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Comparison of Methods for Whole-Organ Decellularization
in Tissue Engineering of Bioartificial Organs
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Organ transplantation is now a well-established procedure for the treatment of end-stage organ failure due to
various causes, but is a victim of its own success in that there is a growing disparity in numbers between the
donor organ pool available for transplantation and the patients eligible for such a procedure; hence, an alter-
native solution to the limited donor organ pool is both desirable and necessary. Tissue engineering is an
interdisciplinary field that applies the principles of engineering and life sciences toward the development of
functional replacement tissues for clinical use. A recent innovation in tissue and organ engineering is the
technique of whole-organ decellularization, which allows the production of complex three-dimensional extra-
cellular matrix (ECM) bioscaffolds of the entire organ with preservation of the intrinsic vascular network. These
bioscaffolds can then be recellularized to create potentially functional organ constructs as a regenerative med-
icine strategy for organ replacement. We review the current applications and methods in using xenogeneic
whole-organ ECM scaffolds to create potentially functional bioartificial organ constructs for surgical implan-

tation, and present a comparison of specific trends within this new and developing technique.

Introduction

ORGAN TRANSPLANTATION Is now a well-established
procedure for the treatment of end-stage organ failure
due to various causes, but is a victim of its own success in that
there is a growing disparity in numbers between the donor
organ pool available for transplantation and the patients eli-
gible for such a procedure, with a high mortality rate in those
who are on the waiting list. While there is ongoing debate to
address this issue with strategies, both within a wider social or
legislative context (e.g., so-called opt-out or presumed consent
organ donation') and others more specifically applicable to
certain groups (e.g., living kidney donation), these strategies
can be either controversial or not without additional clinical
risk (e.g., to the living donor). An alternative solution to the
limited donor organ pool is both desirable and necessary.
Tissue engineering is an interdisciplinary field that applies
the principles of engineering and life sciences toward the
development of functional replacement tissues for clinical
use. Many developments within this field employ the seed-
ing and cultivation of cells onto acellular scaffolds; however,
control and utilization of the types of cell, scaffold material,
interactions between the two, and the optimal conditions for
the regeneration of functional tissue replacement are com-
plex and vary from the nano- to macroscale.” One group of
biological scaffold materials that are already commonly in

use for a variety of reconstructive surgical applications is that
derived from the extracellular matrix (ECM).> The ECM is
secreted by the resident cells of each tissue and organ, and
scaffolds derived from this material are produced by the
process of decellularization of the specific tissue.*

A recent innovation in decellularization is the generation
of whole-organ ECM scaffolds.” This is a new technique in
the application of decellularization agents (e.g., detergents)
by using antegrade or retrograde perfusion of the inherent
vascular network within the organ. This technique has led to
the production of so-called bioartificial scaffolds'®'! that
preserve the three-dimensional (3D) ECM structure of an
organ in its entirety.'>* This complete 3D structure gives
site-specific architecture and composition, which control
function at a local level within the organ. This scaffold can
then be subsequently repopulated with cells using the same
perfusion technique to produce organ regeneration to a
functional degree. This type of scaffold combines the natural
advantages and properties of the ECM in promoting and
regulating cell proliferation and differentiation, the organi-
zational and architectural complexity of the whole organ, as
well as the supportive vascular network for the provision of
oxygen and nutrients required for 3D tissue metabolism.
This work has been carried out with preliminary success in
animal studies of the heart,'° the lungs,n’l‘l’21 and the liver,!”
and the decellularized whole-organ scaffold has also been
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produced in the kidney,'®2° as well other tissues such as

small bowel* and skeletal muscle.””

We review the current applications and methods in using
xenogeneic whole-organ ECM scaffolds to create potentially
functional bioartificial organ constructs for surgical implan-
tation, and compare specific trends within this new and
developing technique to give a concise overview of existing
experimental work across all the relevant organ systems as a
tool for researchers.

