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The conductive function of biopolymer corrects myocardial scar conduction 
blockage and resynchronizes contraction to prevent heart failure 
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A B S T R A C T   

Myocardial fibrosis, resulting from ischemic injury, increases tissue resistivity in the infarct area, which impedes 
heart synchronous electrical propagation. The uneven conduction between myocardium and fibrotic tissue leads 
to dys-synchronous contraction, which progresses towards ventricular dysfunction. We synthesized a conductive 
poly-pyrrole-chitosan hydrogel (PPY–CHI), and investigated its capabilities in improving electrical propagation 
in fibrotic tissue, as well as resynchronizing cardiac contraction to preserve cardiac function. In an in vitro fibrotic 
scar model, conductivity increased in proportion to the amount of PPY-CHI hydrogel added. To elucidate the 
mechanism of interaction between myocardial ionic changes and electrical current, an equivalent circuit model 
was used, which showed that PPY-CHI resistance was 10 times lower, and latency time 5 times shorter, compared 
to controls. Using a rat myocardial infarction (MI) model, PPY-CHI was injected into fibrotic tissue 7 days post 
MI. There, PPY-CHI reduced tissue resistance by 30%, improved electrical conduction across the fibrotic scar by 
33%, enhanced field potential amplitudes by 2 times, and resynchronized cardiac contraction. PPY-CHI hydrogel 
also preserved cardiac function at 3 months, and reduced susceptibility to arrhythmia by 30% post-MI. These 
data demonstrated that the conductive PPY-CHI hydrogel reduced fibrotic scar resistivity, and enhanced elec-
trical conduction, to synchronize cardiac contraction.   

1. Introduction 

Myocardial infarction (MI) is a major clinical problem worldwide, 
which can lead to progressive cardiac dysfunction and heart failure. 
Using current therapies, more than 80% of patients survive acute MI. 
However, the infarct results in cardiomyocyte (CM) necrosis, which is 
replaced by a fibrotic scar [1–3]. The fibrous tissue in the myocardium 
increases electrical resistance, which can result in delayed electrical 
propagation, leading to some regions of the heart being unable to 
contribute to blood propulsion from that organ. Cardiac resynchroni-
zation therapy has been shown to reduce mortality in heart failure pa-
tients, as well as those with low left ventricular ejection fractions and 

prolonged QRS intervals [4–6]. However, limitations of this technology 
have been identified, such as some patients requiring resynchronization 
being unable to achieve it [7]. Therefore, novel approaches are required 
to achieve synchronous contraction in these patients. 

Conductive materials are polymers characterized by their ability to 
facilitate electric conductivity [8]. These materials contain a unique 
single- and double-bond structure, allowing inter-chain hopping of 
electrons. Although the conductive function of these polymers had been 
identified 2 decades ago, they have not been used in biological tissue 
repair, owing to their mechanical rigidity and non-biocompatibility [9]. 
To improve the biocompatibility of the polymers, we recently conju-
gated pyrrole onto a biological molecule, chitosan (CHI), and elongated 
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the pyrrole chain to synthesize a poly-pyrrole-chitosan (PPY–CHI) 
hydrogel, which is non-toxic, biocompatible and conductive [10,11]. 

Since the reason for cardiac dys-synchronous contraction is due to 
the delayed conduction velocity within myocardial fibrotic tissue, we 
investigated the feasibility of the PPY-CHI conductive polymer to re- 
circuit myocardial conduction and synchronize cardiomyocyte elec-
trical activation. In our in vitro model, we found that PPY-CHI was able 
to bridge isolated cardiomyocytes to induce synchronous contractions. 
To elucidate the mechanism through which PPY-CHI facilitates the 
conversion from myocardial ionic changes to electrical current, thereby 
allowing the propagation of electrical signals across the non-conductive 
fibrotic scar, we established an equivalent circuit model and carried out 
impedance measurements. We found that PPY-CHI interface was easier 
to polarize, allowing for more effective conduction of the electrical 
signals generated by the myocardial tissue. Our in vivo studies showed 
that the biomaterial decreased fibrotic tissue resistivity, and enhanced 
the conductive velocity, of the injured myocardial tissue. Functional 
analysis showed that animals treated with PPY-CHI displayed improved 
cardiac function, and fewer cardiac arrhythmias, following restoration 
of tissue conduction. 

2. Materials and methods 

2.1. Biomaterial synthesis 

A chemical oxidative polymerization method was used for PPY-CHI 
(3:10 ratio) hydrogel synthesis. Sixty μl of 98% pyrrole (Cat#: 
131709, Sigma) was added to 10 ml of 2% CHI (Cat#: 448869, Sigma) 
acid solution, which was mixed by gentle swirling. FeCl3⋅6H2O (0.18 g, 
Cat#: 236489, Sigma) was then added to the solution, and mixed for 48 
h for oxidative polymerization. A dialysis membrane (Cat#: 132700, 
Fisher Scientific) was used to remove un-polymerized pyrrole and free 
Fe. CHI (2%) was used as a control. Glycerol phosphate disodium (Cat#: 
G9422, Sigma) was used to adjust the pH of both PPY-CHI and CHI to 
6.0. Glutaraldehyde (Cat#: G6257, Sigma) was used to form hydrogel. 

2.2. Conductivity measurement 

The conductivity of PPY-CHI and CHI hydrogels was evaluated using 
a 2-probe conductive analyzer (Hewlett-Packard Development Com-
pany, Palo Alto, CA). CHI and PPY-CHI hydrogels were both placed on a 
platform, and two probes at 7 mm distance from each other were used 
for conductivity measurements using a linear double-sweep model. The 
voltage was increased from − 5 to +5 V in 100 mV increments 
(compliance 10 mA for 2 s, delay time 100 μsec). Conductivity was 
calculated according to the slopes. 

