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ABSTRACT

Approximately 25% of patients with congenital heart disease require implantation of patches to repair. However,
most of the currently available patches are made of inert materials with unmatched electrical conductivity and
mechanical properties, which may lead to an increased risk for arrhythmia and heart failure. In this study, we
have developed a novel Polyurethane/Small intestinal submucosa patch (PSP) with mechanical and electrical
properties similar to those of the native myocardial tissue, and assessed its feasibility for the reconstruction of
right ventricular outflow tract. A right ventricular outflow tract reconstruction model was constructed in 40
rabbits. Compared with commercially available bovine pericardium patch, the PSP patch has shown better
histocompatibility and biodegradability, in addition with significantly improved cardiac function. To tackle the
significant fibrosis and relatively poor vascularization during tissue remodeling, we have further developed a
bioactive patch by incorporating the PSP composites with urine-derived stem cells (USCs) which were pretreated
with hypoxia. The results showed that the hypoxia-pretreated bioactive patch could significantly inhibit fibrosis
and promote vascularization and muscularization, resulting in better right heart function. Our findings suggested
that the PSP patch combined with hypoxia-pretreated USCs may provide a better strategy for the treatment of
congenital heart disease.

1. Introduction

and synthetic materials such as knitted polyethylene terephthalate,
expanded polytetrafluoroethylene, glutaraldehyde-fixed bovine peri-

Congenital heart diseases (CHD) are relatively common and can
manifest as anatomical and/or functional abnormalities of the cardio-
vascular system. The prevalence of CHDs among newborns is September
6, 1000 in North America, February 8, 1000 in Europe, and March 9,
1000 in Asia [1,2]. Approximately 25% of CHD patients will require
implantation of a cardiac patch to repair their defect during the first year
of life, and the selection of patch is crucial for the restoration of cardiac
function [3]. Currently available commercial patches include biological
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cardium, etc. [4-7] The electrical conductivity and mechanical prop-
erties of such materials do not match with those of normal myocardium,
which may lead to an increased risk for arrhythmia, heart failure, and
even sudden cardiac death [8-12]. For pediatric patients, the lack of
growth potential of such patches is also an important issue. Approxi-
mately 14% of children may require re-operation to replace their
patches [13]. A new type of material with conductivity, biodegradability
and mechanical properties is therefore in great demand.

* Corresponding author. Laboratory of Stem Cell and Tissue Engineering, Orthopedic Research Institute, Med-X Center for Materials, State Key Laboratory of
Biotherapy, West China Hospital, Sichuan University, 1 Keyuan Fourth Road, Gaopeng Avenue, Chengdu, Sichuan, 610041, China.
** Corresponding author. Department of Cardiovascular Surgery, West China Hospital, Sichuan University, 37 Guoxuexiang, Chengdu, Sichuan, 610041, China.

E-mail addresses: edidian@163.com (K. Lin), xiehuigi@scu.edu.cn (H.-Q. Xie).

1 These authors have contributed equally to this work.

https://doi.org/10.1016/j.bioactmat.2021.11.021

Received 6 September 2021; Received in revised form 2 November 2021; Accepted 15 November 2021

Available online 30 November 2021

2452-199X/© 2021 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:edidian@163.com
mailto:xiehuiqi@scu.edu.cn
www.sciencedirect.com/science/journal/2452199X
http://www.keaipublishing.com/en/journals/bioactive-materials
https://doi.org/10.1016/j.bioactmat.2021.11.021
https://doi.org/10.1016/j.bioactmat.2021.11.021
https://doi.org/10.1016/j.bioactmat.2021.11.021
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioactmat.2021.11.021&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

L.-M. Zhao et al.

The majority of cardiac tissue engineering researches have focused
on the repair of myocardial infarction [3,14,15], whilst only a few have
devoted to the development of cardiac patches [16-18]. Indeed, most of
such studies have focused on the physicochemical and biological prop-
erties of the patches, but have not investigated their feasibility for
repairing the cardiac defects in situ. In this study, we have developed a
cardiac patch purported for ventricular outflow tract reconstruction and
validated its effect for the repair of right ventricular outflow tract
(RVOT).

Polyurethane/Small intestinal submucosa (PU/SIS) is a chemically
crosslinked scaffold derived by incorporating polyurethane into small
intestinal submucosa. The PU/SIS composites have retained the ability
of polymers for regulating their degradation rate and mechanical
properties whilst promoting cell adhesion and proliferation. Our previ-
ous study has shown that the PU/SIS composites possessed a high
bioactivity and resilience, and could be used for soft tissue engineering.
Meanwhile, the mechanical properties of the PU/SIS composites are
similar to those of myocardial tissue [19,20], suggesting that it has a
potential to be developed as a cardiac patch.

As one of the most stable conductive polymers, polypyrrole (PPy) has
attracted much attention in recent years for its easy synthesis, high
electrical conductivity [21], good biocompatibility [22], and antibac-
terial activity [23]. A number of studies have shown that the PPy may be
used as scaffold for nerve [24], muscle [25], and bone growth [26, 27]
and as a substrate for electrically stimulated cell growth [25]. In addi-
tion, PPy-containing conductive complexes have been used for the
treatment of myocardial infarction and have shown be effective for
preventing arrhythmia, promoting revascularization, and inhibiting
myocardial remodeling [18,28,29]. On the other hand, however, the
PPy is weak, brittle, and rigid, which has hindered its application in
biomedicine [27]. To incorporate PPy with other materials with better
mechanical properties may overcome the above problems. In this study,
we have combined the PU/SIS with the PPy to produce a PSP complex
with high resilience and electrical conductivity, and investigated its
feasibility for the reconstruction of RVOT.

Human mesenchymal stem cells (MSCs) have been considered as a
promising cell source for cardiac repair. Studies have elucidated the role
of the MSCs in the recovery of cardiac functions in myocardial infarc-
tion, including enhancement of neovascularization and reducing path-
ological fibrosis associated with upregulated expression of genes
implicated in cardiac repair [30,31]. As a more recently discovered type
of adult MSCs, urine-derived stem cells (USCs) can be isolated through a
simple, non-invasive, and low-cost approach, which can create person-
alized grafts for tissue regeneration [32]. Studies have proven that the
USCs can respond promptly to environmental signals to modulate their
secretory activities [33]. Appropriate preconditioning may induce the
MSCs to release secretomes with enhanced regenerative potential [34,
35]. Hypoxic preconditioning can induce angiogenesis via hypoxia
inducible factor-la (HIF-1a) and vascular endothelial growth factor
(VEGF).

