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Review

Introduction

It is well known that the liver has the capability to regenerate 
in vivo.1,2 However, on isolation and culturing in vitro, it is diffi-
cult to maintain the functions of liver cells because in vivo condi-
tions are simply not fully reproduced by current in vitro culture 
techniques. Various key factors have been found to improve in 
vitro liver cell primary culture;3 a recent study identified small 
molecules for human hepatocyte expansion and differentiation.4 
However, reconstructing an original three-dimensional (3D) 
structure by culturing hepatocytes and other liver cell types, 
such as endothelial cells (ECs) and hepatic stellate cells (HSCs), 
remains challenging.

Since the concept of tissue engineering was first reported,5 
many studies have attempted to reconstruct liver tissues in vitro. 
The liver remains an important target of in vitro tissue engi-
neering because liver transplantation remains the only effective 
therapy in cases of end-stage liver disease.6,7 In particular, the 

generation of microcirculation networks and their integration 
with engineered 3D tissues—i.e., vascularization—is of great 
interest. To achieve functional tissue-engineered livers, orga-
nization of the microstructure as well as large-volume tissue is 
important.

In this review, conventional 3D culture methods are first dis-
cussed. Recent advances in the 3D culturing of liver cells are then 
discussed in the context of liver tissue reconstruction in vitro at 
the micro- and macroscales. In particular, two types of complex 
culture models have been explored in recent tissue engineering 
research. One is the application of microelectromechanical sys-
tem (MEMS) technology to address biological issues such as 
the construction of organized 3D tissues; this has been termed 
“bioMEMS technology.”8 BioMEMS focuses on the organiza-
tion of microstructure in culture. Cellular components of the 
liver system are assembled in a stepwise manner to form tissue 
by controlling the cellular microenvironment, such as the spatial 
and temporal distribution of cells and biophysical and biochemi-
cal factors at the microscale. This bioMEMS approach constructs 
a whole system by building up cellular components, so is con-
sidered a bottom-up approach (Fig. 1). On the other hand, the 
second approach involves the use of decellularized whole-organ 
scaffolds because a whole-organ structure can be used as a scaf-
fold to reconstruct liver tissue. This approach is performed at the 
macroscale and yields large-volume tissues. In this approach, the 
whole system resides in the culture model in which the cellu-
lar components must be organized. Becuase tissue construction 
is considered with directionality, from a system to the compo-
nents, this whole-organ bioengineering technology is considered 
a top-down approach to liver tissue engineering (Fig. 1). Finally, 
mesoscale approaches are discussed, with consideration of the 
integration of micro- and macroscale approaches. Thus, recent 
liver tissue engineering studies have been performed at multi-
ple scales (Fig. 1). Integration of these multiscale procedures is 
important for achieving the construction of functional liver tis-
sues and organs that are appropriate for clinical use.

Conventional 3D Culturing for the Construction  
of Liver Tissue

Spheroid culture, based on spontaneous tissue formation
It is widely recognized that culturing cells in 3D configu-

rations better maintains their functions than culturing in 2D, 
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The liver is a target of in vitro tissue engineering despite 
its capability to regenerate in vivo. The construction of liver 
tissues in vitro remains challenging. in this review, conven-
tional 3D cultures of hepatocytes are first discussed. Recent 
advances in the 3D culturing of liver cells are then summa-
rized in the context of in vitro liver tissue reconstruction at 
the micro- and macroscales. The application of microfluidics 
technology to liver tissue engineering has been introduced as 
a bottom-up approach performed at the microscale, whereas 
whole-organ bioengineering technology was introduced as a 
top-down approach performed at the macroscale. Mesoscale 
approaches are also discussed in considering the integration 
of micro- and macroscale approaches. Multiple parallel mul-
tiscale liver tissue engineering studies are ongoing; however, 
no tissue-engineered liver that is appropriate for clinical use 
has yet been realized. The integration of multiscale tissue engi-
neering studies is essential for further understanding of liver 
reconstruction strategies.
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because there are major differences between a flat 
layer of cells and a well-organized, complex 3D 
tissue.9,10 Hepatocytes reside in the liver, a highly 
organized structure, where they interact with 
neighboring hepatocytes, nonparenchymal cells, 
such as ECs and HSCs, and extracellular matrix 
(ECM) proteins. Thus, many 3D culture meth-
ods have been described for the construction of 
liver tissues in vitro.

