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Late after a myocardial infarction (MI), surgical ventricular restoration (SVR) can reduce left ventricular
volumes, but an enhanced cardiac patch may be required to restore function. We developed a new,
biodegradable patch (modified gelfoam, MGF) consisting of a spongy inner core (gelfoam) to encourage
cell engraftment and an outer coating (poly e-caprolactone) to provide sufficient strength to permit
ventricular repair. Two weeks after coronary ligation in rats, SVR was performed using one of the
following: gelfoam, MGF, MGF patches with hydrogel alone, or with hydrogel and cytokines (stem cell
factor, stromal cell-derived factor-1a), bone marrow mesenchymal stem cells, or both. Cardiac function
and morphology were evaluated by echocardiography, conduction catheterization, magnetic resonance
imaging, and histology. Animals whose hearts were repaired with untreated gelfoam died of ventricular
rupture. The MGF groups had significantly improved myocardial systolic function vs. MI controls.
Enhancement with cytokines and/or cells promoted more a-smooth muscle actin-positive cells, more
capillaries, greater wall thickness, a more ellipsoid shape, greater fractional shortening, and better-
preserved systolic elastance than MGF alone. This combination of the new, reinforced, biodegradable
biomaterial and cytokine/cell treatment created a viable tissue after SVR and produced better functional
outcomes than un-reinforced gelfoam or MGF alone.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Late after a myocardial infarction (MI), a dense, mature scar is
difficult to modify by either pharmacological or biological thera-
pies. Surgical ventricular restoration (SVR) will restore the size and
elliptical shape of the ventricle and return heart function to normal
[1]. However, the stiff, synthetic patch normally used for SVR
renders the patch and the adjacent regions (border zone: BZ)
scarred and non-elastic. The resulting stresses may contribute to
recurrent dilatation and dysfunction reported late after experi-
mental [2] and clinical SVR [1]. The Surgical Treatment for Ischemic
Heart Failure (STICH) trial demonstrated that SVR restored
ventricular volumes but did not improve symptoms, exercise
ability, or global ventricular function [3]. Hence, we evaluated
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a modification of the surgical procedure that combined a new,
biodegradable biomaterial for SVR with BZ protection using cells
and/or cytokines.

The purposes of a biodegradable patch are to produce a viable
functional myocardium in the infarcted region, restore elasticity,
and enhance healing to prevent recurrent thinning, dilatation and
dysfunction. We previously demonstrated that porous, biode-
gradable gelatin sponge (gelfoam: GF) patches attracted extensive
cellular infiltration and permitted engraftment of implanted cells,
including beating cardiomyocytes [4,5]. However, GF lacked
sufficient strength to sustain left ventricular (LV) repair and the
thick patches did not allow sufficient perfusion for the formation
of a substantial cardiac tissue. Therefore, we evaluated 2 modifi-
cations to improve the strength of the scaffold and enhance
angiogenesis after implantation. First, we coated the spongy GF
matrix with a porous polymer (poly e-caprolactone; PCL) that
preserved the ability of the modified GF (MGF) to support cell
engraftment and provided the patch with the strength to with-
stand high ventricular pressures. Second, we evaluated the effects
of delivering angiogenic cytokines (stem cell factor and stromal
cell-derived factor-1a: SCF þ SDF) and bone marrow
twork from ClinicalKey.com by Elsevier on October 10, 2018.
n. Copyright ©2018. Elsevier Inc. All rights reserved.
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Abbreviations list

BMSCs bone marrow mesenchymal stem cells
BZ border zone
LV left ventricular
MI myocardial infarction
MRI magnetic resonance imaging
PCL poly e-caprolactone
SCF þ SDF stem cell factor þ stromal cell-derived factor-1a
SVR surgical ventricular restoration
GF gelfoam
MGF modified gelfoam patch
HG MGF with hydrogel
CY MGF with cytokines suspended in hydrogel
CE MGF with BMSCs suspended in hydrogel
CC MGF with BMSCs and cytokines suspended in

hydrogel
EDP end-diastolic pressure
EDV end-diastolic volume
ESP end-systolic pressure
ESV end-systolic volume
LVDD left ventricular end-diastolic dimension
LVSD left ventricular end-systolic dimension
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mesenchymal stem cells (BMSCs) to the site of MGF repair and to
the surgical BZ.

