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Abstract

Background: Patients with end-stage heart failure must receive treatment to recover
cardiac function, and the current primary therapy, heart transplantation, is plagued by
the limited supply of donor hearts. Bioengineered artificial hearts generated by seed-
ing of cells on decellularized scaffolds have been suggested as an alternative source
for transplantation. This study aimed to develop a tissue-engineered heart with lower
immunogenicity and functional similarity to a physiological heart that can be used for
heart transplantation.

Materials and methods: We used sodium dodecyl sulfate (SDS) to decellularize car-
diac tissue to obtain a decellularized scaffold. Mesenchymal stem cells (MSCs) were iso-
lated from rat bone marrow and identified by flow cytometric labeling of their surface
markers. At the same time, the multi-directional differentiation of MSCs was analyzed.
The MSCs, endothelial cells, and cardiomyocytes were allowed to adhere to the decel-
lularized scaffold during perfusion, and the function of tissue-engineered heart was
analyzed by immunohistochemistry and electrocardiogram.

Results: MSCs, isolated from rats differentiated into cardiomyocytes, were seeded
along with primary rat cardiomyocytes and endothelial cells onto decellularized rat
heart scaffolds. We first confirmed the pluripotency of the MSCs, performed immu-
nostaining against cardiac markers expressed by MSC-derived cardiomyocytes, and
completed surface antigen profiling of MSC-derived endothelial cells. After cell seeding
and culture, we analyzed the performance of the bioartificial heart by electrocardiog-
raphy but found that the bioartificial heart exhibited abnormal electrical activity. The
results indicated that the tissue-engineered heart lacked some cells necessary for the
conduction of electrical current, causing deficient conduction function compared to
the normal heart.

Conclusion: Our study suggests that MSCs derived from rats may be useful in the
generation of a bioartificial heart, although technical challenges remain with regard to
generating a fully functional bioartificial heart.

Keywords: Bioartificial heart, Decelluarized scaffold, Mesenchymal stem cells,
Myocardial cells, Endothelial cells

© The Author(s) 2019. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,
and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publi
cdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12938-019-0691-9&domain=pdf

Tong et al. BioMed Eng OnLine (2019) 18:71 Page 2 of 13

Background
Currently, heart transplantation remains the final treatment for end-stage heart
failure patients [1], and it is estimated that thousands of end-stage heart failure
patients wait for heart transplantations annually worldwide [2], while the supply of
donor hearts is limited [3]. Although many measures have been taken to increase the
source of organs, including the use of xenografts [4—6] and the development of meth-
ods for organ preservation [7], chimera technology [8, 9], and in vitro organ culture
[10], the situation has not been significantly improved. Although the use of animal
organs/tissues involves some ethical issues [11], it does bring new hope to the field of
organ transplantation [12]. For instance, xenografts from animal donors such as the
chimpanzee and baboon greatly expand the source of donor organs [13]. However,
due to issues such as immune rejection and the potential spread of animal diseases
to humans, the development of clinical approaches to using animal organs/tissues in
humans has been limited [14—16]. Patients who accept xenograft hearts require life-
long immunosuppression, which decreases their quality of life [17, 18]. In recent dec-
ades, researchers have proposed the use of an acellular scaffold to generate functional
hearts in vitro for transplantation. Several systems have been reported, including a
technique for in vitro cultured heart, which unfortunately showed signal disorder
and negatively affected cardiac function [10]. The field of tissue-engineering seeks to
reconstitute functional organs including the heart using various cell types and scaf-
fold materials. Biomaterials derived from cells onto decellularized scaffolds have been
proposed as an alternative approach to bioengineering artificial hearts for trans-
plantation [19]. When a decellularized scaffold is derived from an organ of an ani-
mal, it offers a three-dimensional scaffold structure that is non-cytotoxic, promotes
cell adhesion and proliferation, and represents an ideal material for tissue engineer-
ing [20]. Thus far, decellularized scaffolds have been used in an effort to construct
organs including heart [21], and a bioartificial heart with low potential for immuno-
logical rejection represents a promising approach to solve the problem of donor heart
deficiency.

