demonstrate high LV activation time at the base in the hydrogel injected group indicating
slowed action potential propagation when compared with saline and no-injection. (B) Total
LV activation time was significantly greater in the hydrogel injected group compared to all
other groups (*p < 0.01). (C) High LV activation time was also visible in cryoinfarcted
hearts injected with a hydrogel compared to no-injection. (D) Moreover, total LV activation
time was significantly greater in cryoinfarcted hearts in the hydrogel group compared to no-

injection (*p < 0.02).
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Fig. 4.
Hydrogel interstitial spread. Representative images of myocardium injected with hydrogels

exhibiting (A-B) low and (C-D) high interstitial spread. Hearts with an average of 27% and
50% percent muscle within the hydrogel are shown in A and C, respectively. Increased
percent muscle within the hydrogel resulted in lower activation time in both (E) healthy (r =
-0.78; p < 0.008) and (F) cryoinfarcted (r = —0.93; p < 0.0001) hearts. (G) The percent
muscle within the hydrogel ranged from 20-50% across all hearts (r = —0.85; p < 0.0001).
Scale bar: Imm (A & C); 100 um (B & D).
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Fig. 5.

Digspersion of APD and repolarization. (A) Dispersion of APD at 20% repolarization
revealed no significant differences between groups in healthy hearts. (B) While more
variability was visible in 20% repolarization values in hydrogel-injected hearts compared to
no-injection and saline-injection, differences were not significant (#p = 0.06) (C) Color
maps depicting the time of 20% repolarization at each pixel of the LV free wall show
slightly greater dispersion in hydrogel-injected hearts. (D) The increased dispersion in 20%
repolarization times correlated significantly with the percent muscle in the hydrogel (r =
-0.67; p < 0.03).
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Fig. 6.

Ggp junction density. (A) Gap junction densities (Cx43+ area (um2)/number of nuclei)
within the hydrogel injection site of (A) healthy (*p < 0.0005) and (B) cryoinfarcted (*p <
0.0001) were significantly lower than all other groups. Density of gap junctions was
normalized to cell number to take into account blank regions containing the hydrogel. (C)
Increased percent muscle within the hydrogel in healthy and cryoinfarcted hearts resulted in
increased gap junction density (r = 0.66; p < 0.005). Representative images of (D) non-
injected, (E) highly spread hydrogel-injected and (F) minimally spread hydrogel-injected
hearts display the variability in gap junction (red) density. Scale bar: 100 pm.
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Table 1

Hemodynamic data.

Baseline Post-injection

EDP (mmHg) PSP (mmHg) EDP (mmHg) PSP (mmHg)

None - Healthy 9.03 £0.47 99.87 +3.40 8.37+0.45 81.27 £4.45
Saline - Healthy 7.96 £0.34 95.35+2.16 8.06+ 0.45 74.50 +5.39
Hydrogel - Healthy 8.05+0.41 91.10+£9.15 8.57+0.45 73.88 +8.23
None - Cryoinfarct 8.16 £0.31 95.94 +3.16 7.94+0.37 95.82 +3.09

Hydrogel — Cryoinfarct  8.34 £ 0.29 97.82+2.44 8.38+£0.35 82.06 £ 5.04
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Action potential duration data.

APD20 APD50 APD80
None - Healthy 119+03 221+08 479=%15
Saline - Healthy 11.2+03 205+06 451+1.6
Hydrogel - Healthy 11.9+02 222+05 480+12
None - Cryoinfarct 137+04 268+10 543+18
Hydrogel - Cryoinfarct  151+04 30.2+10 57614
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