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Abstract Demand of donor organs for transplantation in
treatment of organ failure is increasing. Hence there is a
need to develop new strategies for the alternative sources
of organ development. Attempts are being made to use
xenogenic organs by genetic manipulation but the organ
rejection against human always has been a major challenge
for the survival of the graft. Advancement in the genetic
bioengineering and combination of different allied sciences
for the development of humanized organ system, the
therapeutic influence of stem cell fraction on the recon-
stitution of organ architecture and their regenerative abil-
ities in different tissues and organs provides a better
approach to solve the problem of organ shortage. However,
the available strategies for generating the organ/tissue
scaffolds limit its application due to the absence of com-
plete three-dimensional (3D) organ architecture, mechani-
cal strength, long-term cell survival, and vascularization.
Repopulation of whole decellularized organ scaffolds using
stem cells has added a new dimension for creating new
bioengineered organs. In recent years, several studies have
demonstrated the potential application of decellularization
and recellularization approach for the development of

A. A. Khan - S. K. Vishwakarma - A. Bardia
Centre for Liver Research and Diagnostics,

Deccan College of Medical Sciences, Kanchanbagh,
Hyderabad 500 058, Andhra Pradesh, India

A. A. Khan (X))

Salar-E-Millat Research Centre, Princess Esra Hospital,
Deccan College of Medical Sciences, Kanchanbagh,
Hyderabad 500 058, Andhra Pradesh, India

e-mail: aleem_a_khan @rediffmail.com

J. Venkateshwarulu
Department of Radiology, Deccan College of Medical Sciences,
Kanchanbagh, Hyderabad 500 058, Andhra Pradesh, India

functional bio-artificial organs. With the help of established
procedures for conditioning, extensive stem cells and organ
engineering experiments/transplants for the development of
humanized organs will allow its preclinical evaluation for
organ regeneration before translation to the clinic. This
review focuses on the major aspects of organ scaffold
generation and repopulation of different types of whole
decellularized organ scaffolds using stem cells for the
functional benefit and their confines.

Keywords Decellularization - Repopulation - Stem cells -
Bio-artificial organ

Introduction

Shortage of available organs for organ transplantation in
end-stage organ failure is a major challenge. Annually
>10,00,000 patients die for the want of the functional
organ. Demand of donating organ for the treatment of end-
stage organ failures has increased tremendously in recent
years. Together with this, scientists from different area are
trying to develop artificial organs and extra cellular matrix
(ECM) using xenogenic organ scaffolds to improve the
functional benefit.

Since last decades efforts have been made to develop the
alternative source for organ bioengineering. An alternative,
ample supply of organs from xenogenic sources such as
porcine, bovine, and equine has been successfully
implanted into humans [1-3]. The tissues obtained from
these animals’ possess various limitations such as immune
rejection, cross contamination, etc. However, the attractive
aspect of xenogeneic organs as a source of ECM provides a
better option to secure healthy, pathogen-free tissue to
bioengineer the humanized organ system. Development of
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humanized organs using xenogenic sources allows unique
analysis of chimerism and provides a clear distinction
between transplant and host existing nearly identical anti-
genic properties. Using humanized organ system, the
therapeutic influence of stem cell fraction on the recon-
stitution of organ architecture and their regenerative abil-
ities in different tissues and organs provides a better
approach to solve the organ shortage. With the help of
established procedures for conditioning, extensive stem
cells and organ engineering experiments/transplants can be
performed in humanized organs that allow its preclinical
evaluation for organ regeneration before translation to the
clinic.