The aim of this proof of concept study was to determine the
effectiveness of the new cell- and cytokine-seeded MGF patch and
BZ protection for surgical repair of the LV after anMI. Future studies
will determine the best concentrations of cells and cytokines and
alternate delivery modes, and assess the potential benefits of
contracting cells.

2. Materials and methods

2.1. Experimental animals

The Animal Care Committee of the Toronto General Research Institute
approved all experimental procedures according to the Guide for the Care and Use
of Laboratory Animals (NIH publication No. 86-23, revised 1996). We studied
female Sprague Dawley rats weighing 200e225 g. For cell mobilization testing,
donor BMSCs were obtained from transgenic GFP female rats [Wister-TgN(CAG-
GFP)184Ys] carrying an EGFP transgene driven by chicken b-actin promoter and
CMV enhancer [6].

2.2. MGF patch preparation

To create the MGF, a spray-coating method was used to coat one surface of
a GF patch (2 � 2 cm) with PCL (60 mg) dissolved in chloroform at a concen-
tration of 5% (5 g per 100 mL of chloroform) [7]. After coating, the MGF patches
were dried at 60 �C for 24 h, and then sterilized with UV radiation for 48 h. These
sterilized MGF patches were used for ventricular repair. We used scanning
electron microscopy to visually assess the surface morphologies, microstructure,
and porosity of the GF and MGF patches before in vivo implantation. Air-dried GF
and MGF patches were sputtered using a Polaron sputter coater with a rotary
planetary stage for 1 min in order to coat them with a thin (10 nm) layer of gold
for high-resolution imaging. Next, the samples were loaded onto carbon adhesive
disks mounted onto an aluminum stub. Photomicrographs were obtained with
a Hitachi S3400N scanning electron microscope with an acceleration voltage of
3 KV and a chamber pressure of 10�5 torr. Mechanical tensile strength
measurements were made using an Instron 4465 mechanical tester. GF and MGF
strips (2 � 2 � 0.5 cm) were tested at a speed of 10 mm/min and the Young’s
modulus was calculated.

2.3. Cells and cytokines

BMSCs were isolated and purified as previously described [8]. Adherent BMSCs
were expanded for 4 passages. BMSCs (1 � 106), or cytokines (30 ng each of
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SCF þ SDF), or both, were mixed with a biodegradable, temperature-sensitive
hydrogel [from a triblock copolymer of poly d-valerolactone-b-poly ethylene glycol-
b-poly d-valerolactone (PVL-PEG-PVL); 200 mL] for injection during patch repair as
described previously [9].

2.4. MI and ventricular repair

MI was generated by coronary ligation [10,11]. Two weeks later, we screened
the animals on the basis of infarct area. As described in our previous publications
[11,12], we selected for the study only those animals with an akinetic infarct area
of greater than 25%, but less than 35%, of the LV free wall. The selected rats (with
uniform infarct sizes) were randomly divided into the following 7 groups: GF
(n ¼ 5); MGF (n ¼ 6); MGF with hydrogel injected into the patch and the surgical
BZ (HG, n ¼ 4); MGF with cytokines (SCF þ SDF; 30 ng each) suspended in
hydrogel (CY, n ¼ 5); MGF with BMSCs suspended in hydrogel (CE, n ¼ 5); MGF
with both BMSCs and SCF þ SDF suspended in hydrogel (CC, n ¼ 5); or no patch
(MI control sham surgery, n ¼ 4). The surgical BZ was defined as a thin region
(hinge joint) between the implanted patch and the normal thickness of remote
myocardium.

In each rat, resection of the LV infarct and surgical patch implantation were
performed as previously described [12]. Through a left thoracotomy, and with
a purse-string suture in the infarct BZ, a full thickness section of the infarct scar
was removed and repaired with GF or MGF patches (6 mm in diameter to match
the defect with the GF surface facing the endocardial side). The infarct BZ was
identified visually during the second operation by a cardiac surgeon experienced
in performing the SVR procedure. Specifically, the BZ was defined as the area
between the blanched, non-contracting scar (infarct area) and the red-colored,
functional, non-scarred (remote) myocardium. The BZ contained some scar tissue
and was paler in color than the remote myocardium, but appeared redder in color
than the infarct area. Immediately after patch implantation, hydrogel or hydrogel
mixed with cells and/or cytokines was injected into the patch (100 mL) and the
surgical BZ (100 mL).

