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Abstract

Irreversible end-stage organ failure represents one of the
leading causes of death, and organ transplantation is
currently the only curative solution. Donor organ shortage
and adverse effects of immunosuppressive regimens are
the major limiting factors for this definitive practice.
Recent developments in bioengineering and regenerative
medicine could provide a solid base for the future
creation of implantable, bioengineered organs.
Whole-organ detergent-perfusion protocols permit
clinicians to gently remove all the cells and at the
same time preserve the natural three-dimensional
framework of the native organ. Several decellularized
organs, including liver, kidney, and pancreas, have
been created as a platform for further successful seeding.
These scaffolds are composed of organ-specific
extracellular matrix that contains growth factors
important for cellular growth and function. Macro- and
microvascular tree is entirely maintained and can be
incorporated in the recipient’s vascular system after
the implant. This review will emphasize recent
achievements in the whole-organ scaffolds and at the
same time underline complications that the scientific
community has to resolve before reaching a functional
bioengineered organ.

Introduction

Organ transplantation currently represents the gold-
standard treatment for all diseases leading to irreversible
organ failure [1]. Despite efforts to increase the supply
pool of suitable organs for transplantation, a significant
gap still exists between the numbers of organ donors
and recipients, highlighting the major problem of organ
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shortage [2]. Tissue engineering and regenerative medi-
cine (TE/RM) share the same ultimate target: the creation
of functional tissues or whole organs and their use as ‘re-
placement parts’ for the human body [3]. Successful
achievement of this goal will play a groundbreaking role
in clinical transplantation [4]. A common approach of TE/
RM is to create a structural and molecular environment
that accurately mimics the properties (mechanical, geo-
metrical, and biological) of the native organ in order to
support the recipients cells and create an autologous tis-
sue/organ. Although there have been several attempts to
produce synthetic scaffolds, they have produced only con-
structs that partially mimic the natural vascular network.
Recently, a new technology was introduced to overcome
this problem by using whole-organ decellularization to
create a three-dimensional (3D) extracellular matrix
(ECM) that preserves the native tissue architecture, in-
cluding the vasculature. Tissue decellularization is
achieved by flushing the organ with detergent solutions
through its native vascular system, which removes all na-
tive cell components while preserving the ECM molecules
[5]. Researchers have used different detergents and tech-
niques for tissue decellularization. Effective decellulariza-
tion of whole organs depends on many factors, such as
tissue density, thickness, and cellularity. All of the agents
and protocols used for decellularization alter ECM com-
position and cause some disruption in the organ’s micro-
architecture. Different agents that are often used for tissue
decellularization include acids or bases, ionic (that is, so-
dium dodecyl sulphate, or SDS) and non-ionic (that is,
Triton X-100) detergents, and enzymes (that is, trypsin)
[5]. All of these agents have their advantages and disad-
vantages for specific tissue and organ decellularization be-
cause their mechanism of action is different. For example,
Triton X is more effective on thinner tissue whereas SDS
is more effective on thicker tissues. However, SDS is
known to be very effective in cell removal but has a lesser
degree of retention of various ECM molecules in the
decellularized scaffold compared with a detergent such as
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Triton X-100. Chemical acid agents (that is, acetic acid or
per-acetic acid) can solubilize the cytoplasmatic compo-
nents removing the nucleic acids but, at the same time,
they subtract the collagen from the matrix [6]. Biological
agents are potential tools for decellularization. They can
be divided into two main categories: enzymatic agents
(that is, trypsin) and non-enzymatic agents (that is, ethyl-
enediaminetetraacetic acid, or EDTA). Enzymatic agents
can interrupt the protein-protein interaction with cellular
detachment from ECM basal membrane but also damage
the collagen structure of ECM. Non-enzymatic agents are
able to unconnect the cells by separating their metal ions
but are unsuccessful in cellular removal [7, 8]; for this rea-
son, many decellularization protocols combine non-
enzymatic biological agents with detergents able to gently
remove deconnected cells from the matrix. Finally, phys-
ical strategies for decellularization involve freeze-thawing
cycles and hydrostatic-based procedures. These methods
can produce cellular lysis (and their subsequent removal
from the ECM structure) but do great damage to the
ECM architecture [7]. There are numerous methods of
delivering the detergent to the tissues, such as perfusion
or agitation. Specific to this review of whole organs, such
as heart or liver, perfusion of detergent throughout the
vasculature has proven to be the most effective in cell re-
moval as well as maintenance of the organ’s microarchi-
tecture [5, 9]. Although perfusion of detergent throughout
the vasculature facilitates and increases cell removal from
the organ, the pressure associated with perfusion could
disrupt and create punctures within the vascular network;
therefore, the flow rate in which the detergent is delivered
to the organ also plays a critical role. ECM is the naturally
occurring scaffold material secreted by the resident cells
of each tissue and organ. The structural and functional
molecules of the ECM are in a state of dynamic equilib-
rium with the surrounding tissue and provide the means
by which cells communicate with each other and the tis-
sue environment. The ECM contains growth factors and
other bioinductive factors, which facilitate cell attachment,
tissue integration, remodeling, and development [10, 11].
The ECM also provides organ-specific physical, biochem-
ical, and biomechanical properties. The physical properties
are important to stimulate anchorage-related biological
function (cell division, tissue polarity, and cell migration)
[12] and cellular mechanotransduction to convert the
mechanical stimulus into chemical activity [13], whereas
the biochemical properties provide local and soluble
growth factor signals [10, 14]. Whole-organ decellulariza-
tion provides an additional advantage for using this ap-
proach for preparation of scaffolds for tissue engineering.
The preservation of the native vascular network, used to
deliver the decellularization detergent, can be used to
deliver cells to all areas of the scaffold and thereafter for
efficient organ perfusion upon transplantation in vivo.
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In sum, the unique properties of the whole-organ ECM
scaffold make it ideal for whole-organ bioengineering [15]
(Fig. 1). Below, we provide a brief summary of TE/RM
approaches for bioengineering of different organs using
whole-organ ECM scaffolds.

