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Abstract

After myocardial infarction (MI), the infarcted tissue undergoes dynamic and time-dependent
changes. Previous knowledge on MI biomechanical alterations has been obtained by studying the
explanted scar tissues. In this study, we decellularized MI scar tissue and characterized the
biomechanics of the obtained pure scar ECM. By thoroughly removing the cellular content in the
MI scar tissue, we were able to avoid its confounding effects. Rat MI hearts were obtained from a
reliable and reproducible model based on permanent left coronary artery ligation (PLCAL). Ml
heart explants at various time points (15 minutes, 1 week, 2 weeks, 4 weeks, and 12 weeks) were
subjected to decellularization with 0.1% sodium dodecyl sulfate solution for ~1-2 weeks to obtain
acellular scar ECM. A biaxial mechanical testing system was used to characterize the acellular
scar ECM under physiologically relevant loading conditions. After decellularization, large
decrease in wall thickness was observed in the native heart ECM and 15 minutes scar ECM,
implying the collapse of cardiomyocyte lacunae after removal of heart muscle fibers. For scar
ECM 1 week, 2 weeks, and 4 weeks post infarction, the decrease in wall thickness after
decellularization was small. For scar ECM 12 weeks post infarction, the reduction amount of wall
thickness due to decellularization was minimal. We found that the scar ECM preserved the overall
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mechanical anisotropy of the native ventricle wall and Ml scar tissue, in which the longitudinal
direction is more extensible. Acellular scar ECM from 15 minutes to 12 weeks post infarction
showed an overall stiffening trend in biaxial behavior, in which longitudinal direction was mostly
affected and manifested with a decreased extensibility and increased modulus. This reduction
trend of longitudinal extensibility also led to a decreased anisotropy index in the scar ECM from
the acute to chronic stages of MI. The post-MI change in biomechanical properties of the scar
ECM reflected the alterations of collagen fiber network, confirmed by the histology of scar ECMs.
In short, the reported structure-property relationship reveals how scar ECM biophysical properties
evolve from the acute to chronic stages of MI. The obtained information will help establish a
knowledge basis about the dynamics of scar ECM to better understand post-MI cardiac
remodeling.
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Myocardial Infarction; Scar tissue; Extracellular matrix; Biaxial mechanical testing; agen fibers;
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Introduction

Myocardial infarction (MI) affects more than 8 million Americans. Each year in the United
States, the newly diagnosed cases of Ml is estimated to be 620,000 and ~295,000 suffer
from a recurrent MI, which means that approximately every 34 seconds an American has an
MI (1). MI causes massive heart cell death and degradation of heart extracellular matrix
(ECM), followed by the formation of scar tissue mediated by cardiac fibrosis (2-5). The
post-MI remodeling alters the biomechanics and contractile function of the ventricular walls
and contiguously debilitates cardiac function, eventually resulting in heart failure (3-5).

In a healthy heart, the interaction between the myocardial ECM and heart muscle fibers is
well coordinated and balanced (6-13). The myocardial ECM network has a honeycomb
morphology, with well-organized pores for the residing of heart muscle fibers
(cardiomyocyte lacuna) (6-9). This intriguing myocardial ECM network consists of
dominantly collagen fibers (type I and I11), along with proteoglycans and sparsely
distributed elastin fibers (6-9). The ECM fibers bind the heart muscle fibers together,
transfer loads among muscle fibers and hence mediate their contraction/relaxation, and
prevent excessive stretching (10-12). In an event of an MI, both the cardiomyocytes and
myocardial ECM experience drastic alterations. The infarct tissue after acute ischemia
experiences a dynamic and time-dependent process, which consists of three phases: (i)
necrotic phase, (ii) fibrotic phase, and (iii) remodeling phase — each exhibiting unique
structural and mechanical properties (13-17).

Necrosis of cardiomyocytes occurs within 30 minutes post-Ml, and the site of infarction
develops necrotic tissue — a change that is irreversible if there is no immediate clinical
intervention (15-17). The necrotic phase of MI begins a few hours after acute ischemia and
ends after approximately 7 days in human (18). Within hours after acute ischemia, infarcted
myocardium loses its characteristic striations and the left ventricle became more compliant
(19). Increased matrix metalloproteinase (MMP) activity, a drop in collagen content, and a
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breakdown of ECM glycoproteins have been reported during the period of increasing left
ventricle compliance (20, 21). At the end of necrosis the formation of new ECM components
begins and a scaffold for new collagen deposition is prepared; at the tissue level, the
ventricular compliance stops increasing, and tissue stiffening starts (11, 15, 16, 25).