The spheroid culture was one of the first 
attempts to culture hepatocytes in a 3D configu-
ration. When seeded in a culture dish, hepatocytes 
usually attach and spread over the plastic surface. 
However, when the culture surface is treated to 
prevent attachment, hepatocytes instead attach to 
each other, resulting in the formation of multi-
cellular aggregates known as hepatocyte spher-
oids. Although hepatocytes in two-dimensional 
(2D) culture rapidly lose their functions, hepa-
tocytes in spheroids maintain their differenti-
ated functions in long-term culture.11,12 Recent 
advances in microfabrication technologies have 
enabled formation of numerous hepatocyte 
spheroids with a uniform diameter.13,14

In the early stages of spheroid cultures, only 
hepatocytes were cultured to form 3D structures. 
Although spheroid culture is useful in terms of the 
maintenance of hepatocyte function, hepatocyte 
spheroids are formed by the aggregation of hepa-
tocytes. Thus, the structure of spheroids does not 
reflect the well-organized liver tissue in vivo. This resulted in the 
extension of hepatocyte spheroid cultures by co-culturing with 
ECs15 and HSCs16 to better mimic physiological hepatic tissue. 
These co-culture spheroid models are useful for investigating 
heterotypic cellular interactions between hepatocytes and ECs, 
and hepatocytes and HSCs, respectively. However, it remains 
difficult to construct spheroids that reproduce the true in vivo 
structure formed by hepatocytes, HSCs, and ECs. Additionally, 
the size of hepatocyte spheroids is limited by diffusion-dependent 
mass transfer because of the lack of a vascular network within the 
3D structures. Furthermore, tissue formation within hepatocyte 
spheroids depends on the spontaneous reorganization of the cells. 
Thus, more controllable 3D culture methods have since been 
developed to better mimic in vivo liver structures.

3D stacked-up culture based on controllable tissue formation
3D stacked-up culture, which is a method of 3D culture by 

stacking 2D cell layers, is a more controllable method of mim-
icking the in vivo liver structure. Because hepatic cords have a 
bilayer structure, 3D culture of hepatocytes has been achieved by 
stacking 2D cell layers. For example, small hepatocytes, a type 
of hepatic progenitor cell, were cultured on a pair of micropo-
rous membranes to allow them to form 2D cell layers.17 These 
2D tissues with microporous membranes were stacked to form 
bilayer structures, because hepatocytes form such bilayer struc-
tures, known as hepatic cords, in vivo. Interestingly, small hepa-
tocytes in the stacked structure adapted to their 3D culture 

microenvironment and formed bile canaliculi, highly differenti-
ated structures, between the two cell layers. As the cells formed 
differentiated structures, they began to express differentiated 
functions—such as albumin secretion—in the 3D culture. 
This method was also performed using biodegradable micropo-
rous membranes composed of poly(d,l-lactide-co-glycolide).18 
In this culture model, hepatocytes formed bilayer structures 
without membranes as the membrane was degraded during cul-
ture. Furthermore, this culture model was extended to perform 
tri-culturing of small hepatocytes, HSCs, and ECs.19,20 In the 
tri-culture model, HSC behavior was spatially and temporally 
controllable, providing HSC-mediated proximal layers of hepa-
tocytes and ECs.19 Furthermore, with control of temporal hepa-
tocyte-HSC interactions, HSCs were finally located along EC 
capillary-like structures stacked on hepatic organoids composed 
of small hepatocytes and HSCs.20

Cell sheet engineering—as proposed by Okano et al.—is a 
pioneering method of constructing a 3D structure by stacking 
2D cell layers. In this method, cells are cultured on a temper-
ature-responsive surface; cell sheets can then be harvested by 
reducing the temperature. This method can be applied to several 
cell types. In terms of liver tissue engineering, an EC layer has 
been stacked onto a hepatocyte layer.21 Hepatocytes covered by 
an EC layer maintained differentiated function for longer than 
did single hepatocytes in culture. Moreover, bile canalicular 

Figure 1. Multiscale tissue engineering. Tissue engineering research has been performed 
at multiscale. Bioengineers implement bioMeMS technologies to control the microenviron-
ment of cells in culture, aiming to construct a functional 3D cytoarchitecture. These studies 
are performed mainly on a microscale, which can be regarded as a bottom-up approach. 
in contrast, medical scientists implement decellularized organs for tissue engineering, 
aiming to construct implantable tissues. This is performed on a macroscale, which can be 
regarded as a top-down approach. Although both methods aim to reconstruct liver tissues 
in vitro, there is a major scale gap between these approaches. Mesoscale approaches, such 
as microbioreactors, 3D printing technologies, and microgel piece technologies, should 
thus be implemented to bridge the gap.
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networks formed among the hepatocytes and developed well in 
the layered hepatocyte-EC sheets.22

Multi-layered tissues can also be constructed by the forma-
tion of a nanoscale-biocompatible polyelectrolyte scaffold, which 
provides a cell-adhesive surface, on top of a monolayer of cells so 
that a second cell type can be seeded directly onto the first layer 
of cells. For example, a polyelectrolyte scaffold was assembled on 
top of hepatocytes by sequentially depositing chitosan and DNA 
as the cationic and anionic polyelectrolytes.23 Second cell types, 
such as ECs, fibroblasts and hepatocytes, were cultured on top of 
the original hepatocyte layer, resulting in a layered architecture.