The ECM

The ECM is the naturally occurring scaffold material se-
creted and manufactured by the resident cells of each tissue
and organ. The complex 3D organization of the ECM and its
components are dictated by the tissue from which the ECM
is derived and can be considered specific to that tissue or
organzs’g’o; however, individual components are common
throughout most tissues such as collagen, laminin, fibro-
nectin, and hyaluronic acid. The structural and functional
molecules of the ECM are in a state of dynamic equilibrium
within the surrounding microenvironment,®>' and also pro-
vide the means by which cells communicate with each other
and the external environment.>>3? By definition, the ECM
possesses the ideal characteristics of the tissue-engineered
scaffold or biomaterial (in addition to the functions already
described), being biocompatible, a supportive medium for
blood vessels, nerves, and lymphatics and for the diffusion of
nutrients from the blood, as well as being able to undergo
constructive remodeling and degradation within the body’s
own sys’cems.34_36

The Properties of ECM
Bioinductive properties of ECM

The ability of the ECM scaffold to facilitate and integrate
cellular and external environmental cues is the consequence
of its bioinductive properties, allowing the constructive re-
modeling of tissue after the in vivo implantation of ECM
scaffolds.’” " This remodeling cannot be solely attributed to
characteristics such as viscoelastic behavior, biomechanical
properties, or host cell attachment through collagen, fibro-
nectin, and laminin ligands within the ECM. Growth factors
such as vascular endothelial growth factor,*® basic fibroblast
growth factor,**? and transforming growth factor-beta®***®
are responsible for crucial events of remodeling such as an-
giogenesis, abundant host cell infiltration, mitogenesis, and
deposition and organization of new host ECM. These can
survive tissue processing and terminal sterilization*'**** to
exert an effect on tissue remodeling and are released during
the degradation of the ECM scaffold.*** Indeed, the deg-
radation process itself, which is mediated by enzymatic and
cellular processes, may be considered as a mechanism for
controlled release of the ECM constituent molecules. The
process of degradation and growth factor release continues
until the scaffold is completely degraded. Degradation
products of the molecules that constituted the ECM may
mediate a subsequent series of remodeling events. These
subsequent events include the release of cryptic peptides that
initiate and sustain the recruitment of circulating, bone
marrow-derived undifferentiated progenitor cells that ac-
tively participate in long-term tissue remodeling,***” the

195

generation of antimicrobial peptides that protect the re-
modeling site from pathogens,** ™ other peptides that
modulate angiogenesis, and the recruitment of endothelial
cells over periods up to 6-8 weeks.™

Biomechanical properties of ECM

The mechanical properties of the ECM can be predomi-
nantly understood from the combination of its collagen fiber
architecture and kinematics. The tissue from which an ECM
scaffold is harvested will define its structural characteristics
(such as fiber size, orientation, and alignment) and me-
chanical properties. For instance, small intestinal submucosa
(SIS)-derived ECM has been shown to have a preferred fiber
alignment in a spiral arrangement along the longitudinal axis
of the small intestine,***>°® and it is likely that this structural
arrangement facilitates dilation and retraction of the small
intestine during peristalsis and transport of intraluminal
contents. An understanding of the collagen fiber structure
from each organ is important to closely match the scaffold
mechanical properties to those of the intended target organ.

Degradation and constructive remodeling of ECM

The bioinductive properties of ECM scaffolds depend
crucially on the efficient and effective degradation of the
scaffold material and facilitate the constructive remodeling
of injured tissue. The species of origin, tissue of origin, and
processing techniques during the production of the ECM
scaffold can differ markedly and factors such as method of
decellularization, use of chemical crosslinking agents, and
means of sterilization can affect the degradability and host
response to the scaffold material.”” Quantitative studies of
#C-labeled SIS used in augmentation cystoplasty® and
Achilles tendon reconstruction® procedures have shown
that 50% or more of the ECM scaffold is degraded and re-
moved from the implantation site by 28 days. The degra-
dation products are excreted via the urine with no recycling
to other tissues. Furthermore, the replacement of the de-
graded SIS with functional (and similar to normal) host tis-
sue occurred without the loss-of-function, for example,
bladder or tendon rupture suggests a rapid infiltration and/
or proliferation of functional host cells at the remodeling site
with deposition of new ECM. In these two models of deg-
radation analysis, there was also the critical involvement of
biomechanical factors such as physiological bladder filling
and emptying® or progressive weight bearing postopera-
tively in the tendon repair model.>* Environmental factors
may also play an important role in determining in situ re-
generation or transformation of implanted tissues, such as
that seen in the formation of host-derived tracheal tissue
within a long segment of allogenic aortic graft transplanted
as a potential conduit for tracheal replacement.**' Hence,
understanding of the additional factors that modulate re-
modeling is also essential to utilize ECM scaffolds effectively.