In this study, we have developed a novel cardiac patch with high
resilience, excellent electrical conductivity, good biocompatibility and
biodegradability by coating the PU/SIS with the PPy, and assessed its
physicochemical, mechanical, and electrical properties. Furthermore,
we have also constructed a PSP + USCs bioactive cardiac patch and
evaluated the effect of hypoxic preconditioning of the patch for the
reconstruction of ventricular outflow tract.

2. Materials and methods
2.1. Preparation of the PSP composites

The PSP composites were prepared by using an in situ polymerization
method. In brief, PU/SIS sponges were prepared with a previously

described method (details are provided in the supplement) [20].
Thereafter, the PU/SIS sponge (3 x 3 x 0.3 cm3) was immersed in 0.3

207

Bioactive Materials 14 (2022) 206-218

mL pyrrole monomer solution (0.4 mol/L) for 30 min to ensure uniform
penetration of the PPy monomer into the scaffold. Next, the PU/SIS
scaffold was soaked in a FeCl3 solution (1 mol/L) at room temperature
for 4 h to allow the PPy to polymerize. The PSP composites were then
taken out, cleaned with water until the rinsing solution became clear,
and subjected to vacuum freeze-drying overnight.

2.2. Physicochemical characterization

2.2.1. Attenuated total reflectance-Fourier transformed infrared (ATR-
FTIR) spectroscopy

The ATR-FTIR spectra were measured using a Nicolet 6700 FTIR
spectrometer over the wavelength range of 4000-400 cm-1.

2.2.2. Determination of the mechanical property

Mechanical property of the PSP composites was determined with an
Instron 5567 Instrument (Instron Corporation). All samples (75 x 4 x 2
mm3) were equilibrated in phosphate buffer solution for approximately
30 min prior to the testing. Tensile test was conducted at a speed of 100
mm/min. The stress-strain curves were recorded until failure of the
sample, with which the tensile modulus was calculated.

2.2.3. Scanning electron microscopy

The surface of the PSP composites was characterized under a scan-
ning electron microscope (SEM) (EVO 10, ZEISS) at an accelerating
voltage of 15 kV. The freeze-dried samples were coated with Au and
observed under SEM at a magnification power of 100.

2.2.4. Atomic force microscopy

The roughness characterization of the PSP composites was deter-
mined using an atomic force microscope (AFM) (Smart SPM, AIST-NT).
AFM image scans of 1 mm? were conducted in air using AC mode image.
The roughness value (Rms) for each film was calculated from the AFM
images.

2.2.5. Water contact angle

The hydrophilicity of the PSP composites was characterized by static
water contact angle (WCA), which was measured with a contact angle
goniometer (OCA 15/20, Future Digital Scientific Corp.) with 2 pL water
as the probe liquid. At least three measurements were taken for each
sample.

2.2.6. Electrical conductivity assay

The electrical conductivity of the PSP composites was measured by
using a conventional four-point probe method (MCP-T700, Mitsubishi),
where two pairs of contacts were used to measure the conductivity. The
samples were cut into 15 mm x 15 mm pieces, and 10 detection points
were randomly selected for calculating the average electrical
conductivity.

2.3. Isolation and characterization of human USCs

The USCs were isolated from urine samples from healthy male adult
donors (20-30 years old) by using a previously described method [32].
Briefly, fresh urine was collected and centrifuged for 10 min at 1500
rpm. The sediment was washed twice in PBS. The cells obtained were
cultured in USCs medium, and P3 USCs were used for subsequent ex-
periments. Cultured USCs were subjected to flow cytometry analysis for
their potential for osteogenic and adipogenic differentiation (detailed
procedures are described in the Supplement).

2.4. Biocompatibility
2.4.1. Cytocompatibility assay

The effect of the PSP composites on cell proliferation was evaluated
with a CCK-8 assay (DOJINDO, Japan) by following the manufacturer’s
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protocol. Briefly, the extract solution was prepared by soaking the ma-
terials in an USCs medium (area: volume = 1 : 6) at 37 °C for 24 h.
Meanwhile, the USCs were seeded on a 96-well plate at a density of 5 x
10* cells/well and cultured with the medium. After 24 h of culture, the
medium was replaced with extract solution. Their viability was tested
using a CCK-8 assay kit on days 1, 3, 5, and 7. Bovine pericardium
(Synovis Surgical Innovations Inc, USA), a commercially made cardiac
patch, was used as the control. Viability of the cells on the PSP com-
posites was evaluated with a Calcein-AM/PI Double Stain Kit (Yeasen,
China). In brief, the P3 USCs were seeded onto the PSP composites at a
density of 2 x 10* USCs/cm?. Cell/scaffold constructs were incubated in
sterile PBS containing 2 mM Calcein-AM and 4 mM ethidium
homodimer-1 for 20 min at 37 °C in the darkness after 1, 3 and 5 days of
culture. The samples were then observed under a confocal microscope
(Nikon A1RMP+, Nikon Instruments Inc., Tokyo, Japan).

2.4.2. Histocompatibility assay

Hemolysis test was performed according to the ISO standard
10993:2018. Briefly, fresh venous blood sampled from healthy adult
New Zealand white rabbits was diluted to remove external and lysed red
blood cells (RBCs). The sample was then diluted with PBS to obtain a
RBC suspension. The PSP and bovine pericardium were added into the
suspension (300 pL) and incubated at 37 °C for 60 min. Normal saline
and distilled water were respectively used as positive and negative
controls. After the incubation, the samples were centrifuged. Optical
density (OD) of the supernatant was measured under a wavelength of
545 nm.

Histocompatibility and degradation rate of the PSP composites were
investigated in vivo through subcutaneous implantation experiments.
Two separate skin incisions were made on the back of Sprague-Dawley
(SD) rats (n = 12). The PSP composites and bovine pericardium (con-
trol) were carefully implanted into subcutaneous pockets. The animals
were sacrificed at 4, 8, and 12 weeks after the surgery. The implants and
surrounding tissues were collected and fixed with 4% paraformaldehyde
for histological evaluation. Degradation rates of the PSP composites and
bovine pericardium were calculated based on their auto-fluorescence at
488 nm.

