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A B S T R A C T

Cardiac tissue engineering is of particular importance in the combination of contracting cells with a biomaterial
scaffold, which serves as a cell-delivery construct, to replace cardiomyocytes (CMs) that are lost as a result of an
infarction, to restore heart function. However, most biomaterial scaffolds are nonconductive and may delay
regional conduction, potentially causing arrhythmias. In this study, a conductive CM-delivery construct that
consists of a gelatin-based gelfoam that is conjugated with a self-doped conductive polymer (poly-3-amino-4-
methoxybenzoic acid, PAMB) is proposed as a cardiac patch (PAMB-Gel patch) to repair an infarcted heart. A
nonconductive plain gelfoam (Gel patch) is used as a control. The electrical conductivity of the PAMB-Gel patch
is approximately 30 times higher than that of the Gel patch; as a result, the conductive PAMB-Gel patch can
substantially increase electrical conduction between distinct clusters of beating CMs, facilitating their syn-
chronous contraction. In vivo epicardial implantation of the PAMB-Gel patch that is seeded with CMs (the
bioengineered patch) in infarcted rat hearts can significantly enhance electrical activity in the fibrotic tissue,
improving electrical impulse propagation and synchronizing CM contraction across the scar region, markedly
reducing its susceptibility to cardiac arrhythmias. Echocardiography shows that the bioengineered conductive
patch has an important role in the restoration of cardiac function, perhaps owing to the synergistic effects of its
conductive construct and the synchronously beating CMs. These experimental results reveal that the as-proposed
bioengineered conductive patch has great potential for repairing injured cardiac tissues.

1. Introduction

Cardiovascular diseases are the leading cause of death globally [1].
Following an acute myocardial infarction (MI), cardiomyocytes (CMs)
are lost and replaced by fibrosis. The accumulation of fibrillary cross-
linked collagen deposition in the myocardium and scar formation of the
defect can result in extensive ventricular remodeling and progressive

heart failure, which can cause cardiac death [2]. The nonconductive
fibrotic scar tissue may electrically uncouple viable CMs in the infarct
region, producing a proarrhythmic milieu [3]. The lack of electric
connection between the healthy myocardium and the insulated CMs in
the scar may also contribute to asynchronous ventricular contraction
and may eventually lead to progressive functional decompensation and
death [3]. Although early scar formation may prevent ventricular
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rupture, ventricular pressure may cause thinning and stretching of the
scar, leading to fatal ventricular dilatation and dysfunction. Novel
techniques are therefore required to prevent ventricular thinning and
dilation as well as to connect insulated contracting CMs and secure their
synchronized contraction, ultimately preventing congestive heart
failure.

In the last decade, cardiac tissue engineering has attracted much
attention, especially with respect to the combination of contracting
cardiac cells with a biomaterial scaffold as a cell delivery construct to
replace cells that are lost as a result of an infarction and thereby to
prevent ventricular dilation and restore heart function [4]. This de-
livery technique has the advantage of introducing very many cardiac
cells, which can be grown in three dimensions to generate a thick
functioning bioengineered cardiac patch. Collagen, gelatin, and fibrin
are natural biomaterials and their structure is similar to the extra-
cellular matrix, which can support a bioengineered cardiac patch when
implanted with CMs [5–7].

In an earlier study, we used a gelatin-based gelfoam as a scaffold to
generate a bioengineered cardiac patch that was seeded with CMs to
repair an infarcted heart [6,8]. Gelfoam is an FDA-approved hemostatic
sponge, which is mainly composed of cross-linked gelatin [9]. This
three-dimensional, porous biomaterial scaffold can provide a suitable
surface for cell attachment, increasing the number of surviving CMs and
reducing the number of cells lost as a result of anoikis. Subsequently,
we formed a cytokine-enhanced cardiac patch by immobilizing vascular
endothelial growth factor and basic fibroblast growth factor into the
gelfoam scaffold and then seeding it with human mesenchymal stromal
cells [10]. This cytokine-enhanced, cell-seeded biodegradable patch
prolonged cell survival and augmented angiogenesis. Rats that were
implanted with this patch exhibited better cardiac function after sur-
gical ventricular reconstruction; however, this advanced patch lacked
conductive properties. Implantation of a nonconductive patch may
impede electrical impulse propagation across the infarcted heart and is
not able to electrically synchronize isolated contracting CMs within the
scar area [11].