Microelectrode array (MEA) was also used to evaluate biomaterial 
field potential amplitudes, at different distances from the voltage stim-
ulation site. At the 0 cm mark, negative and positive prongs from a STG 
4002 electric stimulator (Multi Channel Systems, Reutlingen, Germany) 
were placed on the biomaterial. MC stimulus II software (Multi Channel 
Systems, Reutlingen, Germany) was used to control the electrical stim-
ulator voltage, in order to apply an electrical pulse of 400 mV every 
second. Cardio 2D + software (Multi Channel Systems, Reutlingen, 
Germany) was used to measure the electrical response detected by the 
MEA, for 10–15 s after the start of electrical stimulation. The recording 
prongs then were moved to distances of 1, 2, and 4 cm, where MEA 
recordings were taken at each distance under a constant stimulation 
voltage of 400 mV (1 pulse/sec). To measure fibrotic tissue model 
conduction in vitro, we used different gelatin concentrations (10–80% by 
volume) in the biomaterial, and used the MEA system to quantify bio- 
conductivity. We measured any change in the electrical response 
magnitude, as the biomaterial composition was altered. MC stimulus II 
software was used to apply a 400 mV electrical pulse every second to the 
different biomaterial samples, each had an increasing biomaterial con-
centration and a decreasing gelatin concentration. Cardio 2D + software 

was used to analyze each recording. 

2.3. Measurement of frequency response and establishment of equivalent 
circuit model 

Impedance data includes a real and a simulated part (Equation (1) in 
supplementary material), which were used to decouple the values of 
biomaterials, MEA, biomaterial-MEA interface, and heart-biomaterial 
interface in the equivalent circuit model (Fig. 2a) of the heart- 
biomaterial-MEA composite. 

Biomaterial impedance measurement: Gelatin or PPY-CHI hydrogel, 
with dimensions 14 mm × 14 mm × 5 mm, was used. Biomaterial 
impedance raw data was recorded by a resistivity apparatus (HF2IS, 
Zurich Instruments, Switzerland), and calculated by Equations (1) and 
(2) in supplementary material. When the frequency approaches infinity, 
the impedance magnitude is approximately the same as the resistance 
value (Equation (5) in supplementary material). Gelatin and PPY-CHI 
electrical resistivity was calculated by Equation (8) in supplementary 
material. In the two experimental groups (PPY–CHI and gelatin), the 
same thickness (l = 5 mm) and effective area (A = 196 mm2) were used 
for both biomaterial types. 

MEA impedance measurement: MEA impedance raw data was recorded 
by a resistivity apparatus, and plotted by Bode (Supplementary Fig. 1a) 
and Nyquist (Supplementary Fig. 1b). The plot shows that impedance 
magnitude remains largely constant throughout the frequency range, 
and the corresponding resistance plot shows points fluctuating around 
195 kΩ. Thus, MEA was modeled as a resistor with the resistance value 
of 195 kΩ (RMEA in Fig. 2a). 

Biomaterial-MEA interface impedance measurement: Gelatin or PPY- 
CHI hydrogel, with dimensions 14 mm × 14 mm × 5 mm, was placed 
on top of MEA, and the biomaterial-MEA interface impedance was 
recorded by a resistivity apparatus. The resulting data points were 
plotted by Nyquist. Biomaterial-MEA interface electrical resistivity was 
calculated by Equations (9)–(11), outlined in the supplementary 
material. 

Heart-biomaterial interface impedance measurement: The heart was 
placed on biomaterials at dimensions 14 mm × 14 mm × 5 mm; the 
heart-biomaterial interface impedance was then recorded by a resistivity 
apparatus, and plotted by Nyquist. Heart-biomaterial interface electrical 
resistivity was calculated by Equations (9)–(11), as described in the 
supplementary material. 

2.4. Acute MI model and biomaterial injection 

Female Sprague Dawley (SD) rats (230–260 g) were purchased from 
Charles River Laboratories (Saint-Constant, QC, Canada). All animal 
protocols and procedures were approved by the Animal Care Committee 
of the University Health Network. Experimental procedures in the ani-
mal studies were performed in accordance to the Guide for the Care and 
Use of Laboratory Animals (NIH, 8th Edition, 2011). Rats were me-
chanically ventilated and anesthetized with 2% isoflurane. A left lateral 
thoracotomy was made to expose the heart, and the left anterior 
descending coronary artery was ligated to create a myocardial infarction 
(MI). The chest was then closed, and animals were given buprenorphine 
(0.05 mg/kg) for analgesia. All animals were randomized into saline, 
CHI or PPY-CHI injection groups. One week post-MI, a second thora-
cotomy was performed to access the heart, where the ventricular scar 
was visualized as a white-grey area on the anterior wall of the left 
ventricle. One hundred μL of saline, CHI, or PPY-CHI was injected into 
the middle layer of the myocardium at 3 sites (~33 μL/site), one in the 
center of the scar and two at the border regions on each side using a 28- 
gauge needle (BD Biosciences, Mississauga, ON). The chest was then 
closed and animals were given buprenorphine (0.05 mg/kg) for anal-
gesia. All animals were sacrificed 12 weeks after biomaterial injection 
for optical mapping experiments. 
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2.5. Cardiac electrophysiology 

We used four methods to evaluate cardiac electrophysiology. 1) 
Surface electrocardiograms [ECGs] (PowerLab 4/35, AD Instruments, 
Colorado Springs, Colorado) were recorded at baseline before infarction 
(− 1 week), one week after infarction at the biomaterial injection time 
(week 0), as well as 2, 4, 6, 8, 10 and 12 weeks after injection (n = 8). We 
compared heart rate, QRS and QT intervals at each of the time points 
among the three groups. 2) Telemetric ECGs were performed at 12 
weeks after injection (n = 4), and we counted the number of 
spontaneously-occurring arrhythmias each hour. 3) In vivo programmed 
electrical stimulation (PES) was used to evaluate induced arrhythmias 
upon the termination of the study. 4) We also used an eight-lead catheter 
ECG recording method and MEA to evaluate global and regional cardiac 
surface field potentials. 