In the following fibrotic phase, myofibroblasts can increase 20-fold (22, 23), and these
highly active myofibroblasts deposit a large amount of collagen (18, 19, 24). This results in
an increase in stiffness and a distinctive anisotropy in the infarcted tissue, with both
circumferential and longitudinal stiffness appear to increase under multiaxial loading (11,
15, 16, 25). In a pig model, 3 weeks after an M| was produced, the scar was found to be
predominantly type I collagen fibers, which were highly aligned in each transmural layer
with a pattern similar to that of native myocardium (26).

The remodeling phase begins at 3—4 weeks, and the stiffness begins to decrease and this
effect appears unrelated to collagen content (11, 18, 24). The remodeling phase does not
have a clear cut endpoint due to the dynamic and continually changing nature of the tissue.
In the remodeling phase, the increase in collagen content slows down but crosslinking
increases, and the infarct is observed to shrink topographically (11, 13, 14, 25, 27-35).
Overall, the global modulus of the scar tissue was found to depend on the amount of fibrotic
collagen, the degree of crosslinking, as well as fiber distribution (11, 13, 14, 25, 28-35).

The above-mentioned knowledge on MI biomechanical alterations has been obtained by
studying the explanted scar tissue, and there has not been a study on the biomechanical
evolution at pure scar ECM level. The scar ECM not only plays a pivotal role in the
development and progression of M1 (25, 29, 32, 34, 35), but is also thought to be a barrier
for effective and efficient therapy of exogenous stem cells (36—-44). Recently, several in vitro
studies have shown that ECM/scaffold stiffness plays a crucial role in the regulation of stem
cell cardiac differentiation (44-54), indicating the need to better understand ECM/scaffold
micromechanics.

From cellular perspective, in the necrotic phase neutrophils, macrophages, and lymphocytes
infiltrate the infarct for removal of dead cardiomyocytes and necrotic debris (55, 56). When
reaching the fibrotic phase, the Ml scar tissue consists of highly proliferated, active
myofibroblasts and the deposited fibrotic collagen fiber network, along with adhesive
proteins such as fibronectin, laminins, matricellular proteins, and metalloproteinases (57—
60). The proportion of the fibrotic collagen and myofibroblasts (major cellular content)
changed along with the post-MI stages and time (57-60). The use of the decellularized scar
ECM enabled us to more accurately assess the structural and biomechanical evolution of
cardiac microenvironment post-MI. By thoroughly removing the cellular content in the Ml
scar tissue, we were able to avoid its confounding effects.

We hence initiated the study of the pure scar ECM by applying a decellularization technique
to MI scar tissues created by permanent left coronary artery ligation (PLCAL) in a rat
model. Decellularization is a tissue treatment technique that uses chemical, enzymatic, or
physical treatment methods lasting from a few hours to days to remove the cellular content
and chromosome material from the tissue, with a goal to obtain acellular ECM scaffolds
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(61-66). These methods work by disrupting the cell membrane which releases the cellular
contents that are then rinsed away (62, 66). In return, the acellular ECM scaffolds of a
specific tissue can be obtained, with the overall structural and mechanical intergrity
preserved (67-69).

By quantifying the biophysical properties of pure scar ECM, we can build a thorough dataset
that delineates the time course changes in scar ECM anisotropy, extensibility, stiffness, as
well as structural parameters such as collagen fiber alignment. The obtained information not
only helps establish a knowledge basis about the dynamics of scar ECM at various post-MI
stages, but also sheds light on the local biomechanical environment of the scar tissue, which
will be an important consideration when designing optimal cell therapy. Our new method
thus adds new perspective to the knowledge obtained via traditional approaches based only
on Ml tissue samples (11, 14, 25, 28-35, 70).