Liver bioengineering

The liver is the largest gland in the body and carries out
numerous important functions. Some of these functions
are metabolism; maintaining homeostasis; synthesis of
amino acids, proteins, and enzymes; production of chol-
esterol and bile; and detoxification and elimination of
drugs and harmful compounds. The liver also serves as
an energy storage unit by storing fat and glycogen. The
majority of these functions are carried out by hepato-
cytes, the major cell type in the liver, constituting about
70% to 80% of the total cell population in the liver. The
liver is also made up of Kupffer cells, cholangiocytes,
stellate cells, and sinusoidal endothelial cells, which
work in harmony with the hepatocytes to carry out
proper function of the liver. The liver has a natural abil-
ity to regenerate; it has been shown in mice that 70% to
80% of a healthy liver can be removed and the liver will
still be able to carry out its function normally and grow.
However, such is not the case for diseased livers [16].
Six hundred and fifty million people have liver disease
worldwide and 21 million of these people have chronic
liver disease [17]. In the US, 30 million people have liver
disease [18]. Since there is a high prevalence of liver dis-
ease around the world and since transplantation is the
only long-term treatment available, there is a great de-
mand for livers. In the US, about 16,000 patients need a
liver; however, only about 6,000 livers are transplanted
every year, and 2,500 patients die waiting for liver dona-
tion since no other life-saving option is available [19].
Therefore, if TE/RM is successful, it can help solve the
problem of liver shortage by increasing the number of
organs that can be used for transplantation. Tissue
decellularization using detergents such as Triton X or
SDS has proven to be a successful method to prepare
matrices and scaffolds for TE/RM [9, 20, 21].

There is an increased use of these decellularized, natural
bioscaffolds because they not only maintain their micro-
architecture but also retain many bioactive signals (cell-ad-
hesion peptides, ECM proteins, and so on) that are difficult
to replicate artificially and help with cell attachment and
viability [22]. It is also advantageous to use whole-organ
scaffolds because ECM components are consistent from
species to species. Therefore, when it comes to humans,
there is the potential to use decellularized porcine organs,
since they are closest in size to human organs and are read-
ily available [23, 24]. Human cells can be delivered to these
decellularized porcine organs to generate bioengineered
human organs [9]. In terms of liver bioengineering, it has
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Fig. 1 Key concepts of the tissue engineering and regenerative medicine paradigm. During the first step of the process (phase A), all the native cells are
detached from the extracellular matrix (ECM) framework by using ionic and anionic detergents with different timings and concentrations. This procedure,
called decellularization, produces an acellular ECM-based three-dimensional scaffold while keeping the native organ-specific structure almost intact. Phase
B represents the second step, in which the scaffold is completely analyzed in order to check the effective preservation of the original texture, to quantify
the growth factors present, and to study the scaffold’s biological properties. The last step is the seeding of the scaffold with organ-specific cells (phase C).
In the best-case scenario, these cells come directly from the patient who will receive the bioengineered organ (autologous cells), avoiding immunological
problems. This step, called recellularization, is a major obstacle to overcome due to the large number of cells needed to occupy the entire volume of the
acellular scaffold. In addition to the number of cells, there is a need to maintain specific cell type proportions in order to establish a physiologically
functional organ. Second, the exact cellular ‘cocktail’ for each organ needs to be established to get the perfect seeding in which all the cells are able to
grow up autonomously once seeded. 3D, three-dimensional; GF, growth factor