The electrical integration of a tissue-engineered construct with the
native myocardium as well as the appropriately timed activation of
contraction of CMs in response to stimulation may markedly enhance
the contribution of the patch to the propulsion of blood out of the heart.
To achieve this goal, this work proposes a novel cell delivery construct
that consists of a conductive biomaterial scaffold that is made of a
conductive polymer (poly-3-amino-4-methoxybenzoic acid, PAMB)-
grafted gelfoam (PAMB-Gel patch) as a bioengineered cardiac patch for
heart repair (Fig. 1). Its conductivity, ability to support CM viability
and function in vitro, and effectiveness in the surgical repair of a
myocardial infarct region in vivo are evaluated in detail.

2. Materials and methods

2.1. Preparation of PAMB-Gel patch

The PAMB-Gel patch was prepared by synthesizing the PAMB con-
ductive polymer and conjugating it onto the backbone of gelatin that
was present in the gelfoam (Ethicon, Somerville, NJ, USA) using an
oxidative polymerization process [12]. Briefly, 3-amino-4-methox-
ybenzoic acid (AMB; Alfa Aesar, Ottawa, Canada) was dissolved in
10 mL deionized (DI) water (0 wt%, 0.5 wt%, 1.0 wt%, 2.0 wt%, or
4.0 wt%) in the presence of an oxidative catalyst (ammonium persul-
fate, APS) at an AMB to APS molar ratio of 1:1 at 40 °C. Samples of
gelfoam (of length 15 mm, width 15 mm, and thickness 2 mm) were
immersed in the as-prepared solutions and then reacted for 12 h at
40 °C. The PAMB-Gel patches thus formed were thoroughly washed in
phosphate-buffered saline (PBS); the patch that had the highest con-
ductivity was used in subsequent studies. Plain gelfoam (Gel patch) was
used as a control.

2.2. Characterization of PAMB-Gel patch

The conjugation of PAMB into the patch was investigated by
Fourier-transform infrared spectroscopy (FT–IR, Thermo Scientific,
Nicolet iS50, Madison, WI, USA). The amount of PAMB that was con-
jugated into the patch was determined by measuring the absorbance of
the patch at 500 nm using a UV–vis spectrophotometer (SpectraMax M5
Microplate Reader, Molecular Devices, Sunnyvale, CA, USA) [13].

The morphology of the Gel and PAMB-Gel patches was investigated
by scanning electron microscopy (SEM, SU8010, Hitachi, Japan).
ImageJ was used to analyze the obtained SEM micrographs to de-
termine the mean pore size of each test patch, while its porosity was
measured in pure ethanol by a liquid displacement method that has
been described elsewhere [14]. The tendency of each test patch to swell
was evaluated by immersing the dried test samples in PBS at 37 °C, and
measuring their wet weights at the scheduled time points. The swelling
ratio of each test patch was calculated using the following Eq. [15].

=Swelling Ratio (Ws–Wd)/Wd

where Ws and Wd are the weights of the swollen and dried samples,
respectively.

The mechanical properties of the Gel and PAMB-Gel patches were
elucidated using an Instron material testing machine (Model 5842,
Norwood, MA, USA). The relevant experiments were performed with
the machine in tensile mode at a constant crosshead speed of 5 mm/min
[16]. The Young's modulus, tensile strength, and elongation at break
were calculated from the obtained stress–strain curve. The self-doping
characteristic of the PAMB conductive polymer at different pH values
was evaluated by examining the UV–vis absorption spectrum of the
polymer, which was obtained using a SpectraMax M5 Microplate
Reader.

Conductivity was measured right after washing or soaking the pat-
ches in PBS for later measurement. The conductivities of the test pat-
ches were evaluated using a two-probe conductivity analyzer (Hewlett-
Packard Development Company, Palo Alto, CA, USA). The
15 × 15 × 5 mm patches were placed on a platform and two probes at
7 mm distance from each other were used for conductivity measure-
ments using a linear double-sweep model. The voltage increased from
−5.0 to 5.0 V in 100 mV increments (delay time 100 μsec). The con-
ductivity was calculated according to the slopes. The measurements
were made in PBS.

2.3. Animal studies

Test rats (Sprague–Dawley; neonatal or adult weighing 200–250 g)
were acquired from Charles River Laboratories (Saint-Constant, QC,
Canada). All experimental procedures were conducted consistent with
the Guide for the Care and Use of Laboratory Animals (NIH, 8th Edition,
2011), and the study protocols were approved by the Animal Research
Centre of the University Health Network.