2. Materials and Methods
2.1 Create Ml rat hearts using PLCAL

The rat animal protocol was approved by the Mississippi State University Institutional
Animal Care and Use Committee (IACUC, #12-024) and was performed in accordance with
the National Institutes of Health (NIH, Bethesda, MD, USA) guidelines. Surgical procedures
were adopted from the previous publications (71, 72). Thirty-six Sprague-Dawley rats
(~300-350 g) were used during a 12-week period (n=6 for each time point). Briefly, the rats
were placed under anesthesia with a mixture of oxygen and 5.0% isoflurane, then intubated
with a 16-gauge intravenous catheter. The rat’s body temperature (96.6-99.5°F) was
maintained during the procedure by a heated operating pad. Positive-pressure ventilation
was established, and anesthesia was maintained with a mix of oxygen/2.0% isoflurane
throughout the surgery. A left thoracotomy was performed at the 4th intercostal space and
ribs were retracted followed by a pericardiotomy. For the control group, the rats were
euthanized by arresting the heart in diastole via intra-cardiac injection of saturated
potassium chloride solution. The hearts were then harvested and stored in phosphate
buffered saline (PBS) at 4 °C.

For rats in the MI groups, an M1 was generated by a reliable and reproducible model based
on PLCAL. The PLCAL was induced 2-3 mm distal to the auricular appendix with a 6-0
non-absorbable Polypropylene suture. For rats in the 15-minute post-MI group, the animals
were euthanized following the same procedure as the control group after waiting 15 minutes
following successful ligation of the artery. For all other MI groups (1, 2, 4, and 12 weeks
post-Ml), the chest cavity was immediately closed, and the animal was given subcutaneous
buprenorphine injection for postoperative pain management. At the pre-determined harvest
time point (1, 2, 4, and 12 weeks post-Ml), each rat was placed back under anesthesia, the
chest cavity reopened, and the rats were euthanized with the same procedure as before
(Figure 1). In short, the infarcted hearts were harvested at 15 minutes post M1 (15M), 1
week post MI (1W), 2 weeks post MI (2W), 4 weeks post M1 (4W), and 12 weeks post M
(12W), to capture post-MI responses from the acute to chronic stages, i.e., necrotic phase,
fibrotic phase, and remodeling phase (11, 13, 14, 25, 28-35). During the first minutes to
hours after a myocardial infarction, inflammation and necrosis are the major pathological
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processes, and the necrotic phase lasts to about 1 week (18). The fibrotic phase oversees the
deposition of fibrotic collagen and increased tissue stiffness and lasts about 3 — 4 weeks (11,
18, 24). The Ml tissue then enter remodeling phase, in which the scar tissue experiences a
gradual adjustment and maturation, such as a decreased collagen deposition rate and an
increase of collagen crosslinking. The remolding phase shows that the Ml reaches chronicle
stage and can last for months (11, 18, 24, 26, 70).

2.2 Obtaining the Pure Scar ECM via Decellularization

The scar tissue formation was observed below the ligation site in the left ventricle portion of
the infarcted hearts. The PLCAL successfully produced scar tissue at a variety of degrees at
different time points on the heart explants. The left and right atriums, pulmonary artery, and
aortic artery were carefully removed from the heart explants. After measuring the wall
thickness of the scar region with a digital caliper, the ventricles were subjected to an
optimized decellularization protocol to obtain pure scar ECM (73-75). The ventricles were
decellularized in a rotating bioreactor using decellularization solution made of 0.1% sodium
dodecyl sulfate (SDS) (Sigma Aldrich Inc., St. Louis, MO), 0.01% trypsin (VWR), 1 mM
phenylmethylsulfonylfluoride (PMSF, protein inhibitor) (Sigma Aldrich), 20 pg/ml RNase A
(Sigma Aldrich), 0.2 mg/ml DNase (Sigma Aldrich), and 100 U/ml penicillin and 100 pg/ml
streptomycin (Sigma Aldrich). The decellularization was performed at room temperature for
~1-2 weeks to achieve a full decellularization. Ten-minute ultrasonic treatment (50 Hz) was
applied each day, and the decellularization solution was changed every day to avoid
contamination and tissue deterioration. After the complete removal of cellular contents, the
acellular heart tissues showed an appearance of pale white color, similar to our previously
reported studies (54, 73-75).