been shown that natural matrices help with the growth and  criteria which are extremely important in recellularization
viability of primary hepatocytes [24]. Livers are decellular-  of the whole organ [25]. At present, several species of livers
ized by using the perfusion method because it has been the  have been decellularized with different types of protocols to
most effective in removal of cellular components of the obtain natural bioscaffold [23, 26, 27]. In 2013, Kajbafzadeh
organ and does little damage to the vascular network, two  and colleagues [28] reported the evaluation of two main
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decellularization techniques (diffusion and perfusion) and
five different decellularization protocols for ovine livers.
They determined that a perfusion method is a better decel-
lularization technique, and that perfusion with ammonium
hydroxide solution followed by cycles of Triton X-100 is
the most accurate and appropriate decellularization proto-
col to obtain whole liver with an undamaged intravascular
tree. The same method has been used in other studies as
the current best liver-specific decellularization protocol
[25]. In 2011, Baptista and colleagues [9] bioengineered a
functional humanized rat liver by using a bioreactor system
to deliver human progenitor cells to the liver scaffolds. The
bioreactor provides a continuous flow of media with growth
factors and gases which allows proper cell maintenance in
the 3D liver scaffold. Different pressures can be used to de-
liver different cell populations to their appropriate niche in
the liver. These bioengineered livers displayed hepatic char-
acteristics such as biliary duct structures which were posi-
tive for cytokeratin 19 along with clusters of hepatocytes
which were positive for cytochrome P450 3A and albumin
in the parenchymal space of the liver. The bioengineered
liver also displayed hepatic functions such as urea and albu-
min secretion along with the ability to metabolize drugs.
The endothelial cells coated the liver vascular structures
and expressed endothelial cell nitric oxide synthase. Fur-
thermore, upon blood perfusion, there was significantly less
platelet adhesion and aggregation in the bioengineered liver
compared with that of the empty liver scaffold, which is an
extremely important factor for blood vessel patency after
transplantation. Scientists are attempting to use porcine
liver as a scaffold for liver bioengineering since, as men-
tioned earlier, the porcine liver size is the closest in size to
human livers [24]. There has been success in proper decel-
lularization of porcine livers with maintenance of the vascu-
lar network and important ECM proteins; however,
complete recellularization using all of the other liver cell
types, including Kupffer, sinusoidal endothelial, and stellate
cells, and bioengineering a fully functional liver which re-
mains patent upon transplantation at a human liver scale
have not yet been accomplished [23, 24]. One of the biggest
challenges in whole-organ bioengineering is an appropriate
cell source to repopulate a scaffold and this is no different
for whole-liver bioengineering. In 2010, Espejel and col-
leagues [29] used induced pluripotent stem cell (iPSC)
technology to create hepatocytes that have functional and
proliferative capabilities for liver regeneration in mice.
Using iPSC technology for liver cells provides a potential
source of cells which could be used for eventual whole-liver
bioengineering for humans since liver cells are extremely
specialized cells. To date, no one has been able to isolate
hepatocytes or liver endothelial cells and have them grow
in culture in the long term [30, 31]. Upon isolation, these
cells lose the capability to proliferate once outside of their
natural environment. Espejel and colleagues showed liver
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regeneration after partial (two-thirds) hepatectomy in three
wild-type and three FAH-deficient mice repopulated to ap-
proximately 100% with iPSC-derived hepatocytes. The iPSC
source is a very promising cell source for liver regeneration
as shown by Espejel and colleagues. In 2013, Takebe and
colleagues [32] were the first to use iPSC technology to
generate a 3D vascularized human liver in vitro. However,
bioengineering a fully functional liver the size of a human
liver has yet to be performed by using iPSC technology. Sci-
entists have also looked into the use of progenitor cells to
repopulate liver scaffolds; however, to get the appropriate
cell numbers to bioengineer a liver to the size of a human
liver remains an issue [9]. Both the iPSC technology and
progenitor cells have their advantages and disadvantages.
iPSCs have the advantage of being extremely proliferative
and having an unlimited number of cell divisions; however,
this can also be a disadvantage because unlimited cell divi-
sions could give rise to tumors [33]. Progenitor cells have
the advantage of being stem cell-like but also in a further
stage of cell differentiation and have a limited number of
cell divisions and therefore lack the ability to form tumors.
Since progenitor cells have a limited number of cell divi-
sions, it is extremely difficult to isolate a large number of
these cells to repopulate a liver scaffold for liver transplant-
ation. Therefore, since primary liver cells are extremely dif-
ficult to grow in vitro, the focus in the field of liver
bioengineering needs to go toward generating billions of
the specialized liver cells (hepatocytes, stellate cells, sinus-
oidal endothelial cells, and so on) to bioengineer a trans-
plantable human liver for patients with liver disease.