For mobilization experiments, each rat (n ¼ 3/group) received 5 � 106 GFP-
positive BMSCs in 50 mL of serum-free medium, delivered via intravenous injection
at 3 days after implantation. The relative number of GFP-positive cells in the patch
region was determined at 28 days after surgery.

2.5. Cardiac function

Echocardiography was performed before MI (pre-ligation baseline), before
patch implantation (day 0), and at days 1, 14, and 28 after patch implantation. LV
end-systolic and end-diastolic dimensions (LVSD and LVDD) were measured, and
fractional shortening was calculated [10,11]. The early (E) peak and late (A) mitral
inflow velocities were measured and the E/A ratio was calculated, as well as the
deceleration time of early filling and the isovolumic relaxation time, as measures
of diastolic function. We calculated the re-dilatation ratio as the difference
between LVDD at day 1 (DDd1) and day 28 (DDd28) [(LVDDd28�LVDDd1)/
LVDDd1 � 100].

Twenty-eight days after patch implantation, end-systolic and endediastolic
pressures and volumes (ESP, ESV, EDP, and EDV) were measured with a Millar
conductance catheter, and pressureevolume loops were created before and after
vena caval occlusion [10,11]. Differences in load independent indices of ventricular
function were determined by evaluating the relationships between ESP and ESV
(end-systolic elastance), stroke work and EDV (preload recruitable strokework), and
EDP and EDV (diastolic compliance), by using an analysis of covariance and multiple
linear regression analyses.

2.6. Cardiac morphology

At 28 days after patch implantation, magnetic resonance imaging (MRI) was
performed with a 7-Tesla pre-clinical magnet (BioSpec 70/30, Bruker, Ettlingen,
Germany) [13]. Then hearts were fixed with 10% formalin while an intraventricular
balloon was filled to 30 mmHg of pressure. Hearts were sliced transversely (1 mm
thick), and photographed. Wall thickness was measured for the patched region, the
infarct, and the surgical BZ by using computerized planimetry (Image J, NIH Soft-
ware).Wemeasured thewall thickness at 5points along the surgical BZ in each group.

2.7. Histology

Fixed tissue sections were stained with hematoxylin and eosin or with anti-
bodies against a-smooth muscle actin (a-SMA) to assess tissue formation, with
factor VIII to assess blood vessel formation, or with GFP to assess cell mobilization, as
described previously [4,6,12].

2.8. Statistical analyses

Data are expressed as mean � SEM. Analyses were performed using SPSS
software (v.12.0), with the critical a-level set at p < 0.05. Multigroup comparisons
were made using analyses of variance (ANOVA). When F values were significant,
k from ClinicalKey.com by Elsevier on October 10, 2018.
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differences between the groups were specified with Tukey’s or least significant
difference multiple range post-tests. The pressureevolume relationships were
evaluated by using an analysis of covariance as previously described [10], simul-
taneously comparing the effects of group assignment and volume on pressure.
Because the diastolic pressureevolume relation was monoexponential, the EDP
measures were converted to their natural logarithms and compared using a linear
correlational analysis. Linear regression and correlation analysis of the re-dilata-
tion ratio and BZ wall thickness were performed using Pearson’s correlation
coefficients.

3. Results

3.1. MGF

The thin PCL layer was visible on the surface of the MGF by
scanning electron microscopy, and macroscopically (Fig. 1AeF).
The layer of strong fibers did not interfere with the spongy GF and
did not impede nutrient penetration or cell growth. Mechanical
tensile testing demonstrated that MGF (maximum
tensility¼ 0.010 kN; Young’s Modulus 0.25 MPa) was stronger than
GF (load of force was undetectable in GF because its structure was
too soft) (Fig. 1G).