Host immune response to xenogeneic ECM

Most ECM scaffold biomaterials and commercially avail-
able surgical implants are of xenogeneic origin, such as a
porcine or bovine source with a few types from human al-
logeneic tissue.” Nonhuman biomaterials have been used in
humans for many years without evidence of adverse
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host immunological outcomes, for example, porcine heart
valve replacements and porcine and bovine insulin for the
treatment of diabetes mellitus. Xeno- and allogeneic cellular
antigens (e.g., cell membrane Gal epitope) are by defini-
tion recognized as foreign by the host and can induce a hy-
peracute rejection response after organ xenotranplantation;
however, components of the ECM are generally conserved
among species and tolerated well. With the SIS ECM, com-
plement activation or cell-mediated rejection response does
not occur even with the small amounts of Gal epitope that are
present,*>® and this could be further prevented with either
use of transgenic gal knockout animals for tissue harvesting or
treatment of harvested ECM with galactosidase.

In terms of the cell-mediated immune response, the Thl
lymphocyte phenotype is associated with macrophage acti-
vation, complement fixation, and CD8+ cytotoxic cell dif-
ferentiation, and activation of the Th1 pathway is implicated
in transplant rejection.c"l'65 In contrast, activation of the Th2
lymphocyte pathway does not lead to these events, differs
markedly both in the profile of cytokines and antibody iso-
types produced, and is hence associated with transplant ac-
ceptance.®®®” Implantation studies of the SIS ECM in mice
have shown that a Th2 type immune response occurs, similar
to that elicited by syngeneic muscle tissue.®®*’

The likely innate immune-mediated inflammatory re-
sponse to ECM materials and bioscaffolds also plays an
important role in their degradation in situ and subsequent
constructive remodeling process, and this can be demon-
strated by the macrophage phenotype response. Macro-
phages are phenotypically and functionally plastic, but can
be broadly characterized into a polarized M1/M2 phenotype
classification, which forms a parallel to the Thl/Th2 re-
sponse in that M1 macrophages are associated with a
proinflammatory and M2 with a constructive remodeling
response.”’ The constructive remodeling process can be
correlated with the ability of the implanted material to direct
the macrophage phenotype, and the ECM has been shown to
promote the switch from M1 to M2 after implantation.”"”*
However, the use of chemical crosslinking agents that may
interfere with the macrophage-mediated breakdown of the
ECM material inhibits the beneficial M2 phenotype and leads
to chronic inflammation and fibrosis.”*

Hence, it can be seen that the overall host immune re-
sponse for any particular ECM material will be variable and
dependent on the diversity of tissue sources and processing
methods used in its preparation.

Decellularization and Processing of ECM Scaffolds

Because of the complexity of the 3D organization and
composition of all the structural and functional molecules of
the ECM that have not yet been fully characterized (and for
each type of tissue), it is not currently possible to synthe-
size this biomaterial in the laboratory. Hence, ECM scaf-
folds are produced by the process of decellularization of
naturally derived tissues, and this can be achieved by a va-
riety of agents and techniques.’ The complexity and length of
the decellularization protocol are correlated with the degree
of structural and biological conservation required for the
postprocessed tissue, especially for composite tissues and
whole organs. Any agent or method will cause some dis-
ruption of the ECM composition and ultrastructure, and
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minimization of these effects is desirable as complete
avoidance is not yet feasible. While it is not possible to re-
move 100% of cellular material from the ECM, it is possible
to quantitatively assay cell components such as DNA, mi-
tochondria, and membrane phospholipids. Residual cellular
and nuclear material may contribute to cytocompatibility
problems in vitro and adverse host responses in vivo.”*”” Tt is
also necessary to sterilize ECM scaffolds before in vitro use or
implantation, as well as the removal of pyrogens (such as
endotoxins and intact viral and bacterial DNA) that may be
present.

Biological scaffolds may be sterilized by simple treatments
such as incubation with acids or solvents, or other treatments
such as ethylene oxide exposure, gamma-radiation, and
electron beam irradiation. While the simple methods can lack
penetration or may damage key ECM components,”® the
latter ones can affect ECM ultrastructure and mechanical
properties,”* ™" and newer methods such as supercritical
carbon dioxide requires further investigation.82 Hence, this
necessary process is another factor that can critically influ-
ence the properties of the bioscaffold, and must be taken into
account during the wider-scale standardization and quality
assurance of such ECM products before clinical translation.