With the development of stem cell technology, the use of such cell types to generate
a functional bioartificial heart has gained increasing attention in recent years. Cardio-
myocytes differentiated from embryonic stem cells [22], inducible pluripotent stem
cells (iPSCs) [23], and human mesenchymal stem cells (MSCs) [24] have been utilized
in an effort to generate bioartificial hearts. In particular, MSCs are multipotent stem
cells present in adult tissues that possess the ability to differentiate into a variety of
tissues and have been applied in the treatment of heart disease [25]. Moreover, MSCs
exhibit low immunogenicity [26]. Hence, MSCs are an ideal cell type for seeding onto
scaffolds for the purpose of generating a bioartificial heart. In the present study, we
isolated MSCs from rats and confirmed their pluripotency. We then used these rat
MSCs together with isolated rat cardiac and endothelial cells to generate bioartificial

hearts on decellularized rat heart scaffolds.
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Materials and methods

Animals

Adult male Lewis rats (4- to 6-week old, weighing 150—180 g, healthy) and neonatal
Lewis rats (1- to 3-day old, healthy) were purchased from SLAC Laboratory Animal
Co. The animals were housed at the Xiamen University Animal Center. All animals
were anesthetized prior to harvesting of hearts and were humanely euthanized after
the procedures were completed. The animal experiments were approved by the Ani-
mal Center of Xiamen University (Xiamen, China) and complied with the Instructive
Notions with Respect to Caring for Laboratory Animals, 2006, published in by the
Science and Technology Department of China.

Isolation of rat MSCs

Adult Lewis rats were anesthetized with an intraperitoneal injection of chloralic
hydras (3.8 mg/kg), sterilized with 70% ethanol, and skin and muscle were removed
from the limbs. The marrow was removed by rinsing the marrow cavity repeatedly
with phosphate-buffered saline (PBS). Broken bones were collected with sterile hemo-
static forceps and digested with 1 mg/mL collagenase II in a 37 °C shaker bath for 1 h.
After removal of the collagenase II solution, the digested cells were cultured in Dul-
becco’s Modified Eagle Medium (DMEM, Gibco) with 10% fetal bovine serum (FBS),
1x non-essential amino acids (NEAA, Millipore), 1x 2-mercaptoethanol (Gibco),
10 ng/mL fetal growth factors (FGFs, Peprotech), and 10 ng/mL epidermal growth
factor (EGF, Peprotech).

Cell-surface antigen profiling of MSCs

The cell-surface antigen profile of rat MSCs was analyzed as previously described [27,
28]. The isolated MSCs were incubated with fluorescein isothiocyanate (FITC)-conju-
gated antibodies against CD106, CD25, CD44, CD45, CD11b, CD29, and CD90, and
phycoerythrin (PE)-conjugated antibodies against CD34 and CD71. All incubations
were performed at 4 °C for 30 min. Quantitative analyses were performed using a Beck-

man Coulter flow cytometer (Beckman Coulter).

Multi-directional differentiation of rat MSCs
A MSC differentiation kit (Cyagen) was used to direct the differentiation of MSCs
into osteoblasts, adipogenic cells, and chondroblasts according to the manufacturer’s

instructions.

Lentivirus generation and infection

Lentivirus packaging was performed as previously described with some modifications
[29, 30]. The pLL3.7 empty vector and Pmd2G, pRSV-Rev, VSVG helper vectors were
used for lentivirus packaging in 293T cells. Plasmids were prepared with the EndoFree
system (Qiagen) according to the manufacturer’s instruction. The packaged virions that

contained green fluorescent protein (GFP) were concentrated for infection of isolated
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MSCs. MSCs with lentiviral-aided expression of GFP were sorted by flow cytometry
(MoFlo XDP, Beckman).

Isolation of neonatal rat cardiomyocytes

Rat neonatal cardiomyocytes were isolated as previously described [31]. In brief, neona-
tal rats were anesthetized with 5% inhaled isoflurane, and the chest was sterilized with
70% ethanol. The hearts were excised, minced, and incubated with 0.2% collagenase II
solution (Beijing Solarbio Science & Technology Co., Ltd.,) in a 37 °C shaker bath for
45 min. The digested cells were filtered through a 40- to 50-um nylon mesh and col-
lected by centrifugation at 1000 rpm for 5 min. The collected cells were pre-plated in the
cardiomyocyte medium for 30 min, and the supernatant containing cardiomyocytes was
collected and cultured in the presence of 0.1 mmol/L 5-BrdU for 48 h. The cardiomyo-
cytes were then ready for subsequent experiments.