Magnetite nanoparticles have also been used to construct 
layered 3D structures in vitro;24 magnetically labeled ECs were 
seeded onto hepatocyte monolayers cultured under a magnetic 
field. Due to the magnetic field, ECs grew on the hepatocyte 
layer, resulting in a heterotypic, layered construct. Hepatocytes 
maintained a high level of albumin secretion in the heterotypic 
constructs.

Although these 3D stacked-up culture methods achieved 
relatively complex, organized tissues compared with hepatocyte 
spheroids, this method still failed to construct physiological liver 
tissues. However, the development of 3D culture techniques has 
enabled culturing of hepatocytes in 3D configurations in which 
they maintain their differentiated function. Liver tissue engineers 
have come to recognize that the transport of oxygen and nutrients 
into thick, 3D multicellular tissues is a significant issue in liver 
tissue engineering. Because mass transport is limited by diffusion 
within tissues, 3D tissues must include microvascular networks 
that provide oxygen and nutrients by convection.7 In this con-
text, new approaches to achieving vascularization of 3D tissue-
engineered constructs have been developed. Two such approaches 
using bioMEMS and decellularization technologies, based on 
bottom-up and top-down approaches, respectively, are described 
below. A method based on bioMEMS technology allowed the 
precise control of cellular microenvironments to construct more 
physiological tissues, leading to vascularization; this method is 
more controllable than conventional 3D culture.

Bottom-Up Approach: BioMEMS

BioMEMS: A new technology for the control of culture 
microenvironments

In the past two decades, microfabrication technologies have 
been applied to multiple life science fields, bringing new capa-
bilities to research. The number of published papers related to 
microfluidics technologies has increased markedly since 2000, 
not only concerning liver reconstruction but also other life sci-
ence fields (Fig. 2). Soft lithography is a key technology in 
microfluidics that is used to create microstructures by printing, 
molding and embossing.25 Using this technology, designed struc-
tures at a micrometer scale can be embossed on the surface of bio-
compatible elastomeric polymers such as poly(dimethylsiloxane) 
(PDMS). This technology was first used for micropatterning cell 
culture on a flat surface,26-29 and was then applied to create 3D 
culture microenvironments.30,31 PDMS with channels embossed 
on the surface can be bonded with a coverglass, which creates 

spaces for culture medium between the microfabricated PDMS 
and a coverglass, resulting in a microfluidic device. Such micro-
fluidics-based cell culture devices opened new doors in life science 
research, particularly in cell biology32,33 and tissue engineering.34

An important advantage of microfluidics-based cell culture 
devices is that cells can be cultured under flow conditions.35 
Microfluidic perfusion culture allows more physiologically rel-
evant culture environments compared with conventional culture 
devices such as culture dishes and flasks, in which cells are cul-
tured on a flat surface under static conditions. Specifically, the 
delivery and removal of soluble biochemical factors as well as 
mechanical force exerted via fluid flow can be controlled pre-
cisely in a microfluidic culture device.

Microfluidic devices have additional advantages compared 
with conventional culture methods. For example, cells can be 
cultured under a growth factor concentration gradient. Cellular 
distribution can also be controlled in culture, as the microchan-
nel pattern can be designed. In addition to spatial control of cellu-
lar distribution, its temporal control is also possible because cells 
can be added during culture to designated regions as required via 
a microchannel. Microfluidic devices also provide suitable envi-
ronments for cell culture because of the larger surface: volume 
ratio, more similar to that in vivo, which enhances cell–cell inter-
actions via concentrated soluble factors. Microfluidic devices also 
have several limitations. For example, protein expression analysis, 
such as by western blotting, is difficult due to the limited num-
ber of cells harvested from a microfluidic device. Evaporation 
of culture medium easily affects osmolality, which can damage 
cells. Surface coating of the microfluidic channels is required to 
facilitate cell adhesion. However, the advantages of microfluidic 
devices are critical in the context of tissue engineering because 
functional tissue can be constructed using well-controlled cul-
ture conditions, optimized for the formation of organized tissue.