2.6. Cardiac tissue resistance measurement 

We used a four-probe method to measure scar area resistance ex vivo, 
at the termination of the study. At the 12-week end point, animals were 
euthanized, and cardiac diastolic arrest was achieved by infusing a 
cardioplegic solution. Hearts were preserved in Krebs-Henseleit solu-
tion, and resistance was measured within 30 min. The four electrode 
probes, connecting to a resistivity apparatus, were inserted into the LV 
scar area at a depth of 1 mm. The distance between each electrode probe 
was 2.5 mm, and each probe was inserted into the scar area at the same 
depth. Probes 1 and 4 supplied a lower current that was not recorded, 
while recordings were taken for the voltage between probes 2 and 3. 
Resistance was calculated as the voltage between probes 2 and 3, 
divided by the current. 

2.7. Cardiac left ventricular function 

Cardiac function was evaluated using 2 techniques. 1) Echocardi-
ography (Vivid7, General Electric Healthcare, Fairfield, Connecticut) 
before infarction (− 1 week), at the time of biomaterial injection (week 
0), as well as 2, 4, 6, 8, 10, and 12 weeks after injection. 2) Pressur-
e–volume (P–V) analysis was conducted at the 12-week end point. The 
following parameters were calculated by echocardiography: left ven-
tricular internal systolic dimension (LVIDs), left ventricular (LV) inter-
nal diastolic dimension (LVIDd), percentage of fractional shortening 
(LVFS) and percentage of ejection fraction (LVEF). P–V analysis was 
used to determine ejection fraction, dP/dt, tau, and LV volumes. 

2.8. Optical mapping 

At the 12-week end point, animals were euthanized, and heart 
contraction was stopped using a cardioplegic solution. Hearts were 
perfused using the Langendorff apparatus (120142, Radnoti, Monrovia, 
California) on ice, with cardioplegic solution and voltage-sensitive dye 
(di-4-ANEPPS, D1199, Life Technologies), for 10 min. Electrical con-
duction was measured using an electron-multiplied charge-coupled de-
vice camera system (Evolve 128, Photometrics, Tucson, Arizona), and 
isochronal maps were created. Videos were analyzed using Brainvision 
software (1312, Brainvision Inc. Tokyo, Japan). 

2.9. Telemetric ECG 

ECG recordings were acquired from conscious, freely mobile animals 
using a Millar telemetry system (Millar Inc., Houston, Texas). All re-
cordings were obtained over a 24-h period from animals injected with 
PPY-CHI, CHI, or saline at 12 weeks post-injection. All ECG traces were 
evaluated by a blinded cardiologist using Histogram software (Millar 
Inc.), who determined the total number and frequency of arrhythmic 
events, including single and multiform premature ventricular contrac-
tions (PVCs), as well as non-sustained and sustained ventricular 

tachycardia (VT). In accordance with the Lambeth convention guide-
lines [12], VT was defined as a run of four or more PVCs, and sustained 
VT as a fast ventricular rhythm of >15 beats. 

2.10. Programmed electrical stimulation 

Programmed electrical stimulation (PES) studies were performed 12 
weeks post-injection, using methods modified from Nguyen et al. [13]. 
In brief, each animal was mechanically ventilated and anesthetized with 
2% isoflurane. Surface ECGs were recorded using a 27-gauge subcu-
taneous electrode, connected to a computer through an analog-digital 
converter, for monitoring and subsequent offline analysis (Lab Chart 6 
Pro, AD Instruments, Colorado Springs, Colorado). A midline incision 
was made in the sternum, the chest was opened, and the heart epicardial 
surface exposed. Two epicardial stimulating electrode needles (Millar 
Inc.) were inserted into the surface of the right ventricular outflow tract, 
and recordings were made at the left ventricular apex. PES studies were 
then performed using an isolated stimulator-generator (STG-4002, 
Multichannel Systems, Germany). We employed standard clinical PES 
protocols, including burst (120 ms cycle length), single (70 ms cycle 
length), double (60 ms cycle length), and triple (50 ms cycle length) 
extra stimuli applied under spontaneous rhythms. The heart was chal-
lenged three times with the train of eight, or followed by the single 
extra-stimulus. If no arrhythmia was induced, this procedure was 
repeated to apply three challenges with double and, if necessary, triple 
extra stimuli. PES protocols were stopped if arrhythmia was induced, or 
until the protocol was exhausted. PVC or VT was induced in all infarcted 
animals with the application of a train of eight conditioning stimuli only, 
or up to a triple extra stimulus. Arrhythmia susceptibility was deter-
mined using an inducibility quotient as follows: Hearts with no PVCs or 
VT received a score of 0, non-sustained PVCs or VT (≤15 beats) induced 
with three extra stimuli were given a score of 1, sustained PVCs or VT 
(>15) induced with three extra stimuli were given a score of 2, 
non-sustained PVCs or VT induced with two extra stimuli were given a 
score of 3, sustained PVCs or VT induced with two extra stimuli were 
given a score of 4, non-sustained PVCs or VT induced with one extra 
stimulus were given a score of 5, sustained PVCs or VT induced with one 
extra stimulus were given a score of 6, sustained or non-sustained PVCs 
or VT induced after the train of eight were given a score of 7, and 
asystole after termination of pacing was given a score of 8. The higher 
the score, the greater the arrhythmia present. 

2.11. Immunofluorescence staining 

Formalin-fixed, paraffin-embedded rat heart slices were dewaxed 
and rehydrated. The slices were then permeabilized with 0.2% Triton X- 
100 in PBS and blocked for 1 h in PBS containing 10% bovine serum 
albumin. They were then incubated with primary antibody α-SMA 
(smooth muscle actin, Cat#: A2547, 1:800, Sigma) overnight at 4 ◦C. 
Incubation with Alexa546 donkey anti-mouse (Cat#: A10036, 1:400, 
Invitrogen) secondary antibody was carried out at room temperature for 
1 h. The nuclei were identified with DAPI (Cat#: D9524, 1:2000, Sigma). 

