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The definitive treatment for patients with end-stage liver disease is orthotropic transplantation. However, this
option is limited by the disparity between the number of patients needing transplantation and the number of
available livers. This issue is becoming more severe as the population ages and as the number of new cases of
end-stage liver failure increases. Patients fortunate enough to receive a transplant are required to receive immu-
nosuppressive therapy and must live with the associated morbidity. Whole organ engineering of the liver may
offer a solution to this liver donor shortfall. It has been shown that perfusion decellularization of a whole allo-
geneic or xenogeneic liver generates a three-dimensional ECM scaffold with intact macro andmicro architecture
of the native liver. A decellularized liver provides an ideal transplantable scaffold with all the necessary ultra-
structure and signaling cues for cell attachment, differentiation, vascularization, and function. In this review,
an overview of complementary strategies for creating functional liver grafts suitable for transplantation is pro-
vided. Early milestones have been met by combining stem and progenitor cells with increasingly complex scaf-
fold materials and culture conditions. ( J CLIN EXP HEPATOL 2014;5:69–80)
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Allogeneic liver transplantation is the “gold stan-
dard” for patients with end-stage liver disease but
is limited by its high cost and the severe donor or-

gan shortage.1 Both xenotransplantation and hepatocyte
transplantation represent alternative therapies, but these
approaches have had limited clinical success. Xenotrans-
plantation could provide a limitless supply of donor or-
gans; however, previous attempts have resulted in
hyperacute rejection and death. Hepatocyte transplanta-
tion offers much promise for correcting nonemergency
conditions such as genetic defects of the liver, but low effi-
ciency of engraftment, long-term immunosuppression
from the use of allogeneic cells, and a lag time of 48 h
for the transplanted hepatocytes to become functional
in vivo have limited the clinical success.2,3 Biohybrid
eering, extracellular matrix, biologic scaffold,
issue engineering
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artificial liver (BAL) devices provide temporary support
for patients waiting for an allogeneic liver transplant,
and since the liver can regenerate, the temporary support
provided by BAL may allow sufficient time for this
process. However, the lack of a reliable cell source
combined with the inability of BAL to maintain the
functionality of hepatocytes for long periods of time has
limited its clinical utility.4

These therapeutic challenges have catalyzed the concept
of whole organ engineering using three-dimensional bio-
logic scaffolds composed of extracellular matrix (ECM).
Whole organ engineering of the liver is based upon three
fundamental concepts: 1) the native ECM of the liver rep-
resents an ideal and required substrate for liver regenera-
tion, 2) three-dimensional acellular liver scaffolds retain
the three-dimensional macrostructure, the native micro-
vascular network, and the bile drainage system; allowing
for complete recellularization of all native cell types, and
3) liver regeneration can be promoted when reseeded
three-dimensional acellular liver grafts are placed in the
appropriate three-dimensional microenvironment, specif-
ically, in-situ in patients with liver failure. The general
approach taken for engineering functional liver tissue
with ECM scaffolds can be found in Figure 1.

Liver ECM represents the secreted product of the resi-
dent cells of the liver, and it is therefore logical that L-
ECM is the ideal microenvironment in which hepatocytes
can maintain their phenotype and functionality. The liver
ECM (i.e., stroma) has also been shown to be essential for
al and Experimental Hepatology | March 2015 | Vol. 5 | No. 1 | 69–80
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Figure 1 Conceptual overview of the general approach taken for engi-
neering functional liver tissue. Healthy porcine livers would be harvested,
decellularized, and sterilized to produce a whole liver ECM scaffold. This
scaffold would then be seeded with a population of the patient’s cells
and cultured ex-vivo until the graft is suitable for transplantation.
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liver generation following injury. Whole liver decellulariza-
tion can be accomplished by vascular perfusion with a
cocktail of enzymes, proteases, detergents, and hypotonic
saline rinses that completely remove all cellular elements
while largely maintaining the native composition and ul-
trastructure of the underlying three-dimensional ma-
trix.5–7 The creation of a functional liver has not been
accomplished to date, but several intermediate
milestones have been reached by tissue engineers of the
heart,8 liver,5–7,9–13 lung,14–17 pancreas,18 and kidney.19,20

By integrating increasingly complex cell combinations,
scaffold materials and culture environments, these efforts
have successfully recapitulated different aspects of organ
development and provided valid lessons that can be
applied to future liver tissue engineering work.
EXTRACELLULAR MATRIX AS A BIOLOGIC
SCAFFOLD

Biologic scaffolds composed of allogeneic or xenogeneic
ECM have been used in millions of human patients to
reconstruct a variety of tissues including the skin,21 body
wall,22,23 urinary bladder,24 and rotator cuff,24 among
others. The ECM is in a state of dynamic reciprocity with
resident cells in response to changes in the microenviron-
ment and has been shown to provide cues that affect
cell migration and cell proliferation,25–27 cell
differentiation,28–32 and host innate immune response
modulation.31,33–35

The creation of an acellular ECM scaffold involves decel-
lularization of a source tissue or organ with the ultimate
goal of preserving the native ECM ultrastructure and
70
composition. Reviews of tissue decellularization techniques
and their effect upon ECM properties are available,36,37 and
new techniques are continually being developed for
application to whole organs. The deleterious in vivo effects
of ineffective decellularization with the retention of
residual cellular material are recognized.38 However, defini-
tive quantitative standards for effective decellularization of
whole organs have yet to be established. This topic will be
further discussed in section 3.2.