Kidney bioengineering

In the US, approximately 1 million patients live with end-
stage renal disease (ESRD), and there are over 100,000 new
diagnoses every year. Although hemodialysis has increased
the survival of patients with ESRD, kidney transplantation
remains the only potential curative treatment. Despite the
advances in renal transplant immunology, 20% of recipients
will experience an episode of acute rejection within 5 years
of transplantation, and approximately 40% of recipients will
die or lose graft function within 10 years. The limitations of
current therapies for renal failure have led researchers to ex-
plore the development of alternative modalities that could
improve, restore, or replace either partial or total renal func-
tion [34—37]. Owing to the unique anatomy and physiology
of the kidney, whole-kidney ECM scaffolds are a potentially
groundbreaking approach for kidney bioengineering. In this
endeavor, several decellularization protocols using different
types of detergents and enzymes have been described. The
perfusion through the kidney vasculature is an efficient
method for delivering detergents to cells and for removal
of cellular material from the tissue. However, their effects
on kidney microstructure have not been studied extensively
[5, 38, 39]. Recently, Caralt and colleagues [40] published
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research that represents the state of the art about the
optimization of the decellularization procedure for rat kid-
ney. Three strategies of cellular removal have been analyzed
(perfusion with Triton X-100 alone, sequential perfusion of
1% Triton X-100 and 0.1% SDS, and sequential perfusion
with 0.02% Trypsin and 0.05% EDTA/Triton X-100 solu-
tion) evaluating the effective cellular removal from kidneys
and the preservation of the native architecture and of the
original biological properties of the organ. Their conclusion
was that Triton/SDS was the most efficient strategy to
decellularize rat kidneys while maintaining a balance be-
tween the cellular removal and the conservation of the ori-
ginal architecture, of the major ECM proteins, and of the
growth factors [40]. The kidney has approximately 30 differ-
ent specialized cell types, including approximately 2 million
glomeruli, and a complex network of arteries, veins, and ca-
pillaries. To bioengineer an efficient and functional kidney,
all cell types must be present and viable, and this represents
a major challenge [41, 42]. Several efforts have been per-
formed to identify a reliable cell source for kidney recellular-
ization, including adult kidney cells, mesenchymal and bone
marrow stem cells, and iPSCs [43—47]. Harari-Steinberg and
colleagues [48] identified nephron progenitor cells in human
kidneys, which were capable of generation of kidney struc-
tures and functional repair of chronic renal disease. These
cells expressed NCAM1" and had a high clonogenic poten-
tial. When these cells were grafted in aggregates into a
chorioallantoic membrane of the chick embryo, they gener-
ated renal structures [48]. Human amniotic stem cells
(HASCs) express surface markers and transcription factors
distinctive of embryonic stem cells (ESCs). These include
octamer-binding transcription factor 4 (OCT-4) and stage-
specific embryonic antigen-4 (SSEA-4). HASCs have high
replicative self-renewal potential and multilineage differen-
tiation capacity. Perin and colleagues [49] showed that
HASCs integrated into metanephric structures after being
injected into embryonic kidneys, which improved repair/re-
covery of kidneys with acute tubular necrosis [50]. iPSCs
were first described by Takahashi and Yamanaka [51] in
2006, when they reprogrammed human fibroblasts to be-
come pluripotent stem cells by the addition of four different
genes: Oct3/4, Sox2, c-Myc, and KIf4. Despite being a good
source of cells, not all adult stem cells can be repro-
grammed by using the same method, which means that
each cell type may have critical factors. Unlike ESCs, iPSCs
have no ethical issues and no immune rejection. The surro-
gate application of iPSCs as representative of kidney disease
is increasingly becoming reality given recent advances in-
volving the production of iPSCs from both mesangial and
epithelial cells derived from urine [52]. Song and col-
leagues [53] used human umbilical vein endothelial cells,
delivered through the artery, for re-endothelialization
and neonatal rat kidney cells, delivered through the
ureter, for whole rat kidney bioengineering. Scanning
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electron microscopy of reseeded kidneys showed perfused
glomerular capillaries with engrafted podocytes and forma-
tion of foot processes [53]. Future directions for kidney
bioengineering are renal progenitor cell isolation, differenti-
ation, expansion, and optimization of cell seeding protocols
and culture.