2.5. Preparation of the USCs + PSP composites

Prior to cell seeding, the PSP composites were immersed in USCs
medium for 24 h. The USCs were then seeded onto the surface of each
PSP composite at a density of 3 x 10* cells/cm?. The PSP + USCs
composites were divided into the PSP + USCs (N) group, which was
cultured in a normoxic environment (21% O, 5% CO3), and the PSP +
USCs (H) group, which was cultured in a hypoxic environment (1% Oa,
5% COy).

2.6. Real-time polymerase chain reaction (RT-PCR)

After 24 h of incubation, total RNA was extracted from the cultured
cell-scaffold complex using Trizol reagent (Life Technologies, USA), and
cDNA was synthesized by using a PrimeScript™ RT reagent Kit (Takara,
Japan). RT-PCR was carried out in a SYBR Green PCR master mix
(Takara, Japan) on a Lightcycler 96 system (Roche, Switzerland). The
primers for RT-PCR are listed in Table S1. Relative level of gene
expression was expressed as 27440

2.7. Engyme-linked immunosorbent assay (ELISA)

After 24 h of incubation, supernatant was collected from the cultured
cell-scaffold complex and centrifuged at 1000 g for 5 min to remove the
cell debris. Epithelial growth factor (EGF), vascular endothelial growth
factor (VEGF) and basic fibroblast growth factor (bFGF) were measured
by using an ELISA kit (Ray biotech, USA) by following the manufac-
turers’ instruction.
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2.8. Construction of a ROVT model

All studies involving animal experiments have been approved by the
Institutional Animal Care and Use Committee of Sichuan University (No.
2019161A). The surgical protocol was described by Pok et al. [36]
Forty-three male New Zealand white rabbits were randomly assigned to
4-week bovine pericardium group (n = 3), 4-week PSP group (n = 3),
4-week PSP + USCs(N) group (n = 3), 4-week PSP + USCs(H) group (n
= 3), 8-week bovine pericardium group (n = 5), 8-week PSP group (n =
3), 8-week PSP + USCs(N) group (n = 3), 8-week PSP + USCs(H) group
(n = 3), 12-week bovine pericardium group (n = 4), 12-week PSP group
(n =5), 12-week PSP + USCs(N) group (n = 4) and 12-week PSP + USCs
(H) group (n = 4). All animals were abdicated for food and drink for 6 h
before the surgery. New Zealand white rabbits weighted 2-3 kg were
anesthetized with 3% pentobarbital sodium (2 mL/kg), endotracheally
intubated, and mechanically ventilated with an animal ventilator, with
the exhalation: inhalation ratio of 5 : 4, tidal volume of 35 mL, and a
breathing rate of 30 times/min. Left thoracotomy and pericardiotomy
were used to expose the heart. An 8 mm diameter purse was placed in
the wall of RVOT with a 7-0 suture and constricted with a 22G vascular
cannula to prevent bleeding (Fig. 5A). Approximately 3/4 of the bulge
was partially excised to form a 6 mm full-length defect. The tourniquet
was briefly released to verify the patency of the artificial defect in the
RVOT. A patch of approximately 7 mm in diameter was sutured along
the edge of purse-string suture to cover the defect of the right ventricle
by continuous suturing. Finally, the chest cavity, muscles and skin were
sutured in 3 layers. Post-surgery intramuscular penicillin (100,000
U/day) was administered for 7 days to prevent infection.

2.9. Magnetic resonance imaging

All animals underwent magnetic resonance imaging (MRI) scans 12
weeks after the surgery for the measurement of cardiac function. The
animals were anesthetized and endotracheally intubated. Metoprolol
solvent was slowly pushed via intravenous access until the heart rate has
dropped below 180/min. The animal was then placed into the coil for
positional scanning. All scans were performed using a Siemens Skyra 3.0
T magnetic resonance scanner with cardiac electrode pads attached to
the chest. Scan sequences were triggered by electrocardiography (ECG)
during end-expiratory pauses by using a ventilator. Cardiac MRI was
performed using a steady-state free motion (SSFP) sequence. The pa-
rameters of the right ventricle scan were: TR 51.22 ms, TE 1.70 ms, flip
angle 15°, layer thickness 3 mm, layer spacing 50%, the field of view
213 mm x 171.16 mm. All images were analyzed with a workstation.
Right ventricular end-diastolic volumes (RV-EDV) and end-systole vol-
umes (RV-ESV) were recorded. The right ventricular ejection fraction
(RVEF) was calculated with Eq. [1].

EDV — ESV
EDV

RVEF = x 100% (€D)]

2.10. Histology and immunofluorescence staining

The animals were euthanized at 4, 8, and 12 weeks postoperatively,
and photographs were taken to record the gross morphology of the
hearts. The samples were frozen in OTC compound (Solarbio, China) and
cut into 5 pm-thick sections with a cryostat (Leica, Germany). The sec-
tions were subjected to Hematoxylin and Eosin (H&E) staining to
observe tissue regeneration and scaffold degradation. Patch-induced
fibrosis was assessed with Masson’s trichrome staining. Furthermore,
specimen of kidney, lung, and liver were taken at 12th week, rinsed with
0.9% NaCl to remove the blood, fixed with 10% formalin overnight,
dehydrated through an alcohol gradient, and embedded in paraffin.
Sections were cut at 3-5 pm in thickness and subjected to H&E staining.

For immunofluorescence staining, the sections were fixed in 10%
formaldehyde for 10 min, blocked with 10% goat serum (Beyotime,
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C0265) at 37 °C for 30 min, and incubated at 4 °C with specific anti-
a-smooth muscle actin antibody (a -SMA; 1 : 200, Abcam, ab7817), anti-
Cardiac Troponin I antibody (1 : 200, Abcam, ab56357) and anti-CD31
antibody (1 : 100, Abcam, ab182981) overnight. Subsequently, the
sections were treated with goat anti-mouse secondary antibody (1 : 500,
Jackson ImmunoResearch, 115-605-003), goat anti-rabbit secondary
antibody (1 : 500, Jackson ImmunoResearch, 111-605-003) or donkey
anti-goat secondary antibody (1:200, Abcam, ab6566) at 37 °C for 1 h.
Nuclei were counter-stained with 4,6-diamidino-2-phenylindole (DAPI,
Invitrogen, P36931) for 5 min at room temperature. Fluorescence im-
ages were taken under a Zeiss 2.1 microscope and evaluated with Image
J software.

