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Abstract
Orthotopic liver transplantation is the only definitive treatment for end stage liver failure and the
shortage of donor organs severely limits the number of patients receiving transplants. Liver tissue
engineering aims to address the donor liver shortage by creating functional tissue constructs to
replace a damaged or failing liver. Despite decades of work, various bottoms-up, synthetic
biomaterials approaches have failed to produce a functional construct suitable for transplantation.
Recently, a new strategy has emerged using whole organ scaffolds as a vehicle for tissue
engineering. This technique involves preparation of these organ scaffolds via perfusion
decellularization with the resulting scaffold retaining the circulatory network of the native organ.
This important phenomenon allows for the construct to be repopulated with cells and to be
connected to the blood torrent upon transplantation. This opinion paper presents the current
advances and discusses the challenges of creating fully functional transplantable liver grafts with
this whole liver engineering approach.

Introduction
Orthotopic liver transplantation is the only definitive treatment option for end stage liver
failure which causes 27,000 deaths annually in the US. The recent advances in surgical
techniques and immunosuppression therapies have resulted in a decreasing trend in mortality
rates of patients after receiving a transplant over the last two decades. Unfortunately, the
shortage of donor organs remains the primary limiting factor in transplanting more patients
on the organ waiting list [1]. There are about 17,000 patients on the waiting list and only
about 6,000 patients receive transplants each year [2]. Moreover, the increased incidence of
hepatitis C infection and obesity-driven fatty liver disease will likely reduce the number of
donor organs suitable for transplantation [3]. Strategies to develop alternative treatment
options are continuously being investigated. One approach involves the engineering of liver
tissue to fill the gap of insufficient numbers of donor organs for transplantation. This effort
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which is termed “tissue engineering” is an interdisciplinary field that integrates engineering
and life sciences to create functional tissue constructs with the aim of replacing the failing
organ or tissue. In its simplest conceptual form, the effort involves seeding and cultivation
of cells in a three dimensional structure made of synthetic and/or biological polymer
materials that provide physical support and biological cues to support cell growth and
function. Despite decades of work, the only tissue engineered products that made the
transition to clinic are limited to non-cellular tissues and tissues that function in a mostly
mechanical/structural mode such as the skin, cartilage, and bladder [4]. Other organs, like
liver, have been difficult to fabricate using traditional tissue engineering approaches, partly
due to the lack of a well-defined circulatory network in the scaffold to maintain the cells that
are within. A novel technique, whole-organ decellularization, has evolved to address this
drawback in current scaffold preparation methods. This technique, first demonstrated for the
heart [5] and quickly adopted for the liver [6], retains the circulatory network of the native
organ, allowing for the construct to be connected to the blood torrent upon transplantation.
Here, we will provide a review of the area of hepatic tissue engineering for creation of a
transplantable liver substitute. We will address the key challenges in whole liver tissue
engineering such as cell seeding, blood compatibility, source of cells and scaffolds, and
immunological issues.

Hepatic tissue engineering
Hepatocyte transplantation has been investigated as a feasible alternative to orthotopic liver
transplantation to treat liver-based inborn errors of metabolism where the goal is to replace a
single deficient enzyme or its product [7]. In these cases, there is the intact hepatic primary
function and architecture, and the transplantation of a hepatocyte mass equivalent to 10% of
the patient’s liver is sufficient to normalize liver function [8]. Hepatocyte transplantation
involves transfer of cells obtained from a healthy individual into the patient by direct
injection into the portal flow or into the spleen [7]. Despite early reports of clinical success
[9], progress in the field has been challenged by low cell engraftment and survival post
transplantation such that the initial engraftment of transplanted cells is equivalent to less
than 1% of the recipient’s liver mass [10].