Whole-Organ Decellularization:
Perfusion—-Decellularization

This is a relatively new technique that uses anterograde or
retrograde perfusion via the intrinsic vascular network as a
means of applying the decellularizing agent while largely
preserving the 3D architecture of the organ from which the
ECM has been isolated. It is the only technique to allow de-
cellularization of thick 3D tissue sections or complete organs in
a way that was not previously possible. Since the vascular
network exists to minimize the diffusion distance for oxygen to
cells, this is a particularly efficient way of delivering decel-
lularizing agents throughout the tissue and transporting the
cellular material from the tissue. The vascular network remains
intact even after full decellularization has been achieved, hence
offering a route for the efficient delivery and penetration of
cells and nutrients into the ECM scaffold during the process of
recellularization to create a functional organ construct (see Fig.
1 for the schematic diagram of the life cycle of whole-organ
decellularization and potential clinical applications).

An Overview of Whole-Organ Decellularization Work
The heart

The first report in which whole-organ decellularization
was successfully performed was on the heart.! The aorta of
a rat heart was cannulated to allow retrograde coronary
perfusion with heparinized phosphate-buffered saline with
adenosine, 1% sodium dodecyl sulfate (SDS), and 1% Triton
X-100 in sequence alternating with rinsing with deionized
water between steps. This produced a decellularized scaffold
that was structurally similar to the heart, but had a translu-
cent white appearance throughout (Fig. 2). Reimplantation of
the acellular heart scaffold onto the aorta demonstrated an
intact and patent vascular network (Fig. 3). Recellularization
of the heart scaffold with cardiomyocytes under electro-
physiological stimulation formed a construct capable of
muscular contraction.
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FIG. 1. Schematic diagram
of the life cycle of whole-
organ decellularization and
potential clinical applications.
Color images available online
at www.liebertpub.com/teb
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The lungs

A number of groups have investigated the use of perfu-
sion decellularization in the lungs,ll’ls_ls’21 which contain
two accessible compartments separated by a short diffusion
distance, that is, the vascular and the airway systems, by
using varying protocols of vascular perfusion alone,'! or in
combination with endotracheal instillation,***® or perfusion
of the airway compartment.”> The decellularizing agents
used were also far more varied from protocol to protocol,
from SDS at different concentrations'"'**' to 8mM
CHAPS,™ to a combination of Triton X-100/ deoxycholate/
DNAse/bleach.”” All groups demonstrated preservation of
the major components of the ECM and the micro- and
macroarchitecture of the lung. Recellularization was
achieved with all the reports, although Petersen et al. mim-
icked physiological conditions within the bioreactor by
ventilation of the airway compartment at negative pressure
at 1 breath/min, and maintained pulmonary artery pressure
at 20mmHg or below. Orthotopic implantation of these tis-
sue-engineered lung constructs demonstrated active gas ex-
change occurring via sampling of pulmonary arterial and
venous blood. However, results in this study and Ott ef al.

FIG. 2. The heart in stages of increasing decellularization
over time with 1% sodium dodecyl sulfate as the decel-
lularizing agent, with the end result of a translucent ap-
pearing heart-like scaffold structure. The panel on the right
shows histological evidence (H&E staining) of decellu-
larization. Reproduced from [8]. Scale bar=200 pm. Color
images available online at www liebertpub.com/teb

@

Patient

showed vascular leakage and pulmonary edema after a few
hours of implantation, indicating damage to the microvas-
culature from the decellularization process. In a follow-up
study to Ott et al., Song et al. demonstrated further optimi-
zation of graft preservation and oxygenative function post-
implantation for as long as 7 days.*' Recellularization was
performed with mixtures of whole-lung cell isolates in four
cases,'""*12! but one group used a homogeneous mouse
embryonic stem cell population,® which showed that the
matrix was capable of promoting site-appropriate differen-
tiation without any other specific differentiation cues.