2.11. Flame atomic absorption spectrometry

Calcium content was measured with flame atomic absorption spec-
trometry. Briefly, four pieces of tissues from the regenerative area were
removed and dried for 48 h at 50 °C at 12 weeks postoperatively. The
samples were weighed and dissolved in 1 mL HNO3 and 0.5 mL HClOy4.
Subsequently, the samples were washed 3 times with 0.3 mL deionized
water, and the rinsing solution was collected. After adding 40 pL of 0.5%
LaCl; to the washing solution, the calcium content was measured at
422.7 nm with an Analyst 400 (PerkinElmer Life and Analytical Sci-
ences, USA) instrument.

2.12. Statistical analysis

All results were presented as mean =+ standard deviation. Statistical
analysis was carried out by the independent-samples t-test or one-way
analysis of variance (ANOVA) using GraphPad Prism 8 software. Com-
parison of three or more groups was made with one-way ANOVA. P <
0.05 was considered to be statistically significant.
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3. Results
3.1. Preparation and characterization of the PSP composites

In this study, we have compounded the PU/SIS with PPy to prepare a
highly elastic conductive PSP complex. The principle and procedure for
the preparation are shown in Fig. 1. After polymerization by pyrrole
monomers, the surface of PU/SIS sponges has changed from white to
black (Fig. 2A).

ATR-FTIR spectra of the PU/SIS and PSP were recorded with an FTIR
spectrometer (Fig. 2B). For PU/SIS, the peaks at 1670 cm™! and 1531
cm~! were assigned to the C=0 vibration stretching and N-H angular
deformations, along with the band at 1241 cm™! resulted from C-O-C
stretching of the PU/SIS. For PSP, the bands at 3500 cm ™" to 3300 cm™?
may be attributed to the N-H stretching vibration, and the broader band
may be due to the formation of hydrogen bonds between the PPy and
PU/SIS. In addition, a characteristic peak of PPy was noted in the PSP
spectra. The bands at 1533 cm ™! and 1365 cm ™! are associated with the
vibration of C-C stretching in the aromatic rings, along with the peak at
1108 cm ™! and 933 cm ™, which may be attributed to the C-H and N-H
bend vibration of the doped PPy chain. Above results have confirmed the
presence of PPy in the PSP composites.

As the pump of the circular system, the heart undertakes a great
burden for work. Patches applied for heart repair will require good
mechanical property similar to those of the native cardiac tissues. A
patch with too high or too low elastic tensile modulus may result in
cardiac dysfunction. In this study, the tensile modulus of the PSP patch
was measured. As shown in Figs. 2C and S2E, the elastic modulus of the
PSP was 211 + 9.77 KPa, which was similar to that of myocardial tissue
(20-500 kPa) [19], thereby can meet the requirement of myocardial
contraction. Besides, surface modification of the PPy has not affected the
mechanical properties of the PU/SIS, with the elastic modulus of the PSP
showing no significant difference from that of the PU/SIS.

The myocardium can transmit electrical impulses through intercel-
lular gap junctions to enable its synchronous contraction. Non-
conductive cardiac patches may result in asynchronous contraction of
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Fig. 1. Schematic illustration for the preparation of the PSP composite and its application in a rabbit model for right ventricle wall replacement.
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Fig. 2. Physicochemical and morphological properties of the PSP composites. (A) Gross appearance. (B) FTIR spectra of the PU/SIS and PSP composites. (C) Tensile
modulus of the PU/SIS and PSP composites. (D) Ultrastructure of the PU/SIS and PSP composites under a SEM. (E, F) Surface morphology and roughness charac-
terized by AFM. (G) Hydrophilicity of the PU/SIS and PSP composites as assessed with water contact angle. (H) Electrical conductivity measured with a four-point
probe method. Data are represented by mean =+ SD. *P < 0.05, **P < 0.01 by t-test.

the native cardiac tissue and cardiac patch, for they cannot transmit
electrical impulses efficiently. As shown in Fig. 2H, a four-point probe
measurement has suggested that the PU/SIS was non-conductive. By
contrast, the PSP composites possessed excellent conductivity similar to
that of native myocardium (0.0016 S/cm to 5 x 107° S/cm) [17,37].

SEM and AFM were used to detect the surface topology of the PU/SIS
and PSP composites (Fig. 2D and E). The surface of the PU/SIS scaffold
exhibited interconnected and smooth pores. Cross-sectional SEM images
of the PSP showed that the PPy has distributed uniformly within the PU/
SIS scaffold, generating a rough surface. At high magnification, the PPy
was visible as nanoparticles attached to the surface of the PU/SIS scaf-
fold (Fig. S1). AFM showed that the PU/SIS surface was uniform and
smooth, while larger nodules have appeared on the PSP surface.
Compared with the PSP, the roughness (Rms) of the PU/SIS was lower
(Fig. 2F).

As an important feature of surface properties, hydrophilicity has a
significant impact on the biocompatibility of the scaffold. In this study,
hydrophilicity was valued with the water contact angle. The lower the
water contact angle, the better the hydrophilicity of the scaffold. As
shown in Fig. 2G, the water contact angle of the PU/SIS was significantly
greater than that of the PSP composites (P < 0.01), which proved that
the in situ polymerized PPy has significantly increased the hydrophilicity
of the scaffolds. We speculate that the reduced water contact angle of the
PSP might be due to the formation of hydrogen bonds between the PU/
SIS and PPy, in addition to the introduction of a large number of hy-
drophilic pyrrole groups into the scaffold. Above results implied that the
PSP composites might have better biocompatibility compared with the
PU/SIS composites, which are beneficial to cell adhesion, proliferation,
and migration.
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3.2. Biocompatibility and biodegradability of the PSP patch

The USCs were extracted and validated as previously described [32].
As shown in Fig. S3A, the USCs isolated from fresh urine samples have
formed colonies within 7 days. The isolated USCs could undergo oste-
ogenic and adipogenic differentiation in vitro, and were positive for
CD29, CD73, CD105, and CD90, but negative for CD34, CD45, and
HLA-DR (Figs. S3B and S3C).