Biologic scaffold materials are typically, but not always,
marketed and regulated as surgical mesh devices. These
materials are composed of ECM harvested from a variety
of allogeneic or xenogeneic tissue sources including dermis
(e.g., AlloDerm� Lifecell Corp.), urinary bladder (e.g., Ma-
triStem�, Acell Inc), small intestine (e.g., Biodesign�

Cook Biotech Inc.), mesothelium (e.g., Meso BioMatrix�,
Kensey Nash Corp.), and pericardium (e.g., Lyoplant�, B.
Braun Melsungen AG), among others. Clinical products
composed of ECM have been manufactured from many
of these tissues and from a variety of species including hu-
man, porcine, bovine, and equine. There is evidence that
tissue specific bioscaffolds are preferred, or even required,
for functional reconstruction of whole organs such as
lung and liver. However, tissue specificity of the biologic
scaffold does not appear to be a requirement for recon-
struction of many tissues such as skeletal muscle,39 esoph-
agus,40–43 and urinary bladder.44,45 The mechanisms by
which ECM bioscaffolds facilitate functional and
constructive tissue remodeling include positive effects
upon cell mitogenesis and chemotaxis,35,37,46,47 cell
differentiation,48–52 and modulation of the host innate
immune response.34,53–57 It is likely that the three-
dimensional ultrastructure, surface topology, surface
ligand landscape, and composition of the ECM all
contribute to these constructive effects.
Innate Host Response to Extracellular Matrix
Scaffolds
Macrophages are a heterogenous subset of mononuclear
phagocytes that play an important role in the host
response to implanted biomaterials. The macrophages
participating in the host response following implantation
of a biomaterial are exposed to multiple stimuli including
cytokines and effector molecules secreted by cells
(including other macrophages) active at the implantation
site, microbial agents, epitopes associated with the im-
planted biomaterial, and the degradation products of the
biomaterial, among others.58 Similar to the Th1/Th2 para-
digm, populations of macrophages can be classified pheno-
typically and functionally along a spectrum ranging from
cytotoxic/pro-inflammatory types (designated as M1 “clas-
sically activated” macrophages) or wound healing/anti-
inflammatory types (designated as M2 “alternatively acti-
vated”macrophages).56 It has been shown that in response
© 2014, INASL
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to the implantation of ECM scaffolds, cytokine expression
is consistent with a predominant M2 and Th2 response.
Macrophages are required for scaffold degradation in vivo
and determine the overall remodeling outcome.54,57

Extracellular Matrix Degradation
It has been shown that most ECM scaffolds are rapidly
degraded in vivo. A previous study showed that 14C labeled
ECM scaffolds were 60% degraded at 30 days post implanta-
tion and 100% at 90 days post-surgery in a model of canine
Achilles tendon repair. During this period, the scaffold was
populated and degraded by host cells and resulted in the for-
mation of site-specific functional host tissue.59 The major
mechanism of excretion of the degraded scaffold was via he-
matogenous circulation and elimination by the renal excre-
tion. Recent findings suggest that the degradation products
of ECM scaffolds are bioactive.35,37,50,60,61 One of the
biologic effects of ECM degradation products is the
recruitment of tissue specific stem and progenitor host
cells to the site of degradation.35,47,60 Therefore, not only
does a biologic scaffold, such as liver ECM, modulate the
host innate immune response toward a constructive
phenotype,55–57 but a biologic scaffold also has the
potential to recruit endogenous progenitor cells to the site
which can participate in the reconstitution of functional
liver tissue. It is expected that the three-dimensional L-
ECM scaffolds will also rapidly degrade and be replaced by
new matrix secreted by the seeded hepatocytes.
Li
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Liver Specific Extracellular Matrix
As previously stated, tissue specific bioscaffolds are
required for constructive remodeling of select tissues,
including the liver. This requirement may be due to the se-
lective nature of hepatocytes, which are notorious for
losing functional phenotype quickly in culture. The use
of complex ECM substrates derived from mammalian
tissues for effective hepatocyte culture began more than
two decades ago. Early culture models utilized ECM
substrates derived from either rat liver or the Engelbreth-
House sarcoma mouse tumor (i.e., Matrigel). Rat hepato-
cytes cultured on type-1 collagen show less cell attachment
and survival compared to rat hepatocytes cultured upon
a biomatrix derived from solubilized rat liver. This result
further demonstrates that liver specific ECM is important
inmaintaining cells introduced to a decellularized scaffold.