Hepatic tissue engineering evolved in an attempt to improve hepatocyte survival and
engraftment post transplantation by protecting the cells from the recipient’s immune system
and provide cells an extracellular matrix support for survival and function. Cell
encapsulation and microcarrier systems were among the first engineered systems to
transplant hepatocytes [11]. Early reports demonstrated that the microencapsulated
hepatocytes survived for as long as three months after intraperitoneal transplantation in rats
due to immunoprotection [12], and they remained functional and compensated for deficient
liver function for up to four weeks in animal models of Criggler-Najjar syndrome [13].
Survival of rats undergoing galactosamine induced fulminant hepatic failure increased by
80% after receiving peritoneal injection of microencapsulated hepatocytes [14]. Similarly, a
limited number of studies tested the effectiveness of microspheres as hepatocyte
microcarriers for transplantation in animal models of metabolic enzyme deficiency [15,16]
and acute liver failure [17,18]. Despite early enthusiasm towards microencapsulation and
microcarrier systems for hepatocyte transplantation, the approach has not advanced to the
clinical setting due to several reasons ranging from technical difficulties in producing
uniform microcapsules to limitations in oxygen and nutrient transfer to the center construct
leading to a necrotic core [19]. These systems might be best suited for providing temporary
hepatic support [11]. More permanent liver support will require a tissue engineered liver
substitute able to harbor a large number of hepatocytes within an intact architecture for
nutrient delivery and waste removal [20].
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The first examples of functional transplantable liver-like structures used prevascularized,
non-degradable polyvinyl alcohol sponges to accommodate transplanted hepatocytes [21–
23]. The porous sponges provided enough volume to hold 500 million hepatocytes, a
number equivalent to a rat liver mass [21]. Prevascularization was achieved by implanting
the empty sponges in a reasonably vascularized space such as the mesenteric space for a
period of up to a week before hepatocytes were injected into the scaffolds [22]. Decoration
of the sponges with a blood vessel network through prevascularization allowed delivery of
oxygen and other nutrients to the cells throughout the construct. A similar approach was
attempted in later studies where scaffolds were designed for sustained release of growth
factors such as vascular endothelial growth factor to induce rapid neovascularization
[24,25]. Some of these studies showed success in increasing survival in animal models of
acute and chronic liver failure [26–28], and some are in large animal testing. It should be
emphasized that it’s been over two decades since the first promising results were reported
[21], and the initial engraftment and the loss of cell viability still continues to be a real
challenge in hepatic tissue engineering [7]. Additionally, these strategies do not address the
fact that liver constructs are best connected to the portal and biliary circulations in order to
maintain liver support in homeostasis once transplanted. Although a limited number of
studies report “ground-up” approaches to create perfusable liver sinusoidal
microarchitecture utilizing microfabrication tools [29,30], these devices are difficult to scale
up and thus, are very far from creating clinically transplantable liver grafts [31]. Therefore,
the search for an ideal scaffold with the microarchitecture [20] and biological cues [32] to
stimulate hepatocyte engraftment, viability and function in vivo for hepatic tissue
engineering has persisted.

Whole Liver Engineering
In recent years, a novel technique for preparation of whole organ scaffolds has emerged in
tissue engineering (Figure 1). The technique involves perfusion decellularization of
cadaveric organs to generate extracellular matrix scaffolds that retain the gross morphology
and vascular architecture of the native organ [33]. The scaffold is then repopulated with
parenchymal and/or non-parenchymal cells by either direct injection into the parenchyma or
perfusion through the vasculature. The construct can be cultured in vitro under perfusion
conditions and can be transplanted orthotopically or heterotopically [34]. The technique was
first demonstrated for the heart [5] and quickly adopted for liver [6,35–40], lung [41–43],
pancreas [44] and kidney [45].

Decellularized tissue matrix in tissue engineering
Biomaterials used in the first generation hepatic tissue engineering have found limited use as
they had minimal ability to modulate the repair and regeneration of the host tissue. The
ability of biomaterials to interact with the host tissue such as controlling specific cell
binding interactions and responding to environmental cues became important design
considerations of synthetic biomaterials [46]. Additionally, material microstructure, defined
by the pore structure, surface area to volume ratio, texture and surface topography, plays an
important role in tissue morphogenesis and have become other important design parameters
in tissue engineering scaffolds [47]. Considering these design constraints, decellularized
tissue matrix represents an ideal scaffold/material for tissue engineering applications as it
retains relevant aspects of complex structure and chemical composition of the extracellular
matrix (ECM) [48]. Potential applications of decellularized matrix in tissue engineering
have been demonstrated for bladder [49], skin [50], trachea [51] among others.
Commercially successful examples include decellularized human dermis (Alloderm®) and
small intestinal submucosa [4].
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Recellularized liver grafts
Our group was the first to report generation of a transplantable recellularized liver graft
using perfusion decellularized whole liver scaffolds [6] followed by others [35–40]. The
decellularization process preserved both portal and venous vascular networks which
facilitated repopulation of the scaffolds with adult rat primary hepatocytes. The grafts were
repopulated with 200 million hepatocytes which is equal to approximately 40% of an entire
rat liver hepatocyte mass. The grafts were functional up to 10 days in in vitro perfusion
culture as measured by albumin, urea, cytochrome P450 expression at levels that are
equivalent to 30% observed from native liver. The grafts were transplanted heterotopically
back into the rats for a period of 8 h with minimal ischemic damage. Following our work,
there have been other reports of rat liver recellularization with fetal hepatoblasts [35],
recellularization of pig livers with human [36] or porcine hepatocytes [40], long term
transplantation of recellularized rat livers in a 90% hepatectomy model [37]. Although the
process of producing recellularized liver grafts is reproducible and feasibility of the
approach has been well established by the preliminary work in small and large animal
models, there are still many hurdles to be overcome in the creation of large scale
recellularized liver grafts for clinical application. This will not be a 5-year task as many
pundits claim.