2.3 Ventricular Wall Thickness Measurements

Thickness measurements were taken on the LV scar region before and after
decellularization. For both the scar tissue and the acellular scar ECM, the thickness of each
sample was taken in triplicate and averaged for each time point using a digital caliper
(Mityoso, Inc). Following the thickness measurement, the acellular scar ECM was trimmed
as a square specimen for biaxial mechanical testing and then histological characterization.

2.4 Biaxial Mechanical Testing of the Acellular Scar ECM

A custom-built biaxial mechanical testing system was used to characterize the anisotropic
mechanical behavior of planar soft tissues under physiologically-relevant loading conditions
(73, 76-78). Square specimens (~ 10 mm x 10 mm x 1 mm) were trimmed from the LV scar
region, with one axis aligned with the longitudinal direction and the other with the
circumferential direction. Each side of the square specimen was mounted onto four stainless
steel hooks that were attached to two loops of 000 polyester sutures. Four fiducial graphite
markers, affixed to the center of the square specimen with cyanoacrylate adhesive, were
monitored via a CCD camera to record the real time tissue deformation. The specimen was
preconditioned for 10 cycles by applying biaxial tension up to 30 N/m along both the
longitudinal direction (T = 30 N/m) and circumferential direction (T¢ = 30 N/m) (73).
Lagrangian membrane tension was calculated by normalizing the force to the initial length
of the specimen edge. Tension higher than 30 N/m was found to cause tissue tear at the
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hook, and we thus set 30 N/m as the maximum tension in our biaxial testing. After
preconditioning, the final equibiaxial tension protocol of T :T¢ = 30:30 N/m was performed
to capture the biaxial behavior.

From the biaxial mechanical curves, we derived the following parameters: areal strain at
30:30 N/m, anisotropy index, extensibilities at 30:30 N/m, and modulus at certain strain
level. Extensibilities were defined as the maximum stretch ratios at 30:30 N/m, as A for
longitudinal direction and A¢ for circumferential direction. Areal strain at 30:30 N/m could
be then calculated as follows:

Areal Strain = (Ap * Ac — 1) * 100% @

where A and A¢ are, as we just defined, the maximum stretch ratios at 30:30 N/m for
longitudinal and circumferential directions, respectively.

Moreover, anisotropy index can be calculated as equation (2), representing the directional
variation of tissue mechanical behavior:

(AL + Ac)

5 @

Anisotropy = (A — A¢c)/

In this study, we further examined the tangent modulus of the longitudinal direction at the
stretch level of 1.03, which corresponded to the transitional region of the curve.

2.5 Histology and Collagen Fiber Alignment

To reveal the collagen fiber microstructure, the acellular scar ECM samples and an acellular
native ECM sample were submerged in 2% paraformaldehyde for fixation for 72 hours
before histological preparation. Histological sectioning at 5 pm thick was performed via an
in-plane cutting technique. Histological slides were then stained with Picrosirius Red
(collagen fibers appear red). Images were taken using a Leica Microsystems DB2500
microscope at 10x magnification under bright field. To quantify the overall collagen fiber
alignment, the bright field images were converted to 8-bit images for ImageJ analysis. Using
the OrientationJ plugin in ImageJ, we were able to determine collagen fiber distribution
from —90 degrees to 90 degrees (79). Area under the curve (AUC) was then determined for
each of the collagen fiber distributions. Picrosirius Red stained slides were further imaged
using polarized light microscopy to identify Type | (yellow-red) and 111 collagen (green)
with appropriate band-pass filters (80, 81).

2.6 Statistical Analysis

Data were reported as mean + standard deviation. One-way analysis of variances (ANOVA)
was used to determine if the parameters were statistically different among the groups, with
Tukey’s test for post hoc pair-wise comparison. A paired t-test was utilized to determine if
the thickness measurements before and after decellularization were significantly different.
Data was considered significant when p < 0.05. Statistical analysis was performed using
SPSS software (version 23; SPSS Inc., Chicago, IL).
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After decellularization, the photographic images of acellular control hearts and the acellular
MI hearts were taken and presented side by side with the rat hearts before decellularization
(Figure 2). We found that the PLCAL procedures successfully created Mls in the mid and
apical regions of the rat left ventricle, and the MI-induced scar tissue with pale whitish color
was clearly observed in all the heart explants harvested at time points of 1 week, 2 weeks, 4
weeks, and 12 weeks post-MI (Arrows in Figure 2-E, G, I, K). For the heart explants
harvested 15 minutes post-Ml, the region below the ligation site showed a slightly pale color
(Figure 2-C) compared with the surrounding tissue, implicating ischemic response due to
PLCAL.

