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Abstract
At this time, the only definitive treatment of hepatic failure is liver transplantation. However,
transplantation has been limited by the severely limited supply of human donor livers.
Alternatively, a regenerative medicine approach has been recently proposed in rodents that
describe the production of three-dimensional whole-organ scaffolds for assembly of engineered
complete organs. In the present study, we describe the decellularization of porcine livers to
generate liver constructs at a scale that can be clinically relevant. Adult ischemic porcine livers
were successfully decellularized using a customized perfusion protocol, the decellularization
process preserved the ultrastructural extracellular matrix components, functional characteristics of
the native microvascular and the bile drainage network of the liver, and growth factors necessary
for angiogenesis and liver regeneration. Furthermore, isolated hepatocytes engrafted and
reorganized in the porcine decellularized livers using a human-sized organ culture system. These
results provide proof-of-principle for the generation of a human-sized, three-dimensional organ
scaffold as a potential structure for human liver grafts reconstruction for transplantation to treat
liver disease.
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INTRODUCTION
It is considered that about 27,000 deaths are registered annually in the United States due to
liver disease (13). To date the only definitive treatment for end-stage liver failure is
orthotopic transplantation. And it is estimated that the high prevalence of hepatitis C will
increase the demand significantly in the next decade (7). Conversely, the donor pool is
expected to shrink since obesity rates continue to increase, as steatosis is a significant risk
factor in liver transplantation (2). Several approaches (e.g., xenotransplantation) have been
proposed to increase the number of potential donor organs. However, previous attempts in
humans often resulted in hyperacute rejection and death (22). A much more elegant solution
to liver disease is hepatocyte transplantation, and laboratory studies and experiences in small
numbers of human subjects have demonstrated its efficacy. Unfortunately, cell
transplantation therapy is also limited by the severe shortage of donor cells as well as by low
engraftment efficiency. Nevertheless, new strategies to enhance cell engraftment and
repopulation suggest the benefits of radiation therapy with potential clinical translation in
the near future (31).

Recently, interest in decellularization techniques has increased significantly, wherein
removal of the cells from an organ leaves a complex mixture of structural and functional
proteins that constitute the extracellular matrix (ECM) (6,27). There is significant evidence
indicating that local environment factors induce hepatocytes homing, differentiation, and
proliferation (14,16,26). Moreover, an increasingly large body of literature indicates that
tissue-specific gene expression, morphogenesis, and cell migration are promoted by
interactions between cells and the surrounding ECM and liver is not an exception (11,23).
Thus, it is reasonable that the three-dimensional native liver ECM would support the
viability, phenotype, function, and tissue assembly of hepatocytes.

Recent studies have shown that decellularization of whole organs such as livers (4,5,28,29),
lung (19,21), and heart (20) are possible in rodent models. However, the development of
human size whole-organ decellularization to engineer liver grafts for transplantation is
necessary. The number of available discarded livers that could be used for decellularization/
recellularization processes are estimated in the order of hundreds (13). Therefore, the
concept of engineering liver grafts from discarded organ ECM is feasible without affecting
the number of organs that actually are reserved for transplantation.

The objectives of the present study were to establish an effective and minimally disruptive
method for the decellularization of intact porcine whole liver and to demonstrate that
reseeding of hepatocytes is possible, resulting in the construction of three-dimensional
scaffold material with liver parenchymal cells. The methods and techniques established in
this study represent a significant step towards the decellularization and recellularization
procedures necessary for a successful regenerative medicine approach to liver
bioengineering for transplantation at a human scale.

MATERIALS AND METHODS
Animals

All experimental procedures and protocols were approved by the Animal Ethics Committee
of the Keio University, School of Medicine. The animals were treated according to the
guidelines of the Ministry of Education, Culture, Sports, Science and Technology, Japan.

Male LWD porcine weighing 20–23 kg (Central Research Institute for Feed and Livestock,
Ibaraki, Japan) were used for liver harvest for decellularization (n = 8) or hepatocyte
isolation (n = 7). Animals were anesthetized by midazolam 0.2 mg/kg (Astellas, Tokyo,

Yagi et al. Page 2

Cell Transplant. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Japan) and medetomidine 0.08 mg/kg (Zenoaq, Fukushima, Japan), followed by isofluorane
inhalation to keep anesthesia during the procedure connected to a standard respiratory
system, consisting of an endotracheal tube for continuing inhalation. The surgical
procedures were performed in the fully equipped animal research laboratory located in the
Laboratory Animal Center.

