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1. INTRODUCTION

Congenital heart defects are the most common type of birth defects in the U.S [1].
Approximately one in 125 babies born in the United States has a congenital heart defect [2].
One common defect, Tetralogy of Fallot, occurs in approximately 3 to 6 of every 10,000 live
births in the U.S. and generally requires surgical placement of a patch or baffle across the
right ventricular outflow tract (RVOT) in an area that normally consists of contractile
myocardial tissue [3—4]. Currently, knitted polyester (most commonly Dacron) [5],
expanded polytetrafluoroethylene (such as Gore-Tex®) [6], and autologous [7] or bovine
pericardium [8] are used as cardiac patches for full-thickness repairs of the myocardium to
correct congenital cardiac defects. However, these constructs have significant drawbacks,
including the inability to grow with the patient’s heart, loss of mechanical strength over
time, increased risk of thrombosis, limited durability, and inability to regenerate as well as
an increased risk of infection and aneurysm [7, 9-11].

A functional full-thickness defect patch should have an ultimate tensile strength exceeding
that of mammalian left ventricle (0.15 MPa in a canine model [12]). Additionally, the tensile
elastic modulus should likely be in the range of current successful materials (0.6 MPa for
Dacron, 0.3 MPa for fixed bovine pericardium, and 0.2 MPa for fixed human pericardium
[13-14]) as more elastic materials could form an aneurism and less elastic materials could
lead to border areas of very high stress. However, paradoxically, cardiac cells seem to prefer
a much softer environment at the cell scale. Previous studies have shown that neonatal rat
cardiomyocytes (NRVM) cultured on hydrogels with an elastic modulus nearer to the
compressive elastic modulus of native heart tissue, in the range of 10-15 kPa [15-16],
showed /n vivo like maturation over a week in culture, with higher contractile force and
calcium transients [17]. A similar study using quail chick cardiomyocytes also concluded
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that cardiomyocytes generate maximal work on gels with elastic modulus near 10 kPa [18].
Additionally, scaffolds should be very porous, with pore sizes on the same order as cardiac
cells (about 20-100 m). Recently, studies have investigated silk fibrin/hyaluronic acid
[19], chitosan/fibrin [20], gelatin/poly(glycerol sebacate) [21], and alginate/collagen/
chitosan [22] as patch materials that could be invaded or populated by regenerative cells,
and provide better outcomes when placed over cardiac tissue. These materials appear
promising for support of infarcted or dilated myocardium, or delivery of regenerative cells
and materials. However, many of these approaches lack sufficient tensile strength and
pulsatile flow to repair a full-thickness myocardial defect, while many strong biomaterials
lack the wall thickness and porosity necessary for loading or migration by a regenerative cell
population [23-24].

In this study, we investigated and characterized a multi-layered scaffold manufactured by
forming a gelatin-chitosan hydrogel around a self-assembled polycaprolactone (PCL) core
for use as a cardiac patch. PCL, a semi-crystalline, linear, aliphatic polyester formed in a
ring opening polymerization of caprolactone, is biocompatible, has high tensile strength and
has been used in medical devices [25], tissue scaffolds [26—27], and drug delivery systems
[28]. Membranes of PCL formed in chloroform can elongate up to 1000% before breaking.
Furthermore, its low melting point (60°C) allows processing by a variety of techniques.
However, PCL surfaces are hydrophobic, preventing absorption of proteins or cell
attachment [29]. Previously, we reported a novel process of generating PCL flat matrices in
aqueous medium, which decreased the hydrophobic surface properties while maintaining
high tensile strength [29].

Gelatin, a denatured form of collagen, is completely bioresorbable, degrades by enzymatic
digestion, is biocompatible and can maintain viability of cardiac cells [30-31]. In spite of
these advantages, studies have found that scaffolds comprised of gelatin alone are not
feasible for use as cardiac patches due to low tensile strength and rapid deformation [32-33].
Furthermore, gelatin scaffolds are susceptible to rapid degradation, though composite
scaffolds of gelatin and chitosan are structurally stable in cell culture media [34]. Chitosan
has excellent biocompatibility, and its enzymatic degradation rate depends on its degree of
deacetylation (DD) and can be tuned to the application. Chitosan has been widely
investigated in biomedical applications including wound dressing [35], drug delivery
systems [36—37] and cardiac tissue engineering [38]. Porous chitosan structures can be
formed by freeze-drying, with the pore size and porosity controlled as a function of freezing
temperature [39-40]. However, cardiomyocytes do not attach and survive on pure chitosan
scaffolds [20]. Furthermore, the chitosan solution has the same charge as self-assembled
PCL scaffolds, preventing ionic binding of chitosan to a PCL surface [29].