Microfluidics-based culture systems to mimic liver struc-
tures and microenvironments

Figure 2. increase in the number of papers related to microfluidics tech-
nologies. The number of papers from 1991–2012 in a scientific literature 
database, the web of Science, was searched using the keyword “micro-
fluidic.” Note that the number of papers increased dramatically after 
~2000.
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One of the earlier attempts to culture liver cells in a microflu-
idic device was reported by Leclerc et al.36 The study focused on 
the establishment of a cell culture in a microfluidic device, such 
as sterilization steps and collagen pre-coating, rather than on 
constructing physiological liver tissues. They developed a device 
with a 3D microfluidic structure composed of two stacked layers 
of PDMS incorporated in a continuous fluid perfusion circuit to 
enhance 3D cell arrangement. HepG2 cells were cultured in the 
device and their functions were monitored over 10 d. This device 
was then modified to a microfluidic PDMS bioreactor for large-
scale culture of hepatocytes.37 The design involved a combination 
of microchannels for cell culture and an oxygen chamber sepa-
rated vertically by thin PDMS membranes. The high gas perme-
ability of PDMS allows supply of oxygen to the cells cultured in 
microchannels. Consequently, a large number of cells were cul-
tured successfully by stacking the PDMS layers. A cell density of 
~3–4 × 107/cm3 was achieved, consistent with other macroscale 
bioreactors.

Carraro et al.38 developed a microfluidics-based bilayer device 
with a discrete parenchymal chamber modeled on the liver archi-
tecture. Microfluidic channels were designed to provide appro-
priate flow behavior based on physiological data from human 
microvasculature. Hepatocytes were cultured in a parenchymal 
chamber separated by a nanoporous membrane that allows trans-
port of metabolites and small proteins while protecting hepato-
cytes from the effects of shear stress. Hepatocyte functions—such 
as albumin secretion and urea production—were maintained at 
significantly higher levels for at least 7 d in a perfused microflu-
idic device compared with in static culture dishes. Although this 
study reported that hepatocytes maintained differentiated func-
tions in a microfluidic device, hepatocytes failed to form physi-
ological structures similar to those in vivo.

Because the microfluidic device allows precise control of the 
culture microenvironment, the technology can be used for con-
structing physiological liver tissues by building the individual cel-
lular components of the liver. Based on this bottom-up approach, 
a microfluidic device has been used to construct the smallest 
unit of liver structure, the hepatic cord. Lee et al.39 developed 
a microfluidic device with a design inspired by the liver micro-
structure. Hepatocytes were cultured in a constrained space of 50 
× 30 × 500 μm, resulting in the formation of hepatic cord-like 
structures. They also designed a microfluidic structure to mimic 
the natural endothelial barrier layer in the liver sinusoid, which 
exhibited mass transport properties similar to the liver in vivo, 
defined tissue and fluid transport regions, and continuous nutri-
ent exchange. Hepatocytes were maintained in the microfluidic 
device for at least 7 d. A similar microfluidic device was devel-
oped for high-density culture of hepatocytes.40 In this microflu-
idic device, a high density of hepatocytes is in close contact with 
the microcirculation, which mimics the liver tissue configura-
tion in vivo. These microfluidic devices were modified such that 
the hepatocytes grew in two lines, resulting in the formation of 
linear bile canaliculi along the hepatic-cord-like structure.41 The 
control of bile canalicular formation has the potential to enable 
collection of bile secreted by hepatocytes in culture. Although 
the hepatocytes constructed physiological structures, such as 

bile canaliculi, within this culture model, the system was a 2D 
culture. Thus, the 2D microfluidic culture system needed to be 
developed into a 3D culture system to construct more complex 
3D tissues, based on this bottom-up approach.

Microfluidics-based 3D culture systems for hepatocytes
Microfluidics-based 2D culture models were further extended 

to 3D in the context of liver tissue engineering. Microfluidic 
devices have enabled us to generate 3D structures composed of 
hepatocytes under controlled culture environments. Toh et al.42 
developed a 3D-cell-perfusion culture system using microchan-
nels. In this device, hepatocytes were cultured in a microchannel 
with an array of micropillars that immobilize and support cells. 
Consequently, cells were cultured in a physiological microen-
vironment with 3D cell–cell and cell–matrix interactions. Cell 
viability changed significantly according to the flow conditions. 
Flow rates were optimized to achieve the greatest hepatocyte 
viability. Hepatocytes seeded in this device showed aggregation 
within 1 d. Cells were then remodeled into 3D aggregates with 
smooth surfaces, similar to hepatocyte spheroids. Hepatocytes 
maintained cell–cell interactions in the 3D culture, as confirmed 
by cortical localization of actin filaments between hepato-
cytes. Furthermore, a metabolic function of hepatocytes, UDP-
glucuronyltransferase activity, was maintained at a significantly 
higher level in the 3D aggregates than in 2D monolayer cultures.