To assess the cytocompatibility of the PSP patch, a CCK-8 assay was
carried out with commercially made bovine pericardium as the control.
As shown in Fig. 3A, the PSP patch has exhibited no cytotoxicity. No
significant difference was detected in the proliferation rate between the
PSP patch and bovine pericardium. By Live/Dead staining, no obviously
dead cells were found in either of them (Fig. 3B). The USCs have grown
uniformly on the surface of bovine pericardium, whilst aggregated and
grown into the pores of PSP patches. By hemolytic testing, the hemolysis
rate of the PSP patch was less than 5% (Fig. 3C), which indicated sound
hemocompatibility. Furthermore, the PSP patch has exhibited better
histocompatibility compared with the bovine pericardium. As shown in
Fig. 3D, a large number of cells have aggregated in the middle of the PSP
composites, whereas virtually no cell infiltration was noted with the
bovine pericardium patch.

Biodegradability of cardiac patches is critical to the outcome of long-
term repair. Non-degradable cardiac patches can often lead to graft
thickening, which may increase the risk of immunogenicity and disease
transmission. As shown in Fig. S4, there was no significant difference in
the degradation rates of bovine pericardium and PSP patches in vitro
material degradation experiments conducted at 37 °C in PBS and the
oxidative (3% H30) media for 60 days. In this study, we have assessed
in vivo degradation of the PSP patch and bovine pericardial patches by
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Fig. 3. Biocompatibility of the PSP composites. (A) Viability of the USCs as estimated by a CCK-8 assay after 1, 3, 5, and 7 days of incubation in the PSP and bovine
pericardium extracts. (B) Viability of the cell on various materials as assessed by Calcein-AM/PI staining. Scale bars = 100 pm. (C) Hemocompatibility of the PSP
patches. (D) Subcutaneous implantation of the bovine pericardium and PSP patches at 4, 8, and 12 weeks postoperatively. Dotted line indicated the border between
scaffold and native tissue. *Indicates patches. The black parts represent PSP patches. Scale bar = 200 pm. (E) Analysis of the degradation rate in vivo at various time
points. Data are represented by mean + SD. *P < 0.05, **P < 0.01, one-way ANOVA. (F) The degradation of PSP composites and bovine pericardium. White arrows
indicated the holes in PSP patch due to degradation. Green fluorescence represents the patches. Scale bar = 50 pm. (For interpretation of the references to color in

this figure legend, the reader is referred to the Web version of this article.)

determining their autofluorescence intensity at 488 nm (Fig. 3E & F).
Fluorescence is closely related to the chemical structure of the material
itself. Fluorescence-producing conjugate structures are present in both
PSP and bovine pericardium. Damage to the chemical structure may
results in decay of fluorescence intensity. The results indicated that the
PSP patches have good biodegradability (Fig. 3F). The original skeletal
structures of both the PSP and bovine pericardium patches were
continuous and intact. At 4 weeks postoperatively, partial degradation
began in the middle of the PSP scaffold and there were many small holes
in the middle of the PSP patch due to degradation. At 8 weeks post-
operatively, the PSP patch further began to degrade and its surface took
on a honeycomb form. At 12 weeks postoperatively, the integrity of PSP
has broken down while the bovine pericardium was hardly degraded.
Above results suggested that the PSP patch had better histocompatibility
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and biodegradability compared with commercially made bovine peri-
cardial patches.

3.3. Hypoxic treatment promoted the expression and secretion of
angiogenic-associated cytokines by the PSP + USCs composites

Microenvironment may significantly influence the proliferation and
differentiation of stem cells, and hypoxia is one of the key features of the
stem cell niche. Hypoxic pretreatment can enhance adaptation of the
stem cells to the ischemic tissue microenvironment and their ability to
repair. In this study, the USCs were cocultured with the PSP for the
construction of the PSP + USCs bioactive cardiac patch, and the effect of
hypoxic pretreatment on the paracrine activity of the PSP + USCs
composites was investigated. After 24 h of hypoxic pretreatment, the
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USCs have exhibited good activity (Fig. 4A). Expression of stemness and
angiogenesis-related genes of the USCs, including NANOG, SOX-2, OCT-
4, VEGF, bFGF, and EGF, was determined with RT-PCR. The results
showed that the hypoxic pretreatment did not affect the expression of
stemness factors (Fig. 4B), but enhanced the expression of angiogenesis-
related genes (VEGF, bFGF, and EGF) in the PSP + USCs(H) group
(Fig. 4C). ELISA assay also confirmed that the PSP + USCs(H) group has
secreted more angiogenesis-related growth factors (VEGF, bFGF, and
EGF) compared with the PSP + USCs (N) group (Fig. 4D).

3.4. Reconstruction of the RVOT with the PSP composites used as cardiac
patch in an animal model

To assess the feasibility of the PSP patches for the repair of cardiac
defect, a RVOT reconstruction model was established. The detailed
surgical procedure was shown in Fig. 5A. Two animal in the 8-week
pericardium group died from infection at 4 weeks postoperatively and
one animal in the 12-week PSP group died from cardiac arrest the sec-
ond day post-surgery. All of the 40 animals have survived to the
endpoint and were included in the statistical analysis. Fig. 5B has pro-
vided a gross view for the patched hearts in each group at various time
points. The PSP patches had a dark appearance, whilst the bovine
pericardium had a yellowish appearance on the patched area. All
patches have provided surgical operation with adequate strength of
suture fixation, no bleeding through the patch area and a rough surface
without any tissue coverage (Fig. S5). At 4 weeks after the operation, the
edges of all patches have integrated with the native tissue. Compared
with the PSP group, there was significantly less patches bared outside
and more tissues regeneration in the PSP + USCs (H) groups at 8 weeks
postoperatively, suggesting that the hypoxic-pretreated USCs have
provided a better regenerative microenvironment for tissue repair
(Fig. 5C). At 12 weeks postoperatively, the surfaces of the patches in all
groups were covered with new tissue and almost no patches were
exposed.

Followed-up MRI was used to monitor cardiac remodeling and re-
covery of the cardiac function at 12 weeks postoperatively (Fig. 5D).
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Right ventricular end-diastolic volumes (RV-EDV), end-systole volumes
(RV-ESV) and right ventricular ejection fraction (RVEF) were recorded
to qualify the cardiac function (Fig. 5E). No sample has displayed RVOT
obstruction by MRI analysis. The RVEF of the PSP group was signifi-
cantly improved compared with the bovine pericardium group (P <
0.05), but was not significantly different from the PSP + USCs (N) group
(P > 0.05). The RVEF of the PSP + USCs (H) group was higher than those
of other groups (P < 0.01).