In this study, we designed a composite cardiac patch intended for repair of a full-thickness
myocardial defect. This patch contains a thin, self-assembled PCL core, intended to provide
surgeons the ability to handle, cut and suture the material and to provide sufficient tensile
strength to function in the ventricular wall. Surrounding the core is a porous, biocompatible
gelatin-chitosan hydrogel that allows for cell loading or migration and provides a scaffold
for cardiac cell growth and maturation. The effect of PCL molecular weight (number
average; Mn) on the surface morphology, degradation kinetics and tensile mechanical
properties and the effect of the ratio of gelatin to chitosan in the hydrogel on the
compressive mechanics, porosity and liquid content were measured. Next, the adherence of
the PCL core and hydrogel was tested and the suture strength was measured and compared
to current materials. Finally, neonatal rat cardiomyocytes were used to investigate cardiac
cell adhesion, migration and morphology.
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2. MATERIALS AND METHODS

2.1. Preparing solutions and forming blends

PCL solutions of 10% (wt/v) in glacial acetic acid (Pharmco Products Inc., Brookfield, CN)
were prepared for each number average molecular weight (Mn) PCL, 80 kDa, 47 kDa, and
10 kDa Mn(Sigma Aldrich, St. Louis, MO). Blended solutions were also prepared by mixing
equal volumes of individual solutions of pure 80 kDa, 47 kDa, and 10 kDa Mn. Chitosan,
low molecular weight (Sigma Aldrich, St. Louis, MO), solutions (2% w/v) were prepared in
distilled water with 0.5 M acetic acid. Gelatin, type A (Sigma Aldrich, St. Louis, MO),
solutions (2% wi/v) were prepared in distilled water. Chitosan and gelatin solutions were
mixed with different ratios (1:3, 1:1, and 3:1; gelatin:chitosan) and emulsified using
sonicator (Fisher Scientific FS20D) for 30 min. All solutions were used within 2 days.

2.2. PCL scaffold and multi-layers formation

PCL matrices were made using a previously described procedure [29] with minor
modifications. In brief, solutions of pure 80 kDa and 47 kDa PCL and mixtures of 80+47
kDa, 80+10 KDa and 80+47+10 kDa PCL (100 pl) were pipetted into a custom-made
Teflon mold containing 2 mL of water and formed solid scaffolds with controlled diameters
(17 mm). Although matrices formed spontaneously on contact with water, they were
undisturbed for 10 minutes to allow the process of matrix formation to complete. Matrices
were submersed in absolute ethanol for one hour to remove any remaining acetic acid. These
matrices were used for mechanical testing, degradation and porosity analysis.

Self-assembled PCL scaffolds containing 80 kDa and 10 kDa PCL were sandwiched
between emulsified solutions of gelatin and chitosan by lyophilization. In brief, 300 L
solutions were poured into custom-made Teflon moulds. Then PCL matrices were laid down
on the solutions, and an additional 300 L was poured onto the surfaces. These samples
were left at room temperature for 2 hours and then incubated in a box with dry ice. Frozen
samples were lyophilized at —=50°C for 24 hours. The multi-layered scaffolds were
submersed in absolute ethanol overnight. These multi-layered scaffolds were used for
surface morphology analysis, mechanical tests, suture strength tests and cellular activity
tests. Some of the hydrogels were cut using a surgical blade for cross-sectional imaging of
the multi-layered structure.

2.3 Number average molecular weight (Mn) measurement of PCL matrices

Gel-permeation chromatography was used in order to measure number average molecular
weight (Mn) and polydispersity index of the PCL contained in the crystallized matrices.
Formed PCL matrices were dissolved in mobile phase of chloroform. Then Mn and
polydispersity index were analyzed relative to poly(styrene) standards using a Phenogel ™
column (Phenomenex, Torrance, CA) and a refractive index detector.

2.4. Degradation characterization of PCL matrices

Degradation rates of PCL matrices were analyzed using a previously described procedure
with minor modifications [41]. In brief, 15x15 mm samples were cut from each matrix,
washed with deionized water, sterilized in 70% ethanol for one hour and washed thoroughly
in sterile Krebs Henseleit buffer solution (in mM: NaCl 119; KCI 4.7; NaHCO3 25; CaCl,
2.5; KHyPO4 1.2; MgSOy4 1.2) prior to incubating in 10 mL Krebs Henseleit buffer solution
(pH=7.4). Samples were placed in 20-mL vials with a 15-mm diameter hole drilled in the
caps and covered on the inside with 0.45 m filters. Incubation was carried out in an
incubator maintained at 37°C and 5% CO,/95% air. During the incubation, the pH of the
effluent was maintained at 7.4 by replacing the buffer solution once every six days, and
never dropped below 7.1.
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At ten-day intervals, three samples per group were retrieved and weighed. Digital images of
these samples were also taken to assess dimensional changes. Collected samples were
washed with deionized water, dehydrated using absolute alcohol and briefly dried in a
vacuum desiccator at ambient conditions prior to final weight determination. Samples were
also analyzed by SEM to characterize structural changes.

2.5. Mechanical testing

Tensile testing was performed using a previously described method [29]. In brief, 30 x 10
mm rectangular strips were cut from each scaffold, strained to the breaking point at a
constant crosshead speed of 10 mm/min using an INSTRON 5842 (INSTRON Inc., Canton,
MA) and analyzed for break stress and strain using the software package Merlin (INSTRON
Inc.). Samples were tested at 37°C in PBS (pH=7.4) using a custom-built environmental
chamber. The elastic modulus was calculated from the slope of the linear portion (0.1% to
5% strain range) of the stress-strain curve. To measure the thickness of the matrices, digital
micrographs were obtained at various locations using an inverted microscope (Nikon
TE2000U, Melville, NY) equipped with a CCD camera. These images were quantified for
the thickness using image analysis software Sigma Scan Pro (SPSS Science, Chicago, IL),
calibrated using a micrograph of a hemocytometer at the same magnification. Four to five
images were obtained per sample with at least ten points per image. The calculated
minimum thicknesses were used to determine the stress values in each sample.