The liver

Liver decellularization has been performed by antegrade
perfusion via the portal vein with SDS and Triton X-100,
either alone or in combination,!¢172324 although another
study used trypsin/EGTA,*® and Baptista et al. used Triton
X-100 in combination with ammonium hydroxide.'®*
Decellularization was demonstrated with histology and ev-
idence of DNA removal, and retention of key ECM constit-
uents with preservation of microvasculature and ECM

FIG. 3. Coronary perfusion and evidence of intact coronary
vasculature (right) after orthotopic implantation of the de-
cellularized heart scaffold (left) and unclamping of the aorta.
Reproduced from [8]. Color images available online at
www.liebertpub.com/teb
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TABLE la. SUMMARY OF SPECIES AND STRAIN USED FOR DECELLULARIZATION

Organ Authors Species (strain)

Heart Ott et al., 2008 Rat (Fischer 344)

Heart Wainwright et al., 2010 Pig

Lung Ott et al., 2010 Rat (Sprague Dawley)

Lung Petersen et al., 2010 Rat (Fischer 344)

Lung Cortiella et al., 2010 Rat

Lung Price et al., 2010 Mouse (C57BL/6)

Lung Song et al., 2011 Rat (Sprague-Dawley)

Liver Uygun et al., 2010 Rat (Lewis)

Liver Shupe et al., 2010 Rat (Fischer 344)

Liver Soto-Gutierrez et al., 2011 Rat (Sprague-Dawley)

Liver Baptista et al., 2011 Ferret

Liver De Kock et al., 2011 Rat (Sprague-Dawley)

Liver Barakat et al., 2011 Pig (Yorkshire)

Kidney Ross et al., 2009 Rat (Sprague-Dawley)

Kidney Liu et al., 2009 Rat (Wistar)

Liver, Kidney, Pancreas, Small bowel

Small bowel
Skeletal muscle

Baptista et al., 2009

Totonelli ef al., 2012
Perniconi et al., 2012

Ferret liver

Pig kidney/pancreas/small bowel
Rat (Sprague-Dawley)

Mouse (BALB/C)

TABLE 1b. SUMMARY OF DECELLULARIZATION AGENTS USED

Organ Authors SDS SDS + Triton Other
Heart Ott et al., 2008 (+) + -
Heart Wainwright ef al., 2010 - - +
Lung Ott et al., 2010 (+) + -
Lung Petersen et al., 2010 - - +
Lung Cortiella et al., 2010 + - -
Lung Price et al., 2010 - - +
Lung Song et al., 2011 (+) + -
Liver Uygun et al., 2010 (+) +

Liver Shupe et al., 2010 (+) + -
Liver Soto-Gutierrez et al., 2011 - - +
Liver Baptista et al., 2011 - - +
Liver De Kock et al., 2011 (+) + -
Liver Barakat et al., 2011 + - -
Kidney Ross et al., 2009 (+) +

Kidney Liu et al., 2009 (+) + -
Liver, Kidney, Pancreas, Small bowel Baptista et al., 2009 - - +
Small bowel Totonelli ef al., 2012 - +
Skeletal muscle Perniconi et al., 2012 + - -

SDS, sodium dodecyl sulfate.

ultrastructure. Hepatocytes were seeded onto the acellular
liver scaffold via portal vein perfusion and were shown to be
functional in four studies'”******> by showing evidence of
synthesis of lactate dehydrogenase, albumin, and urea after
heterotopic implantation. In particular, two studies attempt
to scale-up this approach to further approximate human-
scale engineered organ constructs by use of ferret”” and
porcine®® livers, and both studies seeded the bioscaffolds
with human liver cells, which were shown to be compatible
on these xenogeneic scaffolds.

The kidney

Several groups have decellularized whole kidneys by the
perfusion method with preservation of the vascular network
and complete cell removal.'**° Decellularizing agents vary
from 1% Triton or SDS'®'" to 3% Triton with DNase and

additional 4% SDS.?° The preservation and presence of ECM
constituents such as laminin and collagen IV were also
demonstrated, as well as collagen I, fibronectin, and heparin
sulfate in a separate study, which did not employ perfu-
sion.”® The latter study juxtaposed fetal cells in fresh renal
explants with the ECM scaffolds by layering fetal kidney
tissue against the ECM, which supported developmental
renal phenotypes in these cells after they migrated into the
ECM. In the study by Ross et al., decellularized rat kidneys
scaffolds were reseeded with murine embryonic stem cells,
and the renal ECM was shown to support the renal differ-
entiation of the embryonic stem cells.