The cardiomyocyte medium consisted of DMEM (Gibco) supplemented with 10%
FBS (BI), 5% horse serum (Beijing Solarbio Science & Technology Co., Ltd.), 100 U/mL
penicillin-G (Gibco), 100 U/mL streptomycin (Gibco), 0.05 mmol/L 2-mercaptoethanol
(Gibco), 1.2 mM CaCl (Fisher), 0.8 mM MgCl (Sigma), and 10 nM isoprenaline. The car-
diomyocyte medium was used in all ECM recellularization experiments involving neo-
natal cardiomyocytes.

Characterization of MSC-derived cardiomyocytes

Induction of MSC differentiation into cardiomyocytes was performed as previously
described with slight modifications [27]. In brief, GFP-expressing MSCs were co-cul-
tured with isolated neonatal rat cardiomyocytes at a ratio of 5000:5000 cells on a slide
for 1 week, followed by immunofluorescence analysis. The medium was replenished
every 3 days.

Differentiated MSCs were characterized by immunocytochemistry analysis as pre-
viously described [32]. In brief, cells were fixed in 4% paraformaldehyde for 10 min,
permeabilized with 0.5% Triton X-100 for 20 min, and blocked in 10% donkey serum
(Beijing Solarbio Science & Technology Co., Ltd.). Cells then were incubated with anti-
bodies against ¢TnT (1:400, Abcam) and desmin (1:100, Abcam) at 4 °C overnight. The
cells were then further incubated with the appropriate secondary antibodies (Abcam)
diluted at 1:100 for 1 h at room temperature, followed by another incubation with DAPI
(Beijing Solarbio Science & Technology Co., Ltd.). Untreated rat MSCs and adult cardio-
myocytes were used as negative and positive controls, respectively. The results of immu-
nostaining were observed under fluorescence microscopy (Olympus FV1000).

Isolation of rat endothelial cells

Adult Lewis rats were anesthetized as described above. Each aorta was collected, placed
immediately into a 10-cm diameter dish containing 7 mL D-Hank’s buffer (Beijing Solar-
bio Science & Technology Co., Ltd.), and washed with cold D-Hank’s bufter by pipet-
ting. The connective tissues were removed, and the remaining tissues were minced into
pieces smaller than 1 mm?>. These tissues were then digested in 10 mg/mL collagenase I
(Gibco) at 37 °C for 15 min. The isolated endothelial cells were collected by centrifuga-
tion and then cultured in 10-cm diameter culture dishes pre-coated with 1% collagen
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in high-glucose DMEM containing 10% FBS, 50 U/mL heparin, 100 U/mL penicillin-G
(Gibco), and 100 U/mL streptomycin (Gibco).

Determination of CD31 expression on rat endothelial cell

Rat endothelial cells were trypsinized (0.25% trypsin, Gibco), collected, and stained with
a monoclonal antibody against PeCy7-CD31 (Thermo Fisher Scientific) according to
the manufacturer’s recommendations. Incubations were performed at 4 °C for 30 min.
Quantitative analyses were performed using a Beckman Coulter flow cytometer (Beck-
man Coulter).

Characterization of MSC-derived endothelial cells

MSCs and endothelial cells were co-cultured at a ratio of 200,000:200,000 cells in 10-cm
dishes in the endothelial cell medium at 37 °C in a humidified atmosphere containing
5% CO,. The medium was replenished every 3 days. After 1 week in co-culture, the cells
were subjected to flow cytometric analysis as described above.

Decellularization of rat hearts

Decellularized cardiac scaffolds were produced as described previously with some modi-
fications [31]. In brief, the heart was removed from the anesthetized rat and perfused
through the ascending aorta for 3 days with 200 mL of PBS containing heparin (20 U/
mL) and 10 mM adenosine followed by 2 L of 0.1% sodium dodecyl sulfate, 200 mL of
deionized water, 200 mL of 1% Triton X-100, and finally, 2 L of PBS containing 100 U/
mL penicillin-G (Gibco), 100 U/mL streptomycin (Gibco), and 100 U/mL amphotericin
B (Sigma-Aldrich). A total of 7 rat hearts were used in this study.

