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Although tissue-engineering approaches have led to significant progress in the quest of finding a viable sub-
stitute for dysfunctional myocardium, the vascularization of such bioartificial constructs still remains a major
challenge. Hence, there is a need for model systems that allow us to study and better understand cardiac and
vascular biology to overcome current limitations. Therefore, in this study, in toto decellularized rat hearts with a
patent vessel system were processed into standardized coronary artery tissue flaps adherent to the ascending
aorta. Protein diffusivity analysis and blood perfusion of the coronary arteries showed proper sealing of the de-
endothelialized vessels. Retrograde aortic perfusion allowed for selective seeding of the coronary artery system,
while surface seeding of the tissue flaps allowed for additional controlled coculture with cardiac cells. The
coronary artery tissue-flap model offers a patent and perfusable coronary vascular architecture with a preserved
cardiac extracellular matrix, therefore mimicking nature’s input to the highest possible degree. This offers the
possibility to study re-endothelialization and endothelial function of different donor cell types and their inter-
action with cardiac cells in a standardized biologically derived cardiac in vitro model, while establishing a
platform that could be used for in vitro drug testing and stem cell differentiation studies.

Introduction

Rising epidemiologic numbers of cardiovascular dis-
ease and the current demographic trend turn heart dis-

ease into an increasing health economic problem worldwide,
with coronary artery disease being one of the leading causes
of mortality in the western world.1 In the recent years, the
emerging field of cardiovascular tissue engineering has de-
veloped new experimental strategies in the treatment of
heart disease. Different approaches are currently pursued to
generate functional heart tissue to regenerate, restore, or re-
place the injured myocardium.2 However, one of the key
limitations in all tissue-engineering approaches—the vascu-
larization of engineered functional tissues—still remains a
major challenge.3

Nearly all native tissues regulate oxygen and nutrient
supply as well as carbon dioxide and waste removal in vivo
through a complex, ramified system of blood vessels that are
subsequently divided into smaller subunits until forming a
system of small capillaries with a maximal distance between
capillaries of less than 200mm4 correlating with the diffusion
limit of oxygen.5 Additionally, a functional network of en-
dothelial cells (EC) coating the blood vessels, the so-called
endothelium, is needed to prevent thrombogenicity, to act as
a selective permeable barrier ensuring active and passive
molecule transport, to regulate blood pressure, and to en-

hance angiogenesis into the circumjacent tissue among many
other complex physiological functions.6 Therefore, functional
vascularization—defined as an intact endothelial layer cov-
ering the inner surface of ramified vessel structures with a
maximal distance between each other of approximately
200 mm—seems to be a prerequisite for engineered tissues to
be viable in vivo.

Vascularization strategies are still a question of intensive
debate in the tissue-engineering community.3 Approaches
range from trying to induce angiogenesis and vasculogenesis
in vivo using biological stimuli to prevascularization strate-
gies using synthetic or native derived scaffolds with pre-
formed vascular systems in vitro. Cell populations for in vitro
models of angiogenesis and vasculogenesis vary from hu-
man dermal microvascular ECs (HDMECs) to human um-
bilical vein ECs (HUVECs) and endothelial progenitor cells
(EPCs) among others, with additional coculture modalities
involving nonendothelial cells that may further support and
partially enhance angiogenic mechanisms.

However, the vascular system of the heart is an integrated
system of particular complexity, consisting of several endo-
thelial compartments, including ECs of coronary arteries,
capillaries, and endocardium, each differing in develop-
mental origin, structure, and function.7 The native coronary
artery system originates from the ascending aorta with the
ostia of the left and right coronary artery (LCA and RCA,
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respectively), located in the sinuses of the aortic valve. LCA
and RCA ramify into epicardial arteries, which give rise to
smaller intramural arteries penetrating the myocardium and
subsequently branching into arterioles, which narrow into a
capillary network surrounding the adjacent cardiomyocytes.
The number of myocardial ECs outnumbers the number of
cardiomyocytes by a ratio of approximately 3 to 1, with the
distance between a capillary EC and the nearest cardio-
myocyte reaching only 1 mm and, thus, providing optimal
diffusion of oxygen and nutrients between the blood and
underlying myocardium.8 This unique architecture of the
coronary vascular system, allowing for intimate contact and
reciprocal interaction between the endothelium and cardio-
myocytes, is critical for the physiological function of the
heart. Hence, there is a need for standardized models reca-
pitulating the cardiac endothelial microenvironment in vitro
that will allow us to study and better understand the cardiac
and vascular biology to overcome current limitations.

In the past—following the in toto heart decellularization
concept introduced in 20089—we developed a system for the
high volume generation of reproducible acellular heart scaf-
folds through automated software-controlled coronary perfu-
sion that not only preserves the basic anatomy of the heart as
well as the basic extracellular matrix (ECM) characteristics, but
also conserve the geometry and patency of the native coro-
nary vascular system.10 In this study, we used those acellular
heart scaffolds to create a standardized native derived coro-
nary artery tissue-flap model to study re-endothelialization
and endothelial function of tissue-engineered cardiac con-
structs, while establishing a platform that could be used for
in vitro drug testing and stem cell differentiation studies.