3.5. Suppression of fibrosis by the hypoxia-pretreated bioactive patches

Pathological changes and degradation of the scaffold in the right
ventricle wall during the period of regeneration were subjected to his-
tological analysis (Fig. 6A). At 4 weeks postoperatively, the surface of
the repair area was smooth in all groups without calcification or
thrombus formation. HE staining revealed significant cellular infiltra-
tion in the repair area with formation of fibrous capsules in the PSP
group, PSP + USCs(N) group, and PSP + USCs(H) group, while fewer
cells had grown into the bovine pericardium. The materials in the bovine
pericardium group, PSP group, and PSP + USCs(N) group have all
maintained their structural integrity, while the scaffold materials in the
PSP + USCs(H) group had maintained their structural continuity despite
of partial degradation. At 8 weeks postoperatively, most of the materials
in the PSP + USCs(H) group had degraded and were replaced by native-
like tissues. By contrast, in the PSP and PSP + USCs(N) groups, the
materials were partially degraded and gradually fused with adjacent
normal tissues. At 12 weeks postoperatively, most of the materials in the
PSP and PSP + USCs(N) groups had degraded and the area was mostly
replaced by new tissue. The bovine pericardium had remained unde-
graded and was infiltrated with only a few histiocytes. Above results
suggested that the PSP is more suitable for ROVT owing to its better
properties for cell infiltration, biodegradation, and tissue integration.
The SPS + USCs(H) bioactive patch group had the best repair effect,
which was in keeping with the MRI results.

To evaluate the toxicity of the patches, lungs, liver, and kidneys of
each group of animals were collected 12 weeks postoperatively. As
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Fig. 4. Expression and secretion of angiogenic-associated cytokines in the PSP + USCs composites. (A, B) The proliferation activity and stemness gene expression of
the USCs after 24 h culture under hypoxic and normal conditions. (C) Expression of angiogenic-associated cytokines in the PSP + USCs composites under hypoxic and
normal conditions; (D) Cytokines secretion of the PSP + USCs composites under hypoxic and normal conditions as assessed by ELISA. Data are represented by mean

+ SD. *P < 0.05, **P < 0.01, t-test.
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weeks after the surgery. Data are represented as mean + SD. *P < 0.05, **P < 0.01, one-way ANOVA. (D) Representative MRI images of the heart ventricle 12 weeks
after the surgery. (E) Right ventricular end-diastolic volumes (RV-EDV), end-systole volumes (RV-ESV) and right ventricular ejection fraction (RVEF) of the patched
hearts 12 weeks after the surgery. Data are represented by mean + SD. *P < 0.05, **P < 0.01, one-way ANOVA. (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)

noted, the organs from each group have retained normal color and had
no necrotic foci or thrombosis (Fig. S6), which suggested that the
degradation product of the PSP did not cause significant toxic damage to
such organs.

Fibrosis is a major challenge to functional tissue regeneration. Scar
fibrosis, mainly consisted of type I collagen, is formed by accumulation
of myofibroblasts and excessive deposition of ECM proteins and can lead
to increased stiffness, pathological signaling, and impaired electrome-
chanical coupling of cardiomyocytes [38]. In this study, the extent of
fibrosis was evaluated by Masson trichrome staining. As shown in
Fig. 6B and C, highly collagenous areas were observed in all samples 4
weeks after the implantation. Particularly, the bovine pericardium
group has developed a significantly greater collagenous area at 4, 8, and
12 weeks compared with other groups (P < 0.05). However, the results
of HE staining showed that only a small number of cells have grown into
the bovine pericardium, making it difficult to deposit more collagen fi-
bers. We speculated that these may not be collagen fibers deposited by
the fibrosis, but collagens from the bovine pericardium itself. Quanti-
tative analysis of sectioned tissue images demonstrated that the fibrotic
area of the PSP + USCs (H) group was significantly smaller compared
with those of the PSP + USCs (N) and the PSP groups at 8 and 12 weeks
postoperatively (P < 0.05), while no significant difference was detected
in between the PSP + USCs (N) group and the PSP group (P > 0.05),
suggesting that hypoxia-pretreatment could suppress fibrosis. This may
be due to the fact that hypoxic preconditioning can enhance the viability
of the USCs [39], which in turn may improve the condition for regen-
eration and facilitate infiltration of the cells into the engineered patches,
resulting in an active constructive remodeling process.
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3.6. Promotion of revascularization and muscularization by hypoxia-
pretreated bioactive patches

Immunofluorescence staining of a-SMA in the patched area at 4, 8,
and 12 weeks postoperatively was used as a measure of muscularization.
As shown in Fig. 7A, the level of a-SMA expression was the highest in the
PSP + USCs (H) group, whist fewer a-SMA -positive cells were noted in
the patch area of the bovine pericardium group. The level of a-SMA
expression in the PSP + USCs (N) group was greater than that of the PSP
group (Fig. 7D). The number of blood vessels was counted by immu-
nofluorescence staining with CD31 in the patched area at 4, 8, and 12
weeks postoperatively (Fig. 7B). A small number of new blood vessels
have appeared at the site of patch in the PSP + USCs (H) group at 4
weeks postoperatively, while almost no neovascularization was noted in
the other groups. At 8 and 12 weeks postoperatively, the number of
blood vessels in the PSP + USCs (H) group was significantly increased (P
< 0.01) and was much greater than those of other groups. Furthermore,
more neovascularization was detected in the PSP + USCs (N) group at 8
and 12 weeks postoperatively compared with the PSP group (Fig. 7E).
No significant revascularization was noted in the bovine pericardial
group. Immunofluorescence staining has indicated that hypoxia-
pretreated bioactive patches have remarkably promoted the revascu-
larization and muscularization of the RVOT.