When comparing the acellular hearts with the native hearts, we found that the native hearts
showed a degree of dark red colors, a color tone from native heart muscle morphology, and
overall the acellular hearts appeared pale white, indicating the removal of cellular contents
of the heart via the decellularization procedure. More specifically, we noticed that (i) the
acellular scar ECM samples from the control and 15M were clear and translucent (Figure 2-
B, D); (ii) the acellular scar ECM samples from 1W, 2W, and 4W hearts exhibited a more
solid whitish color (Figure 2-F, H, J); whereas (iii) the acellular scar ECM from 12W
showed a gray color (Figure 2-L). We found that the longer the post-MI interval, the more
decellularization time was needed to achieve complete decellularization. This phenomenon
was likely due to the difference in content of both scar ECM and heart ECM at the different
stages of an M.

3.2 Change in Wall Thickness

The wall thickness of the scar tissues, i.e., wall thickness measured before the
decellularization, showed an overall decrease as the post-MI time increased (One-way
ANOVA, p < 0.005). Post hoc comparison results using the Tukey’s test indicated that the
average thickness for the 12W scar tissue (1.94+0.10 mm) was significantly different from
the following groups: native tissue (2.56+0.26 mm), 15M (2.67+0.10 mm), 1W (2.63+0.13
mm), 2W (2.48+0.24 mm), and 4W post-MI tissues (2.55+0.22 mm) as summarized in
Figure 3.

For the thickness of the acellular scar ECMs, we found that there was a statistically
significant difference among the different time points (One-way ANOVA, p < 0.005). Post
hoc comparison results using the Tukey’s test indicated that the average thickness for the
native ECM (0.64+0.23 mm) was significantly different from the following groups: 1W
(1.95£0.19 mm), 2W (1.96+0.18 mm), 4W scar ECM (1.90£0.27 mm), and 12W scar ECMs
(1.85+0.10 mm) (Figure 3). Additionally, the average thickness for the 15M post-MI ECM
(1.26£0.30 mm) was also significantly different compared to the 1W, 2W, and 12W scar
ECM groups (Figure 3).

When comparing the wall thickness before and after decellularization treatment (including
the native control and MI groups), we found an overall reduction in thickness (Figure 3).
Reduction in thickness was at a maximum of ~75% decrease for the decellularized native
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tissue (control group). The percent reduction in thickness decreased when post-MI time
increased (15M to 12W). The least change was in the 12W group (~5% reduction). The
percentage of thickness reductions in the 1W (~26%), 2W (~21%), and 4W group (~25%)
were found to be similar in magnitude. The percentage of wall thickness reduction was
assessed with paired t-test at each time point and suggested that the thickness reduction at
each time point was significant (p < 0.05).

3.3 Biaxial Mechanical Behavior of Scar ECM

The stress vs stretch plots from the decellularized scar tissues are shown in Figure 4. The
biaxial mechanical curves showed that the acellular native heart ECM and acellular scar
ECM had in fact preserved the overall anisotropy that has been observed in rat ventricle
tissue and rat scar tissue (25, 29, 32, 34, 35), i.e., the longitudinal direction being more
extensible than the circumferential direction. We found that with the increase of post-MI
time, the longitudinal direction of the acellular scar ECM experienced a stiffening trend
(Figure 4B—F), whereas the circumferential direction of the acellular scar ECM did not show
an obvious trend. Nevertheless, the circumferential direction of the acellular scar ECM
(Figure 4B—F) was overall more extensible than the circumferential direction of the native
ECM (Figure 4A). The overall stiffening trend post-MI was further evidenced by analyzing
the areal strains of the native ECM and the acellular scar ECMs at various post-MI time
points (p=0.0015, Figure 5A). Post hoc pairwise comparison results using the Tukey’s test
indicated that the areal strain for the 15M group (10.38+1.27%) was significantly different
from the following groups: 4W group (7.11+0.85%), and 12W group (7.74+0.74%).
Anisotropy index was found to significantly decrease from the native ECM group to 12W
group (p=0.006), with the 12W group showing the least anisotropy (Figure 5B). Post hoc
pairwise comparison indicated that the anisotropy index for the 12W group (0.011+0.004)
was significantly different from the following groups: native ECM group (0.052+0.021), and
15M group (0.041+0.004).