Materials and Methods

All animal experiments and surgical procedures were
performed in compliance with the Guide for the Care and
Use of Laboratory Animals as published by the US National
Institutes of Health (NIH Publication 85-23, revised 1996)
and were approved by the local animal care committees
(registr. nr. A/224/2009).

Whole heart decellularization

Hearts of Wistar rats (female and male, 350 to 450 g)
were explanted and decellularized in toto by standardized
coronary perfusion through automated software-controlled
retrograde aortic perfusion as previously described.11 For
chemical decellularization, we used a simplified decellular-
ization protocol that we have successfully used for the de-
cellularization of heart valves in the past. Briefly, it consists
of perfusion with 0.5% sodium dodecyl sulfate (SDS; Carl-
Roth) and 0.5% desoxycholic acid (DCA; Amresco) for 48 h
with subsequent perfusion with deionized water and phos-
phate-buffered saline (PBS; Gibco) for 24 and 72 h, respec-
tively. Decellularized hearts were stored in PBS supplemented
with penicillin/streptomycin at 4�C before further processing.

Integrity and patency of the coronary vascular system

For the demonstration of the integrity and patency of the
coronary vascular system after the decellularization process,
whole hearts were perfused with epoxide resin (E20; Biodur)
and desiccated afterward. High-resolution macroscopic pic-

tures of the LCA and RCA system were taken with an EOS
400d (Canon) camera and perfused vessels up to 4th order
ramifications were counted manually.

Standardized native derived coronary artery
tissue-flap model

The standardized coronary artery tissue-flap model was
created by microsurgical dissection of the decellularized
whole hearts into two tissue flaps adherent to the ascending
aorta and encasing the LCA and RCA, respectively. The
transluminescence of the decellularized tissue flaps allowed
for live imaging via a common inverse field microscope (DM
IL LED; Leica) or confocal microscope (LSM 700; Zeiss). Se-
lective catheterization of the coronary ostia via a 28G cath-
eter (Braun) allowed for standardized perfusion of the tissue
flaps via the respective de-endothelialized or repopulated
main coronary arteries and subsequent vessel system with no
perfusate loss, either manually with a syringe or with a sy-
ringe pump ensuring a constant flow rate.

Coronary artery tissue-flap models with an in vitro re-
populated vessel system were created in a two-step proce-
dure. In the first step, the coronary artery vessel system of
the whole hearts was cell seeded through coronary perfusion
via retrograde aortic perfusion with a cell density of 5 · 105

cells mL - 1 and incubated in the cell-specific standard culture
medium in a standard cell culture incubator (Forma Scien-
tific) at 5% CO2 atmosphere and 37�C. After 24 h, in a second
step, repopulated whole hearts were dissected into the
above-described coronary artery tissue-flap model under
sterile conditions and further incubated for 5 days with a
medium renewal via manual coronary perfusion every 12 h.
For controlled coculture with primary cardiac cells, coronary
artery tissue flaps were surface seeded with cells at a density
of 2 · 105 cells mL - 1 immediately after dissection and culti-
vated for at least an additional 24 h.

Protein diffusivity

For evaluation of the protein diffusion properties, coro-
nary ostia of cell-free coronary artery tissue flaps were se-
lectively catheterized and perfused with a protein solution
consisting of 0.0025% Alexa Fluor 555-conjugated albumin
bovine serum (fluorescent conjugated BSA; Invitrogen) and
0.1% native bovine albumin serum (BSA; Sigma-Aldrich)
dissolved in PBS. Perfusion was carried out via direct coro-
nary perfusion at a rate of 0.1 mL min - 1 using a common
syringe pump (Braun). To quantify diffusion from the main
vessels into the circumjacent tissue, fluorescence intensity
(FI) was calculated from fluorescent images taken at repeti-
tive time points for a total duration of 60 min with stan-
dardized optical capture parameters using an inverse field
microscope (DM IL LED; Leica). Therefore, FI was measured
and processed at fixed distances from the targeted main
vessel wall (up to 550 mm) and averaged for standardized
regions of 0,03 mm2 in both directions from the vessel plane
using built-in features of ImageJ (ImageJ, NIH) adjusting for
the background intensity caused by matrix fluorescence. FI,
assumed to be proportional to the concentration of the
fluorescent-conjugated BSA, was then normalized to the
midvessel intensities of each sample to account for increasing
intensities in progressive images caused by diffusion into the
circumjacent tissue along the floor and ceiling of the vessel.
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Blood perfusion

Acellular and repopulated coronary artery tissue flaps
were selectively catheterized with a 28G catheter as de-
scribed above and the coronary artery vessel system was
perfused with fresh human whole blood, drawn from a pe-
ripheral vein and citrated to ensure anticoagulation, for
evaluation of vessel patency and sealing for cellular blood
components.