This microfluidic device was further modified to have multi-
plexed culture channels for drug toxicity testing.43 The modified 
device has parallel cell culture channels that are addressed inde-
pendently by the outputs of a concentration gradient generator. 
The dose-dependent hepatotoxicity of model drugs was investi-
gated. Hepatocytes in the microfluidic device were more sensitive 
to the hepatotoxic effects of most of the drugs tested than those 
in multi-well plate cultures, demonstrating the potential of this 
device for in vitro drug testing in a biologically relevant and effi-
cient manner.

Goral et al.44 developed a similar perfusion-based microfluidic 
device for human hepatocyte culture, with some modifications. 
Cryopreserved primary human hepatocytes were cultured in the 
device, resulting in the formation of bile canalicular networks 
within 3D hepatocyte tissue-like structures under perfusion con-
ditions, whereas most were dead within 2 wk under static condi-
tions. Continuous delivery of nutrients and waste removal were 
achieved under perfusion conditions, which seemed to mimic 
in vivo blood perfusion. Furthermore, hepatocytes forming bile 
canaliculi exhibited a transport function from the cytoplasm 
to the luminal space of bile canaliculi via multi-drug resistance 
associated protein 2. This microfluidics-based culture system 
allowed the construction of 3D hepatocyte tissues. However, 
this 3D tissue was composed of hepatocytes alone. Thus, this 
culturing technology needed to be developed into a co-culture 
system to construct more complex tissues, based on the bottom-
up approach.

Microfluidics-based 3D culture systems for liver cell 
co-culture

In addition to the hepatocyte culture, the establishment of 
EC culture is important in achieving vascularization of tissue-
engineered constructs in a microfluidic device. Hydrogel is 
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an important scaffold that provides a 3D environment for the 
formation of microvascular networks by ECs. This led to the 
development of a hydrogel-incorporating microfluidic device. 
Although hepatocytes were also cultured in a microfluidic device 
incorporating collagen gel, the hydrogel-containing device was 
first used to monitor the dynamics of individual cells during 
3D angiogenesis.45 This device has a great advantage in terms 
of high-resolution live-cell imaging. An in vitro 3D angiogen-
esis model has been used widely to investigate vascular sprout-
ing and capillary extension and development. In this model, 
ECs were cultured on collagen gel formed at the bottom of a 
culture dish. Because vascular sprouts extended perpendicular to 
the microscopic viewing plane, z-stack images could be acquired 
by a confocal laser-scanning microscope and reconstructed as a 
3D projection image for investigation of 3D capillary morpho-
genesis. However, this microfluidic device provides a window for 
monitoring sprouting angiogenesis, due to the unique geometry 
of the device. Sprouting angiogenesis can be monitored using a 
phase-contrast microscope because vascular sprouts grow pre-
dominantly in the microscopic viewing plane. This device was 
then modified to investigate 3D migration of various cell types, 
including ECs and cancer cells, and the effect of co-culture with 
other cell types.46-48

The hydrogel-containing device was then applied to the co-
culture of hepatocytes and ECs.49 As vascularization of tissue-
engineered constructs is challenging, it is important to investigate 
the interaction between hepatocytes and ECs. In particular, the 
interaction between epithelial tissues and capillaries should be 
clarified. Although many studies on the co-culture of hepato-
cytes and ECs have been conducted, little is known about the 
interaction of hepatocytes, which form 3D tissues, and ECs, 
which form capillary structures. In this device, hepatocytes were 
first cultured under interstitial flow conditions to enhance the 
formation of 3D tissue structures. The presence of interstitial 
flow promoted significant formation of 3D tissue structures 
compared with static conditions. This hepatocyte culture model 
was coupled with the 3D angiogenesis model. Hepatocyte-EC 
co-culture in the microfluidic device revealed that the presence 
of hepatocytes promoted significant capillary formation by ECs. 
This culture model demonstrated interactions between hepato-
cyte-tissues and endothelial capillaries, suggesting the potential 
for creating vascularized hepatocyte tissues.

The formation of hydrogel fibers based on microfluidics tech-
nologies can also be applied to liver tissue engineering. Because 
hepatic cords consist of aligned single or coupled hepatocytes, 
this aligned structure can be mimicked by hydrogel microfibers. 
Yamada et al.50 reported formation of such hepatocyte structures 
in alginate gel microfibers. Fibroblasts were also embedded in 
the alginate gel to enhance hepatocyte differentiation via cell-cell 
communications. Heterotypic and homotypic cell-cell interac-
tions in this culture system enhanced hepatocyte differentiation 
in long-term culture for more than 30 d.