Recellularization of decellularized rat hearts

To generate a bioartificial heart on a decellularized cardiac scaffold, we first decellular-
ized rat hearts to prepare a scaffold and then reintroduced cells within the scaffold by
seeding MSCs along with primary cardiomyocytes and endothelial cells. We mounted
each recellularized whole rat heart in a bioreactor that provided coronary perfusion
with oxygenated culture medium for 10 days and then analyzed the condition of the
adhered cells by immunocytochemical staining. In brief, for the first 3 days of perfu-
sion described above, we continued the perfusion of the cardiac scaffolds with cardio-
myocyte medium and injected 1 mL medium containing 1 x 10’ cardiomyocytes, 1 x 10°
endothelial cells, and 5 x 107 MSCs into the decellularized heart through the aortic arch.
Perfusion was discontinued for 4 h to allow cell adhesion and then resumed with 37 °C
oxygenated cardiomyocyte medium for 10 days.

Electrocardiography (ECG)

Electrocardiography was performed on the bioartificial heart using the RM6240E
multi-channel physiological signal acquisition processing system (Chengdu Instrument
Factory) on day 10 after cell seeding. The bioartificial heart was removed from the biore-
action system and fixed onto the RM6240E apparatus for ECG recording with a voltage
of 2-20 My, a delay of 2 s, and a continuous single stimulus.
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Immunohistochemistry analysis of the bioartificial heart

The bioartificial heart was removed from the bioreaction system, washed twice with
PBS, fixed in 4% paraformaldehyde (Beijing Solarbio Science & Technology Co., Ltd.),
and embedded in paraffin. Bioartificial heart was then cut and sectioned into 5-um-thick
sections. The sections were used for immunohistochemical staining following standard
protocols. In brief, the sections were incubated with primary antibodies against cTnT
and desmin, followed by another incubation with the appropriate secondary antibodies
and DAPI. Fluorescence signals were captured under a fluorescence microscope (Olym-
pus FV1000).

Results

Isolation, characterization, and multipotent differentiation of rat MSCs

We first characterized the molecular properties of the rat MSCs isolated for this study
by flow cytometry. As shown in Fig. 1, the rat MSCs expressed the MSC surface mark-
ers CD90 and CD29, but were negative for markers typically absent on MSCs, includ-
ing CD44, CD106, CD25, CD11b, and CD45. Also, rat MSCs exhibited a spindle-shaped
morphology (Fig. 2A), further confirming that the isolated rat MSCs in the present study
displayed the morphological and molecular characteristics typical of MSCs.

To confirm the differentiation potential of rat MSCs, MSCs at the third passage were
induced to differentiate into adipocytes, osteoblasts, and chondroblasts, separately. After
30 days of culture in chondroblast induction medium, the cells exhibited a rounded cell
body and expressed acid mucopolysaccharides as demonstrated by Alcian blue staining
(Fig. 2B). After 20 days in osteogenic induction medium, most of the cells were positive
for alkaline phosphatase expression and had formed aggregates or nodules with calcium
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Fig. 1 Flow cytometric determination of cell-surface antigen profile of rat MSCs. Rat MSCs were stained with
specific antibodies against a variety of cell-surface antigens as indicated. The normal control (NC) samples
are MSCs without cell-surface staining. The percentage of cells that stained positively for each antibody is
listed in the respective histogram. Similar results were obtained from MSCs isolated from two separate rats.
Representative flow cytometric images from one rat are shown
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Fig. 2 Rat MSCs and their multilineage differentiation potential. A The appearance and growth of MSCs of
the third passage. B Chondroblast differentiation was demonstrated by Alcian blue staining. C Osteogenic
differentiation was demonstrated by alizarin red staining. D Adipogenic differentiation was demonstrated by
Oil Red O staining
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mineralization as observed by alizarin red staining (Fig. 2C). Adipogenic differentiation
was induced by 1 week of culture in adipogenic induction medium, and by 3 weeks later,
almost all cells contained Oil Red O-stained lipid droplets (Fig. 2D). Hence, we con-
cluded that the isolated rat MSCs exhibited the capacity for multipotent differentiation.