Cell studies

For cell studies, we used a standard murine fibroblast cell
line (3T3 cells; NIH) to assess the selective in vitro coronary
artery repopularization capacity and suitability of the pre-
sented coronary artery tissue-flap model. 3T3 cells were
maintained in the Dulbecco’s modified Eagle’s medium
(DMEM; Gibco) supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin (P/S) and were pas-
saged twice per week.

Cell viability was analyzed by live/dead assay assessing
the intracellular esterase activity and plasma/nuclear mem-
brane integrity, incubating repopulated coronary artery tis-
sue flaps with calcein-AM and ethidiumhomodimer
(Invitrogen) or SYBR-Green I (Invitrogen) and propidiu-
miodide (PI; Invitrogen), following the manufacturer’s in-
structions. Vital cells fluoresced green either due to the
intracellular esterase activity hydrolyzing the calcein-AM
substrate to a green fluorescent product or because of active
SYBR-Green transport inside the cell nuclei, while nonvital
cells fluoresced red due to the membrane permeability and
nucleic acid affinity of the red fluorescent ethidiumhomodi-
mer and PI.

For proving the concept of a functional coronary artery
tissue-flap model, tissue flaps were re-endothelialized with
HUVECs and subsequently surface seeded with primary
isolated cardiac cells from neonatal rat hearts. HUVECs were
maintained in the endothelial cell basal medium (ECBM MV;
PromoCell) with recommended supplements (ECBM MV
Supplement Pack; PromoCell), passaged at reaching 60–70%
confluence and used at passage 5 for re-endothelialization
studies. Before seeding, HUVEC suspension was labeled
with green fluorescent 5-chlorormethylfluorescein diacetate
(CMFDA, CellTracker� Green; Invitrogen) for live cell
tracking according to the manufacturer’s protocol. CMFDA
passively diffuses into cells and is cleaved by intracellular
esterases to yield a highly fluorescent cell-impermeable
substrate that reacts with thiols, forming fluorescent conju-
gates that are retained inside the cell. Cardiac cells were
isolated from neonatal rat hearts as previously described12

and were maintained in the standard culture medium (M-
199; Gibco) supplemented with 10% horse serum, 2% fetal
bovine serum, and 1% penicillin/streptomycin (P/S). For
coculture experiments, cell suspensions of first passage pri-
mary cardiac cells (containing cardiomyocytes as well as
cardiac fibroblasts) were labeled with red fluorescent
CMTPX (CellTracker� Red; Invitrogen) for live cell tracking
according to the manufacturer’s protocol, analogically to the
CMFDA labeling, and cardiac cells were then surface seeded
on the re-endothelialized coronary artery tissue flaps as de-
scribed above.

All cells were cultured in a standard cell culture incubator
(Forma Scientific) at 5% CO2 atmosphere and at 37�C. Ima-

ges were captured using an inverse field microscope (DM IL
LED; Leica) or a confocal microscope (LSM 700; Zeiss).

Histology

For histological analysis, cell-free and repopulated coro-
nary artery tissue flaps were fixed in a 4% buffered formal-
dehyde solution (Roth) and processed via cryostat sectioning
(CM 1950; Leica) using standard protocols. Frozen sections
of 6 mm were then stained with hematoxylin and eosin (H&E)
and Movat’s pentachrom staining according to standard
protocols as well as with DAPI and phalloidin (Alexa Fluor
555; Invitrogen) for nuclear and cytoskeletal staining ac-
cording to the manufacturer’s protocol, and then visualized
using a transmission light microscope (DM 2000; Leica).

Results

Coronary artery vessel system after in toto
heart decellularization

Rat hearts were decellularized in toto (Fig. 1A) by stan-
dardized coronary perfusion through automated software-
controlled retrograde aortic perfusion as previously described10

using a simplified decellularization protocol that we have
successfully used for the decellularization of heart valves in
the past.11 All decellularized hearts showed intact heart ge-
ometry with complete removal of cellular components and a
high degree of critical ECM and basement membrane pro-
tein conservation as already previously published.10 Further,
macro- and microscopical analysis of the coronary vascular
system after the decellularization process showed complete
removal of donor ECs along an intact vascular bed with open
lumina and free of decellularization remnants, such as cel-
lular detritus (Fig. 1C, D), revealing an intact acellular vessel
system. Retrograde aortic perfusion of the in toto decellular-
ized hearts with epoxide resin and subsequent desiccation
for visualization, demonstrated uniform perfusion through
the complete coronary artery tree down to the capillary
system indicating the patency and integrity of the ECM
skeleton of the coronary artery vessel system despite coro-
nary perfusion-based decellularization (Fig. 1B and Supple-
mentary Movie SM1; Supplementary Data are available
online at www.liebertpub.com/tec). Additionally, perfused
vessels up to the ramifications of 4th order were counted
individually for the respective left and right coronary system
for a total of 4 in toto decellularized hearts, averaging 47 – 19
perfused 4th order branches for the left and 21 – 11 for the
right coronary system (Supplementary Fig. S1).