Pancreas bioengineering

Diabetes mellitus type 1 represents a global disease with
more than 280 million patients worldwide [54]. Its therapy
is focused principally on life-long insulin treatment, which
does not provide a complete cure [55]. Beta-cell replace-
ment is the only definitive treatment for type 1 diabetes
since it is the only way to achieve glucose-responsive insu-
lin secretion to ensure euglycemia. Unfortunately, islets
are very sensitive to the hypoxic environment that they
encounter during the process of islet isolation and trans-
plantation as well as the immunological rejection of donor
islets even in the presence of immunosuppressive therapy
[56]. Regenerative medicine, and particularly whole-organ
engineering, may offer some solutions to these outstand-
ing challenges, as we describe below. Pancreas bioengin-
eering is based on the use of pancreatic ECM, obtained by
detergent-based decellularization techniques, as a two-
dimensional and 3D scaffolding system for islet seeding
and delivery. The pancreas-specific ECM preserves the na-
tive tissue morphology and biological properties and can
support islet cell viability and survival [57-59] because of
its capacity to maintain active pancreas-specific growth
factors [60—62]. This technique also preserves the native
vascular network, important for subsequent in vivo pan-
creas transplantation. De Carlo and colleagues [63] re-
ported that pancreatic ECM supported islet survival and
functionality in a synthetic device. In a recent study, Goh
and colleagues [62] showed the ability to create acellular
rat whole-pancreas scaffolds and reseed them with a beta-
cell line. Recently, major efforts have focused on develop-
ing animal models, particularly pigs, in order to demon-
strate long-term viability and function of clinical-size
bioengineered pancreata. Mirmalek-Sani and colleagues
[64] created an intact pancreas ECM scaffold by using a
detergent-based infusion technique. These scaffolds were
subsequently seeded with pancreatic islets and showed in-
sulin secretion by seeded islets [64]. Moreover, the decel-
lularization protocol proposed in this article (whole-organ
perfusion with Triton X-100 and DNase-based solutions)
currently represents the most suitable decellularization
technique to achieve a clinical-size pancreatic acellular
scaffold. In fact, this strategy can remove cells from pan-
creatic tissue without destroying either the essential ECM
proteins (collagen, elastin, fibronectin, and laminin) or its
precise 3D organization. Even though a human-scale com-
pletely functional bioengineered pancreas has not yet been
achieved, these recent results represent a viable approach
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that can be combined with stem cells and iPSCs to obtain
a transplantable bio-pancreas.