Other tissues/organs

The technique of whole-organ decellularization is also
expanding into other tissues and organs such as the small
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TABLE 1c. SUMMARY OF CONDITIONS USED FOR PERFUSION DECELLULARIZATION

Duration of decellularization

Organ Authors Flow rate Perfusion pressure (perfusion)
Heart Ott et al., 2008 - 77.5mm Hg 12-13h
Heart Wainwright ef al., 2010 1.3L/min - 6-7h
Lung Ott et al., 2010 - 30mm Hg 2-3h
Lung Petersen et al., 2010 - <20mm Hg (Total 500 mL perfused)
Lung Cortiella et al., 2010 N/A N/A N/A
Lung Price et al., 2010 N/A N/A N/A
Lung Song et al., 2011 - 80cm H,O 2-3h
Liver Uygun et al., 2010 1mL/min - 5 days
Liver Shupe et al., 2010 5mL/min - (Total 300 mL x4 perfused)
Liver Soto-Gutierrez et al., 2011 8 mL/min - 20-26h
Liver Baptista et al., 2011 5mL/min - (Total 40 x + 50 x volume
of the liver)
Liver De Kock et al., 2011 30mL/min - 1-2h
Liver Barakat et al., 2011 - 80mm Hg 2-3 days
Kidney Ross et al., 2009 - 100 mm Hg (Not stated)
Kidney Liu et al., 2009 - 100 cm H,O 12-13h
Liver, Kidney, Pancreas,  Baptista ef al., 2009 10-60 mL/min - 24h
Small bowel
Small bowel Totonelli et al., 2012 0.6mL/h - 31h (per DET cycle)
Skeletal muscle Perniconi et al., 2012 N/A N/A 24-48h

TABLE 1d. SUMMARY OF DECELLULARIZED WHOLE-ORGAN SCAFFOLD CHARACTERIZATION AND TECHNIQUES

Histology/ Quantitative assay for Vascular Mechanical
Organ Authors IHC EM DNA/ECM components characterization testing
Heart Ott et al., 2008 +/+ + - Corrosion casting + +
implantation
Heart Wainwright ef al., 2010 +/+ + + - +
Lung Ott et al., 2010 +/- + - - +
Lung Petersen et al., 2010 +/+  + - Micro-CT +
Lung Cortiella ef al., 2010 -/—({F) -  (Gel electrophoresis - -
for DNA)
Lung Song et al., 2011 - - - - -
Lung Price et al., 2010 +/+ + + - +
Liver Uygun et al., 2010 +/+ + + Corrosion casting -
Liver Shupe et al., 2010 +/+ - - -
Liver Soto-Gutierrez et al., 2011 +/+ +  (Gel electrophoresis Corrosion casting -
for DNA)
Liver Baptista et al., 2011 +/+ o+ + Fluoroscopy + -
confocal microscopy
Liver De Kock et al., 2011 +/+  + - Corrosion casting -
Liver Barakat et al., 2011 +/+ - - Corrosion casting
+ fluoroscopy
Kidney Ross et al., 2009 +/+ + - - -
Kidney Liu et al., 2009 +/-(1F) + - - -
Liver, Kidney, Baptista et al., 2009 +/- - - Fluoroscopy -
Pancreas,
Small bowel
Small bowel Totonelli et al., 2012 +/+ + + - +
Skeletal muscle Perniconi ef al., 2012 +/+ - - - -

IHC, immunohistochemistry; EM, electron microscopy; IF, immunofluorescence; ECM, extracellular matrix.

bowel and skeletal muscle, especially as it has the potential
to allow the development of a viable replacement in the
absence of any current clinical alternative, for example, in-
testinal failure and large-muscle defects due to trauma. To-
tonelli et al. have demonstrated the application of this
technique to small bowel®® and shown the viability of am-
niotic fetal stem cells seeded onto the decellularized scaffold

and its angiogenic properties, although perfusion re-
cellularization was not performed. Perniconi et al. have de-
cellularized whole skeletal muscles derived from rats by an
incubation method, and further have implanted the acellu-
lar scaffolds in vivo within an equivalent muscle defect to
show infiltration of inflammatory and stem cells within the
scaffolds.?”
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Common trends seen within published protocols

The main parameters of interest for the perfusion decel-
lularization and recellularization protocols are compared
and summarized in Tables la-d and 2a and b, respectively.

Table 1a shows the different animal species and strains
used, with the most common being rat, although there is an
intentional move toward larger species to scale-up the tech-
nique to approach more human-sized organ constructs.

Table 1b displays the most common decellularizing agents
used, with the predominance of SDS whether alone or in
combination with Triton X-100. When another agent is quoted,
there is a far wider disparity between protocols that almost
vary from article to article (7 out of 18 in total). There are also
other marked differences in protocols such as the additional
use of physical methods (freezing) and whether DNAse or
RNAse is also employed in combination with the main decel-
lularizing agent (full details in Appendix Tables Al and A2).