2.12. Statistical analysis 

Data were expressed as mean ± standard deviation. Analyses were 
performed using GraphPad Prism software (v. 6.0), with the critical 
α-level set at p < 0.05. Student’s t-tests were used for comparisons of 
means between two groups. Comparisons of means among three or more 
groups were performed using one-way analysis of variance (ANOVA). 
For ECG and echo analyses, which evaluated the same animals at 
different time points, repeated-measures ANOVA was employed. When 
the ANOVA F values were significant, differences between groups were 
determined using Tukey’s post-hoc tests. 
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3. Results 

3.1. Conductive biomaterial increased electrical conduction of fibrotic 
tissue in vitro 

Using a two-probe measurement method, we demonstrated that PPY- 
CHI had significantly higher conductivity than CHI alone (Fig. 1a and b). 
The field potential of PPY-CHI was significantly greater than that of CHI, 
when measured by a MEA at 0.5, 1, and 1.5 cm from the electrodes 
(Fig. 1c). To assess the ability of PPY-CHI to reduce fibrotic tissue 
impedance, we generated a fibrotic tissue matrix in vitro using gelatin, 
and then introduced PPY-CHI to the fibrotic matrix (10–80% by vol-
ume). There, the fibrotic tissue (gelatin) matrix had the greatest resis-
tance. PPY-CHI addition increased tissue conductivity, and this increase 
was found to be correlated with the PPY-CHI percentage (Fig. 1d). These 
data suggested that conductive PPY-CHI was able to reduce impedance 
and improve electrical conduction in a fibrotic tissue-like environment. 
Chitosan, as a widely used biomaterial for physiological applications, 
has some beneficial effects on conductivity and cardiac function. Chi-
tosan has conductive characteristics (~2 × 10− 4 S/cm). However, its 
conductive property is lower than that of normal myocardium (6 × 10− 4 

S/cm) [14] The addition of conductive polymer PPY to CHI increased 
the conductivity by ~3 times, which is comparable to the conductivity 
of healthy myocardium. Therefore, PPY-CHI is an optimal biomaterial, 
being able to more effectively improve electrical propagation across the 
scar tissue. This improved conduction may ultimately result in the 
preservation of cardiac function. 

In the myocardium, biological conduction is propagated by ionic 
(Na+, K+ and Ca2+) currents. PPY-CHI acted as a “wire” to restore 
conductive propagation. It is important to elucidate the mechanism by 
which PPY-CHI is able to facilitate the conversion from myocardial ionic 
to electrical current, thus allowing the propagation of electrical signals 
across normally non-conductive fibrotic scar tissue. We performed in 
vitro studies to evaluate the interactions between PPY-CHI and cardiac 
cells/tissue, using the non-stimulated heart. We created a sealed system 
with a Langendorff-perfused beating heart on one side, and a MEA on the 
other side of a gelatin matrix cushion mimicking the fibrotic tissue 
(Fig. 1e). When the matrix cushion was purely gelatin and placed be-
tween a beating heart and the MEA, biological (electrical) conduction 
was barely detectable by MEA. As the percentage of PPY-CHI within the 
gelatin matrix cushion was increased, the field potential amplitude 
detected by MEA increased in a dose-dependent manner (Fig. 1f). PPY- 
CHI had a 10-fold higher field potential amplitude compared to CHI 
(Fig. 1g). This result suggested that an ionic current generated by a 
beating heart was able to stimulate an electrical current passing through 
the conductive polymer, which was detected by the MEA as voltage. 

3.2. Quantification of the electrical parameters between the conductive 
and non-conductive biomaterials 

To quantify the differences in electrical parameters between 
conductive (PPY–CHI) and non-conductive (gelatin) biomaterials, 
impedance measurements were carried out, and an equivalent circuit 
model was established (Fig. 2a). We investigated the energy decrease 
and latency time of an electrical current, when passing through each 
biomaterial in an equivalent circuit. Power spectrum analysis was per-
formed to evaluate the energy distribution of signals at each frequency. 
As shown in Fig. 2b, the electrical current energy was largely distributed 
in the low-frequency range (<25 Hz). In addition, although decreases 
occurred in both PPY-CHI and gelatin, the energy that remained after 
passing through PPY-CHI at 1 Hz was 2.04 times greater than that 
passing through gelatin (Fig. 2b). The latency time was 1.83 ms for PPY- 
CHI and 9.87 ms for gelatin (Fig. 2c), indicating that the conduction 
velocity of an electrical current passing through PPY-CHI was signifi-
cantly faster than that passing through the scar tissue-mimicking gelatin. 
These results suggested that energy loss in PPY-CHI was significantly 

lower compared to gelatin, implying that PPY-CHI helps to reduce the 
impact of fibrotic scarring by improving electrical current energy 
transfer. 

The impedance and frequency response of biomaterials, MEA, MEA- 
biomaterial, and heart-biomaterial-MEA composite were separately 
measured, as shown in respective Bode and Nyquist plots (Fig. 2d and e). 
The frequency response of each biomaterial was measured from 100 Hz 
to 100 kHz with an applied voltage of 100 mV. Fig. 2d showed that the 
gelatin impedance magnitude was higher than that of PPY-CHI 
throughout the frequency range. For each frequency, the real and 
simulated components of the impedance response (Nyquist plot in 
Fig. 2e) were used to determine the electrical element values in the 
equivalent circuit model. Since PPY-CHI and gelatin frequency re-
sponses revealed linear profiles with different slopes, the equivalent 
circuit of both biomaterials can be represented as a resistor connected in 
series with a constant phase element [CPE] [15]. PPY-CHI fitted resis-
tance was 344.50 Ω (R-square = 0.995), which was significantly less 
than that for gelatin (3700 Ω, R-square = 0.981). The fitted capacitance 
in CPE for PPY-CHI was 1.06 μF (R-square = 0.995), which was signif-
icantly larger than for gelatin (0.52 μF, R-square = 0.981). The corre-
sponding permittivity (ε) of PPY-CHI was also significantly higher than 
for gelatin (2.70 × 10− 5 F/m vs. 1.33 × 10− 5 F/m), (Supplementary 
Figs. 1a–d). Therefore, the PPY-CHI interface was easier to polarize, 
allowing for more effective conduction of electrical signals generated by 
the heart tissue. 