Airway bioengineering

In 2013, 1,923 lung transplants were performed for several
disorders, including congenital diseases, cystic fibrosis, em-
physema/chronic obstructive pulmonary disease, alpha-1-
antitrypsin deficiency, primary pulmonary hypertension, and
other disorders (like sarcoidosis, bronchiectasis, and pul-
monary vascular disease) [65]. Airway tissue engineering has
the potential to augment patient survival and to reduce the
waiting list for lung transplantation. TE/RM has only re-
cently targeted lungs, whereas, previously, upper airway
tracts have been the focus and were introduced into clinical
practice [66, 67]. In fact, within organ bioengineering, the
airway has been one of first organs to achieve an extraordin-
ary result in the clinical setting; in 2008, Macchiarini and
colleagues [68] performed the first bioengineered trachea
transplantation in human patients. Airway bioengineering
represents a very appealing alternative to ‘orthodox’ recon-
structive techniques using autologous or allogenic tissues,
but to understand the real challenge in this specific area, it
is mandatory to highlight that all airway structures have a
two-sided organization: one is directly in contact with the
external environment, whereas the second is linked to the
body. This particular configuration makes it essential to
build a perfectly functioning bioengineered airway organ.
Tracheas were the first step in this specific field and recently
were followed by important published articles on bioengi-
neered larynx and lungs [69, 70]. Compared with lungs, tra-
chea and larynx offer different solutions regarding scaffolds
to recellularization. Owing to their relatively simple hollow
shape, several synthetic or semi-synthetic alternatives have
been examined. Synthetic scaffolds have been tested as first
attempts to integrally replace the trachea because of their
advantageous characteristics: they do not need a donor, they
can be easily modified to recipient conformation, and finally
they can be sterilized and thus avoid the risk of post-
transplantation infection. On the other hand, synthetic scaf-
fold use is limited by several factors, including a low level of
integrity, different mechanical properties compared with the
native structure, a propensity to infective contamination,
and non-vascularization [71]. The absence of vascularization
represents the major issue to resolve as synthetic scaffolds
cause apoptosis of all types of cells eventually seeded on
them [72]. The most relevant materials tested for this
purpose have been polyester urethane, polypropylene
mesh, alginate gel, polyethylene glycol-based hydrogel,
and poly-e-caprolactone [73]. Semi-synthetic scaffolds
represent the evolution of synthetic scaffolds. They have
been built by using a combination of natural and syn-
thetic materials in the same assembly. Macchiarini’s
group used this solution, based on cell seeding on a
collagen-coated polypropylene scaffold, to perform a
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tracheobronchial transplantation in 2011 [74]. Nonethe-
less, the interplay between cells and scaffolds (even if
semi-synthetic) is crucial for the correct cell-to-cell inter-
action as well as for cell migration and differentiation and
needs to be considered for any clinical translation. Natural
scaffolds obtained by a decellularization technology are
the most promising outcomes in organ bioengineering.
Several methods have been used to remove cells and
achieve acellular ECM-based scaffolds with all the major
properties that cells need for tissue or organ regeneration.
At present, only one method clinically accepted for tra-
cheal bioengineering [75] can manufacture an acellular
non-immunogenic 3D ECM scaffold preserving most of
the biological and mechanical qualities of the native tra-
chea. These characteristics make this scaffold perfectly
suitable for cell seeding. The use of human tissues and or-
gans for decellularization might raise the immunogenicity
issue associated with human donor-derived materials.
Using animal organs can overcome this limitation, but
xenogenic platforms have not yet been translated to the
clinical setting. For either scenario (animal or human), the
length of decellularization methods introduces great risk
of contamination [72]. Although decellularization proto-
cols can cause loss of glycosaminoglycans and other ECM
elements, this technology remains the best choice to ob-
tain a 3D scaffold to repopulate preserving, as the clinical
practice showed, the adequate properties for a correct cel-
lular long-term maturation. Two principal cell types are
required to recellularize upper airway scaffolds: chondro-
cytes and epithelial cells. For both kinds of cells, several
strategies have been tested, although the best solution for
harvesting and reseeding them has yet to be standardized.
Theoretically, epithelial cells are ready to harvest in
the form of nasal epithelia but in vivo they do not show
abilities to be stratified and then recreate the trachea-
specific pseudo-stratified columnar epithelium [76]. Differ-
ent sources of cells have been investigated to discover the
optimal solution for recellularization, including iPSCs (that
have been differentiated into functional airway and lung
epithelium [77-79]), bone marrow-derived hematopoietic
progenitor cells [80], human ESCs [81], and amniotic fluid-
derived stem cells [82]. Even if laryngeal bioengineering is a
more challenging field for regenerative medicine, owing
principally to the incredible complexity of laryngeal anat-
omy, some interesting results have been achieved. In 2011,
Baiguera and colleagues [69] developed a human laryngeal
scaffold by using a detergent-enzymatic-based decellulariza-
tion protocol. That scaffold was characterized by the pres-
ervation of all the structures composing the larynx and of
its biomechanical properties. This result suggests that the
creation of a transplantable bioengineered larynx is feasible
although neovascularization and nervous innervation will
be hard problems to solve. Production of bioengineered
lungs for total organ replacement could be defined as the
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final goal for respiratory regenerative medicine. In 2010,
Petersen and colleagues [70] showed how rat lungs
can be decellularized leaving ECM-based scaffolds. These
structures have been seeded in a specific bioreactor and
then transplanted in recipient rats for a short period (45 to
120 minutes). Results indicated that the bioengineered lung
participated in gas exchange [70]. From this model, other
decellularization methods have been translated to large ani-
mal models, including rhesus monkey [83, 84], pig, and hu-
man [66, 85]. Compared with the trachea or larynx, the
lung has a more complex 3D structure and recellularization
approaches are challenging, including the selection of the
best cell type for repopulation. A complete recellularization
protocol must involve epithelial and endothelial cells. Al-
veolar epithelial compartments could be principally divided
into alveolar epithelial type I and type II (AETT and II) cells.
In 2010, Price and colleagues [86] showed that decellular-
ized lung ECMs can sustain the growth of fetal AETII cells,
indicating that the ECM retains all the components that
cells needed for the differentiation even after the cellular
removal. Endothelial cell compartments can be repopulated
by using different strategies including the use of ESCs [87,
88], mesenchymal stem cells [89, 90], and fetal or neonatal
lung cells [91]. Decellularized lung scaffolds seem to be
among the most promising tools to optimize in order to
achieve transplantable cutting-edge bioengineered lungs.
Moving toward this goal requires standardizing a decellu-
larization protocol for the production of clinical-scale acel-
lular scaffolds and optimizing recellularization methods to
acquire a complete and homogeneous cellular distribution.