Microfluidics-based 3D culture systems allowed the con-
struction of increasingly more complex tissues, as described 
above. Because microfluidics technologies can control the cul-
ture microenvironment, reorganization of hepatocyte tissues to 

include other cell types, such as ECs, can be achieved. Such cul-
ture models are useful for constructing physiological 3D tissues 
similar to the in vivo situation. However, these culture models 
can only be performed at a microscale. The resulting micro-phys-
iological hepatic tissues can be used for the study of further tis-
sue organization, liver cell biology, physiology, and drug testing. 
The critical limitation of these microfluidics-based systems is the 
limited volume of the tissue-engineered constructs, which is not 
adequate for clinical use.

In terms of tissue engineering and regenerative medicine, 
achieving a large volume of tissue-engineered construct(s) is 
essential. Thus, a top-down approach, performed at the mac-
roscale, is also required. Whole-organ bioengineering is such an 
approach to construction of liver tissue at the macroscale.

Top-Down Approach: Whole-Organ Bioengineering

Decellularization and recellularization of the liver
The most important advantage of decellularized whole organs 

is that they comprise the intact original 3D architecture and 
specific ECM proteins of the organ. In particular, vascular net-
works retain the original 3D structures, allowing connection to 
the recipient’s circulation for rapid oxygen and nutrient delivery 
after transplantation. Therefore, transplantation of reconstructed 
organs is possible upon the successful repopulation of the decel-
lularized organ. In this context, a decellularized liver scaffold is a 
practical platform for reconstructing liver tissues in vitro because 
it has a macroscopic structure and contains decellularized vascu-
lar networks that can be surgically connected to the recipient’s 
vascular networks when transplanted.

Decellularization is a technique for removing all cells from 
a tissue/organ by physical, enzymatic, and/or chemical treat-
ments, which has advanced dramatically in recent years (Fig. 3). 
The selection of decellularization agents among non-ionic, ionic, 
and zwitterionic detergents, enzymatic agents, physical agents, 
and the direct application of force, along with the development 

Figure 3. increase in the number of papers related to decellularization 
technologies. The number of papers from 1991–2012 in a scientific lit-
erature database, the web of Science, was searched using the keyword 
“decellularized.” Note that the number of papers increased dramatically 
after ~2000.
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of new protocols, are critical steps for successful decellulariza-
tion.51-53 It is important to remove all cellular material without 
adversely affecting the composition, mechanical integrity, or the 
eventual biological activity of the remaining ECM, and original 
structures, including vascular and lymphatic networks, which 
must be optimized for each tissue/organ.54

Decellularization techniques have been applied for parts of tis-
sues/organs, such as heart valves,55,56 vessel walls,57,58 the skin,59,60 
and the trachea.61 Recent advances in this technique have facili-
tated the preparation of decellularized whole-organ scaffolds. 
Specifically, it has been shown that perfusing a detergent solution 
through the vascular network, rather than relying on agitation 
and diffusion alone, allows decellularization of entire organs.51-53 
Ott et al.62 reported the decellularization of a heart by coronary 
perfusion with detergents. The decellularized heart, a 3D cardiac 
ECM scaffold with native vascular channels, was repopulated 
with cardiac cells or ECs, resulting in macroscopic contractions 
by day 4, and pump function by day 8. This decellularization 
technique based on detergent perfusion has since been modified 
and adopted for the liver,63 lung,64 and kidney.65

3D architecture and complex mixtures of native ECM in the 
decellularized liver

The ECM as well as the 3D structure of a decellularized liver 
is important for constructing liver tissues in vitro. While only 
one component or a few ECM proteins, such as collagen, lam-
inin, and fibronectin, have been used to create in vitro culture 
models, the ECM in vivo is a complex mixture of functional pro-
teins. These mixtures of ECM proteins, which are unable to be 
replicated in vitro, play an important role in the maintenance of 
tissue structures and functions.66 Decellularized ECM scaffolds, 
especially those derived from urinary bladder and small intestinal 
submucosa, have been well-characterized.54 The specific compo-
sition and distribution of ECM are important for the mainte-
nance of cells in each tissue/organ because decellularized ECM 
contains proteins secreted by the resident cells of the tissue/organ 
from which they are prepared.

In the case of liver ECM, even in the absence of the 3D struc-
ture of an intact liver, decellularized liver-derived ECM facilitated 
differentiated functions of primary rat hepatocytes in culture.67 
Liver-derived ECM was useful for culture of not only hepato-
cytes but also sinusoidal endothelial cells (SEC), the liver-specific 
ECs. In particular, the ECM source was important because liver-
derived ECM maintained the greatest degree of SEC differentia-
tion compared with ECM derived from other organs, such as the 
bladder and small intestinal submucosa.68