3.2. LV repair with MGF

The experimental design is summarized in Fig. 2. All rats that
received GF alone died from LV rupture after successful repair. All
rats that received MGF patches survived to the study endpoint.
While the outer PCL layer of the MGF patches was porous, the inner
GF layer, which faced the endocardial surface when the patch was
implanted, has hemostatic properties that induce clotting within
the matrix [14,15]. We found that the untreated GF patches also
clotted early after implantation and did not initially allow bleeding.
However, the ventricle began to bleed within hours of implantation
Fig. 1. In vitro characterization of MGF. The chemical structure of poly e-caprolactone (PCL) i
surfaces and cross-sections. MGF maintained a porous outer layer structure. Macroscopic v
data from mechanical tensile testing of MGF (G).
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as the GF began to degrade, and subsequently ruptured in all of the
animals. By contrast, the MGF patches clotted shortly after
implantation, no animals exhibited late bleeding, and none showed
evidence of ventricular rupture or thrombotic embolic
complications.

Echocardiography demonstrated significantly better ventricular
function in repaired than unrepaired animals. Fractional shortening
decreased (15.7%) and LVDD and LVSD increased 2weeks after MI in
all animals (Fig. 3AeC). Pre-selection of rats with similar infarct
sizes resulted in consistent changes with time. Fractional short-
ening decreased a further 35.4% in MI control animals over the
28-day duration of the study. SVR with the MGF patch reduced
the ventricular dimensions, re-established the elliptical shape of
the ventricle, and restored systolic function in the 5 surgically
repaired groups. However, after repair with the MGF patch alone,
the ventricle underwent recurrent dilatation with thinning and
expansion of the BZ (Fig. 3AeC). Seeding the MGF patch and BZ
with cytokines and/or cells prevented recurrent dilatation. The CY,
CE, and CC groups also had improvedmeasures of diastolic function
(Table 1).

Twenty-eight days after patch implantation, LV EDP and EDV
were significantly lower in the CY, CE, and CC groups than in the
MGF or MI control groups (Table 2). Fig. 3D presents the end-
systolic elastance, which was depressed in the HG, MGF, and MI
control groups, but similarly preserved in the CY, CE, and CC
groups. Analysis of covariance demonstrated a significant inter-
active effect. The CY, CE, and CC groups had higher ESPs at lower
ESVs and greater slopes than the control groups. Similar results
were found with the analysis of preload recruitable stroke work
(Fig. 3E). The CY, CE, and CC groups had higher stroke work at
lower EDVs and a greater slope than the HG, MGF, and MI control
groups. Diastolic function (Fig. 3F, employing linear correlations
with the natural logarithm of diastolic pressures) was better
s shown (A). Representative scanning electron micrographs of GF (BeC) and MGF (DeE)
iew of MGF surface and cross-section with PCL-coating highlighted (F). Representative
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Fig. 2. Experimental design. Schematic representation of MI, SVR, and patch implantation, with experimental test groups shown.
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preserved in the CY, CE, and CC groups than in the HG, MGF, and
MI control groups. The HG, MGF, and MI control groups had
higher EDP and higher slopes, suggesting decreased diastolic
compliance.
3.3. Morphological alterations after surgical repair

Twenty-eight days after patch implantation, degradation of the
MGF patches left a tissue that was thicker than the fibrous scar in
the MI control group (Fig. 4). Adding cells and/or cytokines further
increased wall thicknesses in the patched region. In the groups that
received BZ treatment (HG, CY, CE, and CC), the BZ regions were
thicker and did not elongate, instead forming a viable tissue where
cells were injected in the BZ. Additionally, a strong negative
correlation was observed between the LVDD re-dilatation ratio (a
measure of diastolic dilatation between day 1 and day 28) and the
BZ thickness. Ventricular dimensions were best preserved in the CE
and CC groups.

We used MRI to evaluate the surgical BZ remodeling (short
axis) and the overall ventricular shape (long axis) at 28 days after
implantation (Fig. 5). In the MI control group, the akinetic infarct
region thinned and elongated, producing a dilated and spherical
LV. In the MGF group, the ventricle was smaller, but the surgical
BZ was thinned and elongated and the LV assumed a spherical
shape. Global cardiac dilatation in the MGF group resulted
because the BZ (where the sutures were placed for the patch
repair) thinned and dilated. In the BZ treatment groups (HG, CY,
Downloaded for Anonymous User (n/a) at University Health Networ
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CE, and CC), the ventricular walls adjacent to the patch retained
their lengths and thicknesses. The LV was smaller and maintained
its elliptical shape late after the repair in the CY, CE, and CC
groups.