Standardized coronary artery tissue-flap model

Taking advantage of the intact and patent ECM skeleton
of the coronary arteries, we used the in toto decellularized
hearts to create a native derived coronary artery tissue-flap
model. Therefore, the left and the right ventricles of the de-
cellularized hearts were each dissected into two quadratic
tissue flaps of ca. 0.5 to 1 cm2 framing the main branches of
the LCA and the RCA, respectively, while preserving ad-
herence to the aortic bulbus (Fig. 2A). Thereby, we gained
two acellular tissue flaps of defined size and ECM charac-
teristics directly derived from the native heart tissue and
each perfused by a main vessel and its branches directly
derived from the two main coronary arteries (Fig. 2B, C).
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FIG. 1. Coronary artery vessel
system after in toto heart decel-
lularization. The extracellular ma-
trix (ECM) skeleton of the coronary
artery vessel system of the in toto
decellularized hearts remains intact
and patent despite coronary perfu-
sion-based decellularization. (A)
Representative macroscopic image
of an in toto decellularized rat heart
through automated software-
controlled coronary perfusion. (B)
Retrograde aortic perfusion with
epoxide resin and subsequent des-
iccation of an in toto decellularized
rat heart shows a patent and intact
coronary artery vessel system with
uniform perfusion reaching into the
capillary system. (C) and (D) rep-
resent H&E and Movat staining,
respectively, of an in toto decel-
lularized heart showing endotheli-
um-free vessels (*) with open
lumina and intact vascular bed.
Color images available online at
www.liebertpub.com/tec

FIG. 2. Standardized native derived coronary artery tissue-flap model. Out of an in toto decellularized heart, we created a
standardized coronary artery tissue-flap model consisting of two defined rectangular acellular tissue flaps originating from the
left and right ventricle that, respectively, encase the main branches of the de-endothelialized LCA and RCA, while maintaining
adherence to the aortic bulbus. (A) Workflow and schematics of the coronary artery tissue-flap model. Ao, aorta; Av, aortic
valve; LCA, left coronary artery; RCA, right coronary artery; lv-TF, left-ventricular tissue, flap; rv-TF, right-ventricular tissue
flap. (B) Representative macroscopic image of a coronary artery tissue-flap model showing the de-endothelialized vessel system
of the LCA and RCA, respectively. (C) Same model perfused with epoxid resin for better visualization of the coronary artery
vessel system. (D) Collage of bright field images taken with a common inverse light microscope of the same model at
4 · magnification illustrating the potential for live imaging. Color images available online at www.liebertpub.com/tec
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Patency and integrity of the coronary artery vessel system of
the respective left- and right-ventricular flap was evaluated
by epoxide resin perfusion through retrograde aortic perfu-
sion, revealing an intact vascular system as already seen in
the perfused whole hearts (n = 4, data not shown). The
transluminescence of the decellularized matrix allowed for
live imaging of the respective coronary artery tree through
bright field imaging using a common inverse field or con-
focal microscope (Fig. 2D). Additionally, the reduced thick-
ness of the ventricular walls after decellularization allowed
not only imaging and analysis of the main epicardial vessels,
but also of the deeper laying endomyocardial branches of the
RCA as well as of the LCA despite the thicker ventricular
wall of the left ventricle.

Protein diffusivity and blood perfusion
of the de-endothelialized coronary artery vessel system

The properties of the de-endothelialized coronary artery
vessel system were assessed in terms of passive protein dif-
fusivity through the vessel ECM skeleton into the circumja-
cent tissue and whole blood perfusibility through the vessel
system. To visualize the diffusion of proteins through the de-
endothelialized vessels into the circumjacent tissue, fluores-
cent-conjugated BSA (66 kDa) was perfused at a constant
flow rate of 0.1 mL min - 1 into the coronary artery tissue-flap
model via direct coronary perfusion through selective coro-
nary ostia catheterization, while fluorescence images of
comparable vessels (in dimensions and ramification patterns)
and surrounding tissue were taken at repetitive time points.
Sharply defined vessel boundaries immediately after perfu-
sion start and, until perfusion, end without gross perfusate
leaks into the circumjacent tissue indicated proper sealing
and retained integrity of the coronary artery ECM skeleton
despite complete de-endothelialization through the decel-
lularization process (Fig. 3A, B). FI—which is expected to be
proportional to the tissue concentration of fluorescence-
conjugated BSA—was further analyzed for standardized
regions of 0.03 mm2 in up to 550mm distance from the tar-
geted vessels. Quantitative analysis of averaged FI showed
steadily increasing protein diffusion into the circumjacent tis-
sue as a function of time and distance from the main vessel
(Fig. 3C, D). The protein concentration in the tissue circum-
jacent to the targeted vessel increased over time, while de-
creasing with incremental distance, however, reaching
saturation after ca. 30 min of perfusion at 150mm distance,
with FI normalized to the midvessel intensity of 0.82 – 0.04,
and after ca. 50 min at 550mm distance, with FI of 0.81 – 0.29
(n = 4). Representative diffusion patterns at 150-, 350-, and 550-
mm vessel distance and 10-, 20-, and 50-min perfusion time are
shown in Fig. 3C and D (n = 4). However, despite in-sample
homogeneity, intersample diffusion patterns obtained by
quantitative analysis of FI varied highly depending on the
analyzed sample and the targeted vessel because of anatomic
variances in tissue vascularization and matrix inhomogeneity
caused by the decellularization process, as is indicated by the
relatively high standard deviations in Fig. 3C and D.