Table 1c summarizes the decellularization pump setup
parameters, that is, flow rate (or pressure) and duration of
decellularization (for the entire protocol, including periods of
nonperfusion if relevant). While flow rates vary widely de-
pending on the animal species, generally the rates adopted
tend to be low and subphysiological vascular flow rates,
while flow pressures tend to mimic physiological in situ
ones. The total duration of the decellularization protocol
gives an indication of how widely varying the protocols can
be from group to group, whether in terms of the additional
steps/methods used, for example, freezing, storage phases
within the decellularization process, and the flow rates and
concentrations applied with even the same decellularizing
agents. The most marked contrast may be seen between De
Kock et al. and Uygun et al. in work on the liver bioscaffold
(1-2h vs. up to 5 days), especially as the former quote di-
rectly from the latter as a baseline for developing their more
streamlined protocol.

Table 1d summarizes the characterization of the decel-
lularized organ scaffold and the techniques used; there is a
common panel of tests to demonstrate a variety of important
structural properties preserved in the ECM that are neces-
sary for both the effectiveness of the bioscaffold for subse-
quent recellularization and the decellularization process
itself. As can be seen, groups vary in how much of this panel
of tests are completed. Not shown are any functional tests of
ECM bioactivity, as this is limited so far to single growth
factor assays and in two groups only.***

Table 2a summarizes the four main parameters in the re-
cellularization protocols: cell population, cell numbers, route
of seeding, and perfusion rate. The bioreactor conditions tend
to be similar, that is, incubator conditions, and duration of
continuous culture is on average 7 days (with one group
moving onto a longer period”'), and hence these parameters
have been omitted from the table. Full details can be found in
Appendix Table A2. Cell populations used have been com-
monly the mixed population-native cells isolated from fetal or
neonatal organs as the initial proof of concept, but work is
now moving onto human cell populations and stem cell
populations to demonstrate biocompatibility and the bioin-
ductive properties of the ECM scaffold. Cell numbers are by
necessity high, for example, 50-100 million on rat-derived
scaffolds, but exponentially higher on larger species; however,
this is usually still only 10%-20% of normal physiological cell
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numbers. The route of seeding can depend on the physiolog-
ical compartments available (other than the vascular), for ex-
ample, the airway, and also direct injection is possible, but
most researchers utilize the vascular route. There has been
some comparison between a continuously perfused seeding
process and a bolus intravascular injection, with some evi-
dence that the latter affords higher engraftment.'”

Table 2b displays those techniques for characterization of
the recellularized organ constructs (where applicable), and
these are usually a combination of histology-based techniques
and functional testing specific to the organ/tissue in question.

Summary

In terms of decellularization protocols, these vary widely
in many aspects, for example, strain/species of animal
used, decellularization agents and other parameters (plus
postdecellularization sterilization) to achieve the whole-or-
gan ECM scaffold required for recellularization. On one
hand, this is an indication of the universal applicability of the
principle of perfusion decellularization to all animal tissues,
and while variations in the optimal protocol can also be at-
tributed to differences in the nature of each type of organ/
tissue and its specific structure and composition, it also ap-
pears that a complete and systematic rationale for deter-
mining the optimal perfusion decellularization process has
not yet been achieved. Some studies have started to formally
assess achieved of decellularization protocols, for example,
scaffold properties with varying number of decellularization
Cycles,26 while only one study reports direct optimization
from a baseline protocol taken from another study.” Char-
acterization of the structural components of the ECM has
yielded similar methods and results across most of the
groups, but only two groups have attempted to assess the
presence of the (presumed) bioinductive molecules present
in the ECM with a quantification assay of two specific
growth factors.”®>? This is an area that requires further in-
vestigation in all the organs/tissues of relevance, as regula-
tory and standardization issues (e.g., quality control and
release criteria) are fundamental to the clinical translation
and commercialization of these ECM products. ECM prod-
ucts are known to vary from batch to batch (even animal to
animal), and hence standardization of basic parameters
(species/strain, gender, age, and weight) needs to be main-
tained to achieve meaningful comparison in outcomes, or
from group to group. These donor factors, and others relat-
ing to the use of biological agents within certain protocols,
may require a degree of dynamicity within the decellular-
ization process, but currently the extreme disparity between
some protocols suggests the need for a more evidence-based
approach. Preoptimization and standard operating proce-
dures are even more critical when it is likely that post-
processing testing of the ECM bioscaffold (and the
recellularized construct) is likely to be limited in scope in
those cases destined for implantation. Minimum standard-
ized biological requirements within whole-organ ECM scaf-
folds (e.g., threshold DNA levels and structural integrity
growth factor levels/activity) should also be established to
maintain biological quality and clinical safety.