3.4. Cell infiltration and angiogenesis prevented adverse ventricular
remodeling

Cells infiltrating as the matrix of the MGF scaffold degraded
included a-SMA-positive cells, which were found in the patched
region at 28 days after implantation (Fig. 6AeC). The a-SMA-posi-
tive areas in both the patched region and the BZ were greater in the
CY, CE, and CC groups than in the MGF group. Capillary densities in
the patched region were also higher in the HG, CY, CE, and CC
groups than the MGF group, while the capillary density in the BZ
regionwas greater in the CY, CE, and CC groups than the MGF group
(Fig. 6DeF).

3.5. Cytokines and cells increased migration of BMSCs into the
patches

GFP-positive BMSCs were administered intravenously 3 days
after SVR. Twenty-eight days later, the injected BMSCs were
found to have homed into the implanted patch in the MGF, CE,
and CC groups (Fig. 7). The number of GFP-positive cells was
significantly greater in the CE and CC groups than the MGF alone
group.
k from ClinicalKey.com by Elsevier on October 10, 2018.
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Fig. 3. Cardiac functional data. Echocardiography assessed fractional shortening and LV diastolic and systolic dimensions at baseline, before SVR (day 0) and at days 1, 14, and 28
after patch implantation (AeC). Fractional shortening significantly deteriorated in the MI control and MGF groups compared to the BZ treatment groups (CY, CC, CE). Reductions in
LVDD and LVSD were only maintained in the CY, CE, and CC groups. Pressureevolume catheter analysis examined LV parameters (DeF). There were significant differences between
the MI control, MGF, and HG groups compared to the CY, CE, and CC treatment groups, which exhibited greater end-systolic elastance, preload recruitable stroke work, and diastolic
compliance. The natural logarithm of pressure was plotted against ESV and assessed with linear regression analysis. The corresponding 95% confidence intervals are shown. Analysis
of covariance demonstrated differences between the MI control, MGF, and HG versus CY, CE, and CC groups for each parameter (p < 0.05).
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4. Discussion

4.1. Summary of findings

Patients who undergo SVR after an extensive MI are subject to
recurrent ventricular dilatation due to the failure of traditional
Downloaded for Anonymous User (n/a) at University Health Net
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stiff, synthetic patches to maintain the repair [1]. In a rodent
model, a stiff patch induced recurrent ventricular dilatation and
dysfunction, which was prevented with a cell-seeded, biode-
gradable patch [12]. Therefore, a biodegradable patch might
induce the formation of a viable myocardial tissue after surgical
repair if sufficient recruited or seeded cells engrafted in the
work from ClinicalKey.com by Elsevier on October 10, 2018.
. Copyright ©2018. Elsevier Inc. All rights reserved.



Table 1
Diastolic functional parameters.

MI control MGF HG Cytokine Cell CC

E, m/s 0.86 � 0.02 1.05 � 0.25 0.70 � 0.09 0.77 � 0.19 1.46 � 0.20* 1.37 � 0.17*
A, m/s 0.52 � 0.06 0.68 � 0.15 0.55 � 0.09 0.65 � 0.11 1.35 � 0.29** 1.35 � 0.12 **
E/A 1.65 � 0.15 1.55 � 0.39 1.28 � 0.24y 1.18 � 0.16yy 1.08 � 0.09yy 1.03 � 0.21yy

IVRT, ms 33.0 � 2.68 33.4 � 1.65 26.3 � 0.87# 26.2 � 2.57## 26.5 � 2.27## 26.0 � 5.6##