Directed coronary perfusion with citrated whole blood
through selective coronary ostia catheterization of the acel-
lular tissue flaps showed retained patency for cellular blood
components with no gross erythrocyte extravasation into the
circumjacent tissue of the main and dependent vessels (Fig.

3E–G and Supplementary Movie SM2). Competent drainage
of the blood components downstream along the greater vessel
openings at the edge of the tissue flaps as well as into the
capillary system could be observed. In isolated spots, eryth-
rocytes accumulated and leaked through the capillary system
(Fig. 3E). Blood perfusion studies demonstrated full blood
compatibility in terms of vessel patency and integrity (n = 3).

Selective coronary artery repopularization

The selective repopularization capacity and suitability of
the de-endothelialized coronary artery vessel system was
assessed using a murine fibroblast cell line (3T3 cells) be-
cause of its high-proliferation capacity and adherence prop-
erties. Therefore, the in toto decellularized hearts were
perfused with a 3T3 cell suspension of 5 · 105 cells mL - 1

through retrograde aortic perfusion and cultivated for 24 h
allowing for cell adherence to the vessel ECM in a first step.
Subsequently, the perfusion-seeded hearts were dissected
into the above-described coronary artery tissue-flap model
and cultivated for additional 5 days with medium renewal
through manual coronary perfusion every 12 h allowing for
cell proliferation and migration along the coronary artery
vessel system in a second step.

To determine the seeding efficacy through coronary artery
cell perfusion, remaining cells in the perfusate after coronary
artery perfusion as well as the cells in the medium and
bottom of the six-well plates, in which, the hearts were cul-
tivated for the first 4 h, were counted. By subtracting those
cells from the initial amount of cells seeded, we could de-
termine that 92.7% – 10% of cells were successfully retained
inside the vessel system of the tissue flap (n = 3).

Following cultivation, live/dead assay with calcein-AM
and ethidiumhomodimer as well as with SYBR-Green and PI
demonstrated almost exclusive vital cells throughout the
RCA and LCA vessel tree inside the respective right and left
ventricular flaps (n = 3) (Fig. 4A–H). Vital cells showed
elongated cell morphology of their cell bodies as well as of
their cell nuclei with cells consistently colonizing not only
larger main vessels of up to 250 mm of diameter (Fig. 4E), but
also extending themselves into the capillary system deep
inside the myocardial matrix forming single strands of cell
nuclei along capillary-like structures (Fig. 4H), as was dem-
onstrated by 3D confocal microscope imaging. The cells in-
side the coronary vessel system extended themselves
consistently throughout the complete perimeter of the vessel
system of the tissue flaps, starting at the main coronary ar-
teries and extending themselves to the edge of the tissue
flaps (Fig. 4D). Further histological analysis via DAPI, H&E,
and Movat staining, revealed tissue repopularization to be
highly selective to the vessel system, with apparent cell ad-
herence to the vessel ECM skeleton, as cells remained inside
the vessel perimeters with no visible gap to the inner vessel
surface despite intermittent vessel perfusion during tissue-
flap cultivation and without cell migration into the adjacent
myocardial tissue (Fig. 5A–F). In addition to cells clearly
lying inside the vessel system, cell clusters that initially
seemed randomly distributed inside the tissue matrix were
subjected to a more detailed analysis by serial evaluation of
neighboring histological sections that demonstrated those
clusters to lie within structures pertaining to the coronary
capillary system. Additionally, cross sections of repopulated
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coronary artery tissue flaps indicated that vessel lumina re-
mained patent after repopularization. In the histological
slides, cell-free lumina could be consistently identified and
lumen diameters measured to range from ca. 100 mm down
to ca. 10 mm, despite being populated with morphologically
elongated cells confluently coating the luminal vessel side of
the coronary artery system, as was demonstrated by cyto-
skeletal and nuclear labeling via phalloidin/DAPI staining in
repetitive histological slides (Fig. 5G–I).

Blood perfusion

To confirm the patency of the repopulated vessel system,
repopulated right-ventricular flaps (3T3, 5 · 105 cells mL - 1),
as described above, were selectively catheterized and per-
fused with citrated whole blood, after 5 days of culture and
subsequent staining with SYBR-Green/PI to confirm suc-
cessful repopularization with vital cells. In all repopulated
tissue flaps, the catheterized part of the coronary artery
system was still patent, even partially filling the remaining
capillaries with blood (n = 3) (Fig. 6A). Microscopic live im-
aging during blood perfusion revealed repopulated vessels
to be patent and to ensure perfusibility of cellular blood
components, such as erythrocytes, even down to capillary-
like structures (Fig. 6B–E and Supplementary Movie SM3).