The compressive strength of the multi-layered hydrogels was also measured to characterize
the effect of different ratios of gelatin and chitosan on the compressive modulus [42].
Rehydrated samples (n=3-5) were placed in stainless steel platens in a Bose-Enduratec
ELF3200 (Bose Electroforce, Eden Prairie, MN) and compressed up to 3% strain (~100 pm)
at 1 mm/s of load speed. The load displacement data was converted into compression
strength.

2.6. Microstructure analysis

All samples were incubated in absolute ethanol for one hour and allowed to dry overnight in
a vacuum desiccators at room temperature. Dry matrices were attached to aluminum stubs
with carbon paint and sputter-coated with gold for one minute. Surface architecture of the
scaffolds was analyzed using a scanning electron microscope (JEOL 6360, Jeol USA Inc.,
Peabody, MA) at an accelerating voltage of 15kV. Images were analyzed for the average
pore size (n=20 on 3 different samples) using ImageJ.

The ability of the multi-layered scaffolds to absorb water was measured by determining
volumes of dry and wet samples. Total volumes of dry scaffolds (V) were measured using
an analytical balance. The scaffolds were then submerged in a graduated cylinder containing
absolute ethanol. Scaffolds were removed from the cylinder and the remaining amount of
liquid was recorded to determine the uptake of alcohol by the scaffold (V). The liquid
content was calculated as

Vt_Vu

Liquid Content (%)= X 100(%)

2.7. Suture tension analysis

The ultimate suture tension of multi-layered hydrogels was measured and compared with
estimated left ventricular stitch tension. In brief, 15x7 mm samples were cut from each
multilayered hydrogel, and a 2 mm suture was applied with 6-0 polypropylene suture thread.
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The ultimate tensile forces of the sutured samples were measured by uniaxial force test
using Bose-Enduratec ELF3200 (Bose Electroforce, Eden Prairie, MN)., The expected
maximum stitch tension of a patch implanted in a human left ventricle was calculated as

Tension (N)=p,. X 6y, X d;

Where py, is the left ventricular end-systolic pressure (138+21 mmHg) [43], &, is the left
ventricular end-systolic wall thickness (13.4+2.1 mm) [44], and d; is the distance between
sutures (2 mm).

2.8. Endotoxin measurement

Endotoxin in multi-layered composite hydrogels were measured using a PYROGENT™
Plus Gel Clot limulus amebocyte lysate (LAL) kit that had a sensitivity of 0.25 EU/mL
(Lonza, MD), using the manufacturer’s procedure. Hydrogels were submerged in an
endotoxin-free test tube with LAL reagent water to wash out endotoxin from the hydrogels
overnight. 250 pL of each sample was pipetted into the LAL test kit, then incubated in a
water bath at 37°C for 1 hour. Endotoxin-free water and £. Coliwas used as a negative and
positive control respectively. After 1-hour incubation, tubes were flipped 180°. A firm clot
in the bottom of the tube indicates a positive reaction.

2.9. Neonatal rat ventricular myocyte isolation and culture

All studies involving experimental animals were approved by the Institutional Animal Care
and Use Committees of both Rice University and Baylor College of Medicine. Neonatal rat
ventricular myocytes (NRVM) were isolated from Sprague-Dawley rat hearts as described
previously with minor modification [17]. Briefly, 1 to 3 day old Sprague-Dawley rats were
anesthetized with isoflurane, decapitated and the hearts were removed. Blood vessels and
atria were trimmed, leaving only the ventricles. Ventricular cardiomyocytes were isolated
using enzymatic digestion with an isolation kit (Cellutron, Highland Park, NJ). Isolated cells
were pre-plated in petri dishes for 2 hours to remove fibroblasts and endothelial cells.
Unattached cells at 5*10° cells in 2 mL high-serum plating media (Dulbecco modified Eagle
media, 17% M199, 10% horse serum, 5% foetal bovine serum, 100 U/mL penicillin and 50
mg/mL streptomycin) were seeded onto each multi-layered scaffold. After 12—24 hours, cell
seeded samples were transferred to a low serum media. (Dulbecco modified Eagle media,
18.5% M199, 5% horse serum, 1% foetal bovine serum, and antibiotics). Cell cultures were
maintained at 37°C and 5% CO, / 95% air and fresh maintenance media was added every 2
days. All culture media was purchased from Invitrogen (Carlsbad, CA) and serum was
purchased from PAA Laboratories (Ontario, Canada).