Surgical Procedure
Using a vertical midline incision, the porcine underwent laparotomy and the gallbladder was
removed. The infrahepatic vena cava (IVC) was isolated from the inferior margin of the
liver to the level of the renal veins. The liver was then retracted ventrally and superiorly, and
the posterior diaphragmatic attachments of the liver were divided. The hepatoduodenal
ligament was opened, the common bile duct was isolated, and Safeed Tube 2.7 mm (8 Fr)
(Terumo, Tokyo, Japan) was inserted when corrosion casting or cholangiography was
performed. Next after the splenic artery and the left gastric artery are ligated and divided, the
celiac artery and the portal vein were isolated. After an intravenous injection of heparin (100
U/kg), Safeed Tube 2.7 mm (8 Fr) and 6 mm (18 Fr) (Terumo, Tokyo, Japan) were inserted
via the celiac artery and the portal vein, respectively. Heparinized 0.9% saline (1,500 ml)
was infused from the portal vein, while IVC and supra hepatic vena cava (SHVC) was
transected. After the saline infusion, the liver was removed and weighed. It was freshly used
for hepatocyte isolation and preserved at 4°C or frozen at −80°C for a minimum of 12 h
prior to decellularization.

Whole-Organ Liver Decellularization
The frozen livers were thawed at 4°C and subsequently washed with PBS overnight to
remove blood through perfusion via portal vein at 30 ml/min. Decellularization was
achieved by perfusing the liver with sodium dodecyl sulfate (SDS; Sigma, St. Louis, MO,
USA) in deionized water for a total of 72–96 h starting with 0.01% SDS for 24 h followed
by 0.1% SDS for another 24 h, which was followed by 1% SDS for 48 h or more.
Subsequently, the liver was washed with deionized water 15 min and with 1% Triton X-100
(Sigma) for 30 min. The decellularized livers were washed with PBS for 1 h. The liver
bioscaffold was sterilized in 0.1% peracetic acid (Sigma) in PBS for 3 h. The liver
bioscaffold was washed extensively with sterile PBS and preserved in PBS supplemented
with antibiotics and kept at 4°C for up to 7 days.

Hepatocyte Isolation and Culture
The whole liver weight was 506 ± 27.6 g (n = 5). The right lateral lobes, weighing 127 ± 11
g, were surgically removed for hepatocyte isolation. Hepatocytes were isolated with a four-
step retrograde dispase/collagenase perfusion method as previously described (15). After
isolation, the cells were suspended with Dulbecco’s modified Eagle’s medium (DMEM;
Sigma-Aldrich, St. Louis, MO, USA), and the cell viability was determined by try-pan blue
exclusion test (Sigma-Aldrich). Cell yield was 1.4 × 109 ± 0.2 per isolation (n = 7), which is
about 11 × 106 cells/g of liver weight, and the viability was 91.8 ± 2.4% (assessed by trypan
blue). Cells (0.25 × 106) in each well were cultured on a single collagen layer with rat type 1
collagen (BD Biosciences, Bedford, MA, USA) of 24-well plates up to 7 days as a control.
For 3D hepatocyte culture control, 0.25 × 106 hepatocytes were plated onto 24-well tissue
culture dishes precoated with collagen type I (BD Biosciences), according to the methods of
Dunn et al. (9). After cell attachment, monolayers were overlaid with ice-cold medium
containing 0.25 mg/ml Matrigel (BD Biosciences) as described elsewhere for collagen-
Matrigel sandwich culture (17). Additional 500 μl of culture medium was supplied and cells
were incubated up to 7 days at 37°C and 5% CO2. Medium was changed every day.
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Vascular Corrosion Casting
Corrosion casts were prepared using Batson’s 17 anatomic corrosion kit following
manufacturer’s recommendations (Polysciences, Inc., Warrington, PA, USA). Polymer
mixture (20–40 ml), depending on the liver size, was injected via inserted tubes of the
infrahepatic vena cava, portal vein, hepatic artery, or biliary tree. Polymerization took at
least 12 h at 4°C and was followed by maceration in 1N KOH solution for 5–12 h at 50°C.

