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Abstract
Recovery from end-stage organ failure presents a challenge for the medical community,
considering the limitations of extracorporeal assist devices and the shortage of donors when organ
replacement is needed. There is a need for new methods to promote recovery from organ failure
and regenerative medicine is an option that should be considered. Recent progress in the field of
tissue engineering has opened avenues for potential clinical applications, including the use of
microfluidic devices for diagnostic purposes, and bioreactors or cell/tissue-based therapies for
transplantation. Early attempts to engineer tissues produced thin, planar constructs; however,
recent approaches using synthetic scaffolds and decellularized tissue have achieved a more
complex level of tissue organization in organs such as the urinary bladder and trachea, with some
success in clinical trials. In this context, the concept of decellularization technology has been
applied to produce whole organ-derived scaffolds by removing cellular content while retaining all
the necessary vascular and structural cues of the native organ. In this review, we focus on organ
decellularization as a new regenerative medicine approach for whole organs, which may be
applied in the field of digestive surgery.
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Introduction
Organ transplantation is the definitive therapy for end-stage failure of digestive organs,
including acute and chronic liver failure, end-stage diabetes, intestinal failure or short bowel
syndrome. In fact, its success has now become one of its major obstacles, because of donor
organ shortage [1-3]. The number of patients waiting for a liver transplant (>16000) or a
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pancreas-kidney transplant (>2000) far surpasses the supply of organs from standard criteria
brain-dead donors, being 6000–7000 liver donors and 1000–1500 pancreas donors annually
in the United States (OPTN/SRTR annual report); yet those who receive an organ transplant
have far better 1-, 3-, and 5-year graft survival than patients who received a transplant just
20 years ago.

Tissue engineering is defined as an interdisciplinary field combining the technologies of
biomaterials, bioengineering, and cell biology to produce tissues for therapeutic purposes as
defined in 1972 by Fung [4] and popularized in 1993 by Langer and Vacanti [5]. It has been
challenging to mimic the native 3D structure of human digestive organs to reproduce the
functionality and metabolism necessary to make a clinical impact; for example, the
peristaltic movement of mucous, acid secretion, and the complex 3D structure of the organ
parenchyma. This requires the creation of micro-structures as well as large vessels or ducts
for external secretions, including bile or pancreatic exocrine factors. The first attempts to
isolate and decellularize organ-specific ECM were reported in the 1970s and 1980s [6-9].
More recent reports introduced this methodology into the field of digestive artificial organ
construction using absorbable or non-absorbable scaffolds to accelerate the regeneration of
epithelium, correct the defects of tubular organs [10-12], and construct bioreactors for the
liver [13-15] and pancreas [16, 17], partly to support resident tissue regeneration. Although
these new approaches yielded some successes in animal models and preclinical attempts,
none has demonstrated long-term efficacy[18]. Thus, new methodologies for constructing
organ substitutes are needed urgently.

There have been many recent advances in the field of stem cell biology. Stem cells can now
be made to differentiate into many kinds of somatic cells, including endoderm-affiliated
cells such as intestinal cells [19, 20], hepatocytes [21-26] or pancreatic β-cells [27-29].
These technologies opened the door for the application of regenerative therapy to the
digestive organs, and yet acceptable therapeutic efficacy has not yet been achieved. Thus
far, the experience has been that after implantation, cells gradually lose their function in
vivo and have never shown long-term viability. Several studies have shown that the
microenvironment plays a fundamental role, not only in cell maintenance or homeostasis but
also for determining stem cell fate [30]. The extracellular matrix (ECM) and its 3D structure
are both essential components of this microenvironment and have been exploited for the
maintenance of somatic cells, cancer cells, or stem cells in vitro using tissue engineering
approaches, demonstrating supportive activity in cell cultures [31, 32]. Therefore, ECM will
be highly beneficial to combine stem cell biology with ECM technology for the further
improvement of regenerative therapy.

Whole-organ decellularization has evolved as a tissue engineering approach based on a
decade of basic tissue decellularization studies for thin, planar tissues, primarily dermis [33].
The first scientific report demonstrating perfusion decellularization technology in vital
organs was demonstrated by Ott et al. [34]. Using this technology, whole organs including
heart [34, 35], liver [36, 37] and lung [38, 39] have been decellularized following the
perfusion over days of a detergent through a vascular access route. This preserves vessel
structure, and more importantly, the ECM components such as collagen, laminin, or
fibronectin as well as glycosaminoglycans (GAGs) [40]. This review summarizes the
highlights of emerging strategies to develop organ substitutes. Whole-organ tissue
engineering and cell therapy methodology are new technologies in various stages of
development, with future implications for the surgical care and management of end-stage
organ disease.
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Tissue and organ decellularization
Decellularized organ scaffolds and the extracellular matrix—The extracellular
matrix (ECM) plays a crucial role in the maintenance of tissue-specific function by
controlling the cell microenvironment [41, 42]. The ECM represents the secreted products of
resident cells dynamically responsive to different conditions of the local environment, and
has been shown to provide fundamental signals for cell migration, proliferation, and
differentiation [32, 43, 44]. Therefore, biological scaffolds composed of natural ECM have
attracted much attention in relation to their therapeutic potential.