2.10. Cellular viability and migration analysis

In order to quantify cardiomyocyte viability on multi-layered scaffolds, 5*10° cells in 2 mL
media were seeded onto hydrogels and cultured for 4 to 14 days, maintained in 5%
CO,/95% air at 37°C with medium changes every 48 hours. Cells were then washed in cold
(4°C) PBS and fixed in 4% paraformaldehyde (Electron Microscopy Sciences) for 20
minutes at 4°C. Cells were washed with PBS and made permeable with 0.5% Triton X100
(Sigma). Cells were again washed in PBS and stained with Alexa Fluor® 488 Phalloidin
(Invitrogen Corp., Eugene, OR) at a 1:1000 dilution in 1% bovine serum albumin (BSA,
Gemini Bioproducts) overnight at 4°C. Cells were then counterstained with DAPI-
containing Vecta Shield (Vector, Burlingame, CA). Images were obtained using a DMI
6000B (Lieca Microsystems, Bannockburn, IL) fluorescence microscope to analyze cell
adhesion and morphology. Primary and secondary antibodies of cardiac cell makers were
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also used to characterize NRVM morphologies. Monoclonal Anti-a-actinin (1:400, Sigma-
Aldrich, MO) and connexion 43/GJA1 (1:400, Abcam, MA) were used to visualize
sarcomeres and gap junctions respectively. Antibodies were used at 1:400 dilution in 1%
BSA and incubated for 1 hour at room temperature. Secondary antibodies of DyLightTM
488-conjugated Goat Anti-Mouse (1:400, JacksonIR, PA) and 549-conjugated Goat Anti-
Rabbit were used at 1:400 dilution in 1% BSA and incubated for 30 minutes at room
temperature followed by four 1% BSA washes. Additionally, NRVM were cultured on
multilayered scaffolds for 7 days and stained with Live/Dead assay reagents (Invitrogen
Corp., Eugene, OR) to determine cell viability.

For the analysis of cell migration, 1*10° cells/2 mL media were cultured on the surface of
multi-layered scaffolds for 7 days and fixed in paraformaldehyde using the above procedure.
Scaffolds were then fully dehydrated and embedded in paraffin for sectioning to evaluate
cell migration into the scaffold. Sectioned samples (10 wm thick) were stained with
haematoxylin and eosin (H&E; Leica Biosystems, Richmond, IL) to detect nuclei (black)
and protein (red) respectively. Images were taken using a Nikon-Elements E800.

2.11. Statistical analysis

Cell culture experiments were repeated three or more times with quadruplicate samples.
Tensile testing was repeated four or more times. Specific repeat numbers are noted in figure
captions. Results are reported as mean + standard deviation. Significant differences between
groups were evaluated using a one way analysis of variance (ANOVA) with 95% or 99%
confidence interval, then paired differences were tested with a post-hoc student t-test with a
Bonferroni-Dunn correction for multiple comparisons. When p<0.05, the differences were
considered to be statistically significant.

3. RESULTS

3.1. Macroscopic properties of PCL scaffolds

Solutions of pure 80 and 47 kDa and mixtures of 80+10 kDa and 80+47+10 kDa PCL
readily formed solid, stable scaffolds on contact with the water bath. However, solutions of
10 kDa PCL and mixtures of 47+10 kDa PCL did not produce a stable structure despite
precipitation, suggesting that the Mn of PCL plays a role in the matrix formation.
Furthermore, when higher Mn PCL solutions were stored for more than four days, no solid
scaffold formed, possibly due to acid hydrolyses of the polymer. Hence, all solutions were
freshly prepared. No further testing was done with 10 kDa PCL and mixtures of 47 kDa and
10kDa PCL solutions.

Liquid chromatography analysis verified general molecular weight ranges, though measured
average Mn was slightly lower than product-indicated for pure PCL matrices (Figure 1).
Analysis also indicated two distinct Mn peaks at distinct retention times in the 80+10 kDa
blended matrix with nearly equal areas, verifying that the 10 kDa PCL was fully
incorporated into the scaffold at approximately 50%.

3.2. Surface morphology of PCL scaffolds

PCL matrices were crystalized on the surface of a water bath, and thus had one surface
exposed to water and one exposed to air during formation. In order to test whether the
surface exposed to the air (referred to as the top surface) differed in roughness compared to
the surface exposed to water (referred to as the bottom surface), we evaluated the matrices
using SEM. The top and bottom sides of the scaffolds had significant differences in surface
structure. The top side of all scaffolds showed a porous structure, while the bottom side had
rough surfaces with significantly fewer pores. In all subsequent experiments, samples were
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flipped thrice consecutively, before matrix formation was completed. This resulted in
equivalent surface structure and roughness (data are not shown)

PCL matrices containing pure 80 and 47 kDa PCL had no significant difference in surface
morphology, while 80:10 kDa blended matrices had a significantly increased pore size
(80+10 kDa: 21.7+1.0 um) compared to other samples (80 kDa: 3.25+0.96, 47 kDa:
3.62+1.15, 80+47+10: 6.90+2.16 um; p<0.05, n=20; Figure 2. E), with perforations on the
surface and microdomain-like indentations (Figure 2. A-D).

3.3. Effect of PCL Mn on degradation rate

Scaffolds were incubated in a Krebs Henseleit buffer solution for 50 days to quantify the
effect of varying PCL molecular weights on the degradation rate. The presence of low Mn
PCL increased the degradation rate (Figure 3. A). The 80+10 kDa PCL matrices had 10%
weight loss after 50 days incubation. There was no significant difference in the weight of
pure 80 and 47 kDa PCL scaffolds, confirming that the weight loss was primarily due to
degradation of the 10 kDa PCL. This suggests polymers were present individually in the
matrices without combining.

When dimensions of the scaffolds were analyzed, no significant change in width or length
was observed. All scaffolds except for the 80+10 kDa PCL blend appeared intact at the end
of the 50-day study period (Figure 3. B). The 80+10 kDa scaffold ruptured at 50 days.
Furthermore, the 80+10 kDa matrix also showed an increase in humber of holes in the
matrix at 30 days, possibly corresponding to the microdomains observed by SEM.