DNA Quantification
The decellularized liver matrix was cut into small pieces and placed in centrifuge tubes. Five
samples were taken from each lobe; right lateral, right median, left median, and left lateral
lobe. Specifically, each lobe was dissected into two pieces vertically along the main portal
vein, and the samples were taken one from the edge, one from the surface, two from the
center of the lobe close to the portal vein, and one from the proximal edge close to the porta
hepatis. DNA content in the liver matrix was determined according to Gilbert et al. (10) and
as previously reported (28). The molecular weight of the extracted DNA was quantified
using 2% agarose gel electrophoresis using 1-kb DNA ladder (Invitrogen, Tokyo, Japan)
with a DNA sample extracted from normal porcine liver as a control.

Albumin Enzyme-Linked Immunosorbent Assay and Urea Assay
Albumin concentrations were determined by a competitive enzyme-linked immunosorbent
assay (ELISA) using pig albumin ELISA kit (Bethyl Laboratories, Inc., Montgomery, TX,
USA) following manufacturer’s instruction. Urea concentration was measured using
QuantiChrom™ urea assay kit (Bioassay Systems, Hayward, CA, USA). The absorbance
was measured in Sunrise™ microplate reader (TECAN, Mannedorf, Switzerland). The
values were normalized by cell number.

Histological Analyses
Normal fresh liver, decellularized liver matrix and recellularized liver sample at days 1, 4,
and 7 were fixed with 10% formalin, embedded in paraffin, and processed for hematoxylin
and eosin staining or Heidenhain’s AZAN trichrome stain as well as terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) stain according to the
manufacturer’s instruction (Promega, Fitchburg, WI, USA). Additional samples were
permeabilized and incubated with rabbit polyclonal anti-collagen IV, rabbit polyclonal anti-
fibronectin, and rabbit polyclonal anti-laminin (Abcam, Cambridge, MA, USA) or rabbit
polyclonal anti-hepatocyte growth factor (HGF; Santa Cruz Biotechnology, Inc., Santa Cruz,
CA, USA), rabbit polyclonal anti-basic fibroblast growth factor (bFGF; Advanced Targeting
Systems, San Diego, CA, USA), mouse monoclonal anti-vascular endothelial growth factor
(VEGF; Novus Biologicals, Littleton, CO, USA), goat polyclonal anti-insulin-like growth
factor (IGF-1; Abcam), and goat polyclonal anti-albumin (ALB; Bethyl Laboratories, Inc.).
Secondary antibodies were goat anti-rabbit IgG and goat anti-mouse IgG and donkey anti-
goat IgG (Life Technologies, Grand Island, NY, USA), and counter staining was performed
with DAPI (Life Technologies). Quantification of positive areas was performed in 10
random 20× images per sample using the public software ImageJ.

Scanning Electron Microscopy
Decellularized liver samples were fixed in 2.5% glutaraldehyde in 0.2 M sodium phosphate
buffer (Sigma-Aldrich) for 24 h at room temperature. The fixed samples were washed three
times with fresh buffer. The samples were dehydrated with a series of ethanol solutions of
increasing concentration, 70%, 80%, 90%, and 100%. The samples were dried in a Critical
Point Dryer (Tousimis, Rockville, MD, USA) and sputter coated with chromium. The
samples were visualized using S4000 field emission scanning electron microscope (Hitachi,
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Tokyo, Japan). Normal fresh porcine liver was used as control. Disruption of the Glisson’s
capsule was counted if the diameter was more than 5 μm. Quantification was performed in
at least 10 random places on each sample.

Digital Radiographic Evaluation of the Biliary Tree
Sodium Iotalamate (Conray, Daiichi Sankyo, Tokyo, Japan) was injected through an
inserted Safeed tube into common bile duct of normal or decellularized porcine liver, and
the continuous cholangiography was taken using digital cinema mode of the mobile C-arm
imaging system (Arcadis Avantic, Siemens, Berlin, Germany) at 52 kV/0.3 mA.