2.4. Preparation of cell-delivery construct (cell-seeded PAMB-Gel patch)

CMs were isolated from neonatal rats using enzymatic dissociation
[17]. To reduce contaminating cardiac fibroblasts, the isolated cells
were pre-seeded on a non-coated dish for 30 min. To prepare the cell
delivery constructs, test patches (Gel and PAMB-Gel) were sterilized by
UV for 30 min. The sterilized patches were firstly soaked in fetal bovine
serum (FBS) for one hour and then in a 1:1 DMEM and Ham F12 (Life
Technologies, Burlington, ON, Canada) medium that contained 10%
FBS (DMEM/Ham F12 + 10% FBS) for another hour. The isolated CMs
were plated at 2 × 106/patch in a DMEM/Ham F12 + 10% FBS
medium that contained 100 U/mL penicillin G and 0.1 mg/mL strep-
tomycin. To prevent the growth of non-myocytes in the early stages of
the experiment, BrdU (10 mM; Sigma Aldrich, St Louis, MO, USA) was
added to the medium on the first day of the cell culture; thereafter,
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BrdU was removed, and the cells were recultured in a medium that was
the same except in that it contained 8% FBS. To evaluate cell viability in
the as-prepared cell delivery constructs, the cultured cells were fixed in
2% paraformaldehyde for 10 min and permeabilized with 0.2% Triton
X 100 for 5 min. Nuclei were counter-stained with 4′,6-diamidino-2-
phenylindole (DAPI, Sigma Aldrich) and counted following two, four,
six, or eight days in culture.

2.5. Immunofluorescent staining of cell-seeded PAMB-Gel patch

Immunofluorescent staining was carried out to detect the gap
junction protein, connexin 43, on CMs that had been cultured in the test
patches five days after seeding. The patches with cultured cells were
fixed in 2% paraformaldehyde for 10 min, blocked in 5% donkey serum
and then incubated with rabbit anti-connexin 43 (1:800; Sigma Aldrich,
c6219), followed by Alexa546 donkey anti-rabbit IgG secondary anti-
body (1:400; Life Technologies). Nuclei were counter-stained with
DAPI.

2.6. Conductive properties of cell-seeded PAMB-Gel patch

The conductive properties of the cell-seeded patches were in-
vestigated via extracellular electrical potential mapping with a speci-
fically designed microelectrode array (MEA) system (Multichannel
Systems, Reutlingen, Germany) [18]. The patches that had been seeded
with CMs as described above were plated onto the MEA that covered

the electrode grid at the center of a Petri dish. A MEA1060-Inv-BC
System amplifier with a recording system (Multichannel Systems) was
used to record the electrical activity of the cell-seeded test patch. The
activation time at each recording site was identified by the sharp ne-
gative deflection. The electrical conduction velocity was measured by
plotting activation time versus distance from the electrodes along the
trajectory of propagation.

2.7. CM Ca2+ transient and electrical impulse propagation

CM Ca2+ transient propagation was assessed by incubating cell-
seeded patches with the Ca2+ indicator dye Fluo-4 AM (acetoxymethyl;
5 μM) in enhancing medium Pluronic® F-127 for 30 min and then
washing in fresh Tyrode's solution. Ca2+ transient propagation in CMs
was detected by excitation with Fluo-4 AM at 488 nm and emission
at> 515 nm. The area where CMs first demonstrated an increase in
Ca2+ concentration was taken as region of interest (ROI) #1, and the
area of the CMs where the propagation ended was taken as ROI #2. The
time for propagation was that between the activation of ROI #1 and
ROI #2. The distance between ROI #1 and #2 was measured and cal-
culated using Image J software. The Ca2+ conduction velocity was
calculated using a standard formula [conduction velocity = distance
between the two ROIs/propagation time] [19].

Electrical impulse propagation through the left ventricle (LV) of the
heart was optically mapped. The electrical signal conduction kinetics of
the ex vivo Langendorff-perfused rat hearts [20] were investigated by

Fig. 1. Preparation and structure of as-proposed bioengineered conductive patch (PAMB-Gel + CMs) and mechanisms of its improvement of electrical propagation
and synchronizing CM contraction for repair of infarcted rat heart.

S. Chen, et al. Journal of Controlled Release 320 (2020) 73–82

75



perfusing rat hearts with 10 μM of a voltage-sensitive dye, di-4-ANEPPS
(Life Technologies), diluted in a high‑potassium cardioplegia solution.
Di-4-ANEPPS was excited at 510 nm, and its emission at> 570 nm was
collected.