ECM substrates derived from porcine, bovine, and hu-
man livers have been used to improve hepatocyte survival,
polarity and liver-specific functions in vitro. Lin et al
compared rat hepatocytes cultured on ECM biologic scaf-
folds derived from porcine-liver (PLECM) to well-character-
ized hepatocyte culture models (type-1 collagen sandwich
configuration or a single layer of type-1 collagen).62 Hepato-
cytes survived up to 45 days on a sheet form of PLECM and
several liver-specific functions such as albumin synthesis,
Journal of Clinical and Experimental Hepatology | March 2015 | Vol. 5 | No
urea production, and P-450 IA1 activity were markedly
enhanced compared to the growth and metabolism of cells
cultured on a single layer of type-1 collagen.

In a previous study, two different biologic substrates
were compared for their ability to support primary human
hepatocyte function in vitro: porcine-liver-derived extracel-
lular matrix (PLECM) and Matrigel.63 Albumin secretion,
hepatic transport activity, and ammonia metabolism were
used to determine hepatocyte function. Hepatocytes
cultured between two layers of PLECM or Matrigel showed
equally high levels of albumin expression and secretion,
ammonia metabolism, and hepatic transporter expression
and function. In another study, three different acellular
ECM scaffolds were investigated in a physiologically rele-
vant in vitro culture model for their ability to maintain he-
patic sinusoidal endothelial cell (SEC) phenotype.64 The
cell culture model used SECs only or a coculture of SECs
with hepatocytes on ECM substrates derived from the liver
(L-ECM), bladder (UBM-ECM), or small intestinal submu-
cosa (SIS-ECM). The effect of the ECM substrate upon SEC
dedifferentiation was evaluated using scanning electron
microscopy (SEM) and confocal microscopy. When SECs
alone were cultured on uncoated glass slides, collagen I,
UBM-ECM, or SIS-ECM, SECs showed signs of dedifferen-
tiation after 1 day. In contrast, SECs alone cultured on L-
ECMmaintained their differentiated phenotype for at least
3 days, indicated by the presence of many fenestrations on
SEC surface, expression of anti-rat hepatic sinusoidal endo-
thelial cells mouse IgGMoAb (SE-1), and lack of expression
of CD31. When SECs were cocultured with hepatocytes on
any of the ECM scaffolds, the SECs maintained a near-
normal fenestrated phenotype for at least 1 day. However,
SEM revealed that the shape, size, frequency, and organiza-
tion of the fenestrations varied greatly depending on ECM
source. At all-time points, SECs cocultured with hepato-
cytes on L-ECMmaintained the greatest degree of differen-
tiation. This study demonstrated that the acellular ECM
scaffold derived from the liver maintained SEC differentia-
tion in culture longer than any of the other tested substrate
materials and that contact and crosstalk between different
cell types of the same tissuemay also be beneficial to preser-
ving or promoting proper function. The conclusion of
these studies supports the hypothesis that L-ECM provides
a preferred substrate and microenvironment for maintain-
ing hepatic cell viability and function.
METHODS OF LIVER DECELLULARIZATION
AND SCAFFOLD PROCESSING

Isolating the extracellularmatrix froman intact liver requires
a process that removes cellularmaterial, while preserving the
ultrastructure, composition, and ligand landscape of the un-
derlying matrix. Minimal damage to vascular structures is
essential for eventual re-endothelialization, anastomosis,
and in vivo implantation of three-dimensional liver scaffolds.
. 1 | 69–80 71



Table 1 Methods of Whole Liver Decellularization.

Author Species Protocol
time

Temp
(�C)

Perfusion
inlet

Detergents
used

Flow rate
or pressure

Protocol overview

Shupe et al11 Rat 6 h Room Inferior
Vena
Cava

1% Triton X-100
2% Triton X-100
3% Triton X-100
0.1% SDS

5 ml/min � 100 ml PBS
� 300 ml of 1% Triton X-100
� 300 ml of 2% Triton X-100
� 300 ml of 3% Triton X-100
(300 ml each)