Extensibility along the longitudinal direction had an overall significant decreasing trend
from the native ECM group to the 12W group (p=0.002) (Figure 5C). Post hoc comparison
results using the Tukey’s test indicated that the longitudinal extensibility for the native group
(1.075%0.022) was significantly different from the following groups: 4W group
(1.048+0.009), and 12W group (1.044+0.003). Additionally, the Tukey’s test indicated that
15M group (1.072+0.013) was significantly different from the 12W group (1.044+0.003).
Longitudinal direction modulus, estimated at the transitional region of the nonlinear curve
(1.02 - 1.04 stretch), was found to increase from the 15M group to the 12W group, while the
15 M group showed an evident softening when compared with the native group (Figure 5D).
Post hoc comparison results using the Tukey’s test indicated that the longitudinal modulus
for the 15M group (192.332+78.360 kPa) was significantly different from the 12W group
(440.268+86.520 kPa).

3.4 Microstructure of Scar ECM

For the native and 15 M groups, based on the large differences between the wall thickness
before and after decellularization (Figure 3 — Native; 15 min), we concluded a large collapse
of the cardiomyocyte lacunae (honeycomb lacunae structure) took place in the decellularized
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native group and decellularized 15M group, and the large collapse was caused by complete
removal of the cells that occupied a great volume space. The in-plane picrosirius red (Figure
6) stained images at 10x magnification confirmed our speculation of lacunae collapse when
analyzing the wall thickness change after decellularization. The scar ECM of 1W, 2W, 4W,
and 12W groups were found to exhibit increased scar collagen deposition (Figure 6).
Polarized light microscopy images revealed an increase in collagen type | (yellow-red color)
in 2W and 4W groups (Figure 7D,E), while 12W groups showed both dense collagen type |
(yellow-red color) and type Il (green color) (Figure 7F).

In-plane scar collagen fiber distribution was quantified from histological images (Figure 6).
One limitation of the histological assessment in this study was caused by the loss of tissue
orientation tracking (circumferential versus longitudinal) when the in-plane histological
sectioning performed. The collagen fiber distributions had to be presented in a way that the
fiber preferred direction was set as zero degree and the overall distribution was from —90
degree to +90 degree (Figure 8). Note that the zero degree in Figure 8 represents only the
collagen fiber preferred direction and was not related to any anatomic orientation due to the
above-mentioned limitation. The fiber distribution curves showed that collagen fibers in 1W
and 2W scar ECM exhibited a much higher fiber alignment (Figure 8C,D). This trend,
however, was not monotonic and the fiber alignment in the 4W and 12W groups (Figure
8E,F) decreased when compared with the 1W and 2W groups (Figure 8C,D).

4. Discussion

A reliable and reproducible rat PLCAL model was adopted to obtain infarcted hearts at
varying post-MI time points (15M, 1W, 2W, 4W, and 12W post-Ml). By ligating the left
coronary artery, we produced M1 hearts with an 80% survival rate for the rats undergoing
surgery. By further applying an efficient decellularization protocol to the M1 heart tissues,
we obtained pure scar ECM from the acute to chronic stages of MI. After decellularization,
there was a noticeable thinning of the left ventricle wall in the control group and 15M post-
MI group (~75% and ~53%, respectively). We speculate that this profound ventricular wall
thinning is likely due to the removal of the healthy cardiomyocytes from the control group
and the removal of the ischemic cardiomyocytes from the 15M post-MI group, which leads
to the collapse of the honeycomb-shaped pores fabricated with collagen fibers (i.e.,
cardiomyocyte lacunae)(74).