Ca2+ transient propagation in CMs and the electrical signal con-
duction kinetics of Langendorff-perfused hearts were recorded by an
optical high-speed electron multiplied charge-coupled device (EMCCD)
camera system (Evolve 128, Photometrics, Tucson, AZ, USA) that was
coupled with a dissecting microscope. To record the electrical signals
from the Langendorff-perfused rat hearts, the infarct scar was posi-
tioned in the center of the view. The measurement began when the first
electrical signal appeared on the heart; this time was marked as zero.
The end point was when the electrical signal propagation ended. The
recorded fluorescence images were processed using a 100 Hz low-pass
filter, pseudocolored, and then stacked to make isochronal maps of
electrical signal propagation over time [21].

2.8. Epicardial implantation of cell-seeded PAMB-Gel patch and analysis of
its electrical activity

Test rats underwent left descending coronary artery ligation to
create the MI model. One week later, three groups of patches (Gel,
PAMB-Gel, and PAMB-Gel+CMs) were separately sutured onto the
epicardial surfaces of the infarct areas. The regional field potential
amplitude of the fibrotic tissue four weeks after patch implantation was
measured with a 36‑lead flexible MEA. The global fibrotic scar tissue
field potential amplitude was evaluated by an eight‑lead electro-
cardiography (ECG) catheter. Telemetry ECG was used to record the
spontaneous premature ventricular contractions (PVCs) or ventricular
tachycardia (VT) four weeks after patch implantation, and the number
of arrhythmias per hour was calculated [22].

Arrhythmias can be induced by various stimuli using an external
stimulator [23]. A standard clinical programmed electrical stimulation
(PES) protocol was applied to determine the inducibility of ar-
rhythmias, which was quantified and presented as inducibility quotient,
consistent with an established scoring system [24].

2.9. Cardiac function assessment and histological evaluation

Echocardiography (echo) was used to assess cardiac function. One
week after MI, echo was performed, and only those rats whose hearts
exhibited a fractional shortening of between 25−35% were included in
the study. The cardiac function of the test rats was evaluated weekly
using a GE Vivid 7 ultrasound system (GE Healthcare, Mississauga, ON,
Canada) with a 10S transducer. Short-axis views were obtained using
the parasternal method. LV dimensions (left ventricular end-diastolic
internal diameter, LVIDd, and end-systolic internal diameter, LVIDs)
were measured in M-mode. The ejection fraction was calculated as
(LVIDd3 – LVIDs3)/LVIDd3 × 100. The fractional shortening was cal-
culated as (LVIDd – LVIDs)/LVIDd × 100. All echo traces were eval-
uated by a blinded researcher using echo analysis software (Millar,
Houston, TX, USA).

At the end of the study (four weeks post-patch implantation), the
hearts were arrested and fixed at physiological pressures. These fixed
hearts were cut into 2-mm sections and photographed for morpho-
metry. The infarct area was defined as the entire area of LV that was
scarred in myocardial sections that were stained with Masson's tri-
chrome. Scar thickness was measured by computerized planimetry and
presented as an average of wall thickness measurements that were
made at the middle and at each edge of the scar area at its thinnest
point. All morphometric analyses were performed blind.

2.10. Statistical analysis

All collected data were analyzed using Prism version 7.0 software
(GraphPad Software, San Diego, CA, USA) and were presented as

mean ± SD. Student's t-test was used to make two-group comparisons.
Comparisons of parameters among three or more groups were analyzed
by one-way analysis of variance (ANOVA) for single-factor variables
followed by Tukey or two-way ANOVA for two-factor variables with
repeated measures over time, followed by Bonferroni post-hoc tests.
Differences were regarded as statistically significant at P <0.05.

3. Results and discussion

After an extensive MI, loss of CMs results in congestive heart failure.
The replacement of the lost cells by the transplantation of a large
number of beating CMs into the damaged area has attracted consider-
able attention [25]. However, methods of cell delivery into the myo-
cardial tissue, including via transvenous [26], endomyocardial [27], or
intracoronary [28] routes, have not been found to be entirely satisfac-
tory as engraftment and cell survival have been limited [29], raising
major challenges for clinical applications. In this study, a PAMB-grafted
gelatin-based gelfoam is proposed as a conductive CM-delivery con-
struct to support the formation of a synchronously beating cardiac
tissue to repair an infarct heart. The absorbable gelatin sponge contains
an essential component of the extracellular matrix, providing a unique
biological environment that facilitates CM engraftment and cell sur-
vival.

