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The Liver Extracellular Matrix

Although the ECM is only a minor constituent of the liver, it 
has an essential role by providing a structural framework to the 
liver cells. It also has a crucial role in facilitating cell attachment 
and migration, and controlling differentiation, repair and devel-
opment.5 The complex structure that the ECM forms in the liver 
can be roughly divided in two major areas: the periportal region 
and the pericentral region, defined by the vascular domains of 
the portal triad and the central vein. From one area toward the 
other, there is a gradient of matrix molecules that can be divided 
in 3 different zones.6 This specific organization supports and pre-
serves the metabolic zonation observed in liver hepatocytes, with 
hepatocytes from different zones having different sizes, enzymes 
and major functions.7 These matrix composition differences is 
mostly evident in the Space of Disse (perisinusoidal space, which 

is the location in the liver between a hepatocyte and a sinusoid), 
which has been also shown to undergo changes during liver onto-
genesis.8 It lacks typical basement membrane proteins like lam-
inin, entactin and perlecan but contains collagen IV. There is 
abundance of fibronectin, discontinuous deposits of collagen III 
and continuous network of collagen I.9 There is a also a gradi-
ent in the ECM composition in the space of Disse in the adult 
liver, where zone 1 (periportal region) displays fetal and neona-
tal ECM characteristics and zone 3 (pericentral region) displays 
adult characteristics.10

The stem cell niche found in Canals of Hering has three 
resident stem/progenitor populations: hHSCs, angioblasts and 
hepatic stellate cell precursors. The microenvironment of this 
niche is comprised of soluble paracrine signals and an extracellu-
lar matrix composed of HAs, an integrin α6β4 binding form of 
laminin, collagen type III and minimally sulfated CS-PGs. This 
niche is devoid of collagen type I or IV or HS-PGs. As the stem 
cells transition to hepatoblast stage and subsequently into succes-
sive lineage stages, changes are observed in the soluble paracrine 
signals and matrix composition. These changes in paracrine sig-
nals and matrix components dictate the stepwise differentiation 
of the stem cells to adult fates across the hepatic maturational 
gradient.11

In the adult liver (Fig. 1), the portal triad region, which 
includes hepatic artery, portal vein and bile ducts, has an orga-
nized basement membrane consisting of collagen IV, laminin, 
entactin and perlecan.8 Liver progenitor cells demonstrate dis-
tinct responses (expansion, differentiation) when grown on zone 
specific ECM matrices in 2D culture system. Zone 1 matrix 
molecules like laminin, Collagen III and IV induce clonogenic 
expansion of hFLPCs, while zone 3 matrix molecule collagen I 
induces growth arrest and differentiation, and fibronectin inhib-
its cell attachment.7