Application of repopulated liver grafts
Decellularization of the liver was first reported by Uygun 

et al.,63 who applied the perfusion-based decellularization tech-
nique to the rat liver, and showed that ECM proteins, such as 
collagen type I, collagen type IV, fibronectin and laminin, were 
retained similarly to the native liver. Importantly, the vascular 
tree, including the microvasculature, remained intact in the 
decellularized liver. They further demonstrated that the decellu-
larized liver could be repopulated with primary rat hepatocytes. 
Hepatocytes injected through the portal vein remained in and 
around the vessels after 4 h of in vitro perfusion culture and were 

distributed throughout the decellularized liver matrix within a 
few days. Albumin and urea production by the repopulated hepa-
tocytes was also quantified. In particular, the cumulative urea 
levels in the recellularized liver system were significantly higher 
during the 5 d of the culture period than in control hepatocytes 
cultured in a collagen gel sandwich configuration. Furthermore, 
expression levels of Adh1, encoding alcohol dehydrogenase-1, 
and Cyp3a18, encoding cytochrome P450, family 3, subfam-
ily a, polypeptide 18, were higher in recellularized liver than 
in the sandwich control culture, although they remained much 
lower than in a normal liver. In addition to hepatocytes, ECs 
were also introduced to the hepatocyte-repopulated liver graft; 
this is essential for transplantation of recellularized liver grafts. 
The recellularized liver graft was finally transplanted to a rat and 
maintained in vivo for 8 h. A remaining challenge is improv-
ing recellularization for engineering of an entire liver because the 
liver is composed not only of hepatocytes, but also nonparenchy-
mal cells. Specifically, recellularization should be performed with 
optimized seeding strategies, and temporally controlled seeding 
of hepatocytes, with the addition of nonparenchymal cells, such 
as SECs, HSCs, biliary epithelial cells, and Kupffer cells.

Baptista et al.69 further investigated liver recellularization 
techniques. Both human fetal liver cells and ECs were seeded 
into decellularized whole liver scaffolds from ferrets, resulting 
in hepatocyte localization in the parenchyma, biliary epithelial 
cells in biliary tubular structures, and ECs around the vascu-
lar structures. In particular, they showed that simultaneous cell 
seeding, through the vena cava and the portal vein, was useful for 
achieving ECs covering the entire length of the vascular network, 
including the pericentral and periportal regions, which is critical 
for preventing blood clotting. In this study, endothelialized liver 
scaffolds showed significant reduction in the presence and adhe-
sion of platelets, compared with the decellularized liver scaffold 
without EC seeding. However, further improvement, to achieve 
complete endothelialization, is required for successful transplan-
tation. Recently, the decellularization and recellularization of 
liver, which were first performed using rats, were also adopted for 
porcine livers—which are of a relevant size.70,71 These results of 
recellularization using primary human cells and the generation 
of a human-sized organ suggest that whole-organ bioengineering 
can be applied clinically.

Decellularization and recellularization techniques have great 
potential for liver tissue engineering. Because they comprise 
the architecture of the entire organ including an intact vascular 
tree, they can be transplanted readily. Bao et al.72 demonstrated 
the transplantation of recellularized rat liver to hepatectomized 
rats, resulting in improvement of liver function and prolonged 
survival from 16 to 72 h. Although this top-down approach is 
promising in terms of the reconstruction of liver tissues at the 
macroscale, it is necessary to refine the microarchitecture of the 
liver tissue. In particular, endothelialization of the entire liver 
graft is essential to completely prevent hemorrhage and throm-
bosis after the recirculation of blood on transplantation. The 
lack of bile ducts is another issue in terms of the construction of 
the bile-drainage system, another critical function of the liver. 
Also, a clear limitation of decellularization concept is the limited 
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number of decellularized livers vs. the larger numbers of required 
donor organs, although with decellularization, livers can be 
obtained from donated organs that are discarded due to dam-
age or that are otherwise deemed unsuitable for transplantation. 
Thus, microscale-engineered liver construction should be scaled 
up and conducted at the macroscale to be appropriate for clini-
cal use. In this context, mesoscale approaches are also needed to 
bridge the micro- and macroscale approaches.

Mesoscale Approaches to Bridge the Micro- and 
Macro-scale Approaches

Microbioreactor systems
The group of Griffith and colleagues reported pioneering 

works in the context of microbioreactor systems for perfused 3D 
culture of liver cells; their system has the potential to be scaled up, 
and is thus a mesoscale approach with the potential to bridge the 
gap between micro- and macoscale approaches. This microbiore-
actor was designed to have a flow rate sufficient for oxygen sup-
ply while providing fluid shear stress in a physiological range.73 
Hepatocytes formed 3D tissues and showed well-maintained 
metabolic functions in the microbioreactor.74 Co-culture of hepa-
tocytes and liver nonparenchymal cells was also performed in the 
microbioreactor; SECs persisted for 13 d in culture in the absence 
of VEGF and serum.75 Furthermore, this microbioreactor sys-
tem was modified to integrate it with a multiwell plate format.76 
Liver cells can be cultured under constant microperfusion in the 
microbioreactor equipped with microfabricated polystyrene and 
polycarbonate scaffolds coated with collagen, micropumps, and 
oxygen sensors. Because the system uses a 24-well format, it has a 
higher throughput capability, which is beneficial for conducting 
liver toxicology and metabolism assays.