Recellularized Liver Graft Perfusion System
Prior to the perfusion culture experiments, we performed ultraviolet irradiation to the liver
scaffold for 1 h for decontamination, and the decellularized liver was transferred to a
customized organ culture chamber, which was specifically constructed for a large-scale
organ perfusion; the perfusion system was designed based on previously developed system
for rat liver (29) that consisted of a peristaltic pump, bubble trap, and oxygenator. The
system was placed in an incubator for temperature control, and the oxygenator was
connected to atmospheric gas mixture. The graft was continuously perfused through the
portal vein at 4 ml/min with continuous oxygenation that delivered an inflow partial oxygen
tension of ~300 mmHg. The medium was changed daily. The perfusate consisted of basal
medium (DMEM), 20 ng/L epidermal growth factor (EGF; Invitrogen, Carlsbad, CA, USA),
7.5 μg hydrocortisone, 1 ml/L insulin, 14.3 ng/ml glucagon (Sigma-Aldrich), 100 U/ml
penicillin, and 100 mg/L streptomycin (Invitrogen, Carlsbad, CA, USA). The cells were
seeded by intra-portal multistep infusion method, which was previously reported (28); a total
of 1 ×10 9 cells (hepatocytes) were infused into the circuit in multisteps at 5–10 min
intervals through a port located in the perfusion system just before the location of the
perfused decellularized liver matrix (n = 4 for histological evaluations and n = 3 for
functional analysis). To calculate the engraftment efficiency, the perfusate was collected,
and the number and viability of cells not retained in the liver was determined with a
hemacytometer and trypan blue exclusion. The total number of cells retained in the
decellularized liver represented the difference between the initial number of cells seeded and
the number of cells present in the perfusate after seeding.

Statistical Analysis
The mean values for the DNA content of each liver lobe were compared by one-way
analysis of variance (ANOVA) followed by Scheffe’s method, and the mean values for
protein synthesis in each time point was compared by one-way analysis of variance
(ANOVA) followed by Fisher PLSD respectively performed with IBM-SPSS statistics
version 19 for Macintosh (SPSS, Chicago, IL, USA) and the number of defects on a capsule,
which were more than 5 μm in width, observed on the surface of normal porcine liver and
decellularized porcine liver were compared by Student’s t test performed with Prism
(GraphPad Software, La Jolla, CA, USA). A value of p < 0.05 was considered significant.

RESULTS
Whole-Organ Porcine Liver Homogeneous Decellularization

To determine if the decellularization protocol was feasible in large livers, we used native
whole porcine livers, which are similar to human in size and anatomy. The decellularization
protocol consisted first of a freezing–thawing technique for at least 12 h to induce cellular
lysis. The whole organ decellularization was achieved then by portal perfusion with SDS,
which is an anionic detergent that simultaneously can lyse cells and solubilize cytoplasmic
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components. The protocol was based on the rat liver decellularization protocol that we
previously developed (29) and is founded on the work published by Ott et al. (20). Figure
1a–e shows macroscopic images of liver prior to decellularization and after various steps in
the decellularization process. This protocol could create an acellular scaffold of porcine
liver, which retained the gross shape of the whole organ.

DNA Content Analysis of the Decellularized Porcine Liver Matrix
Immunological reaction of the remaining materials of the decellularized liver matrix has to
be avoided if further clinical application is intended in order to elude any inflammatory
reactions (10). As porcine livers have a much larger tissue density and area, we analyzed the
DNA content of the different areas and lobes in order to measure the homogeneity of the
decellularization process. Samples involved the right lateral, right median, left median, and
left lateral lobe of the decellularized whole liver (Fig. 1f). DNA content was decreased from
98.8 ± 0.8% in all the liver lobes; 0.06 ± 0.01 μg/mg dry weight (right lateral), 0.04 ± 0.01
μg/mg dry weight (right median), 0.2 ± 0.03 μg/mg dry weight (left median), and 0.18 ±
0.04 μg/mg dry weight (left lateral), when compared to normal liver (12.12 ± 0.8 μg/mg dry
weight) (Fig. 1g), indicating significant reduction of nuclear material of the whole liver.

Extracted DNA was quantified by agarose gel electrophoresis, which showed smearing of
the fragmented DNA bands from decellularized liver samples (Fig. 1h). Histological
analysis with H&E stain (Fig. 1i) and with DAPI (Fig. 1j) showed no visible nuclear
material in the decellularized liver matrix.

Vascular and Bile Duct Morphology
It is essential to maintain a three-dimensional structure of the engineering bioscaffold to
generate further transplantable liver grafts, especially the vascular network and bile duct tree
are important features for subsequent recellularization and surgical implantation.