Liver epithelial cells interact with the surrounding ECM via 
integrin receptors found on their surface. These receptors, integ-
rins, are transmembrane receptors that are responsible for diverse 
cell-cell contacts and cell-ECM interactions. When activated, 
integrins trigger signal transduction with information about the 
chemical composition and mechanical status of the ECM, pro-
ducing transcriptional activation of different genes that regulate 
cell cycle, cell shape and motility.12 Hence, the integrin repertoire 
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Liver bioengineering has been a field of intense research 
and popular excitement in the past decades. it experiences 
great interest since the introduction of whole liver acellular 
scaffolds generated by perfusion decellularization1–3. Never-
theless, the different strategies developed so far have failed 
to generate hepatic tissue in vitro bioequivalent to native liver 
tissue. even notable novel strategies that rely on iPSC-derived 
liver progenitor cells potential to self-organize in association 
with endothelial cells in hepatic organoids are lacking critical 
components of the native tissue (e.g., bile ducts, functional 
vascular network, hepatic microarchitecture, etc)4. Hence, it is 
vital to understand the strengths and short comes of our cur-
rent strategies in this quest to re-create liver organogenesis in 
vitro. To shed some light into these issues, this review describes 
the different actors that play crucial roles in liver organogen-
esis and highlights the steps still missing to successfully gen-
erate whole livers and hepatic organoids in vitro for multiple 
applications.
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present in a particular cell population impacts the way these cells 
relate with their cellular neighbors and how they perceive and 
interact with their surrounding environment (cellular niche). 
The connection between the cell and the ECM also enables the 
cell to endure pulling mechanical forces without being detached 
of the ECM. They also play a critical role during ontogeny, where 
morphogenetic cellular movement and migration enable the for-
mation of new tissues and organs.13 In this regard, hepatocytes 
and cholangiocytes have been shown to express markedly dif-
ferent combinations of integrins, which correlates with the dif-
ferences in ECM composition surrounding both cell types and 
their specific location in the liver acinar units.14,15 Cholangiocytes 
express a variety of integrin receptors, including α2β1 (collagens, 
laminins), α3β1 (laminin 5), α5β1 (fibronectin and protein-
ases), α6β1 (laminins), α9β1 (VEGF-A, C, D, NGF), αVβ1 
(vitronectin and fibrinogen), and α6β4 (laminins) dimers,16 
while hepatocytes express only α1β1 (collagens and laminins), 
α5β1 (fibronectin and proteinases), and α9β1 (VEGF-A, C, D, 
NGF) dimers.14,17,18

The majority of signaling molecules implicated in ECM-
integrin interactions, like Rho GTPases, Raf, Ras, FAK and 
MAPK/ERK, are ubiquitous mediators of signal transduction.19 
FAK is thought to be an important mediator of downstream sig-
naling responsible for regulation of cell growth following integrin 
dependent cell adhesion to ECM.20 The ECM gradient in the dif-
ferent compartments of the liver and changes in integrin receptor 
subunit expression observed during the differentiation of progen-
itor cells, combined with the striking differences observed in the 
attachment efficiencies, growth rate, morphology and differen-
tiation of these cells on different matrix components in culture, 

proves that progenitor cell interaction with the ECM is vital for 
their maturation in the developing liver. However, the specific 
mechanisms and the pathways involved in this process remains 
to be elucidated.

Liver Development and the Stem Cell Niche

Liver development is a stepwise process that includes distinct 
biological events. The first step is the commitment of the fore-
gut endoderm to the hepatic lineage. This specification process is 
regulated by transcription factors FoxA2 and GATA4 binding to 
their target sequences and facilitating the binding of C/EBPβ and 
nuclear factor 1 to activate transcription of albumin.21,22 These 
early hepatic progenitor cells (also referred to as hepatoblasts) 
express albumin and AFP, and have the potential to differentiate 
into hepatocytes and bile duct epithelial cells (cholangiocytes).23 
The progenitor cells proliferate throughout the fetal develop-
ment and achieve functional maturation at various stages along 
with differentiating into either hepatocytes or cholangiocytes. 
Detailed molecular mechanisms involved in the liver develop-
ment have been described recently.21,22,24-26For many years, hHBs 
were considered to be the stem cell population of the liver, but 
recent studies have reported isolation of a stem cell population 
from fetal and post natal livers that are considered to be the pre-
cursor to the hepatoblasts. These hHSCs have a distinct antigenic 
profile from hepatoblasts. hHSCs express NCAM, EpCAM, 
SOX9, CK 8/18/19, sonic and indian hedgehog. They lack AFP, 
albumin, ICAM-1 and early cytochrome P450 enzymes, which 
are expressed in hepatoblasts. The AFP-/EpCAM+ population 