In 1990, the first bio-artificial skin was developed but
this scaffold lacked the mechanical strength and the
interconnection channel [4, 5]. Following this study, the
area of creating bio-artificial organ has revolutionized to
generate other body organs. Various studies have demon-
strated significant improvement for the development of
novel strategies to create bio-artificial organ or their scaf-
folds. Classically scaffolds are classified into two major
class based on their self-life: one is permanent scaffold and
another one is temporary scaffold. Permanent scaffolds
maintain the shape and strength but temporary scaffold
degrades in a period of time. Temporary scaffolds are two
types: synthetic and natural. Natural polymers are bio-
compatibility, enzymatically degradable and it has bio-
functional molecules. Natural polymers have certain
limitations such as it inhibits the function of cells by
uncontrolled enzymatic degradation. To solve these prob-
lems synthetic polymers were developed. Previously fab-
ricated scaffolds were developed like gas foaming, solvent
casting, fiber bonding and phase separation but they had
small size, shape and generally lack the sensitivity.
Recently, 3D fabricated scaffolds are developed to identify
the interaction between cell-cell and cell matrix. Further
different 3D fabricate scaffolds are developed; like heat
mediated, light mediated, adhesive mediated, indirect, cell
assemble, hybrid cell assembly but which the lack the
mechanical strength, structural properties, cell survival and
micro architecture. As these classical types of scaffolds
pass several hurdles to be used in regenerative medicine,
new strategies are needed to develop to overcome these
limitations.

Every organ in human body has a scaffold or a 3D
functional architecture, which provides its shape within the
body. It contains many different types of cells with dif-
ferent functions. Tissue/organ engineering has aimed to
create the organ scaffold—either through the use of syn-
thetic materials such as polymers, or through decellular-
ization, which uses the whole organ as a scaffold after
removing its cellular components. Recently, the use of the
3D decellularized matrix of organs has shown a hope for
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the creation of natural 3D architecture of any organ for the
development of bio-artificial organ. In a very landmark
study published by Ott et al. [6], they demonstrated the
complete decellularization of rat heart and repopulation of
heart cells. This study was followed by many other studies
for the development of different types of organ scaffolds.
Recently decellularization method has evolved as a
potential technology which provides native matrix for cell
survival and proliferation.

Decellularization is defined as the technology used to
remove all parenchyma cells, myofilaments, endothelial
cells and other cellular components from the organ while
retaining its three-dimension architecture and vascular tree.
The use of natural vasculature and rapid separation of
debris and waste fluid from organ or tissue significantly
improves the quality of organ scaffold for reconstitution of
new organ/tissue. Decellularization is ideal for tissue
regeneration because it preserves the three-dimensional
structure of the organ and the ECM—the framework
between the cells—that are complex and difficult to mimic.
While current methods use specific ECM proteins to
transform stem cells into a particular cell type, scientists
have found it difficult to imitate the natural ECM. A variety
of stem cell types from various sources either alone or in
combination with other cells have been tried to develop the
whole functional organ to develop a new approach for
organ bioengineering.

Stem cells and organ bioengineering

The advancement in stem cell research has added knowl-
edge about the development and regeneration of an organ
or tissue from a single cell. Stem cells are immature,
undifferentiated cells having ability to continuously divide,
self-renew themselves and differentiate into different types
of cells. Adding up to the cell replacement therapy using
stem cells, organ transplantation has been successfully
accomplished in clinics for organ failure of the liver or
kidney. However, the lack of donor organs has become the
main barrier to develop the organ transplant program.
Generation of biological or semi-biological organs using
stem cells could be an alternative approach to solve the
problem of the donor organ shortage. Notably, researchers
have been hunting for ways to establish a whole organ
using stem cells. Stem cells from various sources have been
tried to regenerate the damages organ system still which
stem cell type is used, it remains a challenge to reliably
generate large quantities of well-differentiated cells.
However, stem cells possess great potential in regener-
ative therapies; there is still a ways to go before it can be
transferred from bench to clinic. The recent breakthroughs
and one specific trial, in particular, provide much closer
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evidence for clinical practice. Recently, the first human
tissue-engineered organ using stem cells was created and
transplanted successfully into a patient. In the first reported
instance of using stem cells to bioengineer a functional
human organ, Paolo Macchiarini and his research group
used a patient’s own stem cells to generate an airway,
specifically a bronchus, and successfully grafted it into the
patient to replace her damaged bronchus. Macchiarini’s
group bypassed the problem of immune rejection using the
patient’s own stem cells. Additionally, by combining a
variety of bioengineering efforts, no synthetic parts were
involved in the creation of the organ; it was made entirely
of cadaveric and patient-derived tissues [7, 8]. Other tissue
regeneration efforts with stem cells have also recently
made many breakthroughs, emphasizing the potential of
using stem cells in future tissue/organ transplants.