As the MI scar matured, myofibroblasts gathered in the infarcted area and started depositing
excess collagen (82). This phase was captured by our thickness measurements before and
after decellularization, i.e., the scar ECM obtained from the later stages of MI (1w, 2W, and
4W groups) had a smaller thickness reduction (~26%, ~21%, and ~25% respectively)
compared with the control group (~75%) and 15M post-MI group (~53%), implicating the
scar collagen network was much denser, while certain structural spacing (e.g., cellular
content) still existed and collapsed after the decellularization treatment. However, by the
12W time point, the infarcted area entered a phase with a stable collagen structure and few
residual myofibroblasts (83). Hence, the marginal thickness reduction in the 12W group
(~5%) was likely due to the formation of mature scar, which increased collagen content and
collagen crosslinking.
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To our knowledge, this is the first report of the time-dependent biomechanical properties of
the acellular scar ECM. We found that the acellular scar ECM preserved an overall
anisotropy of the native ventricle wall and MI scar tissue, showing a more extensible
longitudinal direction (72). Our observation of an overall stiffening trend in acellular scar
ECM biaxial behavior from the acute to chronic stages of MI (Figure 4) was consistent with
the previously reported stiffening trend of biaxial behavior in rat MI scar tissues (72). We
noticed that the reduction in scar ECM extensibility was mainly occurring in the longitudinal
direction (Figure 4, 5), indicating that the longitudinal direction experienced more behavior
change due to structural alterations in MI progression. This reduction trend of longitudinal
extensibility led to a decreased anisotropy index in the scar ECM biaxial behavior from the
acute to chronic stages of MI. The anisotropy index was smallest at the 12W scar ECM
group, which was due to the reduction of longitudinal extensibility as well as the increase of
extensibility along the circumferential direction (Figure 4F). A less anisotropic mechanical
behavior in the 12W scar ECM might be caused by a mature scar collagen network with
more stable crosslinking. In Sirry’s study, the rat MI scar tissue was also found to be stiffer
in the circumferential direction than in longitudinal direction, and the mechanical anisotropy
was observed up to 28 days (4 weeks) post-MI. Sirry et al interpreted that the mechanical
anisotropy of M1 scar tissues were related to collagen fiber orientation in the infarcts (72).

Previous histological studies of the infarcted hearts have shown that the collagen fibers in
scar tissue tend to remain anisotropic, with the majority of the fibers aligned with the
circumferential direction of the heart (25, 29, 32, 34, 35). One study on MI scar tissue
revealed that the healing rat infarcts were isotropic both mechanically and structurally, with
collagen fiber distribution showing the greatest deviation from random at 6 week (70).
Existence of various observations could be attributed to the complex nature of Ml studies, in
which observations might be affected by the different animal species used in study, the size
and location of the induced infarct, and the location-dependent nature of the scar collagen
fiber orientation in Ml hearts (72, 84-86). Future studies are thus warranted to collect more
data on MI biomechanics and ultrastructure, and with additional data the above mentioned
observations can be better understood.

The changes in biomechanical properties of the scar ECM post-MI implied a micro-
environmental change, i.e., the increase of collagen content and the degree of collagen
crosslinking. Our histological observations confirmed the ultrastructural alterations. From
the histological images, the scar ECM ultrastructure showed a denser morphology along the
time course of MI, consistent with the previous studies, which showed type I collagen
content gradually increased after an MI (11, 13, 25, 70). The collapse of cardiomyocyte
lacunae after decellularization was confirmed in the in-plane histology of the control group
and the 15M group (Figures 6, and 7). Given that the histological images were used to
calculate the fiber distribution, the lacunae collapse in the control group and 15M group
could possibly skew the fiber distribution results for those two groups. Nevertheless, we
were able to capture a good representation of the collagen fiber orientation from middle to
late stages of M1 with the lesser degree of ultrastructural collapse.
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5. Conclusions