The intricate vascular network (portal veins, hepatic arteries, and hepatic veins) remains
intact as assessed by the corrosion cast of the liver bioscaffold similar to normal porcine
liver (Fig. 2a, b). Demonstrating clearly that those vessels retained their luminal diameter
and shape. In addition, bile duct structures were mostly intact; however, we observed
minimal disruption of the smaller branches (Fig. 2b). We performed digital radiographic
evaluation of the biliary tree demonstrating that the larger bile ducts were well enhanced by
the infusion of the contrast agent as if they had a natural structure; however, the localized
retentions of the contrast agent were observed in the peripheral ends of the biliary tree of
decellularized livers, while no retentions were seen in those of normal porcine liver (Fig.
2c). To evaluate the integrity of the microvasculature and surface capsule integrity,
heparinized blood perfusion via portal vein was perfused and demonstrated that a vascular
network retained intact inside of the livers and the flow moved through structures consistent
with the hepatic veins; moreover, no leakage was determined from the liver surface, in
opposition to what has been observed in rat livers (Fig. 2d, e).

Morphology
Histological analysis of the decellularized liver, especially Azan staining, revealed that
collagen fibers were well retained in the decellularized scaffold showing the small lobular
components in detail (Fig. 3a). In addition, immunolabeling characterization of the liver
ECM showed the preservation of collagen type IV, fibronectin, and laminin, indicating a
similar structural composition of the matrix to that of intact porcine liver (Fig. 3b).
Ultrastructural characterization of the decellularized liver matrix was performed using
scanning electron microscopy (SEM) images comparing to porcine normal liver (Fig. 3c)
and confirmed the presence of structures resembling the hepatic lobules (Fig. 3d), the portal
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triad (Fig. 3d), the central veins (Fig. 3e), large portal veins (Fig. 3f), and the microporous
structure of the parenchyma (Fig. 3d). To generate transplantable liver scaffold, it is critical
to keep the integrity of the surface (i.e., Glisson’s capsule) to avoid leakage of the blood
flow in case of vascularization of the liver graft. We evaluated impairments of the surface on
the decellularized structure meticulously and found that most of the liver surface area was
intact (1.1 ± 1/field) similar to that observed in normal porcine livers (0.4 ± 1/field) (Fig.
3e–g).

Growth Factors Content
To determine if the decellularized native liver derived bioscaffold could provide a suitable
environment for cells by providing not only a three-dimensional structure but also
maintaining bioactive molecules, we evaluated the expression of the growth factors such as
HGF, bFGF, VEGF, and IGF-1 in the scaffold. Those factors are essential for liver
regeneration and angiogenesis. While HGF and bFGF was highly expressed on the cells in
the parenchyma and on the cells in the vessel walls, respectively, in normal liver, there was a
lower expression in the scaffold even after the decellularization. The positive area for HGF
and bFGF per field was 3.7 ± 3.6/field and 5.6 ± 4/field, respectively, compared to the
normal liver (HGF: 19.7 ± 13/field, bFGF: 27.4 ± 10/field) (Fig. 4a, b). Interestingly, VEGF,
which is mainly released from endothelial cells as one of the critical growth factor for
angiogenesis, was also observed in the acellular matrix (4.3 ± 2.9/field), and the normal liver
was (22.4 ± 8.6/field) (Fig. 4c). In addition, IGF-1, which is released from hepatocyte, was
also observed in acellular scaffold. The expression in acellular scaffold (1.8 ± 1.2/field) was
relatively lower than that of normal liver (14.7 ± 8.3/field) (Fig. 4d). These results indicated
that at least epitopes of each growth factors, approximately 19% of HGF, 20% of bFGF,
19% of VEGF, and 13% of IGF-1, were preserved in the decellularized liver matrix when
compared with native liver.