� 300 ml of 0.1% SDS
� 300 ml PBS

Uygun et al9 Rat 4 days 4� Portal
Vein

0.01% SDS
0.1% SDS
1% SDS
1% Triton X-100

1 ml/min ➢ 1 � PBS overnight
➢ 0.01% SDS for 24 h
➢ 0.1% SDS for 24 h
➢ 1% SDS for 24 h
➢ Distilled water for 15 min
➢ 1% Triton X-100 for 30 min
➢ 1 � PBS for 1 h
➢ 0.1% peracetic acid for 3 h
➢ Sterile PBS containing

antibiotics up to 7 days

Soto-Gutierrez et al7 Rat 2 days �80�Room
37� Room

Inferior
Vena
Cava

3% Triton X-100 8 ml/min � 1 � PBS
� 0.02% Trypsin/0.05% EGTA @
37C for 2 h

� Water for 15 min
� 2 � PBS for 15 min
� 3% Triton X-100/0.05% EGTA
for 18–24 h

� Water for 15 min
� 2 � PBS for 15 min
� 0.1% peracetic acid/4% EtOH
for 1 h

� 2 � PBS for 15 min twice
� Water for 15 min twice

Bao et al10 Rat 2 days 4� Portal
Vein

1% SDS
0.5% SDS
0.25 SDS
1% Triton X-100

25 mmHg ➢ Heparinization
➢ Deionized water (20 ml)

containing heparin
sodium (50 U/ml)

➢ Deionized water containing
10 mM adenosine overnight

➢ 1% SDS for 4 h
➢ 0.5% SDS for 4 h
➢ 0.25% SDS for 4 h
➢ Deionized water for 20 min
➢ 1% Triton X-100 for 1 h
➢ 1 � PBS with 100U/ml

Penicillin-G, 100U/ml
Streptomycin, and
Amphotericin B for 12 h

Barakat et al6 Porcine – Room 4� Portal Vein 0.25% SDS
0.5% SDS

80 mmHg � 6–10 L of distilled water
� 20 L of 0.25% SDS in distilled
water via PV

� Storage in 0.25 SDS at 4 �C
for 28 h

� 40 L of 0.5% SDS
� 20 L of distilled water
� 10% formalin
� 40 L of PBS

Zhou et al5 Murine 6 h 37� Portal vein 1% SDS
1% Triton X-100

5 ml/min ➢ Heparinized PBS for 15 min
➢ 1% SDS for 2 h
➢ 1% Triton X-100 for 30 min
➢ PBS for 3 h
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Table 1. (Continued )

Author Species Protocol
time

Temp
(�C)

Perfusion
inlet

Detergents
used

Flow rate
or pressure

Protocol overview

Baptista et al14 Rat & Ferret – Room Portal
vein

1% Triton
X-100

5 ml/min � Distilled water (40� the volume
of the liver)

� 1% Triton X-100 with 0.1%
ammonium hydroxide (50� the
volume of the liver)

� Distilled water wash
Mirmalek-Sani et al12 Porcine – 4�

Room
4�

Hepatic
Artery

1% Triton X-100
2% Triton X-100
3% Triton X-100
0.1% SDS

50 ml/min ➢ PBS containing 10 U/ml
sodium heparin

➢ 1% Triton X-100
➢ 2% Triton X-100
➢ 3% Triton X-100
➢ 0.1% SDS
➢ 1 � PBS for several days

Nari et al15 Rabbit 2 days �80� Room Inferior
Vena Cava

3% Triton X-100
0.1% SDS

6-10 ml/min � 0.02% Trypsin/0.05% EDTA for 4 h
� 3% Triton X-100 and 0.05% EGTA.
Three times for 2 h each. 16 h.
Three times for 2 h each.

� 0.1% SDS for 4 h
� 3% Triton X-100 and 0.05% EGTA
for 14 h

� 1 � PBS
� Deionized water
� 4% Ethanol for 1 h

Wang et al16 Murine 6 h Room Portal
Vein

1% SDS
1% Triton X-100

5 ml/min ➢ 50 mL of sterile PBS
(containing 12.5 U/mL heparin)

➢ PBS containing 100 units/ml
penicillin and 100 ug/ml
streptomycin.

➢ 1% SDS for 2 h
➢ 1% Triton X-100 for 30 min
➢ 1 � PBS for 3 h

Ren et al17 Rat 3.5 h 37� Portal
Vein

1% SDS 5 ml/min � 1% SDS for 2 h
� 200 ml Distilled Water for 30 min
� PBS for 1 h

1% Triton X-100 ➢ 1% Triton X-100 with 0.05%
Sodium Hydroxide for 2 h

➢ 200 ml Distilled Water for 30 min
➢ PBS for 1 h
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Removal of cells from their integrin-bound anchors and
intercellular adhesion complexeswhilemaintaining extracel-
lular matrix surface topography and resident ligands is chal-
lenging. A combination of physical, ionic, chemical, and
enzymaticmethods are typically used to accomplish decellu-
larization. Organs, such as the heart,65–67 liver,7,9 kidney,19

pancreas,18 and lung,14 have been decellularized by using
eachorgan's vascular network todeliver decellularizing solu-
tions. This method leaves the organ semitransparent in
appearance while retaining the ultrastructure of the whole
organ with intact vascular basement membranes and archi-
tecture. Re-endothelialization of the denuded vascular
network is necessary to support blood flow and to prevent
thrombosis. Reviews of tissue decellularization techniques
and their effect upon ECM properties are available.29,30