Challenges of whole liver engineering
Creating the complete liver tissue is a challenging task and requires consideration of several
factors such as where the organs to prepare scaffolds will be obtained and the safety issues
associated with the source; how to recapture the sinusoidal architecture to correctly mimic
the hepatic physiology; and ways to improve the blood compatibility of the grafts for
successful transplantation to provide long term liver support.

Source of livers and immunological issues—Cadaveric human livers not used for
transplantation constitute an appropriate liver source for preparing scaffolds for whole liver
grafts for clinical translation. Donor livers are rejected for transplantation because of
excessive steatosis, fibrosis, or level of ischemia is beyond acceptable limits and the rejected
organs can be accessible for decellularization. Since the decellularization process
successfully removes the human leukocyte antigens (HLA) [51], immunological issues
related to their use is expected to be minimal. Another potential source of organs for
scaffold preparation is pig livers. Porcine livers are sufficiently large to hold sufficient
number of cells to support a failing human liver. Decellularized animal tissue matrices may
contain galactose- α-1,3-galactose antigen (α-Gal epitope); a cell membrane antigen that is
responsible for hyperacute rejection of xenogeneic grafts [52]. However, there is some
evidence that the presence of the alpha-Gal epitope doesn’t contribute to any adverse
immunological response [53]. Therefore, porcine livers also constitute a viable source of
organs.

Rebuilding the liver microarchitecture—The parenchymal fraction of the liver
consists of hepatocytes, which constitute the 80% of the total volume and 60% of the total
cell population in the liver [54]. The non-parenchymal fraction consists of bile duct
epithelial cells (or cholangiocytes), liver sinusoidal endothelial cells (LSEC), hepatic stellate
cells (HSC), Kupffer cells, and pit cells (intrahepatic lymphocytes) [54]. In a tissue
engineered transplantable liver, the presence of hepatocytes is essential because they are the
primary cell type responsible for major liver functions. Besides hepatocytes, one has to
consider including endothelial cells, cholangiocytes and hepatic stellate cells as the non-
parenchymal fraction in an engineered transplantable liver construct since these cell types
play major roles in regulating hepatocyte functions in vivo [55] and developmentally they
arise from common progenitors [56]. In our opinion, other non-parenchymal cells such as
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Kupffer cells and Pit cells can be omitted in the in vitro repopulation efforts of the whole
liver scaffolds because they are usually considered to be a part of the immune system [57]
and can be expected to migrate into the engineered liver grafts upon transplantation from the
bone marrow of the recipients. So far, tissue engineering efforts for creating a transplantable
liver graft employed endothelial cells [6,35] and stellate cells [36] as the non-parenchymal
fraction. Although no study has reported the use of adult cholangiocytes for repopulating
bile ducts in the whole liver scaffolds, several reports utilized fetal hepatoblasts as a source
of hepatocytes [35,38,58] which also have the potential to generate cholangiocytes [59]. The
evidence of such a potential has been demonstrated by the formation of CK19 positive
ductules as precursors of bile ducts in the engineered liver grafts [35].

One of the goals of whole liver engineering is to recreate the correct spatial distribution of
liver cells within the whole organ scaffold. Uniform distribution of hepatocytes throughout
the scaffold, lining of the vascular spaces with endothelial cells and coverage of the bile
ducts with cholangiocytes are essential to recapture hepatic physiology. In the recent whole
liver engineering reports, dynamic seeding of hepatocytes through vascular perfusion was
shown to achieve a more uniform distribution of the cells throughout the scaffold than
seeding by injection into the vasculature or by direct injection into the parenchyma [6,39]. In
addition, multistep dynamic seeding allowed for seeding high numbers of hepatocytes to
achieve about 80% cell density and around 20% of native hepatic mass in the grafts [6,60]
which is said to be sufficient to support liver dysfunction due to metabolic deficiencies.
When non-parenchymal cells, such as endothelial cells, are introduced into grafts via
sequential seeding into the portal circulation [6] or into portal and venous circulation
separately [35], they appear to home to their respective niches [60]. The repopulation of the
bile ducts with cholangiocytes has not been shown yet, but infusion of cholangiocytes into
the bile ducts has been suggested for restricting the seeding of the cells into their niches
[60].