To understand the changes in surface architecture during degradation, 80+10 kDa scaffolds
were analyzed by SEM after 10, 30 and 50 days in Krebs-Henseleit buffer, since only these
samples showed a significant degradation rate. Electron micrographs showed no obvious
alteration of the surface architecture of the scaffold during the first ten days (Figure 3. C).
Generally, samples retrieved after thirty days of incubation had an increase of the number of
pores (8+6 for 10 days and 59+15 for 30 days; n=3, p<0.05) (Figure 3. C). Images of
samples retrieved after fifty days showed that some parts of scaffolds completely degraded
in the buffer solution. This suggests that self-assembled scaffolds of high Mn PCL are stable
despite dissolution in acetic acid. Degradation was localized to the regions containing 10
kDa PCL.

Because 80+10 kDa blended matrices had the greatest pore size and surface roughness,
allowing for adhesion with the gelatin-chitosan hydrogel, all multi-layered scaffold studies
were performed with 80+10 kDa blended PCL cores.

3.4. Mechanical properties of PCL scaffolds and multi-layered hydrogels

Tensile properties of multi-layered and PCL only matrices were assessed under physiologic
conditions. The tensile elastic (Young’s) modulus of 80 kDa PCL matrix was higher than the
47 kDa PCL matrix. However, the presence of 10 kDa PCL caused a significant increase in
stiffness and reduction of ultimate tensile stress compared to higher Mn PCL matrices (*;
p<0.05; n=5) (Figure 4. A,C). Ultimate tensile stress was positively correlated with
molecular weight, and matrices comprised of a single Mn PCL had significantly higher
ultimate tensile stresses than blended Mn matrices (80 kDa: 3.9+0.34, 47 kDa: 3.2+0.26,
80+10 kDa: 1.8+0.14, 80+47+10: 2.0+0.06 MPa; p<0.05, n=5; Figure 4. B). Note that the
ultimate tensile strain was greatly reduced by an order of magnitude by the addition of 10
kDa PCL, though the yield strain, or the point where the material begins plastic deformation,
is in the same range for all blends.
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In order to evaluate the effect of the gelatin-chitosan gel layers in a multi-layered scaffold on
the tensile strength needed to function as a full thickness defect patch in the high stress
ventricular wall, the tensile strength, and tensile elastic modulus of multi-layered scaffolds
were measured under hydrated conditions. However, most of this tensile strength is provided
by the PCL core, and cells loaded in the hydrogel layers experience a much softer
environment. In order to fully characterize the hydrogel mechanical environment, the
compressive modulus of the scaffold was measured. The ultimate tensile strength and tensile
elastic modulus and of multilayered hydrogel scaffolds with gelatin-chitosan and 80+10 kDa
PCL were not significantly different than those of the core 80+10 kDa PCL matrices
(Tensile strength1.80+0.14 MPa vs. 1.62+0.48 MPa, p=0.499, n=4; elastic modulus: 315+81
kPa vs. 249+29 kPa, p = 0.178, n=4) (Figure 4. A-C). However, the compressive modulus
of the multi-layered scaffold was two orders of magnitude lower than the tensile modulus,
and increased with increasing gelatin concentration (3.5£1.1 kPa of 25% gelatin; 13.1+1.6
kDa of 50%; 18.4+2.1 of 75%; p<0.001, n=4) (Figure 4. D). No delamination of the gelatin-
chitosan hydrogel and PCL core was observed in any tensile or compression testing.

3.5. Morphological characteristics of multi-layered scaffolds

Electron micrographs show that the gelatin-chitosan hydrogel attached to the both sides of
80:10 kDa PCL matrix and adhered by penetrating through perforations in the PCL matrix
(Figure 5. B). SEM analysis showed that the number of pores on the surface was increased
with an increase in the amount of gelatin (Figure 5. A-D). Scaffolds of 50% or higher
gelatin had a hive-like structure and eliptical pores. All samples formed three-dimensional
(3-D) porous structures after lyophilization (Figure 5. E-H). However, pure chitosan and
hydrogels with 25% gelatin had highly variable pore sizes with larger pores in the side of
scaffolds, whereas hydrogels with 50 and 75% gelatin had a uniformly distributed porous
structure. In addition, only 75% gelatin samples showed a compressed thickness (~2.3 mm)
compared to other samples (~3 mm for 0, 25 and 50% gelatin)

3.6. Suturability of multi-layered scaffolds

Multi-layered scaffolds composed of an 80+10 kDa PCL core sandwiched in a gelatin-
chitosan composite hydrogel were manufactured in disks of approximately 3 cm in height
and 17 cm in diameter (Figure 6. A). No delamination was observed when scaffolds of
80+10 kDa PCL coated with gelatin-chitosan hydrogel were submersed in ethanol and
incubated in PBS for mechanical testing or in cell culturing media for 7 days, confirming
secure attachment between the two materials. The adhesion was strong enough that the
gelatin-chitosan hydrogel failed before delamination of the materials, preventing the ability
to test adhesion strength.

The ultimate suture force of multi-layered hydrogels was measured and compared with
computed force on sutures through a full thickness patch in a human left ventricle (LV) (see
Methods section for calculation). The ultimate suture force of the multi-layered scaffold was
significantly higher than the estimated LV suture force (1.84+0.20 N vs. 0.61+0.18;
p<0.001, n=5) (Figure 6. C).