3.3. Conductive biomaterial facilitated scar electrical conduction, 
increased regional scar field potential, and reduced myocardial fibrotic 
tissue resistance 

To evaluate the effect of PPY-CHI on cardiac scar/fibrotic tissue 
electrical activity and tissue resistance in vivo, a rat MI model was 
generated by coronary artery ligation, and PPY-CHI was injected into 
the resulting fibrotic scar in the left ventricular free wall 7 days later. 
Twelve weeks following implantation, PPY-CHI (black in color, Fig. 3a, 
lower panel) was observed in the fibrotic tissue. A 36-lead flexible MEA 
was used to evaluate regional electrical field potentials and detect 
electrical impulse propagation across the scar area during heart 
contraction, while rats were under general anesthesia (Fig. 3a). PPY- 
CHI-injected hearts had greater field potential amplitude in the scar 
region, compared with infarcted hearts injected with CHI alone (Fig. 3b 
and c). In the current study, we were unable to measure the electron 
activity. Instead, we used the electrical field potential amplitude to 
monitor the conductive current in the tissue. Our finding suggested that 
the electric field potential generated by PPY-CHI is enough to excite the 
surrounding myocardium. Representative MEA color map images of the 
infarcted myocardium from both CHI control and PPY-CHI groups 
illustrate the propagation of electrical current across the scar region 
(Fig. 3d and e). In CHI-injected hearts, the current failed (only propa-
gated halfway) to enter the scar region (Fig. 3d), while in PPY-CHI- 
injected hearts, conductive propagation progressed through the scar 
region (Fig. 3e). The conduction velocity (CV) of the myocardial fibrotic 
tissue with PPY-CHI was faster than for CHI (Fig. 3f). To explore the 
mechanism of operation, tissue resistance in fibrotic scar areas was 
measured using a resistivity apparatus (Fig. 3g, insert). PPY-CHI- 
injected tissue resistivity was significantly lower than in saline- or 
CHI-injected tissue (Fig. 3g), which is in agreement with our in vitro 
study showing fibrotic matrix impedance reduction after the addition of 
conductive polymers into gelatin. 

3.4. Injection of conductive biomaterial enhanced global scar tissue field 
potential amplitude and improved conduction velocity in vivo 

Using an in vivo model, we further evaluated the conductive 
biomaterial ability to improve post-MI heart electrophysiological func-
tion. PPY-CHI, CHI, or saline was injected into the infarcted region 7 
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Fig. 1. Conductive biomaterial increased electrical conduction in vitro and ex vivo. (a) PPY-CHI and CHI hydrogel biomaterials. (b) Conductivity of bio-
materials evaluated by the two-point probe method (n = 6/group). (c) Field potential amplitude was evaluated by the microelectrode array (MEA) method (n = 5/ 
group). (d) Conductivity was measured by the two-point probe method in simulated fibrotic scar tissue (FT, 100% gelatin), with increasing proportions of conductive 
biomaterial (CBM) (n = 6/group). (e) A sealed system was created with a Langendorff-perfused beating heart on one side, and a MEA on the other side of the PPY-CHI 
cushion. (f) The field potential amplitude, detected by MEA, increased in a dose-dependent manner as the percentage of PPY-CHI within the matrix was increased (n 
= 3/group). (g) PPY-CHI had a 10-fold higher field potential amplitude compared to CHI. (n = 3/group) PPY = polypyrrole; CHI = chitosan. 
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days after MI (Fig. 4a). PPY-CHI covered the whole scar area immedi-
ately after injection. Three-month post injection, PPY-CHI loci were still 
visible within the fibrotic tissue of the heart sections (Supplementary 
Figs. 2a–b). During the following 12 weeks, we assessed heart rate using 
echocardiogram (ECG), which was similar among the three groups 
before and after biomaterial injection (Fig. 4b). To evaluate the 
conductive properties of the post-treatment infarcted tissue, we 
employed 8-lead catheters to measure global cardiac surface field po-
tential amplitude during cardiac contraction. Two leads were placed in 
normal myocardium, 2 leads in the border zone, and 2 leads in the 
fibrotic area (Fig. 4c and d). PPY-CHI-injected hearts had the highest 
scar field potential amplitude ratio (scar amplitude/remote amplitude), 
compared with saline- or CHI-injected infarcted hearts (Fig. 4e). 

To directly assess electrical conduction velocity in the left ventricular 
free wall, we employed an optical mapping technique. Both healthy and 
infarcted hearts, which had been injected with saline, CHI, or PPY-CHI, 
were excised at 12 weeks post injection and perfused on a Langendorff 
perfusion system with a voltage-sensitive dye (di-4-ANEPPS). This was 
followed by a BDM (2, 3-butanedione monoxime) electromechanical un- 
coupler, in order to evaluate electrical impulse conduction velocity 
across both normal and infarct scar regions (Fig. 4f–i). Both saline and 
CHI-injected hearts had significantly decreased longitudinal conduction 

velocity, compared to normal hearts (Fig. 4j). However, the longitudinal 
conduction velocity of PPY-CHI-injected hearts was similar to healthy 
hearts, and was significantly greater than that of saline or CHI-injected 
hearts, indicating that the PPY-CHI injection improved post-injury car-
diac electrical signal conduction (Fig. 4j). 