3.7. Suppression of calcification by the PSP patches

For cardiovascular tissue engineering, the resistance to calcification
of the patch is also an important factor which may affect the outcome of
long-term repair. An important measure for the anti-calcification
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Fig. 6. Histological analysis of the patched cardiac tissue areas. (A) H&E and (B) Masson staining revealed cardiac structures in the bovine pericardium, PSP, PSP +
USCs(H), and PSP + USCs(N) groups. Scale bar = 200 pm. (C) Quantitative analysis of the fibrosis area. Data are represented as mean + SD. *P < 0.05, **P < 0.01,

one-way ANOVA.
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this article.)

properties of the material is the calcium content of the postoperative
specimen as determined by atomic flame absorption spectroscopy [40].
To treat bovine pericardium and autologous pericardium with glutar-
aldehyde can lead to changes in the collagen fibers and increased
deposition of calcium ions on the material [41]. In this study, the cal-
cium content of the PSP, PSP + USCs (N), and PSP + USCs(H) groups
were significantly lower than that of the bovine pericardium group,
indicating that the PSP complex has a good anti-calcification property
(Fig. 7F), though its long-term effect will require further investigation.

4. Discussion

Congenital heart disease affects approximately 1% of newborns and
its treatment may involve surgical repair of the defect with a cardiac
patch. Currently used patches have shortcomings such as non-
degradation, non-conductivity, and tendency for calcification. A new
cardiac patch is therefore in great demand. However, researches on
heart regeneration have so far mostly focused on the treatment of
myocardial infarction, with only a few focused on the development of
cardiac patches to reduce the surgical complications. In this study, we
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have developed a novel patch with properties to suit the reconstruction
of ventricular outflow tract.

An ideal cardiac patch should have good biocompatibility, biode-
gradability, adequate tensile strength, and conductivity similar to that of
native heart tissue. Among these, mechanical property is the foremost
consideration in cardiac patch design [42]. As the center of the circu-
latory system, the heart possesses a high elasticity modulus ranging from
22 kPa at the end of the diastole up to 500 kPa at the end of the systole
[19,43]. In our previous study, we have developed a PU/SIS composite
with high bioactivity, resilience, and elastic modulus suitable for cardiac
tissue engineering [20]. Hence, we have tried to endow the PU/SIS with
conductivity by combining the polymers to obtain a conductive scaffold
material for cardiac repair.

For its sound biocompatibility, high conductivity, easy synthesis, and
environmental stability, PPy is one of the most studied conductive
polymers for biomedical applications [26,44]. PPy-contained conduc-
tive composites have been extensively studied for the treatment of
myocardial infarction and have proven to be effective for boosting the
transmission of electrophysiological signals and can remarkably
improve the function and revascularization of the infarct myocardium
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[18,28,29]. In this study, chemical oxidation polymerization of the PPy
was used to modify the PU/SIS substrate surface in situ, and three PSP
complexes in various proportions were obtained. By taking mechanical
property, surface morphology and electrical conductivity into consid-
eration, 0.2 mol/L pyrrole solution was selected to prepare the PSP
composites (Fig. S2). As shown in Fig. 2, polymerization of the PPy has
altered the surface properties of the PU/SIS but not its mechanical
properties. Furthermore, the electrical conductivity was significantly
increased by the polymerization of pyrrole.

Degradation is another important property for cardiac patches, as
non-degradable patches cannot grow with the patient’s heart. Further-
more, non-biodegradable patches may induce an inflammatory reaction
to foreign body, resulting in lack of elasticity as the material becomes
encapsulated in fibrous scar-like tissue, which may prevent the recovery
of local tissue function [3]. As shown in Fig. 3D, the PSP could degrade
slowly in vivo, while bovine pericardium was completely undegraded. A
similar phenomenon was also observed with immunofluorescence
staining, since both bovine pericardium and PSP composites have
autofluorescence at 488 nm (Fig. 3E). In addition to its chemical struc-
ture, cell invasion is another factor which may affect the degradation of
the material. Biological enzymes such as esterases or hydrolases secreted
by cells play an important role in the biodegradation of materials. In this
study, PSP composites showed a better cellular invasion, while bovine
pericardium was almost devoid of cellular invasion (Fig. 7C). Analysis of
degradation and cellular invasion suggested that PSP is more suitable
than bovine pericardium for the repair of full-layer cardiac defects. The
better biocompatibility and slower degradation of PSP might facilitate
functional reconstruction of the heart defect and reduce secondary
surgery. Through the RVOT model, we have demonstrated that PSP
could significantly improve the cardiac function compared with the
commercially made bovine pericardium, and that vascularization and
muscularization of PSP composites were superior to those of the bovine
pericardium (Figs. 5B and 6). This has suggested the potential of the PSP
composites to be used for the make of cardiac patches. However, the
area of fibrosis in the PSP group remained large, which may affect the
recovery of cardiac function (Fig. 6C). Coincidentally, a recent study by
Jacot et al. showed that, compared with fixed bovine pericardium, the
multi-layered patch could improve the RVEF in a RVOT reconstruction
model, but also induce significant fibrosis in the right ventricle wall as
well as relatively poor vascularization, both of which are major obsta-
cles for cardiac tissue engineering [36].