3.7 Liquid content of multi-layered scaffolds

The liquid content and porosity of the cross-sectional area significantly decreased at higher
amounts of gelatin (Figure 7. A); the pure chitosan sample absorbed ~ 80% of liquid volume
in the scaffold and had ~75% cross sectional porosity, while the 75% gelatin sample
absorbed ~60% and had ~55% cross sectional porosity. Pure chitosan, with lower surface
porosity, had larger mean pore diameters in both the major and minor axes compared to pore
diameters of scaffolds formed with 25 % gelatin. However, the mean pore sizes increased
significantly with increasing gelatin concentration (64.7+14.3 wm of 25% vs. 83.4x15.4 um
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of 50%; p<0.05, n=8) (Figure 7. B). There was no significant difference between 50% and
75% gelatin containing scaffolds.

3.8. Endotoxin content in multi-layered scaffolds

None of these formulations of gelatin-chitosan hydrogels were positive for endotoxin
contamination per a test kit with 0.25 EU/mL sensitivity (n=4 for each ratio). The U.S. Food
and Drug Administration (FDA) regulations set a limit of 0.5 EU/mL of endotoxin in a
medical device.

3.9. Ventricular myocyte adhesion

Cell adhesion of NRVM to self-assembled PCL scaffolds or multi-layered scaffold of
gelatin-chitosan coated PCL was evaluated by immunostaining after 7 days in culture.
Substantial deformation was observed in 75% gelatin-25% chitosan scaffolds, though all
other scaffolds maintained structural stability. Significantly more cells were attached to the
scaffolds of 25% gelatin-75% chitosan and 50% gelatin-50% chitosan compared to 75%
gelatin-25% chitosan or uncoated scaffolds (~57 cells/0.1 mm? for 25 and 50% vs. ~10 cells/
0.1 mm? for 75% and uncoated PCL; p<0.001, n=5; Figure 8. A). Further, NRMV on the
50% gelatin-50 % chitosan samples formed interconnected cell sheets (Figure 8. B) and had
strong, spontaneous beating that was not repeatably observed in NRVM on other gelatin-
chitosan ratios (Supplemental data: Movie 1).

3.10. Cell morphology

Cell morphology of NRVM was also evaluated by immunostaining after 4, 7, and 10 days of
culture on multi-layered hydrogels (Figure 9). After 4 days, all samples showed scattered
cell attachment, and cell sizes were below 100 pm? in all samples. After 7 days, NRVM on
25 and 50% gelatin scaffolds were well spread and connected to each other whereas NRVM
on the 75% gelatin scaffold showed no interconnection. After 10 days in culture, cells were
interconnected and integrated though the scaffolds with showing sarcomeres and gap
junctions, except on 75% gelatin samples. The 75% gelatin-25% chitosan scaffolds showed
poor integration of cells, due to the high deformation of the scaffold. Hence the 75% gelatin
sample was excluded from further analysis.

Live/dead staining revealed high cell viability (~80%) of NRVM plated on multi-layered
scaffolds with 25% and 50% gelatin which is similar to the viability of NRVM plated on
tissue culture plastics (~83%) (Figure 10).

3.11. NRVM migration in 3-D multi-layered scaffolds

Histological analysis and immunocytology staining found that NRMV infiltrated and
colonized multi-layered scaffolds after 10 days culture (Figure 11. A-B). The 50%
gelatin-50% chitosan scaffolds, which had higher mean pore size, had more cells in the
scaffold and showed high NRMV interconnectivity compared to the 25% gelatin-75%
chitosan scaffolds (Figure 11. C-D). The 50% gelatin-50% chitosan scaffold was cut and
imaged in a cross-sectional view, and revealed that the number of migrating cells decreased
and the number of dead cells increased with depth into the scaffold (Figure 11. E).

4. DISCUSSION

In this study, we found that the tensile strength and degradation rate of PCL matrices were
dependent on the molecular weight of the PCL, with lower molecular weight and blends of
different weight PCL having lower tensile strength and faster degradation. However, the
tensile strengths of all tested formulations were greater than 1.89+0.14 MPa and are
sufficient for support of a full-thickness ventricular defect.
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A blend of 10 kDa Mn PCL with 80 kDa Mn PCL formed matrices with microdomain-like
indentations, which allowed for adhesion to gelatin-chitosan hydrogels, and this formulation
was thus used for all multi-layer scaffolds. Using the 80+10 kDa PCL blend, there was no
need to perforate the self-assembled PCL matrix to ensure adhesion, unlike in one
previously reported PLGA-based composite [45]. Because the 10 kDa PCL alone did not
form solid matrices, similar to previous reported results [46], we considered the possibility
that the 10 kDa PCL washed out of the matrix, leaving behind the large pore structures and
rough surface. However, the liquid chromatography analysis verified that the formed
structures contained both molecular weights, in approximately equal amounts. Thus, the
observed microdomains could be an effect of the differences in crystallinity between the two
Mn solutions, and likely causes the higher degradation rate in these blended PCL matrices
[47]. Interestingly, the addition of 10 kDa PCL to 80 kDa PCL resulted in an increase in
elastic modulus, even though, in pure PCL solutions, lower molecular weight correlated with
a lower elastic modulus. This result of blended Mn PCL films having higher elastic
modulus, and lower ultimate tensile strength has been noted previously by Jones et al. and is
attributed to the semi-crystalline nature of PCL. Lower Mn PCL is more likely to form
crystalline regions in the largely amorphous high Mn PCL structure, making the resulting
material more brittle [48]. The increase in material brittleness is also apparent in the lack of
plastic deformation in the materials containing the low Mn PCL. Though all materials have
similar yield points, non-blended, high Mn PCL matrices could be stretched up to 300%
strain before breaking. In a cardiac patch application, however, plastic deformation would be
very undesirable and would likely lead to aneurismal patch deformation and necessitate
reoperation and replacement. Thus the ultimate tensile strain and yield point should all be
higher than the maximal stress on the patch.