Proof of concept

After evaluating the selective vessel repopularization ca-
pacity, the concept of a functional coronary artery tissue-flap
model was proved by re-endothelialization of the left- and
right-ventricular tissue flaps with HUVECs and additional
coculture with primary isolated cardiac cells from neonatal
rat hearts, as described above. Before seeding, HUVEC sus-
pension was labeled with green fluorescent CMFDA for live
cell tracking. Live fluorescent imaging of the myocardial
tissue 24 h after HUVEC seeding via coronary perfusion
(5 · 105 cells mL - 1) showed that extensive endothelial net-
works had formed inside the perimeters of the coronary
vessel system of the decellularized scaffolds (Fig. 7A). Con-
focal imaging of repopulated tissue flaps revealed consistent
3D vascular structures of varying sizes down to capillary-like
structures throughout all the tissue flaps (Fig. 7B, C and

Supplementary Movie SM4) (n = 4). Subsequent surface
seeding (2 · 105 cells mL - 1) of the re-endothelialized coro-
nary artery tissue flaps with prior red fluorescent CMTPX-
labeled primary cardiac cells and additional cultivation for
24 h led to cardiac cells in direct juxtaposition to en-
dothelialized vessels as demonstrated by live confocal imag-
ing (Fig. 7D, E) (n = 3). Therefore, additional surface seeding
led to a successful coculture in all the respective left- and right-
ventricular flaps. However, after 24 h of cultivation, the car-
diac cell distribution and density was not homogenous
throughout the tissue flaps, with cardiac cells mainly con-
centrating on the surface and with only partial tissue pene-
tration (Supplementary Fig. S2), indicating the need for
improving seeding and culture conditions.

Discussion

Despite great progress in the engineering of bioartificial
tissues, commercially and/or clinically relevant tissue-
engineering applications, such as functional in vitro test
systems and viable in vivo transplants, have yet to become
reality in most cases. This entails that regenerative medicine
approaches still lag behind their potential promises and most
industrial tests concerning pharmaceutical drug and bio-
compatibility scopes are still traditionally performed using
cell monolayers in vitro or animal models in vivo. One of the
main reasons for this lack of success lies in one of the key
limitations in tissue engineering, the vascularization of en-
gineered functional tissues.3 Current vascularization strate-
gies are usually cell or scaffold based with their respective
assets and drawbacks, such as the potential for neoangio-
genesis versus the need for prevascularization of purely cell-
driven approaches, over the high biocompatibility versus the
difficult standardization of biological scaffolds, to the high-
volume production versus the need for biofunctionalization
of synthetic materials. Therefore, there is a need for new
vascularized models that will allow us to further study and
recreate vascular biology, while helping to evaluate vascu-
larization strategies of engineered functional tissues.

In this study, we present a novel native derived coronary
artery tissue-flap model, which is a vascularized tissue
model originating from native cardiac tissue. This

FIG. 3. Protein diffusivity and blood perfusion through the de-endothelialized coronary artery vessel system. Protein diffusion
was assessed via selective catheterization of the coronary ostia and coronary perfusion with Alexa Fluor 555-conjugated BSA
(66 kDa) at a constant flow rate of 0.1 mL min - 1, while fluorescence images of representative targeted vessels and surrounding
tissue were taken at defined time points. Analysis of protein concentrations—proportional to the fluorescence intensity (FI)—
showed steadily increasing protein diffusion into the circumjacent tissue as a function of time and distance to the targeted vessel,
with no gross perfusate leaks and sharply defined vessel borders indicating proper vessel sealing. Additionally, perfusion with
citrated whole blood of selectively catheterized tissue flaps showed patency for cellular blood components with no erythrocyte
extravasation of main and dependent vessels into the circumjacent tissue and drainage of the blood components down to the
capillary system and along the greater vessel openings at the edge of the tissue flaps. (A) Representative bright field as well as
fluorescent images of targeted coronary vessel and circumjacent tissue at 1 and 45 min of coronary perfusion with fluorescent-
conjugated BSA (red), respectively. White rectangle, region of interest (ROI) for protein diffusivity analysis. (B) Representative
fluorescent images of ROI plotted over time show the qualitative increase of fluorescent-conjugated BSA concentrations in the
tissue surrounding the vessel. (C) and (D) representative plots of FI normalized to the midvessel intensity for 150-, 350-, and 550-
mm vessel distance and 10, 20, and 50 min of perfusion, respectively, demonstrate an increase in tissue-conjugated BSA con-
centrations as a function of time and distance from the targeted vessel. Protein concentrations at 550mm distance from the vessel
wall reaches saturation at 50 min of perfusion. (n = 4; mean – SD). (E) Macroscopic picture of catheterized and blood perfused
tissue flap. (#, 28G catheter in main coronary artery; *, capillaries; + , erythrocyte accumulation and extravasation in capillaries). (F,
G) Microscopic images before and after blood perfusion, showing the patent and integer vessel system with blood filled
capillaries (*, capillaries). (See also Supplementary Movie SM2). Color images available online at www.liebertpub.com/tec
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FIG. 5. Selective coronary artery repopularization of the coronary artery tissue-flap model II. Histological analysis of
coronary perfusion cell-seeded coronary artery tissue flaps (3T3, 5 · 105 cells mL - 1) showed repopularization to be highly
selective to the coronary artery vessel system, with apparent cell adherence to the vessel ECM and without cell migration into
the adjacent myocardial tissue. Cytoskeleton staining via F-actin staining revealed vessel lumina not only to remain patent
despite cell repopularization, but also to be populated with a thin cell layer confluently coating the luminal vessel side of the
coronary artery system. (A–F) Representative images of repopulated coronary vessels via DAPI, H&E, and Movat staining,
respectively. (G–I) Representative images of repopulated coronary vessels. Blue, cell nuclei (DAPI); red, cytoskeleton (F-
actin). Color images available online at www.liebertpub.com/tec