3.1. Characteristics of PAMB-Gel patch

To form an electrically conductive patch, an oxidative catalyst
(APS) was used to oxidize the nucleophilic amine groups on AMB
monomers for generating polymerized PAMB; meanwhile, the poly-
merized PAMB was conjugated onto the gelatin backbone that was
present in the gelfoam [30]. A three-dimensional, porous, conductive
PAMB-Gel patch, was thus formed. Unmodified gelfoam (Gel patch)
was used as a control patch. In the optimization of the formulation of
the PAMB-Gel patch, the conductivity of the as-prepared patch in-
creased with the AMB concentration, reaching a plateau at 2 wt% of
AMB (Fig. 2a); further increasing the AMB concentration did not sig-
nificantly increase the conductivity of the PAMB-Gel patch. Therefore,
the patch that was prepared at an AMB concentration of 2 wt%, which
had the highest conductivity of any the as-prepared patches, was
chosen in the subsequent studies.

According to Fig. 2b, the FT–IR spectrum of the PAMB-Gel patch
included two characteristic peaks at 1645 and 1540 cm−1 (indicated by
the blue arrows), which were assigned to the amide I (C]O stretching
vibration) and the amide II (NeH bending vibration) of gelatin (Gel
patch), respectively. The peaks at 765 and 1020 cm−1 (red arrows)
were attributed to the aromatic CeH out-of-plane bending vibration
and the C–O–C stretching vibration of PAMB, respectively. These
findings demonstrate that the AMB monomers had been successfully
polymerized (PAMB) and conjugated onto the gelatin backbone. As
verified using a UV–vis spectrophotometer [13], the amount of PAMB
that was conjugated into the PAMB-Gel patch was 7.3 ± 0.2 wt%
(n = 6 batches).

SEM was employed to observe the morphology of the Gel and
PAMB-Gel patches. As presented in Fig. 2c, the Gel and PAMB-Gel
patches exhibited similar three-dimensional, interconnected porous
structures, and they had comparable pore sizes (210 μm) and porosities
(80%) (P >0.05, Fig. 2d and e). Patches with large pores and high
porosity promote oxygen and nutrient exchange, which can favor cell
attachment and growth [31].

The swelling properties of the Gel and PAMB-Gel patches were
elucidated by measuring the variations of water contents in test samples
that had been immersed in PBS. According to Fig. 2f, the conjugation of
PAMB into the gelfoam slightly reduced its tendency to swell, poten-
tially affecting the mechanical properties of the PAMB-Gel patch, as
revealed by the obtained stress–strain curves in Fig. 2g. The PAMB-Gel
patch had a higher Young's modulus, a greater tensile strength, and a
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lower elongation at break than the Gel patch (Figs. 2h–j). These ex-
perimental data reveal that the conjugation of PAMB renders the
PAMB-Gel patch somewhat stiffer and mechanically stronger than the
plain Gel patch, possibly owing to the rigid aromatic ring of PAMB and
its relative hydrophobicity [32].

To explore the pH-responsiveness of its self-doping characteristic,
the optical absorbances of the PAMB polymer at various pH values were
recorded. Fig. 2k shows a broad absorption band at 420–440 nm in the
UV–vis spectrum of PAMB at pH 5.0 and 7.4, which was generated by a
polaron transition [33], revealing that the PAMB polymer had high
conductivity. PAMB is a carboxyl group-functionalized polyaniline,
which exhibits intra-molecular hydrogen bonding between the carboxyl
group and the amino group in its repeating unit (Fig. 1). This intra-
molecular hydrogen bonding reduces the electron density of the ni-
trogen, making the PAMB polymer self-doped at physiological pH (such
as pH 5.0 and 7.4). When the environmental pH was increased to 12.0,
the absorption band in the spectrum of PAMB was greatly repressed,
owing to dedoping. These analytical results suggest that the as-prepared
PAMB-Gel patch can be electrically active in a physiological pH en-
vironment. As confirmed using a two-probe conductive analyzer, at

pH 7.4, the electrical conductivity of the conductive PAMB-Gel patch
was approximately 30 times greater than that of the nonconductive Gel
patch (Fig. 2l). The conductivity of the PAMB-Gel patch is
1.9 × 10−4 S/cm (Fig. 2l), which is within the conductivity range of
the native myocardium (in the range of 5 × 10−5 to 1.6 × 10−3 S/cm)
[34–36]. Therefore, the semi-conductive property of this material
makes it a suitable candidate for cardiac repair. The successful con-
jugation of PAMB into the gelfoam may make it an ideal three-dimen-
sional scaffold as a bioengineered cardiac patch with bioconductivity.