Cell source—Choosing a cell source for liver tissue engineering is not a major obstacle
but it requires extensive consideration for clinical translation. Advantages and disadvantages
of using autologous vs. allogeneic or xenogeneic, primary vs. progenitor-derived, have been
well discussed elsewhere [34]. So far, adult primary hepatocytes have been the primary
choice for whole liver tissue engineering since they display adult hepatic phenotype.
Hepatocytes from different animal sources such as rat [6], mouse [39], pig [40] were used to
repopulate whole liver grafts. The limited availability of high quality human livers for cell
isolation limited the use of adult primary human hepatocytes in tissue engineering
applications. However, current progress on developing strategies to improve the yield of
high quality adult human hepatocytes from marginal livers hold the promise to increase their
supply [61]. In other studies, human fetal liver cells were used for repopulation [35,36,38].
One advantage of using bipotential cells such as fetal liver cells is that the cells differentiate
into both hepatocytes and cholangiocytes and have the capacity to reconstitute the
parenchymal and non-parenchymal components in the liver graft [35,36]. However, the use
of fetal tissue to obtain the cells creates ethical problems for clinical translation. Pluripotent
stem cells are considered as a sustainable cell source for cell based therapies such as tissue
engineering. Induced pluripotent stem (iPS) cells are of special interest because they could
be patient specific and would reduce the need for immunosuppression upon transplantation.
One disadvantage of using iPS cells is that the cells retain their epigenetic memory prior to
reprogramming which may alter their potential to differentiate into cells of lineages other
than that they were derived from [62,63]. Regardless, it is well established that ECM plays
an important role in liver development [64] and only a small number of studies have directly
evaluated the effect of the decellularized liver matrix on stem cell fate [65,66]. This effect
remains an important direction for research because scalable and efficient methods to

Uygun and Yarmush Page 5

Curr Opin Biotechnol. Author manuscript; available in PMC 2014 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



differentiate pluripotent cells to hepatocyte-like cells equivalent to adult primary cells
remain to be established [67].

Transplantation—The main advantage of using whole liver scaffolds for liver tissue
engineering is that the constructs have the intact vascular bed that allows for connection to
the recipient’s blood torrent upon transplantation. Although the current reports successfully
demonstrated the feasibility of the transplantation in small animal models, the in vivo graft
survival times have been only up to 2 h, 8 h, or even less [6,35,36]. The main challenge is
the initiation of the blood coagulation cascade once blood contacts the exposed collagen in
the scaffold. Theoretically, endothelialization of the vascular bed in the scaffolds should
prevent thrombosis but achieving 100% coverage has been challenging. One study has
reported 4 d transplantation time [37] by depositing heparin the scaffolds prior to
recellularization rendering the construct anti-thrombogenic. Although this allowed for
testing the therapeutic efficacy of the tissue-engineered grafts in a 90% hepatectomy model,
the success has not been reproduced by others yet.

In our opinion, the solution to blood clotting problem involves a dual approach consisting of
endothelialization of blood contacting surfaces in the graft and anti-coagulation therapy of
the recipient animals. However, the minimum fraction coverage of the vascular conduits
with endothelial cells required for undisturbed blood flow in the graft remains to be
determined. We believe that the optimal endothelialization conditions should be determined
by exhaustive testing of endothelial cell seeding and culture conditions (such as seeding
density, culture duration, shear stress, etc.) in an ex vivo blood perfusion test system that
mimics the transplantation conditions.

Conclusion
Since the advent of the field of tissue engineering, the progress in liver tissue engineering
has been limited by the challenge of finding the right scaffold material and architecture to
facilitate hepatocyte function and survival in vivo. Whole liver scaffolds prepared by
perfusion decellularization of cadaveric organs circumvent these issues and present as a
promising platform to engineer livers for transplantation. However, the task is complex and
challenging and requires approaches from multiple angles to rebuild the liver
microarchitecture and successfully transplant to support the functions of a failing liver. The
current success in the field so far is exciting and seems to provide the ultimate promise for
creating an engineered liver for clinical transplantation.
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Highlights

• Engineering liver tissue addresses the shortage of donor organs for
transplantation.

• Survival of liver constructs largely depends on efficiency of nutrient delivery to
the cells.

• Whole liver scaffold is a viable platform for engineering liver for permanent
support.

• Whole liver engineering is a complex and challenging task.

• Current efforts are focused on recapturing microarchitecture and transplantation.
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Figure 1. Overview of whole liver engineering
Cadaveric organs rejected for transplantation are used to prepare decellularized whole liver
scaffolds. The scaffolds are repopulated with liver cells ex vivo in a bioreactor system and
later transplanted into patients.
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