However, in end-stage organ failure, several functional
demands listed below must be considered to develop a
functional transplantable bio-artificial organ.

e Type of organ scaffold

e Sterilization of the scaffold

Integrity of the vasculature and natural architecture
within the scaffold

Assessment of immunological barriers

Type of cells/tissue to regenerate

Functional aspects of the regenerated organ

Type of cells for infusion

Route of cell delivery

Required induction factors

Assessment of long-term cell survival and engraftment

Approaches for generating whole functional organ

The knowledge of stem cells has opened new area of
organogenesis. There are various strategies to use potential
of stem cells for creating natural 3D functional organs.

Potential use of single adult tissue stem cell

Single stem cell is needed to purify from the tissue to prove
its potential for generating the entire organ. Few studies
have shown that the prostate and mammary gland can be
generated in vivo from a single adult tissue stem cell [9-
11]. However, because of lack of definite markers, there
has been no trustworthy method to isolate mammary stem
cells. These studies provide an important consequence for
tissue/organ repair/regeneration and development. In other
terms, we can visualize that the potential use of single stem
cells in clinic will ultimately change the treatment arche-
type for several human disorders more than mammary
gland injury and prostatic disease.

Applicability of using a blastocyst complementation
system

In addition to single stem cells derived from tissues,
embryonic stem cells (ESCs) have proved their potential to
generate specific organs using a strategy of ESCs trans-
plantation from one species into the blastocyst of a dif-
ferent species. For the first time blastocyst
complementation system was reported by Chen et al. [12].
They generated B and T lymphocyte lineage cells by
implanting normal mouse ESCs into the blastocysts
derived from Rag2—/— mice. Later Kobayashi and col-
leagues [13] proved the principle findings of pancreas
generation by introduction of induced pluripotent stem
cells (iPSCs) into the blastocysts of pancreas-deficient
Pdx1—/—mouse. Transplantation of iPSCs initially did not
grow their individual pancreas and were unable to produce
the insulin. Rat stem cells grew in a unique environment in
the absence of mouse pancreas within the mouse and
developed a rat pancreas having the capacity of insulin
production when matured. The findings of this study
clearly demonstrated that rat pancreas can be generated by
inter-species blastocyst complementation which proves its
potential to solve the problem for organ shortage for
transplantation. However, the applicability of this tech-
nology in human organ developments suffers with ethical
controversies and limits its use in human experiments.

Generation of organ/tissue by a combination of tissue
engineering and seeded stem cells

Tissue-engineering technology has been used to unite
specific stem cells with biocompatible and biodegradable
polymer scaffolds to produce a cell polymer implant.

Cao and colleagues [14] for the first time made a con-
struct by seeding the chondrocytes within polyglycolic
acid—polylactic acid polymer template in the shape of a
human auricle. New cartilage formed after 12 weeks of
implantation under the dorsal skin of the mice. The poly-
mer construct degraded gradually following transplantation
and the cartilage was formed. The technique provided its
vast applicability in particular for plastic and reconstructive
surgery. But this technology, for long time, seemed to
focus only on exterior instead of the interior of the func-
tional organ due to the lack of integrated fully functioning
vascular architectures into the engineered construct.