Themost effective protocol for the decellularization of a
liver will depend upon characteristics of the source liver,
Journal of Clinical and Experimental Hepatology | March 2015 | Vol. 5 | No
including species (e.g., porcine vs. non-human primate),
age (e.g., neonatal vs. adult), and lipid content (e.g., high
vs. low fat diet). Regardless of the processing method
used, preservation of the native hepatic matrix composi-
tion and ultrastructure is the primary objective. All
methods used for decellularization are inherently disrup-
tive with unavoidable adverse effects upon the native archi-
tecture and key proteins and/or growth factors. However,
the extent of disruption can be minimized with careful
consideration of the method used.
Current Methods of Whole Liver
Decellularization
In 2008, perfusion decellularization was reported as a tech-
nique to generate acellular whole-organ scaffolds from
cadaveric organs.66 In this approach, decellularizing agents
. 1 | 69–80 73
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are delivered via the native vasculature of the organ and are
thereby equally distributed across the entire mass of the or-
gan. By applying physiologic perfusion pressures, decellu-
larization solutions can effectively permeate the organ via
arteries, arterioles and capillaries and remove cellular
debris via the venous system, thereby minimizing their
retention within the scaffold. The minimum exposure of
the source organ to the decellularization solutions lowers
the risk of the chemical or physical alterations of ECM pro-
teins and growth factor loss, thus facilitating the genera-
tion of a more biocompatible scaffold for organ
engineering. Although previous studies utilizing perfusion
decellularization have reported a combination of SDS,
Triton X-100 and PBS perfusion, the ideal detergent recipe
must be tailored to the specifics of the harvested liver (i.e.,
species and age). There have been several published
methods for generating an acellular liver scaffold. An over-
view of these methods can be found in Table 1. Perfusion
decellularization of whole liver generates an acellular
ECM scaffold with intact three-dimensional anatomical
structures and patent vasculature conduits that can be
re-endothelialized. Decellularized liver scaffolds have
been shown to be free of significant DNA content and nu-
clear fragments, while retaining major ECM proteins
(collagen I, III, laminin, fibronectin and glycosaminogly-
cans).

Criteria for Decellularization
Following whole liver decellularization, the organ usually
assumes a pale or translucent quality. However, macro-
scopic appearance alone is insufficient to determine the
extent of decellularization. While there is no universal
consensus on criteria for adequate decellularization, stan-
dard metrics are beginning to emerge. Three relatively
stringent criteria have been proposed to establish sufficient
decellularization: specifically, the remaining ECM scaffold
must have 1) less than 50 ng of dsDNA per mg of dry
weight, 2) DNA fragments less than 200 bp in length,
and 3) no visible nuclear material in histologic analysis
with DAPI or H&E.30

Failure to completely decellularize a tissue leads to nega-
tive outcomes upon in vivo implantation, including a pro-
inflammatory response with associated M1 macrophages
and subsequent fibrosis. Such a reaction is likely caused
in part by damage associated molecular pattern (DAMP)
molecules and can lead to seroma formation, sterile abscess
formation, and chronic inflammation. A recently pub-
lished study determined the association between decellula-
rization efficacy and host response by qualitative and
quantitative methods.68 ECM devices containing signifi-
cantly more cellular material showed a predominantly
M1 pro-inflammatory macrophage response while ECM
device containing less DNA resulted in a macrophage
response predominantly of an M2 phenotype. Other
74
studies have shown that a scaffold that contains cellular
material promotes a clear M1 phenotype macrophage
response at 3 days; whereas, the equivalent acellular scaf-
fold promotes a strong M2 phenotype.36 Rieder
et al have shown that decellularization can reduce the
chemotactic potential of heart valve tissue for macro-
phages but does not inhibit the activation of macrophages
although they did not study macrophage polarization.60

Ariganello et al have shown that in vitro exposure of a
macrophage cell line to decellularized tissue elicited lower
esterase and phosphatase activity consistent with a sub-
dued inflammatory response comparable to theM2 pheno-
type.35

The Effects of Detergents on Extracellular
Matrix Scaffolds
The choice of detergent used for whole liver decellulariza-
tion is an important factor because the recellularization
process will be dependent on the integrity of the remaining
substrate. Each detergent, depending on its chemical char-
acteristics, has unique and distinct effects on ECM compo-
sition and structure. Less harsh detergents, such as Triton
X-100 or other non-ionic detergents are preferred for main-
taining the native ECM structure and composition
compared to detergents such as SDS, which can denature
essential ligands and proteins within the ECM.