MSC differentiation into cardiomyocytes or endothelial cells
We next examined the capability of the isolated MSCs to differentiate into cardiomy-
ocytes. After co-culture with isolated newborn rat cardiomyocytes, we found that rat
MSC:s exhibited positive staining for desmin and cTnT, two widely used cardiomyocyte
markers (Fig. 3a), at levels similar to those in the newborn rat cardiomyocytes (Fig. 3b).
We also examined the capability of MSCs to differentiate into endothelial cells. After
co-culture with isolated rat endothelial cells, the isolated rat MSCs stained positively
for CD31. Untreated rat MSCs were used as negative controls, and co-cultured MSCs
showed low expression of CD31 (Fig. 4).

Formation of bioartificial heart on decellularized scaffold

We culture bioartificial heart at 37 °C in a humidified atmosphere containing 5% CO,.
We found that the cells adhered to the cardiac wall, artery, and cardiac chamber of the
decellularized scaffold stained positively for ¢cInT and desmin (Fig. 5). Also, the bioarti-
ficial heart was able to generate a certain level of electrical activity as detected on ECG,
but displayed only R wave with no P wave (Fig. 6). The in vitro culture system for bioarti-

ficial heart is shown in Fig. 7.



Tong et al. BioMed Eng OnLine (2019) 18:71 Page 8 of 13

a  pap GFP cTnT

b DAPI cTnT Desmin Merge

Desmin

Fig. 3 Differentiation of rat MSCs into cardiomyocyte. a GFP-expressing MSCs were co-cultured with isolated
newborn rat cardiomyocytes. b Newborn rat cardiomyocytes. Cells were stained for desmin (silvery white),
cTnT (red), and DAPI (blue, nuclear staining)
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Fig. 4 Differentiation of rat MSCs into endothelial cells. a Rat endothelial cells served as a positive control. b
GFP-expressing MSCs co-cultured rat endothelial cells. ¢ Rat endothelial cells stained with antibody against
CD31. d MSC-derived endothelial cells were stained with the antibody against CD31. e Morphology of rat
endothelial cells

Discussion

In the present study, we generated bioartificial hearts with rat MSCs, endothelial cells,
and myocardial cells seeding onto decellularized rat heart scaffolds. However, our bioar-
tificial hearts possessed only partial electrical activity as evaluated by ECG.

With continued advances in our understanding of stem cell biology and iPSCs as
well as related technologies, the generation of bioartificial hearts has been an active
area of research in recent decades. However, clinical research has yet to produce a
viable treatment using this technology [33], suggesting the persistence of obstacles
for the use of bioartificial hearts in human patients. To date, several approaches to
generating bioartificial hearts have been reported, including the use of iPSCs [33]
and three-dimensional printing [34, 35]. However, the safety and immunogenicity
of embryonic stem cells and iPSCs are major concerns [36]. Compared to synthetic
chemical materials, decellularized scaffolds are derived from physiological materials,
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Desmin

DAPI cTnT

Fig. 5 Histological analysis of engineered heart tissues. a Cardiac wall, b artery, and ¢ cardiac chamber of
bioartificial heart. a—c Immunostained with antibodies against cTnT and desmin. DAPI was used for nuclear
counterstaining
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Fig. 6 ECG of bioartificial heart. Representative images from the electrical activity assessment of the
bioartificial whole heart after 10 days in a heart bioreactor. a Part of Magnified electrocardiogram of
bioartificial heart. b Part of electrocardiogram of bioartificial. The abscissa is time, the smallest grid is 0.04 s,
and the big grid is 0.2 s. The ordinate is mv, with 0.1 mv per small cell, thus, five small cells (one large cell) is
0.5 mv, and the length of two large cellsis T mm

are non-cytotoxic, and promote cell adhesion [37]. In the present study, we employed
a decellularized rat heart as a scaffold, which is an established method for preparing a
foundation for the basic cardiac structure [38]. We recellularized these scaffolds with
MSCs together with endothelial and cardiac cells isolated from rats. We first char-
acterized the multipotency of the isolated MSCs, including their differentiation into