Recellularization
To determine if porcine primary hepatocytes could efficiently be delivered in this large-scale
liver bioscaffold, an organ chamber was manufactured that contains a sterile main reservoir
in which the decellularized liver matrix is mounted (Fig. 5a), we selected the multistep
infusion protocol based in our previous work in rodents (28,29). Isolated porcine
hepatocytes (1 × 109) with 91.8 ± 2.4% viability (n = 7) were infused through the portal vein
using the large-scale perfusion chamber (Fig. 5a). Twenty four after the infusion, more than
half of the attached cells in the decellularized liver scaffold (attached cells: 74 ± 13% of
infused cells) were remained in the portal vein but they had moved into the parenchymal
space at day 4 (Fig. 5b). The TUNEL-positive cells were gradually increased from 6.6 ±
2.7% at day 1 and 21 ± 8.6% at day 4 to 47.8 ± 5.4% at day 7 (Fig. 5c). Porcine livers (Fig.
5c) were decellularized (Fig. 5d) by the previously described method. Albumin staining after
4 and 7 days of culture-perfusion showed that hepatocytes engrafted around the larger
vessels, repopulating the surrounding parenchymal area. The amount of immunostaining
albumin of engrafted hepatocytes after 4 days of the perfusion culture was similar to that in
normal livers; however, the expression decreased considerably after 7 days in the perfusion
culture (Fig. 5e–i). The protein synthesis of infused cells was analyzed by the detection of
albumin and urea concentration in the perfusion medium, compared to those in cultured
porcine hepatocytes on collagen single layer. The albumin secretion (Fig. 5j) and urea
synthesis level (Fig. 5k) was 8.7 ± 1.5 μg/1 × 106 cells/day and 181 ± 19 μg/1 × 106 cells/
day at day 4, respectively, from perfusion-cultured hepatocytes in the scaffold and was 2.2 ±
0.6 μg/ml/1 × 106 cells and 137 ± 11.2 μg/ml/1 × 106 cells at day 4, respectively, from
collagen-cultured hepatocytes. Although the protein synthesis was relatively higher in the
perfusion-cultured hepatocytes, there was no significant difference in two groups for up to 7
days. However, when hepatocytes were cultured in a double-gel configuration (Fig. 5 j, k),
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the albumin secretion was 22.9 ± 4.3 μg/ml/1 × 106 cells at day 4 and 16.9 ± 2.2 μg/ml/1 ×
106 cells at day 7. Urea synthesis was 396 ± 13 μg/ml/1 × 106 cells at day 4 and 185 ± 18
μg/ml/1 × 106 cells at day 7. Double-gel cultured porcine hepatocytes demonstrated a
superior albumin secretion and urea synthesis ability when compared with perfusion-
cultured porcine hepatocytes or porcine hepatocytes cultured on collagen.

DISCUSSION
The present study describes a minimally disruptive method for whole-organ
decellularization protocol in a large animal model that produces a three-dimensional liver
matrix suitable for supporting functional hepatocytes, a broad characterization of the
decellularized liver matrix shows maintenance of the hepatic matrix components and
preservation of the vascular network, bile duct tree, and representative growth factors such
as HGF, bFGF, VEGF, and IGF-1. Notably, we showed that reintroducing cells to the matrix
is possible in large decellularized liver using a human-size organ culture system, resulting in
approximately 74% grafting efficiency. The results of the present study not only confirm the
concept of whole organ decellularization, as previously shown (5,19–21,24,27–29), but also
provides methodology of organ engineering in a large size-scale adapted from previous
rodent studies that will be important for clinical translation of this regenerative medicine
approach for liver replacement.

To obtain a completely acellular porcine liver three-dimensional scaffold, we optimized a
protocol that builds on the technique developed for heart perfusion decellularization by Ott
et al. (20) and our own attempts in rat liver (29) demonstrating its applicability for large-
scale liver decellularization. This decellularization protocol showed (i) preservation of the
three-dimensional architecture, the native structural and basement membrane matrix, as well
as the functional vascular network of the original organ including the biliary network; (ii)
homogeneous and complete decellularization quantified by DNA content criterion in all the
different segments of the liver; (iii) growth factor content can be preserved within the matrix
scaffold at a level comparable to the native liver; and (iv) multistep cell seeding method
showed high-efficiency engraftment of functional hepatocytes using a customized organ
culture system. Moreover, Glisson’s capsule was shown to be intact, an important feature
because of anticipated future clinical applications in which hemorrhage after connection to
an in vivo vascular supply would be problematic.