Detergents commonly used in the decellularization of
organs and tissues include Triton X-100,70 3-[(3-
cholamidopropyl) dimethylammonio]-1-propanesulfo
nate (CHAPS),18 deoxycholic acid, and sodium dodecyl sul-
fate (SDS).66,10 Detergents can solubilize cell membranes
and dissociate DNA from proteins, making them
attractive for the decellularization process. Ionic
detergents can be more effective for cellular removal than
non-ionic and zwitterionic detergents.75 However, subject-
ing tissue to harsh detergents, such as SDS, can disrupt the
ECM structure,76 eliminate growth factors,77 and/or dena-
ture essential proteins.78

In a recent study, four detergents commonly used for
decellularization of tissues and organs were systematically
evaluated and compared for their effect on the basement
membrane complex (BMC).79 The ability of the resulting
scaffold to support human microvascular endothelial cells
(HMECs) in vitro was determined. This study is relevant
because the success of whole liver engineering will be crit-
ically dependent upon the re-endothelialization of the or-
gan's vasculature. The detergents investigated were 3%
Triton X-100, 4% sodium deoxycholate, 8 mM CHAPS,
and 1% SDS. Results were as follows:

Collagen Content
Scaffolds treated with 3% Triton X-100, 8 mM CHAPS and
4% sodium deoxycholate retained a soluble collagen con-
tent similar to that of the non-detergent water control.
© 2014, INASL
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Treatment with 1% SDS resulted in a significant loss of
detectable soluble collagen. This finding suggests that
detergent treatment with SDS resulted in either a decrease
in soluble collagen present or modification of the molecu-
lar structure of this collagen to the point of insolubility.

GAG Content
Scaffolds treated with 3% Triton X-100, 4% sodium deoxy-
cholate and 8 mM CHAPS retained GAG similar to that of
the water control, while scaffolds treated with 1% SDS re-
tained a smaller amount of detectable GAG than the water
control.

Elastin Content
Scaffolds treated with Triton X-100 and sodium deoxycho-
late retained elastin fibers: whereas, CHAPS had no visible
elastin fibers, and SDS had only a small amount of thin
fragmented fibers.

Fiber Network Analysis
Differences in scaffold surface fiber organization and evi-
dence of collagen fiber denaturation were apparent from
both SEM inspection and the results of automated image
algorithms. SDS and CHAPS caused marked alterations
of collagen fiber architecture while Triton X-100 and so-
dium deoxycholate were better tolerated and showed the
surface of the BMC maintained an appearance that more
closely resembled that of the no-detergent control. These
structural changes and the associated changes in the
ligand landscape provide insight into the results of the
cell seeding experiments. When HMECs were cultured on
basement membrane exposed to the chosen detergents,
clear differences were seen in cell morphology, confluence,
infiltration depth, and integrin b-1 expression.

Extracellular Matrix-Cell Interactions
HMECs cultured on the BMC prepared with 3% Triton X-
100 had a similar level of confluence, infiltration depth,
and phenotype compared to cells cultured on scaffolds
treated with type I water (control). These HMECs were
characterized by a flat morphology. HMECs cultured on
the BMC prepared with 8 mM CHAPS were less confluent,
had a greater infiltration depth, and an atypical phenotype
compared to HMECs cultured on the control. HMECs
cultured on scaffolds prepared with 4% sodium deoxycho-
late were less confluent, had a similar infiltration depth,
and an atypical phenotype compared to cells cultured on
a no-detergent control. HMECs cultured on scaffolds pre-
pared with 1% SDS had a similar percentage of confluence,
similar infiltration depth, but a less normal phenotype
compared to cell cultured on a no-detergent control.

HMECs cultured on the BMC prepared with 8 mM
CHAPS and 1% SDS had a lower number of cells stain pos-
itive for integrin b-1 compared to HMECs cultured on the
BMC not subjected to a detergent. HMECs cultured on the
Journal of Clinical and Experimental Hepatology | March 2015 | Vol. 5 | No
BMC prepared with 3% Triton X-100 and 4% sodium deox-
ycholate had a similar percentage of cells expressing integ-
rin b-1 compared to cells cultured on the no-detergent
control tissue. The percent of cells positive for Ki67 was
below 3% for all groups, and no significant differences
were seen when comparing to the control.

This study shows that each detergent, depending on its
chemical characteristics, has distinct effects on ECM
composition and structure. Less disruptive detergents,
such as Triton X-100 or other non-ionic detergents are
preferred for maintaining the native ECM structure and
composition compared to more harsh detergents, such as
SDS, which can denature essential ligands and proteins
within the BMC. The disruption or denaturation of the
native BMC architecture can negatively impact the interac-
tion of cells with the scaffold. The results of this study can
aid in the formulation of tissue and organ decellulariza-
tion protocols such that the native biological activity of
the resulting extracellular matrix scaffold is maximally pre-
served.