Heart bioengineering

In the US, more than 4,000 people are waiting for a car-
diac donation [36] and around 6 million persons are living
with heart failure. A regenerative medicine approach of
heart bioengineering could provide a theoretically unlim-
ited source of replacement organs. Acellular heart scaffold
could be identified as the paradigm for decellularization/
recellularization technology as one of the first ECM-based
platforms obtained by using whole-organ cellular removal
via detergent perfusion. In 2008, Ott and colleagues [20]
showed the huge potential of regenerative medicine and
organ bioengineering by growing a beating heart in the
laboratory. In their report, they demonstrated how a rat
heart could be completely decellularized by perfusing with
specific detergents (Triton X-100 and SDS) nearly pre-
serving its native morphological, biological, and mechan-
ical properties. They also reseeded the cardiac ECM with
neonatal cardiac cells showing, after 8 days of culturing,
persistency of contractility and beating under a specific
electrical impulse. This pioneering study drove several
groups to successfully decellularize/recellularize the heart
in rodent models [92-94] with similar results. Although
several protocols were tested, there is no evidence for any
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definitive one at present. This model has been scaled up
to the large animal that provides a relevant and transla-
tional clinical size [95, 96]. Many groups obtained 3D
heart scaffolds by using similar detergents and concentra-
tions just augmenting the time of their exposure to cells.
In 2010, Wainwright and colleagues [95] developed a fur-
ther method to decellularize an entire heart, obtaining a
3D acellular cardiac organoid with a microenvironment
that supported site-appropriate cell differentiations. Two
years laterbased on this protocol, Remlinger and colleagues
[96] used a retrograde-perfusion protocol for whole-heart
decellularization. In that article, they created a slightly more
aggressive protocol that led to a reduction of residual DNA
in the scaffold. This result has to be carefully analyzed be-
cause no beneficial effects on recellularization had ever
been demonstrated for such a low quantity of DNA, as
reviewed by Momtahan and colleagues [97]. Reasonably, a
balance between aggressive decellularization protocols and
maintenance of the microenvironment could be positive for
recellularization and still needs to be more deeply investi-
gated. Recently, Methe and colleagues [98] proposed an al-
ternative procedure to decellularize porcine hearts by using
hypotonic solution and ionic and non-ionic detergents (4%
sodium deoxycholate and 1% Triton X-100, respectively)
via perfusion and agitation methods. The resultant ECM
preserved its native morphological and functional integrity.
Interestingly, this protocol does not affect the cardiomyo-
cyte cytoskeleton that remains almost intact. In cardiac re-
generative medicine, different cellular families had been
considered. Cellular type is just a single ingredient for the
final result that (to be successful and functional) should in-
clude the provision of specific growth factors and nutrients
inside a dedicated bioreactor. The most important cell types
that have been considered for cardiac bioengineering are
ESCs [99-101] and iPSCs [95, 102, 103]. Even if iPSCs have
the potential to be considered the best solution to repopu-
late an acellular cardiac scaffold, some issues still need to
be resolved: improving their effectiveness of dedifferenti-
ation, removing the risk of teratoma development, improv-
ing culture techniques, and enhancing new strategies
for their distribution into acellular scaffolds [97]. Fi-
nally, growth factor addition has to be taken into con-
sideration for efficient recellularization. Many growth
factors can be used in cardiac bioengineering, and the
most significant are bone morphogenetic protein (BMP)
[104], basic fibroblast growth factor (bFGF) [105], BMP-
4 [93], and vascular endothelial growth factor (VEGF)
[106]. In 2007, Van Wijk and colleagues [104] summa-
rized how BMPs are crucial for cardiac differentiation
(and for dedifferentiation starting from iPSCs) not only
in specific heart-forming regions but also at cardiac dis-
tal margins. Perets and colleagues [105] demonstrated
how bFGF could stimulate angiogenesis inducing the
proliferation of endothelial cells, smooth muscle cells,
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Table 1 Statistical data on organ transplantation in the US for