3.2. Cell compatibility of PAMB-Gel patch

To study the cell compatibility of the PAMB-Gel patch, neonatal rat
CMs were isolated and grown in the test patch for eight days; the Gel
patch was used as a control. Immunofluoresent staining was performed
to identify the gap junctional protein, connexin 43, on CMs that had
been cultured in the Gel and PAMB-Gel patches. According to Fig. 3a,
connexin 43 proteins were clearly observed around the plasma mem-
branes of the CMs (as indicated by the white arrowheads) that had been
cultured in the Gel and PAMB-Gel patches. Similar numbers of CMs

Fig. 2. (a) Conductivities of PAMB-Gel patches with various formulations (n = 6 in each group). (b) FT–IR spectra of Gel patch (gelfoam), PAMB polymer, and
PAMB-Gel patch, indicating that PAMB polymer had been successfully synthesized and grafted into gelfoam. (c) SEM micrographs showing that Gel and PAMB-Gel
patches had similar interconnected porous structures. (d) Pore size and (e) porosity of Gel and PAMB-Gel patches, suggesting that conjugation of PAMB did not
change morphological structure of Gel patch (n = 6 in each group). (f) Swelling ratios of Gel and PAMB-Gel patches. (g) Stress–strain curves, (h) Young's moduli, (i)
tensile strengths, and (j) elongations at break of Gel and PAMB-Gel patches (n = 6 in each group). (k) UV–vis absorption spectra of PAMB polymer at different pH
values, showing self-doping at physiological pH. (l) Conductivities of Gel and PAMB-Gel patches (n = 6 in each group). *P <0.05; n.s.: not significant.
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grew in both studied patches during the eight days of culture
(P >0.05, Fig. 3b).

3.3. Ca2+ transient propagation in PAMB-Gel patch

To investigate the effect of the PAMB-Gel patch on the electrical
conduction of cultured CMs, cytoplasmic Ca2+ transient propagation
was determined by identifying the time between the activation of ROI
#1 and that of ROI #2 (Fig. 3c). Fig. 3d indicates that the Ca2+ tran-
sient velocity of the CMs that were cultured in the conductive PAMB-
Gel patch was about three times greater than that of the CMs that were
grown in the nonconductive Gel patch (P <0.05), indicating that the
conjugation of conductive PAMB into the gelfoam (PAMB-Gel patch)
significantly promoted Ca2+ transient propagation in the CMs.

Ca2+ transients of distinct clusters of spontaneously-beating CMs,
which are related to CM contractions [37], were examined further in
the Gel and PAMB-Gel patches. Three regions of the patches were
randomly selected and their fluorescence intensities were analyzed. As
displayed in Fig. 3e and Movie S1, the Ca2+ transients of the distinct
clusters of CMs that had been grown in the PAMB-Gel patch showed
better synchronization than those of CMs that had been grown in the

Gel patch. These results reveal that the conductive PAMB-Gel patch can
promote electrical conduction between distinct clusters of beating CMs,
facilitating their synchronous contraction, and so may be used as a
bioconductive cardiac engineered patch to restore infarcted hearts.

3.4. Electrical impulse propagation in CMs grown in PAMB-Gel patch

MEA was used to evaluate the regional field potential of CMs that
had been grown in the Gel and PAMB-Gel patches. Conduction velocity
was then calculated by observing the waveforms of two adjacent elec-
trodes that were one mm apart; the delay times between the two waves
were obtained from the graphs. According to Figs. 3f–h, the regional
field potential amplitude that was generated from the CMs that had
been cultured in the PAMB-Gel patch and its conduction velocity were
both markedly greater than those generated from the CMs that had
been grown in the Gel patch (P <0.05), suggesting that the conductive
PAMB-Gel patch enhanced the electrical impulse propagation in CMs.

3.5. Electrical impulse propagation in infarcted hearts

To translate the above favorable in vitro findings into potential

Fig. 3. (a) Representative fluorescence images of connexin 43 staining of CMs that had been grown in Gel and PAMB-Gel patches. Nuclei were counter-stained with
DAPI. (b) Numbers of CMs grown in Gel and PAMB-Gel patches during eight days in culture (n = 3 in each group). (c) Ca2+ transient propagation through CMs that
had been grown in Gel and PAMB-Gel patches. Area where Ca2+ fluorescence increased first was selected as ROI #1, and area where Ca2+ fluorescence propagation
stopped was selected as ROI #2. (d) Ca2+ transient velocities in CMs that had been cultured in Gel and PAMB-Gel patches were calculated from time between
activation of ROI #1 and that of ROI #2 (n = 3 in each group). (e) Ca2+ transients of distinct clusters of spontaneously beating CMs that had been grown in PAMB-
Gel patch, exhibiting better synchronization than those that had been grown in Gel patch. (f) Representative electrograms of CMs that had been grown in Gel and
PAMB-Gel patches, detected by MEA, showing that PAMB-Gel group had (g) higher field potential amplitude and (h) greater conduction velocity than Gel group
(n = 3 in each group). *P <0.05; n.s.: not significant.
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clinical applications, the effect of the PAMB-Gel patch that was seeded
with CMs (PAMB-Gel+CMs or the bioengineered conductive patch) on
cardiac repair and the resynchronization of electrical activity of the
fibrotic scar tissue in vivo were evaluated using a rat MI model. The
unseeded Gel and PAMB-Gel patches were used as controls. One week
after the MI was created, epicardial implantation of each test patch was
performed (Fig. 4a). Four weeks following patch implantation, MEA
was used to evaluate the regional electrical field potential and electrical
impulse propagation across the infarct scar area and an eight‑lead ca-
theter was used to measure the global field potential amplitude on the
cardiac surface.