During the last decade, researchers have explored various methods for tissue
decellularization, whereby different detergents are used to wash out all cellular contents
from the resident tissue, with the aim of maintaining native ECM-contained cues essential
for the cells [33]. These methods include a number of different agents such as acids and
bases [45], hypotonic and hypertonic solutions [46], detergents [36, 38], alcohols [47],
enzymes[48] and non-enzymatic agents [49] containing ethylenediaminetetraacetic acid
(EDTA) or ethylene glycol tetraacetic acid (EGTA); as well as physical agents such as
temperature [50], pressure, [51] and electroporation [52]. It is difficult to find the most
effective agent for decellularization of each tissue and organ, since it depends on many
factors, including the tissue’s cellularity (e.g., liver vs. tendon), density (e.g., dermis vs.
adipose tissue), lipid content (e.g., brain vs. urinary bladder), and thickness (e.g., dermis vs.
pericardium) [40].

Effects of the extracellular matrix on cellular fate—The fact that current
regenerative medicine approaches, including cell transplantation and bioreactors, have
limited clinical benefit [15, 53], suggests that even if the technology for promoting cell
maturation and function from stem/progenitor cells is available, there are many hurdles to
overcome to achieve clinical success [22, 27]. These disappointing results might be
attributable to the lack of natural microenvironment for the cells during ex vivo culture.
Therefore, native ECM scaffolds could offer a feasible shortcut from the stage of cell
expansion to organ maturation by providing a microenvironment essential for cell function
and tissue assembly. The cells in question, including stem/progenitor cells, interact directly
with the ECM in its 3D form, as well as indirectly via cytokines and growth factors, which
might be partially restored in the native ECM scaffold remaining after this tissue
decellularization method is initiated. Indeed, hyaluronic acid, one of the major components
of ECM, has been widely used to culture and propagate stem cells, since this component of
ECM exists during early embryogenesis [54, 55]. Furthermore, the basement membrane, the
first ECM produced by the developing embryo, was quickly identified as an important factor
for modulating stem cell behavior, and has since been successfully employed in numerous
methods as a substratum in vitro and as a bioactive support in vivo [56].

Decellularized scaffold as a platform for stem cell biology—The implementation
of tissue engineering technologies for repairing or replacing digestive organs has been
investigated extensively. Most approaches require a certain number of cells to naturally
populate the scaffold and integrate into the surrounding tissue. The best cell source might be
autologous material or cells from the native organ of an allogeneic donor because of their
affinity for the resident tissue and low immunogenicity. However, the availability of any
such cells would be extremely limited because too few autologous somatic/progenitor cells
can be isolated and the opportunities to procure allogeneic cells from limited donor sources
are rare. Recently, human ES cells [57], and even more recently, iPS cells [58], were
isolated or generated and found to have a pluripotent ability to develop into a wide range of
cell types [59]. This ability has drawn attention to ES/iPS cells as a novel source of cell
populations for new therapeutic strategies in tissue engineering technology. There has been
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some success in inducing ES/iPS cells to differentiate into particular types of cells in
endoderm lineages. Interestingly, it has been discovered that native matrix is essential to
control stem cells [30, 31, 47] and guide their differentiation, maintenance [60], and
maturation [61]. The first reports demonstrated that decellularized tissue matrices were
valuable for answering basic questions of how stem cells contribute to homeostasis and
repair. The unique approach of tissue decellularization combined with stem cell technology
will represent a breakthrough in solving the current problems of organ and cell regenerative
therapy such as donor shortage or life-long immunosuppression, especially in digestive
surgery. Although this was reported by Macchiarini et al. [62] in a study using cadaveric
donor trachea with recipient mesenchymal stem cells, there is no report describing the
clinical application of a model for solid organ reconstruction, as it is still premature to
generate functional organs requiring the seeding of multiple cell lineages. This contrasts
with the relatively simple construction of skin, valves, and trachea. Another major caveat is
that iPS long-term cell culture stability has yet to be investigated, although it is known that
human ES cells grown in long-term culture show genetic instability. Indeed, subtle
differences in the timing of onset and level of expression of different genes were found in
these pluripotent cells [63]. Rapidly accumulating data suggests that the reprogramming
process is often accompanied not only by genetic abnormalities, but also by epigenetic
alterations, which are expected to increase tumorigenicity [64, 65]. Furthermore, the long-
term clinical benefits of stem cell therapy have not been documented [66].