2012
Recovered Transplanted Discarded Loss rate, percentage

Pancreas 1,562 1,143 419 268
Kidney 14,784 12,140 2,644 179
Liver 6,685 6,030 655 9.8
Intestines 136 129 7 52
Lungs 3,302 3,163 139 4.2
Heart 2,382 2,365 17 0.7
All organs 28,851 24970 3,881 135

Data show how yearly almost 4,000 organs, originally destined for transplant,
are discarded for different reasons. These organs could represent a unique
source for regenerative medicine and organ bioengineering research. Source:
New York Times [107].

and fibroblast on alginate scaffolds. VEGF has been identi-
fied as one of the major stimuli for angiogenesis (in vitro
and in vivo) that actually remains a big challenge to ad-
dress limiting organ bioengineering. Zisch and colleagues
[106] created a new form of synthetic matrices that incorp-
orate covalent variants of VEGF (VEGF121 and VEGF165).
After implantation, VEGF-containing matrix was adapted
into native vascularized tissue.

Summary

In recent years, several bioengineered tissues have been
created and transplanted in humans. These were rela-
tively simple structures such as blood vessels, upper
airway tubes, or urogenital tissues. The larger challenge,
however, remains the bioengineering of complex paren-
chymal organs (for example, the kidney or liver) for
human transplantation. In 2011, almost 3,800 human
organs, originally destined for transplant, were dis-
carded for various reasons [107] (Table 1). Even though
this number of organs represents only about 13.5% of all
donated organs, it represents a tragic waste of material
that could have been used in organ bioengineering in-
vestigations. As recent reports have shown, decellulari-
zation/recellularization techniques can be applied to
human organs such as kidneys [108], lungs [66, 109],

Page 8 of 11

and small intestine [110] and consequently can serve
as a platform for TE/RM. However, a major challenge
still exists in the complete repopulation of these whole-
organ scaffolds, which is necessary to produce a clinic-
ally functional organ. Identification of a cell source that
has the potential to proliferate after scaffold seeding
may offer a solution. Furthermore, even if the whole-
organ ECM scaffold was made from animal tissue, their
species-specific biological and biomechanical properties
are suitable for human cell seeding. Lastly, the use of
discarded human organs, with a complete patient his-
tory, can facilitate regulatory approval of these scaffolds
for clinical use.

Conclusions
Whole-organ bioengineering using ECM scaffolds offers
several advantages over ‘classic’ synthetic scaffold:

e They provide a natural environment for seeded cells,
similar to the native organ, and include organ-specific
biochemical stimuli such as growth factors, cytokines,
or chemokines.

e They maintain the original 3D architecture after
decellularization. This could support the progressive
process of tissue engineering that includes cell
seeding on the scaffold = attachment = growth =
expansion = maturation.

e They can be transplanted in vivo via a dual vascular
pedicle (arterial and venous), guaranteeing
physiological oxygen and nutrient supply.

Although major advances were made recently in the
field of TE/RM toward the bioengineering of transplant-
able organs, many challenges remain (Table 2). These
include the determination of specific criteria for suc-
cessful decellularization, identification of a reliable cell
source for the recellularization, and the development
of models for bioengineered organ transplantation with
long-term follow-up studies that can translate into clin-
ical practice.

Table 2 Limiting factors for improving the decellularization/recellularization technology

Topic of interest Primary issue

Research goals

Protocols of

decellularization organ

Cell source Identification of suitable cell source
Autologous cells
Heterologous cells

Large animal model Creation of models for transplantation with a long-

term functional follow-up

Standardization of decellularization methods for each

Achievement of a reproducible method to obtain scaffold from
different organs and different species

Recellularization of whole-organ scaffolds

Obtain organs for human clinical transplantation

1. Standardization of cellular removal protocols for each organ.

2. The identification of the most suitable cell source for the most effective seeding.

3. The creation of a large animal model to standardize the implantation techniques limiting eventual side effects.



Peloso et al. Stem Cell Research & Therapy (2015) 6:107

Note: This article is part of a thematic series on Functional imaging
in regenerative medicine. Other articles in this series can be found at
http://stemcellres.com/series/FIRM.
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