The major conclusions are as follows: (i) We successfully obtained pure scar ECM from the
acute to chronic stages of Ml by applying an efficient decellularization protocol to the rat Ml
scar tissue generated via a PLCAL model. (ii) The excess collagen deposition along the Ml
scar maturation was evidenced by the thickness measurements before and after
decellularization, where the scar ECM obtained from the later stages of MI (1W, 2W, 4W,
and 12 W groups) had a smaller thickness reduction (~26%, ~21%, ~25%, and 5%,
respectively) compared with the control group (~75%) and 15M post-MI group (~53%). (iii)
The acellular scar ECM preserved the overall mechanical anisotropy of the native ventricle
wall and MI scar tissue, in which the longitudinal direction was more extensible. (iii) From
the 15 minutes to 12 weeks post-Ml, the acellular scar ECM showed an overall stiffening
trend and a decreased anisotropy index in biaxial behavior, with the stiffening mostly caused
by change in the longitudinal direction. (iv) The post-MI change in biomechanical properties
of the scar ECM reflected the alterations of collagen fiber network, confirmed by the
histology of scar ECMs. The obtained structure-property relationship revealed how scar
ECM biophysical properties evolved from the acute to chronic stages of MI. This new
approach improves traditional methods based only on Ml scar tissue samples, where cell
interference or presence may compromise accurate characterization and isolation of ECM
characteristics. The obtained information will help establish a knowledge basis about the
dynamics of scar ECM, which will improve our understanding of post-MI cardiac
remodeling.
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Figure 1:
Experimental design for the biomechanical study of the acellular scar ECM obtained from

rat M1 hearts via decellularization protocol and permanent left coronary artery ligation
(PLCAL) model.
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Figure 2:
Photos taken before decellularization and after decellularization of rat hearts from each time

point post-MI. Native (control) group before (A) and after (B) decellularization; 15M post-
MI group before (C) and after (D) decellularization; 1W scar group before (E) and after (F)
decellularization; 2W scar group before (G) and after (H) decellularization; 4W scar group
before (1) and after (J) decellularization; 12W scar group before (K) and after (L)
decellularization. The MI-induced scar tissue with pale whitish color was labeled with
Arrows in panel E, G, I, and K.
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Figure 3:

Average wall thickness measurements from each group before and after decellularization
treatment. Tukey’s post hoc results for the before decellularization are shown with “a” or
“b” to signify significant differences among the groups; whereas, Tukey’s post hoc results
for the after decellularization are shown with “c”, “d”, or “e” to signify significant
differences among the groups. The paired t-test results are indicated with “1” or “2” to show
a significant difference between the groups.
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Stress-stretch biaxial curves for (A) acellular native heart ECM (control group), (B) acellular
ECM 15M post-Ml, (C) acellular scar ECM 1W post-Ml, (D) acellular scar ECM 2W post-
M, (E) acellular scar ECM 4W post-MI, and (F) acellular scar ECM 12W post-MI. The
blue curve represents the circumferential direction; whereas the red curve represents the

longitudinal direction. Error bars at the end of curves represent standard deviation.
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Figure 5:

Biaxial mechanical testing parameters results. (A) Areal strain for each time point. (B)
Anisotropy index for each time point. (C) Longitudinal extensibility for each time point. (D)
The longitudinal modulus for each time point. Tukey’s post hoc results for each graph is
indicated by the letters “a”, “b”, or “c” to signify significant differences among the groups.
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Figure 6:
Picrosirius red-stained histological images for (A) acellular native heart ECM (control

group), (B) acellular ECM 15M post-Ml, (C) acellular scar ECM 1W post-Ml, (D) acellular
scar ECM 2W post-Ml, (E) acellular scar ECM 4W post-Ml, and (F) acellular scar ECM
12W post-MlI. Scale bars at 200 pum.
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Figure 7:
Polarized light images from the picrosirius red-stained slides for (A) acellular native heart

ECM (control group), (B) acellular ECM 15M post-Ml, (C) acellular scar ECM 1W post-
M, (D) acellular scar ECM 2W post-Ml, (E) acellular scar ECM 4W post-Ml, and (F)
acellular scar ECM 12W post-MI. Type | is yellow-red color and Type I11 collagen is green.
Scale bars at 200 um.
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Collagen fiber angular distribution quantified from picrosirius red-stained histological

images for (A) acellular native heart ECM (control group), (B) acellular ECM 15M post-Ml,
(C) acellular scar ECM 1W post-Ml, (D) acellular scar ECM 2W post-Ml, (E) acellular scar
ECM 4W post-MI, and (F) acellular scar ECM 12W post-Ml.
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