DcT, ms 26.3 � 5.0 25.8 � 3.87 26.0 � 6.31 32.8 � 1.67 41.3 � 3.62x 39.3 � 5.60x

IVRT, isovolemic relaxation time; DcT, deceleration time.
*P< 0.05 compared with the HG and the CY groups; **P < 0.01 compared with the MI control, the MGF, HG and the CY groups; yP < 0.05 compared with the MI control group;
yyP < 0.05 compared with the MI control and the MGF groups; #P < 0.05 compared with the MGF group, ##P < 0.05 compared with the MI control and the MGF groups;
xP < 0.01 compared with the MI control, MGF and HG groups.
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surgical site. However, a thick patch has limited potential for
cellular engraftment due to limited perfusion in the center of the
graft. Angiogenic cytokines have been demonstrated to improve
cellular engraftment in biodegradable grafts [16]. The enhanced
engraftment of recruited and seeded cells will improve the
creation of a viable tissue at the surgical site [12,17]. In this proof
of concept study, we modified the best biodegradable biomate-
rial with the strength to repair the LV. Our new MGF had suffi-
cient porosity and elasticity to encourage extensive cell
engraftment. The MGF had a Young’s modulus (a measure of
patch strength) of 0.25 MPa, which is substantially greater than
the elastic strength of the dilated rat LV (0.05 MPa) [18]. The
increased patch strength may prevent further LV thinning,
dilatation, and/or rupture. We seeded the MGF with cytokines
and BMSCs to encourage tissue formation, and treated the
biomaterial and the BZ with a hydrogel containing cells and
immobilized cytokines to further enhance angiogenesis, stabilize
the matrix, and recruit progenitor cells. This preliminary study
does not establish the optimal biomaterials, cytokines or cells for
SVR, but suggests that combining modifications of these
approaches produces extensive cell engraftment and prevents
recurrent congestive heart failure.
4.2. Biodegradable biomaterials

These materials offer the opportunity to replace stiff, inert,
synthetic patch material with an autologous, elastic tissue [19].
Previously, we demonstrated that a gelatin patch encourages
extensive cellular engraftment when placed in the right
ventricular outflow tract [4,5]. Ideal for cardiac repair is
a stronger, flexible biomaterial that can immobilize and slowly
release cytokines to boost cellular recruitment, angiogenesis,
and matrix remodeling. Here, we developed from gelatin
a coated GF patch with sufficient strength to permit LV repair.
The gelatin degraded within 2 weeks, and the PCL coating was
not detectable 3 months later. This biodegradable biomaterial
may provide an excellent platform to encourage new tissue
formation.
Table 2
Conduction catheter data.

MI control MGF HG

ESP, mmHg 79.1 � 41.6 76.9 � 5.3 90.4 � 2
EDP, mmHg 7.2 � 1.9 8.1 � 1.9 6.4 � 3
ESV, mL 297.2 � 111.9 265.2 � 94.6 223.8 � 9
EDV, mL 358.8 � 63.0 344.8 � 62.0 283.9 � 1
SW, mmHg � mL 2526 � 1648 2715 � 428 3861 � 2

ESP, end-systolic pressure; EDP, end-diastolic pressure; ESV, end-systolic volume; EDV,
*P< 0.05 compared with theMGF group; yP< 0.05 compared with theMI control and the
compared with the MI control and the MGF groups.
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4.3. Cytokines enhance cell recruitment

The optimal cytokines to enhance cell homing into the patch
and increase implanted cell engraftment have not been deter-
mined. We found that the most robust cardiac repair was achieved
with SCF þ SDF, which are known to increase the homing of
marrow-derived progenitor cells in the heart following injury [10].
The current study did not establish a benefit of cells plus cytokines
beyond that of cells alone. However, cytokine enhanced biomate-
rials may be necessary to permit cell homing and engraftment.
4.4. Optimal cell type

The best cells with which to create a new tissue after surgical
repair may be cardiomyocytes derived from heart biopsies [20] or
induced pluripotent cells [21]. However, an adequate perfused
milieu must be established to permit cell engraftment. Mesen-
chymal stem cells have advantages because their vast plasticity and
pleiotropic paracrine effects can enhance angiogenesis, matrix
remodeling, and stem cell recruitment [22]. Future studies will be
required to establish the optimal cell types and cell number for
cardiac regeneration. Enhanced cytokine production by the
biomaterials and the implanted cells will improve cell survival,
angiogenesis, matrix remodeling, and progenitor cell recruitment
[10,23].
4.5. Restoration of ventricular function with SVR

Although SVR provides immediate restoration of cardiac
volumes, the benefits may not be sustained: A stiff, synthetic patch
may contribute to recurrent cardiac dilatation after SVR. The
addition of cytokines and/or cells markedly improves the preser-
vation of functional recovery after SVR [12]; however, the type of
biodegradable biomaterial employed alters the extent of cellular
engraftment. Our MGF provides a flexible, elastic material with
sufficient strength to maintain the integrity of the repair and
encourage extensive cellular engraftment.
Cytokine Cell CC