Figure 1. eCM protein localization on native human liver scaffold and native human liver. immunostaining for collagen i, iii, iv, fibronectin, and lam-
inin (as indicated) show similar eCM component distribution in prepared acellular liver bioscaffold and native human liver sections. Scale 50μm (From 
Hepatology with permission from wiley and Sons).
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of hHSCs has been obtained from fetal, neonatal and adult liv-
ers of all ages. As mentioned earlier, hHSCs are considered to 
be the precursors to the hepatoblasts. The hepatoblasts are 
thought to be the transient amplifying progenitor cells, which 
are found throughout the parenchyma of fetal and neonatal liv-
ers. Maturation lineage studies demonstrated that hepatoblasts 
could become committed to either the hepatic or biliary lineages 
during the late developmental stages of the liver. These commit-
ted progenitors express either hepatic or biliary markers and do 
not express stem cell specific markers like NCAM and hedgehog 
proteins. The committed progenitors undergo terminal differ-
entiation to form mature hepatocytes and cholangiocytes. This 
process of stepwise differentiation of hepatic stem cells is accom-
panied by changes in gene expression and thus leading to their 
lineage specification into mature phenotypes.27

The stem cell microenvironment (niche) plays an important 
role in regulating stem cell specification and differentiation into 
mature cell types. Paracrine signaling between the mesenchymal 
and epithelial cells and interactions with the ECM are the major 
components of the stem cell niche that modulates cell behavior.28 
Various soluble paracrine signals released from non-epithelial cells 
(endothelial, mesenchymal stem cells, portal fibroblasts, hemato-
poietic stem cells, stellate cells) have been shown to be critical for 
progenitor cell maintenance and differentiation into hepatocytes 
and cholangiocytes.23,25,28-30 Bile ducts arise from the hepatoblasts 
lining the portal mesenchyme around the portal vein by undergo-
ing a complex process of bile duct morphogenesis. The paracrine 
signaling gradient observed between the portal mesenchyme and 
the parenchymal space is implicated in regulating the biliary lin-
eage specification of the hepatoblasts, as the hepatoblasts present 
in the parenchymal space do not undergo biliary differentia-
tion.25,31,32 Two specific signaling pathways, TGFβ and Notch, 
have been suggested to be important for hepatoblast differentia-
tion into cholangiocytes.33 Jagged 1, a Notch 2 ligand expressed 
by myofibroblasts, activates Notch 2 in the progenitor cells and 
induces expression of HNF1β, required for cholangiocyte dif-
ferentiation, while suppressing HNF1α, HNF4α, and C/EBPα, 
which are required for hepatocyte differentiation.29,30 Portal mes-
enchyme secretes TGFβ, thus creating a gradient from peripor-
tal to parenchymal region, with highest activity observed near 
the periportal mesenchyme, where the biliary ducts develop.34 
Several growth factors and soluble molecules like HGF, OSM 
and glucocorticoids have also been shown to regulate hepatoblast 
differentiation toward hepatocytes.21,23,25 Both stellate cells and 
endothelial cells have been shown to produce HGF. HGF acts 
via c-met receptor and stimulates expression of transcription fac-
tors C/EBPα and HNF4α, both required for hepatocyte differ-
entiation.23,35 OSM is an interleukin 6-related cytokine produced 
from the developing hematopoietic cell. OSM induces hepatic 
differentiation by promoting HNF4α expression and this process 
is suppressed by TNFα.36 At the latest stages of development, 
hepatoblasts located in the parenchyma give rise to hepatocytes, 
while the hepatoblasts located near the portal mesenchyme dif-
ferentiate into cholangiocytes. Such lineage specification of hepa-
toblasts, based on their location within the liver and the presence 

of gradient in ECM composition, suggests an important role for 
the ECM in the lineage specification.