Coating an 80+10 kDa PCL matrix core with a gelatin-chitosan hydrogel to create a multi-
layered scaffold did not alter the macroscopic tensile modulus or ultimate tensile strength.
Scaffolds also had sufficient suture retention strength (1.84+0.21 N) for repair of a full-
thickness left ventricular defects (Supplemental data: Movie 2) compared to suture retention
strength of the porcine left ventricle (0.61+£0.21 N) and materials currently used clinically
such as bovine pericardium matrix (0.71+0.23 N), collagen-impregnated polyethylene
terephthalate (0.76 + 0.14 N), and expanded polytetrafluoroethylene (4.69+0.14 N) [12, 49].
Interestingly, the porosity of the hydrogel portion, as well as the water content, decreased as
the percentage of gelatin increased. This is initially surprising, because gelatin is typically
more hydrophilic than chitosan, and previous studies have shown increasing permeability
and water content with increasing gelatin concentration in gelatin-chitosan hydrogels [50-
51]. However, previous studies using similar methods of processing gelatin-chitosan
composite gels have noted that, in some circumstances, the incorporation of gelatin
decreases the water content, likely due to strong interactions between gelatin and chitosan
that can displace sites of hydrogen binding with water [52].

We found that cell adhesion, spreading and spontaneous beating all increased on
multilayered gelatin-chitosan hydrogel scaffolds with a PCL core compared to PCL alone.
This effect is likely due to the lack of cell binding domains in PCL [29]. The multi-layered
scaffolds with a 50% gelatin : 50% chitosan (v:v) blend had the highest cell attachment,
spreading and interconnectivity, and formed spontaneously beating tissue constructs.
Interestingly, cell attachment decreased on hydrogels with 75% gelatin, compared to
hydrogels with lower concentrations (50% and 25%), despite the predicted increase in
biocompatibility and binding sites with increased collagen. The improved attachment,
spreading and interconnectivity on hydrogels of 50% gelatin was likely due in part to the
elliptical, homogeneously sized pores observed in those scaffolds. Additionally, multi-
layered scaffolds with 50% gelatin-50% chitosan supported by an 80+10 kDa PCL matrix
had a compressive modulus similar to native heart matrix [15-16].
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We feel that this patch design can support cells, either plated before implantation or
invading from host vasculature, and function as a full-thickness defect myocardial patch.
Future research will involve testing this multi-layered scaffold /7 vivoin a full thickness
defect right ventricle patch in a rat model.

5. CONCLUSION

Collectively, the results of this study demonstrate that a multi-layered scaffold of PCL
sandwiched in a gelatin-chitosan hydrogel is biodegradable, has sufficient mechanical
strength, and can maintain cardiomyocytes viability for use of cardiac patch application. The
best results in terms of cell spreading and viability and scaffold integrity resulted from a
PCL core with equal parts of 10 kPa and 80 kPa PCL sandwiched in a blend of 50%
gelatin-50% chitosan. In summary, this multi-layered hydrogel shows significant potential
for use of cardiac patch to repair congenital cardiac defects.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Liquid chromatographic analysis of components shows that all components are retained in
formed PCL matrices, with two Mn peaks visible in 80+10 kDa blended matrices. Inset
shows the average molecular weight and polydispersity index for pure and blended self
assembled PCL matrices. The x-axis of Figure 1 shows the retention times of the gel
permeation chromatography assay, and these are proportional to the polymer molecular
weight. Matrices crystallized from single Mn PCL have single peaks, while the matrix
crystalized from a blend of equal amounts of 80 and 47 kDa PCL has equal peaks resulting
from the two separate polymer molecular weights, as expected. The polydispersity index is
the ratio of the mass average molecular weight to the number average molecular weight, and
gives an indication of the heterogeneity of the polymer. The polydispersity indices measured
for all single Mn matrices were higher than those indicated by the manufacturer, and the
molecular weights were lower, indicating some degradation in processing.
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Figure 2. Representative SEM micrographs and mean pore diameters of self-assembled PCL
with different Mn

(A-D) SEM shows perforations and micro-domains in 80+10 KDa gels that are not present
in other self-assembled PCL scaffolds with various Mn and blending ratios (A: 80 kDa; B:
47 kDa; C: 80+47+10 kDa; D: 80+10 kDa). Scale bars are 50 wm. (E) The mean pore
diameter of 80+10 kDa sample was significantly larger than all other blends (*; p<0.05,
n=6).
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Figure 3. Altered degradation rate by blending of different Mn

(A) Degradation rates of PCL scaffolds at various blending ratios of 80 kDa, 47 kDa and 10
kDa PCL, incubated in Krebs-Henseleit buffer solutions. Note that the 80+10 kDa blended
PCL scaffold showed ~10% of weight loss after 50 days where as others had less than 5% of
weight loss (*; p<0.05, n=4). (B) Macroscopic images of 80 kDa+10 kDa PCL scaffold
(15%15 mm) after incubation in buffer solution. (C) SEM micrographs of 80 kDa+10 kDa
PCL scaffold after incubation in buffer solution. Numbers on the Figure C indicate the
number of pores (>10 wm in diameter) on 200200 wm dimension. Scale bars are 50 pm.
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Figure 4. Mechanical properties of PCL matrices and gelatin-chitosan-PCL multi-layered
scaffolds