3.4 89.7 � 15.4 81.8 � 18.8 100.1 � 20.8
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3.9 198.5 � 55.3 168.6 � 29.0 152.8 � 48.4y

17.3 235.7 � 45.3A 197.8 � 44.4A 205.8 � 21.9A

053 4038 � 655 4475 � 3147 6604 � 3578#

end-diastolic volume.
MGF groups;AP< 0.05 compared with theMI control and theMGF groups; #P< 0.05
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Fig. 4. Cardiac morphology at 28 days after patch implantation. Representative gross heart sections illustrating wall thickness in the patched region (white arrows, dashed outline)
and the BZ (red and yellow arrows) (A). Wall thickness was quantified in both regions (BeC), and was significantly greater in the CE and CC groups compared to the other groups.
The LVDD re-dilatation ratio (day 28 versus day 1) was plotted versus BZ wall thickness (D). There was a significant negative correlation between re-dilatation and the type of
treatment employed. The CE and CC groups maintained diastolic dimensions most effectively.
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In this study, we also treated the surgical BZ, which is a hinge
joint connecting the synthetic patch to the functioning LV. This
regionmay be vulnerable following SVR because the sutured area is
initially damaged and then exposed to mechanical stretching wall
stresses [24]. In the morphological studies, the BZ in theMGF group
thinned and elongated e perhaps because of the tethering forces
Downloaded for Anonymous User (n/a) at University Health Ne
For personal use only. No other uses without permissio
exerted by both the adjacent myocardium and the patch [1]. In
contrast, BZ treatment preserved the BZ wall strength and thick-
ness, and may have contributed to the preservation of LV volumes
and function [25]. This preliminary study suggests that BZ protec-
tion may be beneficial, and that a hydrogel containing cells and/or
cytokines could be an additional option for SVR.
twork from ClinicalKey.com by Elsevier on October 10, 2018.
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Fig. 5. Assessment of cardiac morphology with MRI. MRI was performed in the short axis (A) and long axis (B) at patch level. White dots indicate the ventricular endocardial and
epicardial surfaces. Patched regions are outlined with solid lines and BZ regions are indicated with arrows. Scale bar represents 5 mm.

Y. Miyagi et al. / Biomaterials 31 (2010) 7684e7694 7691
4.6. Study limitations

The current study was a short-term, proof of concept study that
used small animals. Long-term studies will be required to simulate
Downloaded for Anonymous User (n/a) at University Health Networ
For personal use only. No other uses without permission. Co
SVR in humans. Although we evaluated the tensile strength of the
modified composite biomaterial in vitro, the strength in vivomay be
considerably different. Additional studies will be required to
establish the best combination of biodegradable biomaterials, cells,
k from ClinicalKey.com by Elsevier on October 10, 2018.
pyright ©2018. Elsevier Inc. All rights reserved.
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Fig. 6. Histological assessment. Representative micrographs (20X) illustrating a-SMA immunostaining in the patched region and BZ (A). Arrows identify a-SMAþ tissue, which was
quantified in the patched region (B) and the BZ (C). Representative micrographs (20X) illustrating factor VIII immunostaining in the patched region and BZ (D). Arrows identify
capillary structures. Vascular densities significantly greater than those in the HG were measured in the patched region (CE and CC groups) (E) and in the BZ (CC group) (F).
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and cytokines to produce a lasting, flexible tissue within the
surgically repaired region.

5. Conclusions

The addition of cytokines and cells to a modified biodegradable
biomaterial preserved ventricular volumes and cardiac function
late after surgical repair of a myocardial infarct. Bioengineered cell-
seeded, cytokine impregnated grafts may provide a viable elastic
tissue to replace the LV scar. Eventually, these materials could be
used to develop a cell-seeded patch containing beating car-
diomyocytes to assist with functional restoration after SVR.
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Appendix

Figures with essential color discrimination. Figs. 1,2 and 5 in this
article are difficult to interpret in black and white. The full color
images can be found in the on-line version, at doi:10.1016/j.
biomaterials.2010.06.048.
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