Regarding the recellularization process, most groups use a
similar anatomical approach to the vascular perfusion setup
for circulation of medium during continuous culture and



202

also use appropriate physiological adjuncts to help stimulate
constructive remodeling (e.g., in the heart and lung models).
Most groups have investigated the use of a mixed population
of organ-specific cells isolated from neonatal or fetal animals
to seed the acellular ECM scaffold as proof of concept and
also to achieve the full extent of cellular variety and density
required to populate a whole-organ scaffold. Several groups
have also attempted reseeding with embryonic stem cells,
which have demonstrated proliferation and differentiation
specific to organ-specific bioinductive cues within the ECM
scaffold. In addition, human cell populations have also been
seeded onto the xenogeneic scaffolds to demonstrate bio-
compatibility. Again, there are quite widely varying pa-
rameters for the recellularization protocol between groups in
terms of cell numbers and culture conditions, and this is an
area where further systematic optimization is required. A
physiological degree of cellular engraftment has not yet been
achieved with any group, partly because of the very large
cell numbers required. Finally, functional assessment of re-
cellularized constructs depends on the degree of recellular-
ization achieved and varies from organ to organ and
whether the graft is suitable for implantation in vivo. Gen-
erally, only very short-term viability and implantation in vivo
have been achieved so far (e.g., 6h), but one study has ex-
panded this into a 7-day implantation period after improving
graft preservation.”!

Appendix Tables Al and A2 summarize further details of
the decellularization and recellularization protocols used in
the work published from the groups above.

Future Work and Considerations: Surgical
Implantation of Bioartificial Organ Constructs

It has been shown so far that whole-organ decellulariza-
tion can yield whole-organ ECM bioscaffolds capable of
supporting recellularization on a complex 3D level and
sustaining appropriate cellular and tissue functionality.
These bioartificial organ constructs also allow relatively easy
surgical manipulation, especially as they preserve the intact
vascular pedicle for direct anastomosis at the orthotopic
implantation site. The intact and inherent vasculature per-
mits direct perfusion of the tissue and maintains provision of
nutrients and oxygen to the implanted graft, in an exact
parallel to the transplant procedure. As such, this technique
could provide an ideal shortcut to bioengineering an organ
replacement that is structurally and histologically similar to
the original organ in question, uses established surgical
procedures for implantation, is able to potentially support
cellular function to the same degree, is biologically compat-
ible, and comes from a widely available source (e.g., porcine
or other xenogeneic organs).7

Currently, there are limitations to all the tissue-engineered
organ constructs produced so far in terms of functionality
and viability in vivo, varying from achieving sufficient or
comparable to normal cellular density, achieving full cellular
and tissue differentiation, and assessment of long-term via-
bility, functionality, and constructive remodeling of organ
grafts implanted in vivo. It would also be necessary to ex-
pand these techniques on larger-animal organs, which are
closer in size and functionality to human ones. These are
issues to be addressed and optimized before work can pro-
ceed to the clinical stage, in conjunction with the regulatory
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issues that guide cell choice (such as those as by the U.S.
Food and Drug Administration regarding the use of autol-
ogous human cells applied in a nonhomologous location, or
the use of allogeneic cells in virtually all cases), as well as a
common language for reporting outcomes in trials.

In addition, it would be important to investigate the pos-
sibility of organ regeneration from an alternative cell source
such as a stem cell population. Possibilities for this may be
embryonic stem cells as has been tried in the lung or mesen-
chymal stem cells, which can differentiate into functional
nephrons after injection into the nephrogenic site of devel-
oping rat embryos,84 and are furthermore involved in the
repair and recovery of renal function after acute renal inju-
ry.5% If eventually autologous cells such as mesenchymal
stem cells from the recipient alone could be used to create a
functional organ graft, there could be significant clinical im-
plications in overcoming the immune barrier and problem of
rejection, with further great potential benefits to the patient.
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