The limitations of this study were recently solved by
Takebe and colleagues [15] to generate a functional human
vascular network which provides a novel approach for
regenerating the larger, well-vascularized organs and
seemed to resolve the foremost hindrances in regenerating
thick and complex tissues. They generated a vascular net-
work construct and implanted into an immunodeficient
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Table 1 Different types of

Organ Decellularization Study out come Limitation References
organs from various sources method
have been used for
decellularization to develop Rat liver  Perfusion with Perfusing with SDS SDS damages the [30]
respective whole organ scaffold detergents (SDS, removes most of cells, ECM
Triton X-100) damages the ECM when
treated with Triton X-100
and removes 97 % of
DNA
Porcine Mechanical perfusion Most of the cells are Disruption of [49]
liver (electroporation) removed, preserves the microfilament and
blood vessels microtubule
Mouse Enzymatic, detergents, Cells are removed Damages the ECM [25]
heart acids proteins, poorly
maintains the 3D
architecture
Human, Perfusion with Cells are removed Loss of cell-mediated [19]
rat, detergents function
porcine
kidney
Porcine Enzymatic (trypsin) Cells are removed, clear the Disruption of [47]
trachea non-enzymatic cell debris glycosaminoglycan,
(EDTA), detergent reduce the laminin
(Triton X-100) and de- and fibronectin
ionized water
Rat Perfuse with SDS, de- Twice filtration is observed Loss of cell-mediated [19]
kidney ionized water, Triton functions like
X-100 and PBS along transport of solutes
with antibiotics
Rat heart  Perfuse with detergents Long-term cell [6, 45]
survival, oxygen
tension and
continuous rhythmic
beating
Goat Perfuse with Trypsin— Cells are removed, pore to [48]
kidney EDTA in PBS, perfuse  pore interconnection in the

antibiotics and then
with SDS in PBS

scaffold

mouse which had potential to act as functional vessels.
Further studies in this trend will impede future reconsti-
tution of vascularized human organs.

Development of whole organ via decellularization
and recellularization approach

Whole organ development requires not only the stem cells
but also the contiguous stem cell niche or microenviron-
ment and extracellular matrix with complete vasculature
and integrity. In recent years, decellularization and recell-
ularization approach for whole organ construction has been
emerged as exceptionally promising technology [16]. Few
landmark studies on complex organs development, such as
liver, heart, kidney and lung, have provided a better insight
into the supremacy of the methodology. Encouraging
results from animal model studies have emerged a potential
hope to get the whole personalized functional organ for the
end-stage organ failure patients.
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Development of three-dimensional natural bio-artificial
organ scaffold using decellularization technology

Since last few years organ transplantation is a source for
standard care for the patients with end-stage organ failure.
Biggest problem in medicine is the availability of whole
organs for transplantation. There are two major problems in
organ transplantation: the major risk of immune rejection,
life-long use of immunosuppressors. Scarcity of organ
donors increases the need to create the alternative organ
source for the development of whole functional organ
which can be useful for organ transplantation. This bio-
artificial organ should provide microvascular structure for
efficient supply of nutrient and oxygen to each and every
cell, which solves the problem of availability of 3D-natural
architecture and organ scaffold, immune rejection and
others. Various studies have been published to demonstrate
the methodologies for whole organ decellularization using
different approaches (Table 1).
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Table 2 Advantages. and Material used for decellularization Advantages Disadvantages References
disadvantages of various
methods qseq for whole organ Chemical Solubilize the cytoplasmic Removes the collagen [18]
decellularization Ex: 1. Acids (per acetic acid, acetic components, remove the from the matrix, it
acid) nucleic acids; it can be disrupts and affects
d for th linical the strength of ECM
2. Bases [NaOH, Ca(OH), CaCl,, l‘lse.l. or the preclinica : e's rength o
MgSO,] sterilization Eliminate the growth
Removes the dermis factors and affect
the mechanical
properties of ECM
Hypotonic solution Lysis the cell and reduce ~ Minimal change in [18]
Ex: Tris—HCl the time ECM
Hypertonic solution Separates the DNA from  Minimal damage of
Ex: NaCl protein stromal architecture
Detergents Solubilize the cell Highly damage the [19, 30,
Ex: (a) Ionic (SDS) membrane, complete ECM and loss of 45, 50]