mscs are regarded as a class of adult stem cells for which great
progress has been made in both basic and clinical research, in particular
treatment of myocardial infarction. Studies have shown that the MSCs
could induce an early shift from the inflammation phase to the repara-
tive phase, reduce apoptosis and fibrosis, and enhance angiogenesis and
cardiac function recovery in animal model for infarction.[45, 46] Céline
Mias et al. have demonstrated that MSC exosomes could suppress
fibrosis in the infarcted area of the heart by inhibiting proliferation of
fibroblasts, promoting synthesis of metalloproteinases, and stimulating
angiogenesis.[47] In this study, we have tried to construct PSP + USCs
bioactive patches to promote right ventricle wall reconstruction and
reduce fibrosis. As we have demonstrated in our previous study,
hypoxia-pretreatment could enhance the paracrine function of the USCs,
promote angiogenesis, and suppress fibrosis at the early stages of wound
healing.[33] Therefore, we have pretreated the PSP + USCs bioactive
patches with hypoxic conditions to explore the feasibility of using the
USCs and hypoxia-pretreatment to promote angiogenesis and suppress
fibrosis during the reconstruction of ventricular outflow tract. Our re-
sults showed that hypoxia preconditioning could promote the secretion
of a large number of angiogenesis-related factors by the USCs, but did
not affect its stemness gene expression and viability (Fig. 4). In the
ROVT model, the normoxic pretreated PSP + USCs could improve the
cardiac function through promotion of angiogenesis, but did not
significantly suppress the fibrosis. The hypoxia-preconditioned PSP +
USCs showed a profound effect on promoting angiogenesis and
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inhibiting fibrosis. We speculate that these may be due to the fact that
hypoxic preconditioning has improved the survival and engraftment of
the transplanted cells.[39] Cells in patches were less likely to survive
after the transplantation due to low oxygen and nutrition supply in the
defective area, [48] while hypoxia-pretreatment could enhance the
survival and paracrine effect of the transplanted cells thereby improving
the local regenerative microenvironment.[33, 39] As shown in Fig. 4,
the paracrine function of the USCs was enhanced with the hypoxic
conditioning. Cytokines such as VEGF, bFGF and EGF secreted by the
USCs are capable of promoting cell proliferation and migration and
inhibit apoptosis, [49, 50] which can promote cell infiltration into the
local tissue. At 4 weeks postoperatively, more cells have grown into the
centre of the PSP + USCs (H) patches compared with the other groups
(Fig. 7C). Additionally, the rate of graft degradation was significantly
higher in the hypoxic pretreatment group compared with other groups
(Figs. 6 and 7), which may also be an important reason why the area of
fibrosis was significantly smaller in the hypoxic pretreatment group. The
graft is regarded as a xenobiotic by the immune system, which often
triggers an inflammatory response. It is widely accepted that inflam-
mation is associated with pathological fibrosis, and that the MSCs also
have immunomodulatory functions. Therefore, the hypoxic pretreat-
ment might have reduced the inflammatory response in the graft area by
promoting graft degradation and immunomodulatory function of the
USCs, thereby reducing the area of fibrosis.

As MSCs derived from the human body, the USCs may induce im-
mune rejection after being transplanted into an immunocompetent
xenogeneic body. However, the reduced expression of major histocom-
patibility complexes and associated proteins on the cell surface also
suggested an immunological privilege for the MSCs. Many studies have
shown that the MSCs can affect both the innate and adaptive immunities
by inhibiting the proliferation and expression of chemotactic ligands
and co-stimulatory molecules of B-cells [51], inhibiting the differenti-
ation of Thl and Th17 subsets of helper T cells whilst promoting the
generation of regulatory T cells [52,53], inducing dendritic cells to ac-
quire a tolerogenic phenotype through the IL-6-mediated upregulation
of SOCS1 [54], and switching macrophages from the pro-inflammatory
type 1 to an anti-inflammatory type 2 phenotype [55]. The MSCs have
also shown promising results in treating autoimmune diseases such as
systemic  lupus erythematosus, rheumatoid arthritis and
graft-versus-host disease [56,57]. Human MSCs have also attained good
effect in treating myocardial infarction in rats. Kocher et al. [58] have
found that intravenous injection of human bone marrow donor cells to
rats with myocardium infarction could attenuate cardiomyocyte
apoptosis and left ventricular remodeling. In another study, human
mesenchymal stromal cells have improved left ventricular function,
perfusion, and remodeling in a porcine model for chronic myocardial
ischemia [59]. Of note, significant immune rejection was detected in
none of such studies.

The cardiac outflow tract is mainly consisted of cardiomyocytes,
smooth muscle cells and fibroblasts. It is well known that myocardial
regeneration is difficult in adult animals [60]. Mature cardiomyocytes
have a poor proliferation and migration capacity [61,62]. By immuno-
fluorescence staining, no troponin-I positive cardiomyocyte was
observed in the central area of regeneration (Fig. S7), and no significant
cardiomyocyte migration was detected at the edge of the patches
(Fig. S8). On the other hand, a large number of fibroblasts and smooth
muscle cells were found in the cardiac tissue. Cardiac outflow tract
repair and regeneration might depend mainly on fibroblasts and smooth
muscle cells. The nascent cardiac tissue in the PSP group is mainly
consisted of fibroblasts. As confirmed by Masson staining, more smooth
muscle cells have been regenerated in the PSP + USCs(H) group, which
is evidenced by more collagen fibers secreted by the fibroblasts in the
PSP group and more muscle fibers presented in the smooth muscle cells
in the PSP + USCs(H) group. A previous study has shown that hypoxia
has a marked impact on smooth muscle regeneration. Hypoxia can
promote the differentiation of the MSCs into smooth muscle cells by
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regulating the Mettl3 and paracrine factors [63,64]. Moreover, hypoxia
can suppress myofibroblast differentiation by altering the activity of
RhoA [65]. Compared with fibroblasts, smooth muscle cells may
contribute more to the maintenance of cardiac functions. A study by
Harada et al. has demonstrated that, compared with fibroblasts, smooth
muscle cell sheets could suppress the process of cardiac remodeling and
improve the cardiac function in a myocardial infarction model [66]. In
the present study, better cardiac function was also noted in the PSP +
USCs(H) group, which was in keeping with previous reports.

In this study, we have developed a novel cardiac patch and explored
its feasibility for the reconstruction of RVOT. Compared with commer-
cially made bovine pericardium, the PSP patches have shown a greater
potential for promoting cellularization, angiogenesis and musculariza-
tion. Furthermore, hypoxia-pretreated bioactive patch could signifi-
cantly suppress fibrosis whilst promote vascularization and
muscularization, resulting in a better right heart function. Our findings
suggested that the PSP patches combined with hypoxic pretreated USCs
may provide a strategy for the treatment of congenital heart disease.
However, we have only focused on fibrosis in RVOT reconstruction and
the efficiency of electrical coupling of the PSP patch with myocardial
wall. Its effect on the cardiac conductive network has not been assessed.
For the next step, we will focus on the safety and efficacy of the PSP
patch and its effect on cell biology and electrophysiology for the
reconstruction of ventricular outflow tract under electrical stimulation.

5. Conclusion

In this study, we have developed a novel cardiac patch with me-
chanical and electrical properties similar to those of natural myocardial
tissue by compounding pyrrole with the PU/SIS. The PSP patch has
shown to degrade slowly during the process of tissue reconstruction,
which may reduce the need for secondary surgery in neonatal patients.
Furthermore, through a RVOT reconstruction model, we have illustrated
that the PSP + USCs bioactive patches could significantly reduce the
fibrotic area and enhance cardiac function after a hypoxic pretreatment.
Above results have demonstrated the potential of the PSP patch for the
treatment of congenital heart disease as a promising candidate.
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