3.5. Conductive biomaterial shortened QRS/QT intervals and reduced 
ventricular arrhythmias 

To evaluate heart rhythm, 72 h of continuous recording was carried 
out under ambulatory telemetric ECG. At 12 weeks post treatment, 
infarcted animals showed frequent premature ventricular contractions 
(PVCs, Fig. 5a and b), though the PVC per hour frequency was lowest in 
the PPY-CHI group (Fig. 5b). To understand the mechanism, we 
analyzed the ECG data. ECGs (− 1 week) obtained pre-MI showed normal 
baseline cardiac electrical activity. One week following MI (week 0), all 
rats exhibited a 50–80% prolongation of their QRS/QT intervals 
compared to pre-injury baseline values, indicating that MI disrupted 
normal electrical signal propagation (Fig. 5c–e). However, as early as 2 
weeks after treatment, PPY-CHI-injected rats demonstrated significantly 
shorter QRS and QT intervals, compared to saline and CHI-injected 
animals. At 12 weeks, PPY-CHI-injected rats demonstrated 20–30% 

Fig. 2. Equivalent circuit model of biomaterials. (a) To quantify the difference in electrical parameters between conductive (PPY–CHI) and non-conductive 
(gelatin) biomaterials, an equivalent-circuit model of heart-material-microelectrode array (MEA) was established, and impedance measurements were taken. (b) 
Voltage decrease of an electrical current when passing through the equivalent circuit model for each biomaterial. The insert is a magnification of the amplitude from 
frequency 50–150 Hz. (c) Latency time of PPY-CHI and gelatin. (d) Bode plot, showing that the impedance of gelatin was higher than that of PPY-CHI in the whole 
frequency range. (e) Nyquist plot showing frequency responses, in the form of lines with different slopes, when PPY-CHI or gelatin is in the system (n = 5/group). 
PPY = polypyrrole; CHI = chitosan. 
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Fig. 3. Injection of PPY-CHI increased regional field potential amplitude and facilitated electrical current across scar. (a) Myocardial infarction was generated by 
coronary artery ligation, and either CHI or PPY-CHI was injected into the resulting fibrotic scar on the left ventricular free wall. PPY-CHI (black in color, lower panel) 
was observed in the fibrotic tissue. A microelectrode array (MEA) was used to evaluate regional electrical activity and conduction. (b) Representative scar field 
potential MEA images taken 12 weeks after biomaterial injection. (c) The field potential amplitude was significantly higher in PPY-CHI, compared with CHI-injected 
hearts (n = 5 for CHI and 6 for PPY-CHI). (d–e) Representative MEA images taken 12 weeks post-injection illustrate the propagation of electrical current across the 
scar region. (f) Conduction velocity evaluated by MEA was significantly higher in PPY-CHI, compared with CHI-injected hearts (n = 6/group). (g) Tissue resistivity 
was significantly lower in PPY-CHI, compared with saline- or CHI-injected hearts. Insert illustrates the four-probe method used to measure tissue resistivity (n = 10/ 
group). *P < 0.05; **P < 0.01; PPY = polypyrrole; CHI = chitosan. . (For interpretation of the references to color in this figure legend, the reader is referred to the 
Web version of this article.) 

S. He et al.                                                                                                                                                                                                                                       



Biomaterials 258 (2020) 120285

8

shorter QRS and 50–60% shorter QT intervals, compared to saline and 
CHI-injected animals (Fig. 5d and e). The narrower QRS and QT in-
tervals suggest a more efficient conduction in post-MI hearts treated 
with PPY-CHI than CHI or saline, which may have contributed to the 
decreased PVC number. 

To investigate whether the conductive biomaterial reduced infarcted 
heart susceptibility to sustained ventricular arrhythmias, programmed 
electrical stimulation (PES), the standard clinical method for inducing 
arrhythmia, was used on post-MI rats 12 weeks following treatment 
(Fig. 5f). There, the post-PES arrhythmia susceptibility, as measured by 
the inducibility quotient, was significantly lower in PPY-CHI-injected 
rats compared to those injected with CHI or saline, which was sugges-
tive of lesser arrhythmic susceptibility (Fig. 5g). 

3.6. Conductive biomaterial improved presumed synchronized contraction 
and preserved cardiac function following MI 

PPY-CHI, CHI, or saline-injected hearts were assessed using echo-
cardiography at pre-injury (week − 1), implantation (week 0) and up to 
12 weeks post treatment (Fig. 6a). All groups showed reduced left 

ventricular fractional shortening (LVFS) and ejection fraction (LVEF), as 
well as increased LV internal systolic dimension (LVIDs) after treatment 
relative to pre-injury (Fig. 6b). However, CHI demonstrated a partial 
improvement, compared to saline, for these parameters at 12 weeks 
post-injection. Further improvement was found among PPY-CHI re-
cipients, where significantly greater FS and EF, along with lower LVIDs, 
when compared to saline or CHI controls, was observed on week 12 post- 
treatment (Fig. 6b). Both CHI and PPY-CHI hearts may have benefited 
via them both having restricted dilatation; however, the lower LVIDs in 
the PPY-CHI group suggests that the improvement over the saline- or 
CHI- injected hearts may be more owed to reduction in cardiac dilata-
tion, probably due to improved synchronized contraction. 

Ventricular volumes and cardiac function were also evaluated by 
pressure-volume analysis. In agreement with the echocardiogram anal-
ysis, CHI rats showed improvements in cardiac function, including dP/dt 
Max and dP/dt Min, compared to saline controls 12 weeks after injec-
tion, while PPY-CHI-injected rats demonstrated even further improve-
ment (Fig. 6c–f). Compared with saline, CHI rats resulted in lower end- 
systolic volume, which was further improved for PPY-CHI (Fig. 6g), 
indicating greater global contraction and improvement in systolic 

Fig. 4. Injection of PPY-CHI increased global field potential amplitude and improved conduction velocity. (a) Representative images taken after biomaterials or 
saline injection into the cardiac scar area. (b) Influence of biomaterials or saline injection on heart rate (n = 6/group). (c) Eight-lead catheters were used to measure 
global cardiac surface field potential amplitude. (d) Representative field potential images of remote, border and scar area, taken 12 weeks after biomaterials or saline 
injection. (e) The scar field potential amplitude ratio (scar amplitude/remote amplitude) was significantly higher in PPY-CHI, compared with saline- or CHI-injected 
hearts (n = 8 for saline, 7 for CHI and 9 for PPY-CHI). (f–i) Representative optical mapping images, taken 12 weeks post-injection. (j) Conduction velocity evaluated 
by optical mapping was significantly higher in PPY-CHI, compared with saline- or CHI-injected hearts, and was close to that of the normal heart (n = 8 for normal, 
saline and PPY-CHI, 6 for CHI). **P < 0.01; PPY = polypyrrole; CHI = chitosan; FP = field potential. 
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Fig. 5. Injection of PPY-CHI shortened QRS/QT intervals and reduced the rate of spontaneous and induced arrhythmias. (a) Representative telemetric ECGs showing 
premature ventricular contractions (PVCs). (b) Frequency of isolated PVCs, showing that PPY-CHI-injected hearts had the lowest hourly rate of PVCs (n = 5/group). 
(c) Representative surface echocardiograms (ECGs), taken 12 weeks post-injection. (d–e) Influence of biomaterial injection on QRS and QT complexes (n = 6/group). 
(f) Representative programmed electrical stimulation (PES)-induced ECGs showing arrhythmias. S1 = 8 burst stimulations; S2 = single extra-stimulus; S3 = double 
extra-stimuli (g) Arrhythmia susceptibility was determined by the inducibility quotient, and PPY-CHI-injected hearts had a significantly lower quotient (n = 7 for 
saline, 6 for CHI and 8 for PPY-CHI). *P < 0.05, **P < 0.01; PPY = polypyrrole; CHI = chitosan. 
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function. There were no differences in end-diastolic volume among the 
three groups (Fig. 6h). 