(b) Non-ionic (Triton X-100)
(c) Zwitter ion (3-[(3-

cholamidopropyl)dimethylammonio]-

1- propanesulfonate) (CHAPS)

Biological agents
(a) Enzymatic: Ex: Trypsin
(b) Non-enzymatic Ex: EDTA

Physical

removal of cells

It removes cells from thick
tissue

It has property of both
ionic and non-ionic

Disrupts the protein—
protein interaction

Separates the cells by

GAGs

Disrupt and remove
the ECM proteins

Disrupt the stromal
architecture and
poor removal of
cells

Disrupts the collagen  [46]
structure

Ineffective cell

Ex: (a): Freeze—thawing

(b) Hydrostatic pressure

separating the metal ions ~ removal
Lysis the cell Disrupt the ECM [46]
Increase in the pressure architecture

results cell lysis Expensive

Methods for whole organ decellularization

Whole organ decellularization represents a novel approach
to create bio-artificial natural 3D architecture. However,
various methods have been used to remove the cells and its
components from different organ leaving its ECM and
organ scaffold. But still there is a need to find more
appropriate decellularization agent further to improve the
quality organ scaffold. Several studies have demonstrated
the use of various types of chemical, biological and
physical substance for whole organ decellularization. But
which is the best still needs to be found based on the organ
architecture and its further application. All the decellular-
ization agents have certain advantages and disadvantages
which can be more beneficial if combined (Table 2).

Major advantages of whole organ decellularization

Whole organ decellularization approach eliminates all
immune potential cells maintaining not only the scaffold but
also the vascular structures for efficient supply of oxygen and
nutrients [17]. Decellularized organ scaffold provides a nat-
ural 3D platform for cells transplantations, migration,
engraftment and survival within it. It also acts as a natural

model for drug testing and tissue/organ. The ECM in decell-
ularized organ scaffold provides important factors for cellular
proliferation and differentiation; after cellular transplantation
within the decellularized 3D organ scaffold several bioactive
molecules are being released which makes the tissue archi-
tecture smooth like natural system. Because decellularized
organ scaffold does not contain any cellular component, it
does not have rejection problem whole introducing the cells.

Disadvantages of whole organ decellularization

Decellularization method Although various studies have
demonstrated most successful result of organ decellular-
ization still there is certain limitation of those methods,
specifically the decellularization technique and decellular-
ized agents. This can damage the ECM and membrane
tissue of the organ. Most efficient method of organ de-
cellularization, i.e., perfusion decellularization, needs sev-
eral chemical agents, which may also respond to both the
structural and biochemical constituents of the organ.

Growing completely functional organ/tissue One of the

major problems with decellularized organ scaffold is to
grow the functional desired cell types within this and
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further to transplant in vivo to get natural functional organ.
In this perspective, there is a need for type of cell to be
transplanted, appropriate medium and technology. Further
in vivo transplantation needs to be developed.

Sources of organftissue for decellularization Getting a
suitable source for organ donor remains a major challenge
for the development of bio-artificial organs. The previous
studies have demonstrated the potential of decellularization
approach using rat, porcine, monkey and pig. However,
fear of zoonosis is a major challenge for the use of xeno-
genic organs/tissue. And there is a great need to find an
alternative source to fill the gap between the shortage of
available organ donors and recipients. In our earlier study
we have demonstrated that goat is an ideal source for the
development of bio-artificial organ [18, 19].

Immunological barriers Using xenogenic organ scaffolds
have a doubt about antigen which may cause the rejection.
However, the ECM is preserved among the species, one
surface antigen remains at low level named galactosyl-a (1,
3) galactose (Gal) in xenogenic tissues and is absent in
primates and human which can cause acute rejection in
whole organ xenograft.

Recellularization methods Recellularization protocols for
higher mammals’ fall closer to human and can be taken for
further applications. However, various studies have dem-
onstrated the recellularization approach only on small ani-
mals and that they do not fall closer to the human as the ECM
composition within a single organ system varies from animal
to animal [20-22]. So it is very difficult to standardize a
common protocol or route of delivery or no. of cells to be
infused for functional regeneration of the organ scaffold.