As indicated in Fig. 4b and c, the bioengineered conductive patch-
treated infarcted hearts had the highest regional electrical field po-
tential around the scar area of the three investigated groups of hearts
(P <0.05). The conduction velocity of the group that had received the
PAMB-Gel patch significantly exceeded that in the rat hearts that had
received the Gel patch (Fig. 4d, P<0.05), possibly owing to the higher
bioconductivity in the former group (Fig. 2l). The addition of CMs to
the PAMB-Gel patch (bioengineered patch) did not increase regional
conduction (Fig. 4d). The global field potential amplitude measure-
ments revealed that the scar/remote field potential amplitude ratio in
the group that was treated with the bioengineered patch significantly
exceeded those observed in the groups that were treated with the Gel

patch or the PAMB-Gel patch (P <0.05, Fig. 4e and f). These analytical
results suggest that epicardial implantation of the bioengineered con-
ductive patch (PAMB-Gel+CMs) substantially improved electrical ac-
tivity in the fibrotic tissue, promoting electrical impulse propagation
and CM synchronization across the scar region.

3.6. QRS duration in infarcted hearts

Previous works have found that myocardial scars can cause “wi-
dened” QRS complexes [38]. To examine the effect of the treatment a
conductive patch on QRS duration, surface ECG recordings were ob-
tained four weeks after patch implantation (Fig. 4a). The QRS durations
of infarcted hearts that were treated with a conductive patch (the
PAMB-Gel patch or the bioengineered patch) were significantly shorter
than that of the infarcted hearts that were treated with a non-con-
ductive patch (the Gel-patch, P <0.05, Fig. 5a and b). These experi-
mental data indicate that the conductive PAMB-Gel patch enhanced
regional as well as global conductions.

3.7. Inducibility of cardiac arrhythmias in infarcted hearts

In MI, the weakly excitable scar tissue impedes myocardial electrical
propagation, potentially inducing macro re-entrant circuits and

Fig. 4. (a) Experimental timeline. (b) Electrograms of regional field potential recorded on fibrotic scar areas using MEA and their (c) regional field potential
amplitudes as well as (d) conduction velocities (n = 6 in each of Gel and PAMB-Gel groups; n = 4 in each of normal and PAMB-Gel+CMs groups). (e) Electrograms
of global field potential recorded across fibrotic scar tissues using an eight‑lead catheter and (f) corresponding ratios of scar/remote field potential amplitudes (n = 6
in each of Gel and PAMB-Gel groups, n = 4 in PAMB-Gel+CMs group). *P <0.05; n.s.: not significant.
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ventricular arrhythmias [39]. To determine whether the epicardial
implantation of a conductive patch onto the scar tissue may reduce its
spontaneous cardiac arrhythmias, a standard clinical PES protocol was
used [24]. According to Fig. 5c and d, when the infarcted hearts were
challenged with PES, the susceptibility of cardiac arrhythmias was
significantly lower, based on the calculated inducibility quotient, in the
groups that had been implanted with the conductive PAMB-Gel patch,
whether seeded with CMs (the bioengineered patch) or not, than in the
group that had been implanted with the nonconductive Gel patch
(P <0.05,). This result suggests that the epicardial implantation of a
conductive patch on an infarcted heart can substantially reduce its
susceptibility to cardiac arrhythmias.

3.8. Electrical conduction velocity across infarcted hearts

Optical mapping was utilized to determine the conduction velocity
of electrical impulse propagation across an infarcted heart that had
been epicardially implanted with a test patch. At four weeks after im-
plantation, hearts were excised and subsequently Langendorff-perfused
with a voltage-sensitive dye (di-4-ANEPPS); the electrical conduction
velocities across the normal and infarcted scar regions in each of the
studied groups were then evaluated. Fig. 5e shows that the electrical
conduction velocity in the groups that had been implanted with the
PAMB-Gel patch or the bioengineered patch significantly exceeded that
in the group that had been implanted with the Gel patch (P <0.05).