(A) The tensile elastic modulus of various Mn PCL matrices and PCL-GC multilayered
scaffolds (*; p<0.05; n=5). PCL-GC multi-layered scaffolds was not significantly different
than 80+10 kDa PCL matrices alone. (p=0.178; n=5). (B) The ultimate tensile stress
significantly decreased with PCL molecular weight and decreases in blended matrices (*;
p<0.05; n=5). The ultimate tensile strength of PCL-GC multi-layered scaffolds was not
significantly different than 80+10 kDa PCL matrices alone (p=0.499; n=4). (C)
Representative tensile stress-strain curves from various Mn PCL matrices and PCL-GC
multi-layered scaffolds. Inset shows tensile stress-strain curves of 80+10 kDa PCL matrices
and multi-layered PCL-GC scaffolds. (D) The compressive modulus of multi-layered PCL-
GC scaffolds increased with increasing gelatin concentration (*; p<0.01; n=4).
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Figure 5. Microscopic structure of multi-layered hydrogels

(A-D) SEM micrographs of multi-layered scaffolds with different blending ratios of
gelatin:chitosan (v:v). (A — 0:100; B — 25:75; C — 50:50; D — 75:25) and (E-H) 3-D view of
multi-layered scaffolds (E — 0:100; F — 25:75; G — 50:50; H — 75:25). All samples formed a
3-D porous structure after lyophilization. Scaffolds with 50% or greater gelatin
concentrations had hive-like structures and elliptical pores. Scale bars are 100 pm.
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Figure 6. M acroscopic and microscopic structure and the ultimate sutur e for ce of multilayered
hydrogels

(A) Multi-layered scaffolds were formed in disk shapes with an 80+10 kDa PCL core
sandwiched in a gelatin-chitosan hydrogel. (B) An SEM micrograph of a cross-sectional
view shows that the hydrogel attached to the both sides of 80:10 kDa PCL matrix and
adhered through perforations. (C) The average ultimate force of a suture in the multi-layered
scaffold is significantly higher than estimated tension on a suture of a full-thickness patch in
a human LV with 138+19 mmHg of peak systolic pressure (*; p<0.001, n=5).
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Figure 7. Porous characteristics of multi-layered hydrogels

(A) The water content decreased from ~80% to ~60% by increasing % of gelatin from 0 to
75%. The porosity also decreased from ~75% to ~55% by increasing % of gelatin from 0 to
75%. (B) Pure chitosan had larger mean pore diameters in both the major and minor axes
compared to pore diameters of scaffolds formed with 25% gelatin. However, the mean pore
sizes increased significantly with increasing gelatin (*: p<0.05; n=20). There was no
significant difference between 50 and 75% gelatin gels (p = 0.655, n=5).
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Figure 8. Attachment and mor phology of NRVM on multi-layer ed scaffolds

(A) Multilayered scaffolds with 25% and 50% gelatin had significantly more cells attached
than scaffolds with 75% gelatin or uncoated PCL (~57 cells/0.1 mm? for 25 and 50% vs.
~10 cells/0.1 mm? for 75% and uncoated; PCL * P<.005; n=6; area=0.1mm?) (B) NRVM
stained for f-actin (FITC-phalloidin, green) and DNA (DAPI, blue) after 5 days reveal
highly spread, interconnected cells on scaffolds with 50% collagen. Scale bars are 100 wm.
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Figure 9. NRVM morphology on the multi-layered scaffolds

NRVM stained for sarcomeres (Anti- e-actinin, green), gap junction (Anti-connexin-43,
red) and DNA (DAPI, blue) after 4,7, and 10 days in culture. Samples with 25% and 50%
gelatin (by volume) had much greater cell spreading, aligned sarcomeres and
interconnectivity. Scale bars are 50 pm.
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Figure 10. Viability of NRVMs plated on multi-layered hydrogels.)

Live cells were retained with green fluorescence by polyanionic dye calcein, and dead cells
with red fluorescence were stained with EthD-1 after 4 days in samples of (A) 25% gelatin
and 75% chitosan and (B) 50% gelatin and 50% chitosan. (C) Both 25 and 50% gelatin
samples showed high cell viability ~ 80% on the surface of hydrogels. There is no
significant difference of cell viability between cells seeded on hydrogels and tissue culture
plastic (TCP) (P = 0.876; n=3).
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Figure 11. Microgr aphs of sectioned multi-layered hydrogels

Sectioned samples were (A,B) stained for the cell nucleus (haematoxylin, black) and protein
(with eosin, red) and (C,D) for f-actin (FITC-phalloidin, green) and the nucleus (DAPI,
blue) after 10 days. The 50% gelatin-50% chitosan scaffolds had more cells in the scaffold
and showed high NRVM interconnectivity compared to the 25% gelatin-75% chitosan
scaffolds (E) A cross-sectional view of 50% gelatin-50% chitosan scaffold is shown from 5
overlapping figures, and reveals fewer cells and more dead cells with increasing depth from
the plated top surface (right edge).
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