Revascularization  of  decellularized  organ  scaf-
fold Development of durable vascular network represents a
major challenge for creating a bio-artificial organ where
immediate blood supply is needed to maintain cell survival due
to thickness of the tissue and corresponding diffusion distance.
Decellularized organ scaffolds retain the vasculature and
restoring blood flow accurately is less challenging, but the
question remains to be answered of how long it can be retained.
Because, any incompletely re-endothelialized vasculature is
always at risk of thrombosis, leading to localized organ failure.

Regeneration/repopulations of whole decellularized
organ scaffold

Recellularization is a process of generating functional cells

within the decellularized organ scaffold to get fully func-
tional bio-artificial organ. Seeding of specific type of cells
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with high proliferation and controlled differentiation
potential is necessary to repopulate the decellularized
organ scaffold. A variety of cell types such as embryonic
stem cells, mesenchymal stem cells, endothelial cells, fetal
tissue cells and induced pluripotent cells have been used in
many studies described below depending upon the type of
organ to intricate three-dimensional heterogeneous
arrangements. Although, a variety of organs have been
used for decellularization and recellularization to generate
the functional organ. None of them have proved their
absolute potential to replace the damaged organ/tissue. Still
there are certain complications and/or issues which need to
be considered and solved before its clinical applications.
Each organ has different anatomies with different func-
tions. Therefore, use of more appropriate cells remains a
challenge to regenerate a complete organ. And for each
organ type different strategies and functional aspects are
needed to consider before developing a better solution for
the current hurdles (Fig. 1).

Heart

Worldwide, more than 22 million people are currently
suffering with some forms of heart failure [6]. Approxi-
mately, 3,000 heart patients are on waiting list for heart
transplant [23]. The first successful heart transplantation
was performed in 1967 by Dr. Christiaan Barnard. How-
ever, the patient was died after 18 days of post-transplan-
tation due to pneumonia and heavy dose of immune-
suppressants. This approach provided a new hope for the
patients dying due to heart failure and other heart com-
plications. But due to higher rate of death because of heart
failure and unavailability of heart donors, alternative
strategies are needed to discover to accomplish the need of
new healthy heart. Decellularization and recellularization
approach has emerged as a potential technology for the
development of natural, functional and personalized heart.

Three major components are required for the develop-
ment of complete functional heart: (a) 3D-natural archi-
tecture, (b) appropriate cell composition and (c) maturation
of the construct to develop nascent pump function. Ott
et al. [6] performed perfusion decellularization for cadav-
eric rat hearts on a modified Langendorff apparatus and
further repopulated the acellular heart scaffold with cardiac
and endothelial cells through coronary perfusion into a
bioreactor and examined for simulated cardiac physiolog-
ical functions till 28 days. Interestingly, after day 8 they
found that recellularized heart construct was contracting
and drug responsive. After sufficient maturation the con-
structs could generate pump function (equivalent to 2 % of
adult or approximately 25 % of 16-week-old fetal heart
function) and given the further ability to repopulate the
entire vasculature with endothelial cells, this organ was
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Donor organism

]

Native organ

Recipient

Immunogenicity?

Xenogenic transplant?
Degree of infections?
Extra-carporeal organ suppor

Implantation

A

Recellularized organ characteristics
— Cells survival

— Number of cells

— Type of cells generated

— Engraftment

— Functional characteristics

Repopulated organ

Decellularization factors

— Methods

— Reagents used

— Perfusion rate

— Airways versus vascular instillation

— Sterilization and storage

— Temperature and Enzyme activity

— Pressure

— Organ source

— Organ age

— Prior injury identification
Decellularized organ

Decellularized organ characterization
— Residual ECM

— Complete vascular architecture

— Capsule integrity

— Mechanical strength

Factors required for repopulation
— Cell type

— Number of cells

— Route of infusion

— method of infusion

— Pressure

— growth factors

— Oxygen supply

Fig. 1 Schematic representation showing bio-artificial organ development using decellularization and recellularization approach and its

probable application

equal to entire donor heart. However, major limitation of
the study was that it was limited to rat hearts which can
further be scaled up to hearts of human size and
complexity.