Page 9 of 13



Tong et al. BioMed Eng OnLine (2019) 18:71 Page 10 of 13

Fig. 7 Diagram showing the in vitro culture system for the bioartificial heart. a Mixed gas tank used for gas
supply in organ culture. The main component is a mixture of oxygen and carbon dioxide. The amount of the
mixed gas may be adjusted by the valve to ensure the percentage of oxygen in the mixed air, so that the
medium supply ensures that the organ receives sufficient amount of oxygen during the cultivation process. b
Three-hole glass bottle. The three holes are connected to the mixed gas, the inlet, and the outlet of the organ
culture bottle through a hose. The medium containing saturated gas can be recycled through this bottle.

¢ Disposable infusion tube heater. This heater can heat the culture medium pumped from the three-hole
glass bottle at a constant temperature so that the medium entering the organ is maintained at an optimum
temperature of 37 °C. d Thermostatic bath. This device has both heating and pumping functions, which can
maintain the outer tube of the F device at 37 °C water circulation, thereby providing the optimum ambient
temperature for the organ. e Titration pump. This device can continuously and quantitatively draw the culture
medium from B into F, thereby ensuring that the organ is cultured in a nutrient-rich fresh medium. f Organ
culture bottle. This device is divided into an outer tube and an inner tube, and these two are not connected.
The outer tube is maintained at a constant temperature of 37 °C by connecting to a constant temperature
bath. The organ is fixed by two hollow tubes of the cap and placed in the inner tube for cultivation. The entire
system can be sealed to ensure a sterile environment

cardiomyocytes by immunostaining against the specific cardiac markers cTnT and
desmin as well as into endothelial cells according to expression of the marker CD31.
We then showed that these cells would adhere and differentiate on decellularized rat
heart scaffolds.

While we successfully recellularized rat heart scaffolds with cardiac cells toward
the generation of bioartificial heart, unfortunately, it only exhibited partial electrical
function on ECG. We found that the bioartificial heart only displayed R wave without
P wave, indicating that ventricular electrical conduction was normal but atrial elec-
trical conduction was abnormal. Thus, it appeared that our bioartificial heart lacked
the necessary conducting cells, consistent with a previous report [39]. Compared with
MSCs, induced pluripotent stem cells and embryonic stem cells can be more stably
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differentiated into cardiomyocytes, but there is no general method for their use in
the construction of a functional tissue-engineered heart. A functional heart requires
multiple cells, each of which needs to be re-differentiated [40]. Cardiomyocytes from
induced pluripotent stem cells and embryonic stem cells have similar maturity to
neonatal cardiomyocytes, but the method of inducing differentiation directly leads to
electrophysiological changes [41]. Through differences in culture and differentiation
conditions, these stem cells can be induced to differentiate into tissue-engineered
heart cells that have electrophysiology, and electrical conduction [42]. However, it
has also been reported that tissue-engineered hearts constructed using induced stem
cells not only exhibit ECG properties close to those of the physiological heart, which
has P waves and R waves, but also show a difference between waveform and interval
time and normal [23, 31]. Therefore, determining how to generate a bioartificial heart
functionally capable of physiological conduction remains a challenge in the field.

Several limitations of this study need to be acknowledged. First, while ECG record-
ing was performed from the bioartificial hearts, we did not obtain ECG recordings from
normal hearts from our rats for direct comparison. Also, the electrophysiological prop-
erties of the MSC-derived cardiomyocytes were not characterized at the single-cell level.
We plan to characterize the electrical properties of these cells by patch-clamp recording
in our future studies. In addition, we did not perform mechanical testing on the bio-
artificial hearts or measure blood flow through them due to equipment unavailability.
Finally, we did not perform any statistical analysis of the results in this study.

Conclusions

In conclusion, we demonstrated in the present study that MSCs isolated from rats
may be used to generate bioartificial hearts together with isolated endothelial and car-
diac cells on a decellularized heart scaffold. However, technical challenges remain with
regard to the generation of a fully functional bioartificial heart to meet the pressing clini-

cal need for donor hearts.
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