Enzymes
There have been several published methods for generating
biologic scaffolds composed of ECM, each of which de-
scribes a unique and specific recipe of enzymes and deter-
gents to be used on the source tissue. Trypsin is an
enzyme commonly used in the decellularization process
because it is a well-characterized protease naturally found
in the digestive tract of many vertebrates. As a protease,
trypsin disrupts cell adhesion molecules (i.e., integrins)
and cleaves peptide bonds with remarkable specificity.

Trypsin can disrupt both cell–cell and cell-ECM bonds
as well as cleave cell surface proteins. In conjunction with
EDTA, an ion chelating agent that disrupts cell–cell cad-
herin adhesions, trypsin is a powerful decellularization
agent. Perfusing an organ with a solution of trypsin/
EDTA is an effective initial step in the process of whole or-
gan decellularization. However, the perfusion with trypsin
is time dependent and must be performed at low concen-
trations to preserve the proteins within the ECM to the
maximum extent possible. The combination of trypsin fol-
lowed by a detergent is typically necessary to achieve com-
plete decellularization.

Sterilization of Whole Liver Scaffolds
Recellularization and implantation of a whole liver scaf-
fold will obviously require sterility. Gamma irradiation, e-
beam, glutaraldehyde, ethylene oxide and peracetic acid
have all been used as methods of sterilization and have
been extensively evaluated for their effect on bioscaffold
mechanical and biological integrity. In addition to sterili-
zation, glutaraldehyde effectively crosslinks ECM proteins.
Other chemical agents, such as carbodiimide and genipin,
are also crosslinking agents, which can be used prior to
. 1 | 69–80 75
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sterilization. Chemical crosslinking of ECM proteins (e.g.,
collagen) stabilizes and strengthens the ECM structure and
severely inhibits in vivo degradation. However, sterilization
techniques that also crosslink must be avoided because
crosslinked ECM scaffolds have been shown to elicit a
foreign body response very similar to non-degradable syn-
thetic polymer scaffolds (e.g., polypropylene).54 This
response is predominantly M1 in nature, causing fibrosis
leading to chronic inflammation.34
WHOLE LIVER EXTRACELLULAR MATRIX
SCAFFOLD RECELLULARIZATION

There have been several published methods for cell seeding
a whole liver ECM scaffold. An overview of these methods
can be found in Table 2. The methods employed in recellu-
larization of whole-organ scaffolds are typically adapta-
tions of techniques from a wide range of procedures
including traditional cell culture, tissue-engineering
methods, cell-transplantation therapies, and isolated-
organ perfusion. The recellularization process can be
considered in two major steps. The first is cell seeding, in
which the goal is distribution of appropriate cell types to
all areas of the three-dimensional liver scaffold. The second
is perfusion culture, which is typically utilized to prepare
the cells for in vivo function by exposing them to physiolog-
ical conditions.

The first challenge in recellularization of decellularized
liver scaffolds is its repopulation with an appropriate
mixture and number of cells as well as directing each cell
type to necessary niches within the scaffold to match the
native distribution. In addition, non-parenchymal cells
such as fibroblasts and endothelial cells enhance the func-
tional phenotype of the hepatocytes and contribute to the
organization of the cellular architecture of the liver.

Endothelial cells are necessary to provide a non-
thrombogenic barrier for the decellularized liver matrix
and assure that blood flow in vivo is confined to the
vascular spaces and that the parenchymal cells are pro-
tected from the shear stress created by the flow. A major
advantage of whole-organ scaffolds is the presence of
intact vascular networks, but full utilization of this
vascular system to direct flow within the tissue in vivo re-
quires adequate endothelialization. Functional long-term
endothelialization of a liver bioscaffold has yet to be
demonstrated, although initial attempts have been prom-
ising in showing endothelial cell attachment. Strategies
to improve the endothelialization of three-dimensional or-
gan constructs are under investigation.

Delivery of Cells Within a Decellularized
Scaffold
Seeding techniques currently employed in recellularization
of whole-organ grafts are essentially adaptations of the
© 2014, INASL
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approaches employed in cell-transplantation therapies.
Cells are either injected directly into the organ or injected
into the circulation with the expectation that the cells
will home to the injury site. These techniques include intra-
mural injection of cells or infusion of cells into the vascu-
lature followed by continuous perfusion.

In the report for whole-rat heart recellularization, recel-
lularization occurred with 50–75 � 106 neonatal cardiac
cells delivered in five injections of 200 ml each into the ante-
rior left ventricle with a seeding efficiency of approximately
50%.66 This approach resulted in approximately 34% of re-
cellularization proximal to the injection sites with
decreasing percentages distally. Furthermore, 2 � 107

endothelial cells were placed by direct infusion into the
aorta, which yielded 550.7� 99 cells per mm2 on the endo-
cardial surface and 264.8 � 49.2 cells per mm2 within the
vascular tree after 7 days of perfusion culture.