Furthermore, we have previously published data showing that in-
jection of chitosan into the damaged myocardium reduced scar size and 
increased scar thickness compared to saline control, leading to increased 
fibrotic tissue strength that may help to prevent fibrotic tissue thinning 
and expansion, allowing preservation of cardiac function [10]. 

Histological analysis identified the existence of PPY-CHI loci, 
showing them colored black within the fibrotic tissue of the heart sec-
tions at 3 months post conductive biomaterial injection (Supplementary 
Figs. 2a–b). Immunohistochemical staining was performed to evaluate 
angiogenesis in the three experimental groups. We found that the α-SMA 
positive area, an index for arteriogenesis, is significantly larger in the 
CHI and PPY-CHI than in saline-injected hearts (Supplementary 
Figs. 2c–d). Our data is in agreement with previously published data 
showing that PPY increased arteriole density, an indicator of angio-
genesis, in an acute rat myocardial infarct model [16]. 

Taken together, these functional results suggest that injection of PPY- 
CHI post-MI was able to better maintain heart function and improve 
synchronized contraction, compared to non-conductive biomaterial 
injection. 

4. Discussion 

Cardiovascular diseases are the leading cause of death worldwide. As 
normal electrical conduction is essential for a well-functioning heart, 
innovative strategies have been investigated to improve heart conduc-
tion after an infarction or to promote myocardial repair, such as gene 
therapy, cell transplantation, or biomaterials as tools for cardiac tissue 
engineering [17–20]. Since the recent discovery of conductive polymers, 
the application of this material to reconnect myocardial conduction has 
received attention [10,11]. 

In the current study, we introduced a conductive material into non- 
conductive fibrotic matrix/tissue, where such functional polymers can 
reduce fibrotic tissue resistance (in an inverse correlation with con-
ductivity) in a dose-dependent fashion. We demonstrated that the con-
duction of conductive biomaterial was faster, and energy output greater, 
via reduced resistivity in our equivalent circuit model compared to non- 
conductive biomaterial. In the beating heart, conductive material 
injected into fibrotic scar tissue improved the electrical conduction ve-
locity of the fibrotic tissue, shortened depolarization-repolarization 
times, and prevented post-MI heart dysfunction. 

Myocardial structural or composition alteration modifies cardiac 
electrical impulse propagation. Post-MI myocardial fibrosis separates 
functioning cardiomyocyte regions, thereby increasing the distance be-
tween contracting myocardial tissue. This results in a circuitous elec-
trical propagation that delays depolarization, resulting in synchronous 
contraction loss. On an ECG, the QRS interval represents myocardial 
depolarization, while the QT interval represents ventricular electrical 
depolarization and repolarization. Widened QRS complexes and pro-
longed QT intervals are usually the result of intraventricular conduction 
defects. In our established animal model, we observed myocardial 
fibrosis and delayed electrical propagation, with post-MI yielding wider 
QRS and prolonged QT intervals. Introducing PPY-CHI into fibrotic 

tissue was able to reduce its impedance, and improved electrical con-
duction. MEA data demonstrated that myocardial electrical propagation 
can pass through the infarcted scar tissue after PPY-CHI addition, which 
was not possible in fibrotic tissue with CHI alone. PPY-CHI also 
improved the conductive velocity of the infarcted region in the left 
ventricular free wall, as our imaging studies have shown. This may be a 
possible mechanism for the shortened QRS/QT intervals observed after 
PPY-CHI treatment. These data demonstrate that the PPY-CHI hydrogel 
greatly reduced fibrotic scar tissue resistivity, compared with control 
materials. 

Mechanistically, we investigated the latency time and energy 
decrease of an electrical current generated by cardiac tissue, passing 
through the conductive material in an equivalent circuit. The latency 
time was more than 5-fold shorter for PPY-CHI compared with non- 
conductive gelatin, indicating that the conduction velocity of an elec-
trical current passing through PPY-CHI was significantly faster than that 
passing through the scar tissue-mimicking gelatin. Power spectrum 
analysis revealed that the energy that remained after passing through 
PPY-CHI at 1 Hz was >2 times greater than gelatin. This suggests that 
the biological current generated by the myocardium not only inducted 
electric current in the conductive material with less resistance at the 
interface, but also that PPY-CHI energy loss was significantly lower than 
that of gelatin. 

One of the concerns with conductive biomaterial injection into an 
infarct scar is an increased susceptibility to ventricular arrhythmia, 
associated with alterations of ventricular depolarization patterns of the 
surrounding tissue. However, our in vivo telemetered ECG data 
demonstrated that PPY-CHI did not result in excessive ventricular 
arrhythmia during the 12-week experiment duration. This could be 
because the conductive velocity of the conductive biomaterial was 
slightly lower than that of the normal myocardium, though the differ-
ence was not statistically significant. Our programmed electrical stim-
ulation results confirmed that substantially lower incidence of induced 
and spontaneous arrhythmias in conductive material-injected animals 
were present in PPY-CHI, compared to CHI or saline-injected controls. 
These data provide reassurance about the arrhythmogenic risk of car-
diac repair with biomaterial injection, which is in agreement with prior 
studies showing that hydrogel injection into interstitial space does not 
impede electrical propagation [21]. Possible reasons for the reduced 
occurrence of arrhythmias could be the increased conduction velocity, 
or reduced tissue impedance in the scar tissue caused by the conductive 
polymers [22]. 