Immunogenicity of decellularized scaffolds—One of the earliest studies reporting a
therapeutic benefit of ECM scaffolds manufactured by the tissue decellularization process
concerned arterial grafts [67]. To obtain suitable long-term arterial replacements in vascular
surgery, cellular components of the arterial wall were removed by detergent treatment,
resulting in the production of a matrix tube that could be engrafted. Importantly, the findings
of investigating the ECM in these arterial xenografts indicated that both the extracellular
matrix and the cells contributed to graft immunogenicity [68]. A second study found that
decellularized grafts elicited significantly lower levels of class I and class II HLA antibody
formation than standard cryopreserved allografts [69]. Additional experiments revealed low
immunogenicity of these matrices derived not only from animal tissues, but also cadaver
veins used for the decellularization process. Such vein allografts thus retained little antigenic
material. Subsequently, they were used for hemodialysis access in patients with renal failure
and demonstrated no capacity for allo-sensitization [70]. The findings of these experiments
suggested that the immunogenicity of these tissues was reduced, but not completely
eliminated by the process of decellularization. This technique could, therefore, provide
clinically relevant grafts with the necessary 3D structure and without cellular rejection. In
fact, this methodology was applied early on in the clinical setting, especially for dermal
repair. One of the first reports documented that decellularized porcine skin scaffolds
significantly reduced wound contraction and improved the cosmetic outcome of full-
thickness wounds in a porcine model [71]. After preclinical investigations in several animal
models, LifeCell Corp., Branchburg, NJ, USA, developed AlloDerm, a human-derived
decellularized allogeneic dermis, which has been used successfully to promote wound repair
after burns [72], inguinal hernia surgery [73], and more adventurously in abdominal, pelvic
and chest wall reconstruction [74, 75]. However, the imperfect decellularization of biologic
scaffold materials can result in a macrophage response that can cause immuno-reactions in
the host body. Therefore, effective decellularization remains an important component in the
production of ECM-based scaffolds for therapeutic applications [76].

Using decellularized scaffolds as a platform for cell repopulation—The next step
in developing therapeutic strategies of this nature is to recellularize the acellular ECM
scaffold, to generate engineered cellular tissue ex vivo for further application in replacement
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therapy. An impressive example of this concept was carried out by Kaushal et al. [77], who
seeded endothelial progenitor cells in decellularized blood vessels ex vivo and demonstrated
long-term patency of the interposed graft. After this pioneering work, studies demonstrated
that decellularized native matrix seeded with autologous cells was feasible for several
different organs. Liu et al. [78] reported that decellularized bladder submucosa seeded with
bladder cells could be maintained in cell culture, and that it promoted cell–matrix
penetration in vitro and cell growth in vivo. More interestingly, Macchiarini et al. created a
tissue-engineered airway which was recellularized with the patient’s autologous epithelial
and progenitor cells. This was used clinically in a patient suffering from bronchial stenosis
caused by tuberculosis, and allowed for normal functioning, free from the risks of rejection,
for at least 1 year [62]. In juxtaposition to these encouraging results, there have also been
reports on the difficulties and potential complications of this approach in clinical settings.
When commercially available decellularized heart valves (SynerGraft, Cryolife Inc.,
Kennesaw, GA, USA) were implanted as xenografts, several patients died following rupture
of the implanted grafts [79]. Another report described that after the initial implantation, the
tissue-engineered heart valve had to be replaced with a homograft because of stenosis [80].
These reports suggest that the decellularized scaffold, when used without recellularization
by cells to support its function, carried a risk of graft failure. Therefore, accumulating
literature may indicate that in some cases the principle of tissue decellularization might
require subsequent recellularization processes before becoming a feasible routine platform
for regenerative therapy.