A study conducted by Soto-Gutierrez et al compared
three different methods for hepatocyte seeding of a
three-dimensional liver scaffold. The three evaluated
methods were1 direct parenchymal injection,2 multistep
infusion, or3 continuous perfusion. The three-
dimensional liver matrix reseeded with the multistep infu-
sion of hepatocytes generated �90% of cell engraftment
and supported liver-specific functional capacities of the en-
grafted cells, including albumin production, urea meta-
bolism, and cytochrome P-450 induction.7

Cell Type and Source
Hepatocytes are the parenchymal cells of the liver and ac-
count for approximately 80% of all liver cells.80 Hepato-
cytes perform most of the functions of the liver and
work in concert with a number of other cell types to
perform the functions essential for survival of the individ-
ual. The non-parenchymal cells (NPCs) of the liver include
sinusoidal endothelial cells, Kupffer cells, and stellate
cells.80 It is likely the addition of liver-derived NPCs will
be necessary in the recellularization of a three-
dimensional liver scaffold. Co-cultivation of primary hu-
man hepatocytes with other cells types can maintain
liver-specific functions for several weeks in vitro.81 Liver-
derived NPCs as well as non-hepatic endothelial cells,
epithelial cells, and fibroblasts have been cocultured with
hepatocytes to maintain hepatocyte morphology and a va-
riety of synthetic, metabolic, and detoxification functions
of the liver. Bhatia et al have provided an extensive sum-
mary of studies used to preserve hepatocyte-specific func-
tions in vitro through coculture with other cells.82

The cell source used to seed three-dimensional ECM
scaffolds is an open and unanswered question. Availability
of human donor livers for hepatocyte isolation is inade-
quate: thus, alternatives to autologous primary hepato-
cytes should be considered. Induced pluripotent stem cell
populations are attractive due to their typically rapid and
Journal of Clinical and Experimental Hepatology | March 2015 | Vol. 5 | No
extensive proliferation and their potential to be used
without immunosuppressant drugs. However, many ques-
tions regarding induced pluripotent stem cells remain un-
answered. The in vitro differentiation state of stem cells that
leads to optimal survival in vivo is unknown. It is believed
that early-stage progenitor cells may be more efficient
than fully differentiated liver cells because they can give
rise not only to hepatocytes but also to other cell types
(non-parenchymal liver cells) including bile duct epithelial
cells required for the formation of the sophisticated hepat-
ic anatomy.

Construction of a Vascular Network
It has previously been shown that the basement membrane
and elastin fibers of the vascular network of the decellular-
ized liver matrix were intact following whole liver decellu-
larization.7 A corrosion cast of the liver matrix was
created and showed the existence and preservation of the
entire vascular system (portal vein, hepatic artery vascula-
ture, central vein and biliary tract) similar to normal liver.
This vascular network integrity is an important feature for
subsequent endothelialization. These denuded vascular
conduits must be re-endothelialized to prevent coagula-
tion. Prevention of blood coagulation is typically difficult
to achieve and failure to do so hinders long-term in vivo
testing of engineered livers. Blood contact is normally
restricted to the endothelium, and the coagulation cascade
is initiated if blood is exposed to tissue collagen through
direct and indirect interactions of collagen with platelet
glycoprotein surface receptors. Unless the graft has been
fully endothelialized to conceal collagen, coagulation will
occur when the graft is exposed to circulating blood. Coag-
ulation can be prevented in vivo by covering the vascular
bed in the decellularized liver matrix with endothelial cells.
In practice, achieving near-perfect endothelial cell coverage
of the vasculature in the scaffold is challenging. A potential
solution is to deposit heparin throughout the vasculature
of the scaffold.
CHALLENGES AND FUTURE DIRECTIONS

The key limiting step for successful implementation of an
engineered liver is the establishment a functional non-
thrombotic vascular network throughout. Several groups
have attempted the implantation of a seeded ECM
construct, only to have it thrombose shortly after implan-
tation. Furthermore, delivering all cell types to their native
spatial location and recapitulating the liver's complex
cellular organizations is challenging. The liver is composed
of several distinct cell types, including hepatocytes, sinu-
soid endothelial, Kupffer, stellate and biliary epithelial
cells. These cells function in a highly sophisticated and in-
tegrated manner, which is difficult to engineer in vitro.
However, it is believed that liver regeneration can be
. 1 | 69–80 77
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promoted when seeded three-dimensional acellular liver
grafts are placed in the appropriate three-dimensional
microenvironment, specifically, in-situ in patients with
liver failure. Studies aimed at successful implantation of
an engineered liver graft in pre-clinical large animal models
are in progress.
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