Cardiac resynchronization therapy (RT) has become the recom-
mended treatment following an MI in patients with poor ventricular 
function and a prolonged QRS interval [23]. It has been shown to reduce 
heart failure mortality [4–6]. Biventricular pacing is now the recom-
mended therapy for millions of survivors of extensive MI. Although the 
concept of electrical resynchronization is well established, limitations 
are present in the current methods. For example, cardiac RT has not 
been uniformly successful, even for patients with appropriate indicators. 
While cardiac RT is the established therapeutic option for advanced 
heart failure patients, a significant rate of non-responders has been 
repeatedly demonstrated [4,6,7]. Positioning the left ventricular lead 
near viable myocardium adjacent to the infarct is not possible in some 

Fig. 6. Cardiac function was improved after PPY-CHI hydrogel injection into the scar zone. Saline, CHI or PPY-CHI was injected into the scar zone of rats 1 week post- 
MI. Echocardiography (echo) was performed at the time of MI (− 1), the time of injection (0), and 2, 4, 6, 8, 10 and 12 weeks post-injection. (a) Representative 2D 
echo images 12 weeks after biomaterial injection, showing the left ventricular internal systolic (LVIDs) and left ventricular internal diastolic dimensions (LVIDd). (b) 
Comparison of mean fractional shortening and ejection fraction among experimental groups, which revealed significant improvements for CHI and PPY-CHI 
compared to saline alone at 12 weeks post-injection, with further improvement in function in PPY-CHI-injected animals (*P < 0.05 and **P < 0.01 vs saline 
respectively). PPY-CHI group also had the smallest LVIDs (**P < 0.01) (n = 6/group). (c–f) Volumetric data taken using pressure–volume (P–V) analysis at 12 weeks 
post-injection showed that dPdt Max (d) and dPdt Min (e) improved significantly after injection with CHI compared to saline control, and these parameters along 
with % ejection fraction(c) and Tau (f) were further improved in animals injected with PPY-CHI (n = 4 for saline, 6 for CHI and 5 for PPY-CHI, *P < 0.05 and **P <
0.01 vs saline respectively, #P < 0.05 vs CHI). Systolic volume was significantly lower in CHI compared with saline group, with further reduction in PPY-CHI injected 
animals (g, *P < 0.05 and **P < 0.01 vs saline respectively, #P < 0.05 vs CHI). There were no significant changes in diastolic volume among the groups (h). (n = 4 
for saline, 6 for CHI and 5 for PPY-CHI) CHI = chitosan; PPY-CHI = polypyrrol-chitosan. 
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patients, due to variations in coronary venous anatomy [7]. Biomaterial 
injection has been demonstrated to preserve ventricular function 
post-MI [17–19,21]. Multiple mechanisms have been proposed for the 
beneficial effects of the injected biomaterial [17–19,21], and many en-
hancements have been proposed [17,19,20]. We proposed that the 
addition of a conductive polymer to the injectable biomaterial would 
provide substantial synergistic beneficial effects. We believe that the 
resulting enhancement of the impulse propagation across the fibrotic 
scar, leading to the shortening of the QRS interval, along with improving 
the synchronous contraction of the viable myocardium adjacent to the 
infarct scar, is a novel approach for improving recovery from a coronary 
occlusion. 

In summary, we believe that several mechanisms are involved with 
respect to the contribution of PPY-CHI in restoring cardiac function, 
mainly through improving the conductive velocity of fibrotic tissue to 
enhance cardiac synchronized contraction, increasing scar thickness to 
prevent ventricular dilation, and inducing angiogenesis at the damaged 
tissue to reduce ischemic injury. Through MEA analysis, we proved that 
PPY-CHI-injected hearts had greater field potential amplitude and faster 
conduction velocity in the scar region. This was correlated with reduced 
fibrotic scar resistivity, compared with infarcted hearts injected with 
CHI alone. Using an 8-lead catheter for global filed potential measure-
ment, we demonstrated that PPY-CHI-injected hearts had the highest 
scar field potential amplitude ratio (scar/remote amplitude), compared 
with saline- or CHI-injected infarcted hearts. Optical mapping with a 
voltage dye showed that the longitudinal conduction velocity of PPY- 
CHI-injected hearts was significantly greater than for saline or CHI- 
injected hearts, thereby serving as an indirect indicator of improved 
synchronized contraction in PPY-CHI injected hearts. ECG analysis 
showed that PPY-CHI shortened MI-induced prolonged QRS/QT in-
tervals. Results obtained from ambulatory telemetric ECG and PES study 
showed that PPY-CHI could reduce hourly cardiac arrhythmia and post- 
PES arrhythmia susceptibility, as measured by the inducibility quotient, 
in PPY-CHI versus CHI or saline-injected hearts. All of these reductions 
were suggestive of lower arrhythmic susceptibility. Taken together, 
PPY-CHI hydrogel, with its superior conductive properties, reduced re-
sistivity and enhanced electrical conduction across the fibrotic scar area, 
enhanced angiogenesis, was able to reduce the occurrence of cardiac 
arrhythmias, and synchronized cardiac contraction, ultimately leading 
to cardiac function improvement. 

5. Conclusions 

We dissected the mechanisms underlying the conductive biomate-
rial, PPY-CHI hydrogel, which has high in vitro conductivity and reduces 
tissue resistivity when injected into the fibrotic scar region of the 
infarcted heart. PPY-CHI improves conduction velocity and reduces 
arrhythmia susceptibility in vivo. We demonstrate that action potentials 
generated by beating Langendorff-perfused hearts can be converted to 
an electrical current in the conductive polymers. This biomaterial pre-
serves cardiac function following MI and may offer a treatment for 
resynchronizing cardiac contraction in MI patients. 
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