Whole-organ decellularization has been recently reported for different organs including liver
(5,24,28,29); however, these whole-organ decellularization techniques have been scaled up
to a clinically relevant size only for heart (30); moreover, most in vivo implantation in
rodent studies has been limited to a few hours due to problems such as hemorrhage,
thrombosis, and surgical technical difficulties. The method for whole-liver decellularization
reported herein using porcine livers tackles and facilitates some of the issues (e.g.,
scalability, vascular integrity, external collagenous capsule integrity) that could determine
ultimate clinical success.

Post decellularization process, the organs were translucent while preserving the three-
dimensional architecture; moreover, immunostaining suggested that the matrix of both the
large vessels (laminin) and the sinusoids (collagen type IV, fibronectin) remained intact.
Furthermore, portal vein blood perfusion, corrosion casting, digital radiographic evaluation
of the biliary tree, and SEM analysis demonstrate the presence and function of the
microvascular network of the liver post decellularization.

The liver’s ECM is a dynamic and functional structure that directly affects the fate and gene
expression of liver cells (3,18). Moreover, growth factors and chemoattractants are
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immobilized by ECM components through disulfide bonds (1). Thus, the precise ECM
arrangement present in the adult liver could potentially facilitate and guide the
developmental pathway for full hepatic maturation of stem cells. Thus, decellularized organs
could potentially become a tool for stem cell differentiation and maturation to eventually
engineer autologous liver grafts for transplantation (27). Liver cell sources to engineer liver
grafts can primarily be obtained from livers rejected for orthotopic liver transplantation,
unused segments of donor livers, and non-heart-beating donors. But, these sources do not
begin to approach the potential numbers needed to treat all patients that might potentially
benefit from auxiliary liver transplantation. Ideally, stem cells derived from the subject to be
treated would be the perfect cell source to engineer personalized liver grafts. Induced
pluripotent stem cells (iPS cells) have been created by transducing mature cells with
transcription factors that transform them into cells that have characteristics and
differentiation potential nearly identical to human embryonic stem cells (ES cells). While
there is much enthusiasm for the potential use of stem cell-derived hepatocytes, generation
of a sufficient mass of functional hepatocytes for treatment of liver failure from autologous
cells derived from iPS cells would require a period of weeks for expansion, differentiation,
selection, and testing to exclude contamination by tumorogenic precursors, far too long to
address the problem of acute hepatic failure.

The importance of the determination of growth factors content in the decellularized livers is
significant, and indeed this decellularization protocol can preserve approximately 19% of
HGF, 20% of bFGF, 19% of VEGF, and 13% of IGF-1 content when compared to normal
liver. These factors are essential in angiogenesis and hepatic regeneration and differentiation
(8,12,25). In the present study, the decellularized native liver matrix was able to retain such
growth factors after the whole decellularizing process, which may provide sufficient
environmental cues to cells for survival and function. However, continuous production of
angiogeneic factors (e.g., VEGF) would require the addition of endothelial cells.

Eventually rebuilding the entire sophisticated liver architecture will require addition of liver
nonparenchymal cells, especially liver sinusoidal and microvascular endothelial cells to
vascularize the entire graft and prevent thrombosis caused by direct exposure of the
collagenous basement membrane to the circulation. In addition, biliary epithelial cells would
be necessary in order to solve bile drainage. The multistep perfusion technique produced
approximately 74% cell engraftment efficiency. The perfusion technique showed deposition
of the primary hepatocytes within the parenchymal space and occasionally in the vessels.
However, future studies will be performed in order to improve stability of hepatocicyte
survival and function to achieve comparable function of double-gel culture hepatocytes
(e.g., optimization of perfusion flow to decrease shear stress, hepatocyte cocultures, etc.).

Addition of nonparenchymal liver cells to reconstitute the sophisticated anatomy of the
hepatic sinusoids are necessary, but the ultimate test is the transplantation in relevant animal
models of liver failure;, thus, reliable models of liver failure in large animals will have to be
developed.