Later, the similar approach was reported by Ng et al.
[24] where they repopulated the decellularized heart scaf-
fold with embryonic stem cells which failed to generate
functional heart construct because of low cardiac myocyte
differentiation efficiency. Further Lu et al. [25] demon-
strated the engineering of functional human heart tissues by
repopulating decellularized mouse hearts with human-
induced pluripotent stem cell-derived cardiac myocyte
progenitors (MCPs). CMPs were delivered through coro-
nary vessels of the heart which further demonstrated car-
diomyocyte proliferation, differentiation, myofilament
formation, spontaneous contraction, generation of
mechanical force and responsive to drugs. These studies
provide a greater hope to engineer personalized human
heart constructs which may find application in clinical
practice after significant developments.

Liver

Since last two decades, most of the tissue-engineering
approaches have involved in reconstruction of thin sheets
of cells, such as skin, arteries and bladder [26-28]. Con-
struction of thicker tissues (muscles, liver and kidney, etc.)
has not been feasible due to partial diffusion of oxygen and
nutrients within the engineered scaffold [29]. Baptista et al.

[30] provided an important tool for the creation of a fully
functional bioengineered liver by perfusion decellulariza-
tion of rat liver after removing the cellular components and
preserving the macrovascular tree of the entire liver. The
decellularized whole liver scaffold was perfused with
human fetal liver and endothelial cells through the vascu-
lature. And it was observed that the entire area throughout
the liver scaffold was repopulated by engrafting into their
reputed usual locations. The cells within the repopulated
liver displayed typical hepatic, endothelial and biliary
epithelial markers.

In our view, these decellularized liver bio-scaffolds have
a great potential to ensue an advanced in vitro natural liver
cell culture system for toxicology, pharmacology and drug
discovery. This may also established as an excellent tool to
cram the normal tissue and organ development as well as
liver pathology. Finally, the decellularization and recellu-
larization technology may fetch us closer to the critical
goal of developing bioengineered personalized livers for
transplantation in end-stage liver diseases.

Kidney

The increasing prevalence of patients with end-stage kid-
ney diseases is in greater need of functional kidney donor.
However, stagnant donor organ numbers have increased
the waitlist mortality to 5-10 %. Despite advancements in
renal transplantation immunology [31], almost 20 % of the
recipients experience episode of acute rejection within
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5 years of post-transplantation whereas approximately
40 % patients die after 10 years due to graft rejection and
other complications. Several attempts have been made to
substitute the native kidney structure and function. Previ-
ous studies have demonstrated bioengineering of viable
tubular structure to supplement the hemofiltration. More
portable and compatible, renal assisting devices have
reached the stage of preclinical evaluation and hold great
promise to improve the quality of life of patients suffering
from end-stage renal failure [32—-34]. Indeed, these strate-
gies provide a part of the functional kidney and fail to
provide life-long protection and alternative to the natural
kidney.

Development of a bioengineered kidney could resolve
these problems by providing fully functional kidney
transplants. Recently, Song et al. [21] performed perfusion
decellularization of cadaveric rat kidneys and repopulated
the acellular kidney scaffold by human umbilical venous
endothelial cells through the renal artery and suspended rat
neonatal kidney cells through the ureter. The kidney scaf-
fold was kept under controlled environment of a bioreactor
to provide whole organ culture conditions. After several
days of organ culture within the perfusion bioreactor
regenerated kidney constructs produced urine in vitro.
Within the regenerated kidney macromolecular sieving,
electrolytes and glucose reabsorption were partially
restored which clearly indicates engraftment and function
of repopulated endothelial cells. This landmark study
provided an innovative technology for further translation
into upscale kidney developments.