The Liver Stem Cells and Matrix Mechanobiology

In addition to responding to biochemical signals, cell behav-
ior is highly influenced by its mechanical environment, includ-
ing the topography and stiffness of the surrounding tissue, fluid 
shear stress, and interstitial fluid pressure. The capability of a 
cell to respond to mechanical cues can lead to an array of cellu-
lar processes, including differentiation, injury response, motility 
and morphological changes.37-39 The ability of cells to sense and 
respond to the mechanical stiffness of its substrate, in the form of 
cell-matrix and cell-cell interactions is an important component 
of cellular mechanosensitivity. The material properties of tissue 
are determined by the chemical structure of the tissue as well 
as organization of those components. Collagen, fibronectin, and 
proteoglycans all contribute to mechanical strength and behavior 
and modifications of any of these components lead to alterations 
in the mechanical properties of the tissue.40 In most cases, the 
stiffness of a tissue or substrate is defined in terms of Elastic or 
Young’s modulus, a constant describing the materials ability to 
resist deformation, or the ratio of stress to strain. However, soft 
tissues, including the liver, are inherently more complex than the 
linear elastic modulus describes, displaying nonlinear elasticity 
(nonlinear stress strain relationship) and viscoelasticity (consist-
ing of fluid and solid components).41 The effects of these more 
complicated material behaviors on cell mechanosensitivity are 
largely unknown.

Cell-matrix interactions occur at points known as focal adhe-
sion complexes, which consist of integrins that connect the ECM 
to the actin-myosin cytoskeleton of the cell. Contraction of this 
actin-myosin cytoskeleton allows the cell to survey its mechani-
cal environment through movement of the integrins, which pull 
on the ECM and then transmit that force back to the cytoskel-
eton. For example, if the ECM became stiffer, it would be more 
difficult for the cytoskeleton to contract, resulting in accumu-
lation of more integrins, enlarged focal adhesions, and further 
development of the cytoskeleton.38 This is usually observed in 
soft tissue, when its ECM becomes stiffer due to chronic inflam-
matory processes or tissue regeneration is resolved with fibrosis.42 
By contrast, soft substrates promote morphological changes char-
acteristic of apoptosis, including cell rounding, nucleus conden-
sation, and loss of focal adhesions.43

Integrin movement is related to downstream signaling path-
ways, with Rho guanosine triphosphatases (Rho GTPase) and 
the contraction of the actin-myosin cytoskeleton being the main 
mediators of this process.40 While less understood than cell-
matrix interactions, cell-cell junctions are equally important 
in cell mechanosensitivity. Cell-cell interactions are thought to 
occur via cadherins that form a bridge between the cytoskeleton 
of two neighboring cells.44

The optimal stiffness for culturing and expanding any given 
cell type corresponds to the in vivo elastic modulus of its corre-
sponding tissue. Variations in the stiffness of the tissue, a process 
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that occurs in certain disease states, may lead to alterations in the 
normal behavior of a particular cell.42 In liver cirrhosis and fibro-
sis, liver tissue can increase by an order of magnitude,45 triggering 
an array of responses by various liver cells. When cultured on stiff 
substrates, hepatocytes begin to dedifferentiate and become pro-
liferative, which is in stark contrast to their normally quiescent 
state.46-48 Portal fibroblasts differentiate into myofibroblasts when 
supplemented with TGF-β and cultured on a stiff substrate, an 
important process in the early stages of biliary fibrosis.49 HStCs, 
the major ECM producers in the liver, become increasingly trans-
differentiated toward fibrogenic myofibroblasts as the stiffness of 
the underlying matrix is increased.50 Disruption of HStC integ-
rins, through disruption of α

5
β

1
 and α

v
β

3
 and by culturing the 

cells on poly-l-lysine enabling non-integrin dependant cell adhe-
sion, promotes growth cycle arrest and maintains cells in a non-
myofibroblastic state.51 Additionally, Rho GTPases, mediators of 
the integrin-sensing signaling pathways, are necessary for HStC 
transdifferentiation.52 The transdifferentiation process of HStCs 
to myofibroblasts is the primary mechanism of liver fibrosis and 
recent research suggests that the mechanosensitivity of HStCs 
plays a vital role in this process.