These findings suggest that the epicardial implantation of a conductive
patch greatly improved electrical propagation across the repaired re-
gion, electrically activating isolated contracting regions to bridge the
scar barrier to the healthy myocardium.

3.9. Cardiac function and histological findings

To assess whether the improved electrical impulse propagation
(Figs. 3c, d, 4d, and 5e) and the synchronized CM contraction (Fig. 3e)
that were observed in the group that had received the bioengineered
conductive patch favored functional recovery, cardiac function was
evaluated by echo every week following patch implantation. Cardiac
function analyses demonstrate a relatively greater fractional shortening
(Fig. 6a) and ejection fraction (Fig. 6b) and lower LVIDs (Fig. 6c,
P<0.05) and LVIDd (Fig. 6d) in the infarcted heart that had been
treated with the bioengineered conductive patch than in the infarcted
hearts that had been treated with the Gel patch or the PAMB-Gel patch.
These results reveal that the bioengineered patch can importantly
promote the restoration of cardiac function after MI, perhaps owing to
the synergistic effects of its conductive construct and the synchronously
beating CMs.

Trichrome staining shows that at four weeks after implantation, the
infarcted heart that had been treated with the Gel patch had thinned,
whereas those had been treated with the PAMB-Gel patch or the
bioengineered patch, each of which was structurally integrated with the

Fig. 5. (a) ECG recordings were taken to determine (b) QRS duration four weeks post-patch implantation (n = 6 in each of Gel and PAMB-Gel groups, n = 4 in each
of normal and PAMB-Gel+CMs groups). (c) PES protocol was followed to investigate inducibility of arrhythmias of infarcted hearts. (d) Calculated inducibility
quotients (n = 6 in each of Gel and PAMB-Gel groups, n = 4 in each of normal and PAMB-Gel+CMs groups). (e) Conduction velocities were calculated from optical
mappings recorded at four weeks post-patch implantation (n = 6 in each of Gel and PAMB-Gel groups, n = 4 in each of normal and PAMB-Gel+CMs groups).
*P <0.05; n.s.: not significant.
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host myocardia, retained their thickness (Fig. 6e). Notably, the scars
were significantly smaller and substantially thicker in the bioengi-
neered patch-treated group than in the Gel patch-treated group or the
PAMB-Gel patch-treated group (P <0.05, Fig. 6f and g), revealing that
CM transplantation has great potential for the repair of injured cardiac
tissues. Additionally, we observed a large number of viable CMs that
were originally seeded within the scaffold at four weeks after the patch
implantation (Fig. 6e), facilitating a significantly more reduction in
infarct size (Fig. 6f) and a greater preservation of scar thickness
(Fig. 6g) in the PAMB-Gel+CM group as compared to the PAMB-Gel
group.

The application of the as-proposed conductive PAMB-Gel patch has
the advantages of both supporting for cardiomyocyte survival (Fig. 3b)
and enhancing electrical activity (Figs. 3f–h and 4b–d). The patch ef-
fectively increased impulse propagation through the infarcted zone and
permitted appropriately timed contraction of viable myocardium iso-
lated by the infarct scar (Fig. 5e), thereby facilitating the improvement
of cardiac function. Furthermore, our data demonstrated that this
bioengineered conductive patch (PAMB-Gel+CMs) exhibited more ef-
fective synergistic functional improvement and greater reduction of
adverse cardiac remodeling when compared with other patches in our
animal model (Fig. 6a–g).

4. Conclusions

In conclusion, a novel bioengineered conductive patch was devel-
oped from a gelatin-based gelfoam that had been conjugated with a
conductive polymer PAMB. This three-dimensional, porous patch sup-
ported CM engraftment and cell survival and synchronized CM beating
as well as enhanced conduction velocity in CMs. In vivo implantation of
the bioengineered conductive patch over the infarcted heart improved
electrical impulse propagation across the scarred tissue and electrically
activated isolated contracting regions to bridge the scar barrier to the
healthy myocardium. This newly developed bioengineered conductive
patch represents an important advance with great potential as a new
treatment for heart disease-related conduction abnormalities.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jconrel.2020.01.027.
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groups). (e) Representative histological images of staining with Masson's Trichrome of cross-sectioned hearts excised four weeks after patch implantation. (f) Scar size
and (g) scar thickness of each studied group (n = 6 in each of Gel and PAMB-Gel groups, n = 4 in PAMB-Gel+CMs group). *P <0.05.
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