Lung

Several devastating lung diseases such as chronic
obstructive pulmonary diseases (COPD), cystic fibrosis and
idiopathic pulmonary fibrosis (IPF) are major causes of
morbidity and mortality for which there is no cure. Lung
transplantation is the only option for the treatment of such
end-stage lung disorders. COPD has been predicted to be
the third leading cause of death worldwide by the year
2020 [35, 36]. Three most important elements (cells,
scaffold, and growth factors) in any organ control the
process of tissue regeneration. There are various methods
available for organ scaffold generation, for example, ther-
mal-induced phase separation, gas foaming, rapid proto-
typing and decellularization. Among these methods,
decellularization has emerged as the most promising
technology for whole organ scaffold generation. Because
of increasing prevalence of end-stage lung diseases,
development of a decellularized whole lung scaffold is
valuable as a substrate for the growth of engineered lung
tissue. In these perspectives, few recent studies have
demonstrated the successful generation of acellular whole

@ Springer

lung scaffold by decellularization [22, 37-40]. Further
developments in the generation of whole lung ECM can be
useful for the study of lung development, and substrate
cues that impact pulmonary epithelial growth and
differentiation.

Trachea

Since last two decades, several attempts have been carried
out for the construction of tracheal spare parts, but instead
of vast efforts they have met with serious difficulties. Os-
sda et al. [41] and Vacanti et al. [42] published the first
report for the trachea engineering. Since then various
approaches have been followed for the development of bio-
artificial trachea. However, the complete satisfactory
approach has not been achieved for the development of
tracheal substitutes. Paz et al. [43] demonstrated the fea-
sibility of creating a structurally sound tissue-engineered
tracheal replacement by combining chondrocytes seeded
on a ploy ethylene glycol (PGA) scaffold with a decellu-
larized aortic scaffold. Significant improvements were
observed in native cartilage regeneration and structural
stability. This study provided a foundation for further
animal studies for the generation of tracheal grafts to
provide a new therapy for the patients with extensive tra-
cheal disease.

Pancreas

Current treatment of diabetes mellitus using insulin injec-
tion and islet transplantation embraced with certain limi-
tations of daily insulin injection and low survival rate for
islet transplants. To overcome these limitations, there is a
need to develop a favorable biological support for islet
regeneration and long-term survival. Acellular ECM
derived from various cell types have been used to support
the cells survival, engraftment, growth and maturation [44].
However, rather than attempting to design matrixes, de-
cellularized whole pancreatic organ scaffold may be gen-
erated by decellularization approach which provides a
natural three-dimensional platform for pancreatic
development.

Bench to bedside translation of repopulated
decellularized organ scaffolds

Several investigations have performed repopulation of
decellularized organ scaffold using different types of
cells. Whereas many key challenges remain to be solved
for better recovery and clinical outcome. Further studies
are needed to determine the role of biological, structural
and mechanical factors responsible for the generation of
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natural ECM with functional recovery. Petersen et al.
[38] and Ott et al. [45] for the first time demonstrated
transplant survival for few hours of repopulated lung
scaffold into rats with adequate oxygen and CO,
exchange and appropriate pressure/volume relationships.
However, the rat died because of pulmonary edema and/
or hemorrhage resulting in respiratory failure. This
approach provided a clue for the development of new
organ by recellularization of decellularized organ scaf-
folds. Following the above study, Song et al. [21] gen-
erated a bio-artificial rat kidney by decellularization and
recellularization approach using human umbilical cord
blood-derived endothelial cells and showed urine pro-
duction along with slight macromolecular sieving and
reabsorption potential.

In summary, development of bio-artificial functional
organs based on the decellularization and recellularization
of whole organ scaffold still remains a challenge. And
more research is needed for the prediction of functional
outcome ex vivo and in vivo such as long-term survival,
engraftment and cost effectiveness. Finally, the concept of
decellularization and recellularization has provided a new
dimension for the development of bio-artificial organs
which can find its clinical applications after further
advancements.
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