In summary, the data presented herein provide a foundation for efficient development of
clinically relevant liver scaffold and a cell-based regenerative medicine approach to build
liver grafts for transplantation.
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Figure 1.
Whole-organ porcine liver homogeneous decellularization. Representative images of porcine
livers during decellularization process at (a) 0 h, (b) 18 h, (c) 48 h, (d) 72 h, and (e) 96 h. (f)
DNA was extracted from each different lobe. (g) The DNA content of different lobes of the
decellularized liver matrix (n = 4 for each lobe) and (h) agarose gel electrophoresis of
extracted DNA comparing to that of normal porcine liver. Histological comparison of
normal liver and decellularized liver matrix: (i) hematoxylin and eosin. (j) The presence of
intact nuclear material was evaluated by staining the decellularized liver and native liver
using 4′,6-diamidino-2-phenylindole (DAPI). *p < 0.01. Scale bars: 5 cm (a–e) and 100 μm
(h, i).
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Figure 2.
Decellularized liver matrix preserves entire vascular system and bile ducts. Representative
photographs of decellularized left lobes of porcine liver, with the vascular tree visible.
Comparison of normal liver and decellurarized whole-liver bioscaffold of corrosion cast of
(a) portal vein (lighter staining) and hepatic artery (darker staining) and (b) hepatic vein and
bile duct (white) as well as by (c) radiographic imaging of the bile ducts. (d, e)
Representative photographs of visible microvascular tree, after perfusion with heparinized
porcine blood through the portal vein. Scale bars: 100 μm.

Yagi et al. Page 13

Cell Transplant. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Morphology. (a) Azan stain of normal porcine livers and decellularized porcine liver
scaffolds. (b) Immune-histochemical stain of normal porcine livers (top row) and
decellularized porcine liver scaffolds (bottom row) of collagen IV, fibronectin, and laminin.
Sections were counterstained with DAPI. (c) SEM images of normal porcine liver and (d)
decellularized porcine liver scaffold; representing central vein, portal triad, and extracellular
matrix within the parenchyma. (e) Representative photographs of normal and (f)
decellularized porcine liver surface (Glisson’s capsule) and (g) the quantification of
disruptive areas in the collagenous surface of the livers (n = 4: 10 random images for each
sample). Scale bars: 100 and 50 μm (third picture of (c) and (d)). N/S, no significant
difference.
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Figure 4.
Decellularized whole-liver scaffold retained growth factors expression. Immune-
histochemical evaluation of growth factors. (a) Hepatocyte growth factor (HGF) stain of
native liver and the acellular liver scaffold and its quantification of the positive areas
(arrows) per field (n = 4: 10 random images for each sample). (b) Basic fibroblast growth
factor (bFGF) stain of native liver and the acellular liver scaffold and its quantification of
the positive areas (arrows) per field (n = 4: 10 random images for each sample). (c) Vascular
endothelial growth factor (VEGF) stain of native liver and the acellular liver scaffold and its
quantification of the positive areas (arrows) per field (n = 4: 10 random images for each
sample). (d) Insulin-like growth factor (IGF)-1 stain of native liver and the acellular liver
scaffold and its quantification of the positive areas (arrows) per field (n = 4: 10 random
images for each sample). Immunostain without primary antibodies with secondary
antibodies served as controls in each experiment. Scale bars: 100 μm. *p < 0.05.
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Figure 5.
Recellularization of a large-scale liver scaffold using porcine primary hepatocytes. (a)
Representative photograph of the chamber constructed specifically for a large-scale liver
graft and the liver perfusion system (1: closed chamber, 2: peristaltic pump, 3: bubble trap,
4: oxygenator). (b) H&E stain of infused cells in the decellularized liver at day 4 and day 7
(n = 4). (c) Sequential images of terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) stain at different time points and quantitative analysis of TUNEL positive
cells (n = 4: 10 random images for each sample). (d) Histological images of normal liver,
decellularized liver scaffold, and recellularized liver with primary porcine hepatocytes for
H&E stain (n = 4). (e) Albumin (ALB) stain of normal porcine liver, (f) decellularized liver,
and recellularized liver with primary porcine hepatocytes after 4 days (g) and 7 days (h) of
perfusion. (i) Immunostain without the primary antibody with secondary antibody served as
control (n = 4). (j) ALB concentration in the culture medium of collagen-Matrigel sandwich
culture (small dashes) or single collagen culture of normal porcine hepatocytes (large
dashes) and in the perfusion culture medium of recellularized liver (n = 3). (k) UREA
concentration in the culture medium of collagen-Matrigel sandwich culture (small dashes) or
single collagen culture of normal porcine hepatocytes (large dashes) and in the perfusion
culture medium of recellularized liver (black line) (n = 3). Sections were counterstained with
DAPI. Scale bars: 100 μm.
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