3D printing technologies
The combination of 3D printing technology and a 3D sacri-

ficial molding also has the potential to overcome the scale gap 
between the micro- and macroscale approaches in tissue engi-
neering. Miller et al.77 fabricated 3D interconnected filament net-
works of carbohydrate glass using 3D printing technology; these 
were then used as a cytocompatible sacrificial mold. After casting 
of hydrogel materials with/without cells around the mold, they 
were placed in medium to dissolve the carbohydrate glass lat-
tice, resulting in a hydrogel scaffold with perfusable microchan-
nel networks. The microchannel can be lined by ECs, and use 
of such a gel with channels rescues protein expression in the gel 
core, most dramatically around each perfused channel. Because 
this type of scaffold can be fabricated at a millimeter scale with 
predefined, multiscale, and reproducible patterns, this technol-
ogy seems useful for scaling up tissue-engineered constructs. 
Thus, 3D printing represents a mesoscale approach.

Microfabricated hydrogel pieces
Hydrogel fibers and blocks also have potential to be scaled up 

to construct 3D tissues of a practical size. For example, hydrogel 
blocks were synthesized by photolithography and transferred into 
a culture dish. The microgel blocks were assembled into linear, 
branched, random and offset structures on a millimeter scale.78 
Because cells can be encapsulated into the microgel blocks, the 

assembled blocks encapsulating various cell types have the poten-
tial to organize into complex 3D tissues. Hydrogel fibers also 
have the potential to be scaled up because fiber-shaped materials 
can be assembled into complex 3D tissues by folding, bundling, 
reeling and weaving. Onoe et al.79 reported meter-long hydrogel 
fibers with encapsulated viable cells such as cardiomyocytes, ECs, 
cortical cells, HepG2 cells, and primary islet cells. These fibers 
could be assembled into macroscopic cellular structures with 
various spatial patterns, which represents a mesoscale approach.

Concluding Remarks

BioMEMS technology has great potential for the precise con-
trol of microenvironments in culture, such as spatial and tem-
poral cellular configurations, concentration gradients of soluble 
factors, and flow conditions around cells. The physiological 
microscale culture models can be useful for investigating the 
formation of functional and vascularized tissues. This bottom-
up approach based on bioMEMS technologies has allowed us to 
investigate construction of functional 3D tissues from individual 
cells in a step-by-step manner; consequently, increasingly com-
plex tissues can be constructed. Furthermore, recent advances in 
bioMEMS studies created a new field called ‘organs-on-a-chip’ 
or ‘human-on-a-chip,’ in which interconnected organ models, 
which include liver and other organs, that better mimic organ-
level functions in vivo are constructed.80-82

Advances in bioMEMS technologies have facilitated construc-
tion of complex tissues and organs. However, the resulting tissues 
are on a micrometer scale. To be useful for regenerative medicine, 
these tissues must be scaled up. The top-down approach, liver 
decellularization, has enabled construction of liver tissues on a 
macroscale. This technique has a significant advantage in terms 
of a more clinically relevant scale compared with the liver tis-
sues reconstructed by bioMEMS technologies. After functional 
tissues have been reconstructed in the decellularized liver scaf-
fold, they can be transplanted in vivo. However, the construc-
tion of macroscale liver tissues with a refined microarchitecture 
remains challenging. Specifically, the establishment of a func-
tional microcirculation is essential.

Mesoscale culture models, such as microreactors fabricated at 
the millimeter scale, have also been reported. It is possible to cul-
ture a mass of hepatocytes and create relatively large liver organ-
oids, which has potential for scaling up of microscale models to 
the macroscale. However, precise control of the culture micro-
environment and optimizing tissue organization are problematic 
due to difficulties with visualization of the process of 3D tissue 
organization.

In conclusion, parallel studies on micro-, meso-, and mac-
roscale liver tissue engineering are ongoing (Fig. 1). Each scale 
has its own advantages and limitations, and gaps exist among the 
models; these gaps must be bridged to achieve large-scale tissue 
organization with functional microarchitectures. The knowledge 
or basic principles of constructing liver tissues from one scale 
model should be applied to other scale models to complement 
liver tissue engineering studies at each scale. Furthermore, the 
integration of multiscale tissue-engineering studies, including 
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both bottom-up and top-down approaches, is essential for con-
struction of functional liver tissues in vitro.
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