FIG. 4. Selective coronary artery repopularization of the coronary artery tissue-flap model I. Live/Dead assay of coronary
perfusion cell-seeded coronary artery tissue flaps (3T3, 5 · 105 cells mL - 1) showed highly vital cells lining the complete
coronary artery vessel system from the epicardial branches of up to ca. 250-mm vessel diameter down to the capillary system
and reaching the edge of the tissue flaps. (A–D) Representative bright field and fluorescent images of repopulated main and
capillary vessels stained by live/dead staining of the cell bodies via calcein-AM and ethidiumhomodimer showing highly
vital cells inside the vessel perimeters. (D) Bottom right corner showing repopulated vessels reaching the edge of the tissue
flap. (E–H) Representative confocal microscope z-stack overlays (z = 60–120 mm) of repopulated main and single-cell capil-
lary-like vessels stained by live/dead staining of the cell nuclei via SYBR-Green and PI showing highly vital cells inside the
3D vessel perimeters. Vital cells, green; nonvital cells, red. Color images available online at www.liebertpub.com/tec
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FIG. 6. Blood perfusion of the repopulated coronary artery tissue flap I. Citrated whole blood was manually perfused
through the repopulated coronary artery vessel system (3T3, 5 · 105 cells mL - 1) via selective coronary ostium catheterization.
Macroscopic and microscopic analysis showed patency and proper sealing of the repopulated vessel system for cellular
whole blood components for main vessels as well as single-cell repopulated capillary-like structures. (A) Representative
macroscopic image of blood perfused repopulated tissue flap at the beginning of perfusion. (B, D) Representative bright field
microscopic image of repopulated vessel before and during blood perfusion. (C) Fluorescence microscopic image of the same
vessel showing repopulation with vital cells. Cell nuclei stained with SYBR-Green; green, vital cells. (E) Overlay of (C, D).
(See also Supplementary Movie SM3). Color images available online at www.liebertpub.com/tec

FIG. 7. Live cell tracking and controlled coculture of the coronary artery tissue-flap model I. Endothelial cells (HUVECs)
were labeled with green fluorescent CMFDA and used for re-endothelialization of the coronary artery tissue flaps through
coronary perfusion of the in toto decellularized hearts (5 · 105 cells mL - 1). Live fluorescent imaging of the myocardial tissue
24 h after seeding showed extensive and vital endothelial, vascular-like networks inside the vessel system of the decel-
lularized scaffolds. Subsequent surface seeding of the re-endothelialized coronary artery tissue flaps with red fluorescent
CMPTX-labeled primary cardiac cells isolated from neonatal rat hearts (2 · 105 cells mL - 1) led to cardiac cells in direct
juxtaposition to endothelial structures, indicating a controlled coculture of both cell types. (A) Representative overview of
endothelial networks inside the coronary vessel system of the decellularized myocardial tissue. (B, C) Representative confocal
microscope z-stack overlays (z = 60–100 mm) of vascular-like structures formed by endothelial cells inside the vessel perim-
eters. (E, D) Representative confocal microscope z-stack overlays (z = 60–100 mm) after additional coculture of re-
endothelialized tissue flaps with primary isolated cardiac cells. Green, cytoskeleton of CMFDA-labeled HUVEC; red, cytoskeleton
of CMPTX-labeled primary isolated cardiac cells. Color images available online at www.liebertpub.com/tec
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biologically derived model offers a predesigned vessel tree
architecture with a preserved circumjacent ECM, therefore
mimicking nature’s input to the highest possible degree. The
advantage of such a model to purely cell-based models or
synthetic scaffold models lies in the biologically predefined
vessel tree geometry, including an optimal 3D spatial dis-
tribution of main and capillary vessels that is critically rele-
vant for functional oxygen and nutrient supply as well as
carbon dioxide and waste removal.13 The production out
of in toto decellularized hearts, which can be generated in
high volume through standardized automated software-
controlled coronary perfusion with well-studied and repro-
ducible ECM characteristics10 further guarantees a high
degree of standardization and reproducibility despite being
a biologically derived model.