Organ engineering for digestive tract regeneration and replacement—The work
reported by Isch et al. [81] is a great example of the application of this new technology, in
the field of digestive surgery. Isch et al. [81] used decellularized human skin for patch
esophagoplasty in large animals, and 3 months of follow-up revealed successful healing of
epithelial injury of the esophagus and stimulated neovascularization. Subsequently,
xenogeneic intestinal submucosa was successfully applied as a decellularized scaffold to
replace pulmonary valves in a large animal model, resulting in symmetrical leaflet
movement with good mobility [82]. Gabouev et al. [83] also used recellularized intestinal
scaffolding to construct a tissue-engineered bladder wall. They reseeded syngeneic
urothelial cells and bladder smooth muscle cells on decellularized porcine intestinal
submucosa, maintained in culture for 6 weeks, and retained viable and functional cells in the
scaffold. After these positive experimental results, Badylak et al. [84] used decellularized
xenogeneic urinary bladder as a scaffold reseeded with autologous muscle cells, achieving
functional reconstruction of the esophageal wall clinically. Moreover, Mertching et al. [85]
investigated a transplantable intestine, which had been vascularized with human endothelial
cells. These interesting reports document that using decellularized scaffolds reseeded with
cells from an appropriate source to repair or replace the digestive tract is feasible. Based on
these encouraging findings in hollow organs, investigators have also wondered how to
develop tissue-engineered grafts for parenchymal organs. Lin et al. [86] reported the use of
organ-specific ECM. Although they could maintain syngeneic primary hepatocytes for up to
45 days in a matrix derived from decellularized liver tissue from pigs, this was far from the
generation of a clinically relevant engineered parenchymal organ. Subsequently, Linke et al.
[87] reported the production of engineered liver-like tissue based on decellularized intestinal
scaffolds by co-culturing porcine hepatocytes with endothelial cells. Interestingly, this
reinforced the importance of endothelial cell support to preserve hepatic function in the
engineered liver organoid, as reported in previous studies [88]. However, it seems difficult
to mimic the liver-specific structures, such as liver sinusoid, using intestine-derived matrix.
Indeed, the interactions between hepatocytes and other liver non-parenchymal cells lead to
liver morphogenesis. Several studies have highlighted the importance of the function of
hepatocytes when supported by non-parenchymal liver cells [89, 90]. The ability of liver
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non-parenchymal cells, including endothelial, stellate, and cholangiocytes, to support liver
sinusoid formation to develop hepatic organoid in the matrix scaffold was demonstrated
recently [91, 92].

The pancreas is a vital parenchymal organ strongly linked to diabetes causation. The
methodology of tissue decellularization was similarly attempted by De Carlo et al. [93] for
the maintenance of pancreatic islet cells. That study revealed that native matrix from the
pancreas is important for the tissue-specific cell survival and function of the islet cells.
However, it was also demonstrated that the ECM from native tissue plays a crucial role in
the maintenance of islet cells by controlling the microenvironment.

Although previous investigators have documented the efficacy of ECM and constructs using
decellularized tissue for cell maintenance in pre-clinical attempts, these techniques are not
applicable for parenchymal organs that require vascular reconstruction, to provide nutrition
and oxygen to the implanted cells. To preserve all the necessary cues for engineering a
parenchymal organ graft that is clinically feasible for replacement therapy, the first excellent
work by Ott et al. [34] used decellularized whole rodent heart, resulting in macroscopic
ECM contractions and even pumping action following recellularization with primary cardiac
cells. This work paved the way for the reconstruction of transplantable whole-organ
scaffolds reseeded with functional cells. Subsequently, our group applied similar
methodology to the liver and confirmed that it was feasible to create constructs for
transplantation as partial liver grafts by vascular reconstruction in vivo [36, 94]. Similar
work was done by Baptista et al. [95] using liver scaffolds, and recent reports by described a
similar transplantable lung scaffold approach in rodents [38, 39]. It is known that local
environmental factors induce hepatocyte homing, differentiation, and proliferation, and there
is evidence that ES/iPS cells may differentiate toward mature hepatocytes when transferred
into an injured liver [96]. It is reasonable to expect a similar beneficial response for
engineering liver grafts. Thus, new techniques for decellularization of the liver matrix
present great potential as the scaffold for hepatocyte maturation and transplantation. This
process may be further manipulated by the sequential delivery of factors involved in the
initiation and maturation of ES/iPS cells to liver cells, allowing temporal and spatial control
over differentiation.

This technology of tissue decellularization might be applicable for any digestive organ. The
first step to generate functional tissue which can be directly transplanted into humans
requires the construction of perfusion-decellularized native ECM scaffolds that match
human organs in size and structure (Fig. 1). Recently, our group demonstrated that this
decellularization technology could be applied in a large animal model to generate a
transplantable engineered liver graft (Fig. 2). However, it requires improvement and
customization with regard to size, category, species, and cell sources. More importantly, the
resulting scaffolds need to be reproducible, sterile, and preservable for future procedures.

Future prospects—We have reviewed the latest technology for whole-organ
decellularization, developed in the field of digestive surgery, illustrating its necessity and
efficacy in regenerative therapy applications. Compared with the successful clinical
application of this technology in skin or vessels, which was established early on, many
functional and structural issues need to be overcome before it can be used for the digestive
organs. Thus far, this method has only achieved short-term functionality in vivo and then
only in rodent models. Nevertheless, previous decades of work in the field of tissue
engineering and current research in stem cells are producing encouraging results, which 1
day might solve the problem of organ assembly on demand. Scaling up this technology for
clinical application is fundamentally feasible, and like many others, we are working toward
this end.
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Fig. 1.
Development of the engineering liver graft from small animals to human
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Fig. 2.
Representative images of porcine livers during decellularization process and the closed
perfusion system
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