A groundbreaking paper by Engler et al.37 demonstrated that 
stem cell differentiation could be directed toward different lin-
eages by altering the mechanical properties of the substrate to 
mimic specific tissue types. MSCs cultured on soft substrates 
mimicking brain differentiated toward neurogenic phenotypes, 
MSCs cultured on matrix mimicking muscle were myogenic, and 
the stiffest matrix mimicking collagenous bone produced osteo-
genic cells. These findings are incredibly important for the field 
of stem cell therapy, in directing differentiation of stem cells for 
clinical therapies. Following this work, Lozoya et al.53 researched 
a similar question pertaining to liver cells: can mimicking the 
physiological mechanical properties of liver tissue regulate liver 
stem and progenitor cells populations? As described above, the 
human liver contains a population of liver stem and progenitors 
cells that reside in a defined stem cell niche. The ECM com-
ponents of the liver stem cell niche are different from the rest 
of the liver. Due to this altered composition of ECM compo-
nents, one can infer that the mechanical properties, or stiff-
ness, of that region may also be unlike the rest of the liver. In 
the work completed by Lozoya et al., hHSCs were cultured in 
3D microenvironments constituted by HA hydrogels that mim-
icked the Canals of Hering. Six different hydrogel formulations, 
each with their own distinctive set of material properties, were 
seeded with hHSCs and various markers were used to determine 
the degree of differentiation of the stem cell colonies following 
one week of culture. The major indicator of hHSC mechano-
sensitivity came from analysis of the stem cell marker CDH1, 
also known as E-cadherin. CDH1 is a cell surface protein that 
establishes cell-cell adhesions, assesses the mechanical stiffness of 
neighboring cells, and triggers downstream signaling pathways 
involved in mechanosensitivity.44 The protein expression levels 
of CDH1 exhibited a dependence on stiffness, with the high-
est levels of expression occurring when the cells were cultured 
on the HAs hydrogel with a shear modulus of 200 Pa. CDH1 
expression on the apical side of the 200 Pa HA hydrogel seeded 

cells demonstrates that these exposed cells may coordinate 
mechanical signals to adjacent cells through CDH1. This result 
demonstrates a stiffness-dependent behavior of the hHSCs, sug-
gesting that culturing the cells in their preferable mechanical 
environment allows them to organize themselves in the same 
manner observed in the stem cell niche. However, there is still 
a lack of convincing evidence that substrate stiffness can direct 
differentiation of hHSCs toward mature liver cells, which would 
have huge implications for liver regeneration in medicine as well 
as understanding the involvement of hHSCs in liver disease.

In addition to responding to the mechanical properties of 
the substrate, liver stem and progenitor cells and human embry-
onic stem cells have been shown to differentiate into mature 
liver cells when exposed to shear stress in perfusion bioreactor 
cultures.54,55 In these studies, both fetal hepatoblasts and hESC 
were able to secrete or express higher levels of albumin and other 
functional markers as well as higher cytochrome P450 3A4/3A7 
ratios. Viability was also higher inside of the bioreactors, show-
ing that either by improved mass transfer (O2, nutrients, etc) or 
mechanical stimulation, the bioreactor presents superior condi-
tions for liver cell survival and differentiation compared with 
conventional culture.54,55 Furthermore, hepatocytes cultured in a 
perfused Transwell device with controlled hemodynamics mim-
icking sinusoidal circulation exhibited polarized morphology, 
retention of differentiation markers (E-cadherin and HNF4α), 
the canalicular transporter [multidrug-resistant protein-2 (Mrp-
2)], and significantly higher levels of liver function compared 
with non-flow cultures over a 2-wk period.56 Hepatocytes have 
also been shown to respond to a third type of mechanical force, 
parenchymal (interstitial) f luid pressure.57 In this regard, Hsu 
et al. have shown that when using a liver-assist device with a 
vascular network that supports a hepatic parenchymal compart-
ment through a nanoporous membrane, the survival of seeded 
liver cells was highly dependent on parenchymal chamber pres-
sures (with the lowest generated parenchymal pressure support-
ing excellent cell survival and function).57

Overall, the mechanosensitivity of liver cells has important 
implications for regeneration in both tissue engineering and dis-
ease. In regenerative medicine, the mechanical as well as bio-
chemical environment must be properly tuned to direct stem 
and progenitor cell differentiation as well as maintaining dif-
ferentiated cells. Despite the multiple studies mentioned above, 
the importance of mechanical signals in regeneration processes 
are just beginning to be realized and much research is yet to be 
done.