In the initial evaluation of the presented coronary artery
tissue-flap model, we were able to show the patency and
integrity of the de-endothelialized coronary artery vessel
system as well as its potential for highly selective vessel re-
popularization. Coronary artery vessel system repopular-
ization was not only achieved with nonendothelial donor
cells, but also with primary HUVECs, resulting in consistent
and extensive colonization of the coronary artery system
with endothelial networks, filling the vessel perimeters of the
tissue flaps with complex vascular structures, while retaining
vessel for blood perfusion. Additional coculture with pri-
mary cardiac cells led to potentially contractile cells in direct
juxtaposition to vascular structures formed by ECs inside the
vessel system, although it should be noted that coculture
seeding modalities and culture conditions still need to be
improved in the future. In addition, functionality of endo-
thelial and cardiac cells in the repopulated tissue flaps still
need to be analyzed, including the evaluation of cell-to-ECM
and cell-to-cell contacts, which was out of the scope of this
initial study. Nonetheless, the results of this study highlight
the high potential for re-endothelialization of the decel-
lularized coronary artery vessel system, in terms of a func-
tional 3D vascularization of the coronary artery tissue flaps.

In analogy to the presented model, other biologically de-
rived vascularization models originating from different
native tissues14–16 have already been able to show that re-
endothelialization of de-endothelialized vessels altogether
with differentiation and proliferation of donor ECs is not
only possible, but can also be promoted using different
proangiogenic factors, such as CCN1.17 However, in com-
parison with other biologically derived models, for example,
vascularized tissue constructs derived from small intestine
mucosa,14 one limitation of the presented model lies in the
lack of an intact venous drainage system. For though per-
fusate drainage is assured at the edges of the tissue flaps so
that physiological flow conditions could theoretically be
simulated in vitro, there remains no downstream draining
system in the sense that the whole model could be func-
tionally anastomosed to a circulating blood flow in vivo, as
has been previously shown to promote in vivo endothelia-
lization.18 Nonetheless, the strength of the presented model
lies in the possibility to study re-endothelialization and en-
dothelial function of different donor cell types and interac-
tions with cocultured cardiac cells in a simple, but highly
standardized 3D in vitro model directly derived from native
cardiac tissue. Additionally, the model as a whole not
only allows controlled perfusion of the vascular tree through

selective coronary artery catheterization, but the dimensions
and characteristics of the acellular tissue flaps allow for live
cell tracking and imaging, which is more difficult to achieve
in other models of more dense scaffold characteristics.19

The coronary vascular system of the heart, from which the
presented model is directly derived, has showed to be an
integrated system of particular complexity, in which, coro-
nary vessels and cardiac endothelia play a critical role in
heart physiology and pathophysiology.6, 7 Although major
efforts in current cardiovascular research concentrate in
replicating and downscaling cardiac biology in vitro for the
creation of real-tissue-like test systems for pharmaceutical
drug and stem cell differentiation studies,20 recapitulating
cardiac tissue, including vascularization still remains a major
challenge. Multiple downscaled in vitro models have man-
aged to create contractile 3D constructs in simplified bio-
logical systems in the past.21 However, models solely
focusing on contractile cardiac constructs and omitting the
cardiac vascular system lack biological fidelity, which is
important though, for the in vivo translation of ex vivo tested
cardiac models.

In contrast to such models, the here presented native de-
rived coronary artery tissue-flap model is directly derived
from native cardiac tissue mimicking the in vivo cardiac ex-
tracellular microenvironment to a degree not yet possible to
achieve with synthetic materials or other noncardiac-derived
biological models.2 A key feature is the well-defined coro-
nary vessel architecture and geometry with the LCA and
RCA vessel tree embedded in the native ECM of the re-
spective left and right ventricle with high cytocompatibility
of the tissue, as shown in this study, offering the possibility
to study and recreate coronary vascular biology with high
biological fidelity. However, further studies evaluating
which EC populations and which additional modalities to
promote and enhance EC differentiation, proliferation, and
function will be most suitable for functional tissue vascu-
larization are needed and were out of the main scope of this
initial pilot study.

Conclusions

Although tissue-engineering approaches have led to sig-
nificant progress in the quest of finding a viable substitute
for the dysfunctional myocardium in the past, the vascular-
ization of such bioartificial constructs still remains a major
challenge. The here presented coronary artery tissue-flap
model provides a platform for studying re-endothelialization
and endothelial function of different donor cell types and
their interaction with cardiac cells in a standardized, high-
volume producible, low-cost, and reasonably downscaled
vascularized cardiac in vitro model with high biological fi-
delity. This might offer the possibility to test and evaluate
vascularization strategies as well as to create real-cardiac-like
test systems for in vitro drug testing and stem cell differen-
tiation studies.
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