Native Liver ECM as a Scaffold for Liver 
Bioengineering

With the development of organ decellularization and 
whole liver scaffold generation, one other potential applica-
tion emerged, the use of liver matrices for the bioengineering 
of human livers (Fig. 2). This was reported for the first time in 
June 200558 and since then perfusion decellularization as been 
applied to heart, lungs, pancreas, intestine and kidney generating 
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decellularized organ scaffolds for organ bioengineering.1,2,59-62 
These bioscaffolds preserve their tissue microarchitecture and 
an intact vascular network that can be readily used as a route 
for recellularization by perfusion of different cell populations 
with defined culture media. This organ engineering approach 
has several advantages over the injection of cell suspensions 
into solid organs. The matrices provide sufficient volume for 
the transplantation of an adequate cell mass up to whole-organ 
equivalents,45 without oxygen and nutrient limitations, since 
continuous perfusion of oxygenated culture media is provided.

Using the organ scaffold technology, several laboratories have 
recently bioengineered livers using human or animal cells.2,3,62-

65 These bioengineered livers exhibit some of the functions of a 
native liver (albumin and urea secretion, drug metabolism, etc) 
and an endothelialized vascular network critical for blood vessel 
patency after transplantation. However, to date, no bioengineered 
liver has been able to sustain blood flow after transplantation for 
more than a few hours, due to undesired blood clotting. There 
are multiple potential reasons for these failures, but poor cellular 
re-vascularization of the scaffold’s vascular network is probably 
the most relevant one, with collagens fibers from the vascular 
basement membrane exposed to blood flow and activating the 
clotting cascade. The chemical and mechanical changes that 
occur once blood starts perfusing the bioengineered liver is also 
worth noting, because blood behaves as a non-Newtonian fluid, 
while most culture media behaves like water, a Newtonian fluid. 
This change in the fluid mechanical behavior might also have 
an impact in the scaffold’s vessel patency post-transplantation. 
Finally, despite the causes that lead to blood clotting upon trans-
plantation, there is an urgent need to increase the efficiency of 
organ scaffold’s re-vascularization, to avoid blood clotting after 
in vivo anastomosis and make transplantation of bioengineered 
organs possible.

Hence, it is important to describe the methods that have been 
employed to date and analyze them at the light of the knowledge 

presented here on liver organogenesis, ECM and mechanobiol-
ogy. Optimal conditions still need to be elucidated and may vary 
depending on the organ and cells.

Type of Cells

To build a bioengineered liver it is necessary to re-construct 
the organ’s parenchyma, vasculature and underlying support/
connective tissue structures. This is obviously a daunting task, 
highlighted by the limitations of the use of just a few hepatic 
cell populations, the norm in all of the re-cellularization pro-
tocols published so far. Furthermore, autologous vs. allogeneic 
cells and progenitor cell sources vs. adult cell populations is still 
a debate that lingers and that will impact the success of any liver 
bioengineering strategy.

Autologous cells limit the risk of transmissible agents, are less 
likely to be rejected and thus decrease or eliminate the need for 
harsh immunosuppressive drugs; however, they cannot be easily 
harvested or the numbers are often insufficient. Allogeneic cells 
can be isolated in larger quantities and from optimal patients 
and can be expanded and characterized in advance before their 
use. Nevertheless, its disadvantages are the increased risk of 
agent transmission and potential adverse immune reactions.66

Stem/progenitor cells (hESC, iPSC, fetal liver cells, adult-
derived stem cells) can proliferate to large number of cells and 
differentiate to multiple cell lineages. However, hESC and iPSC 
still present some safety risks and an almost absolute absence 
of clinical research. iPSC, generated by the reprogramming of 
skin fibroblasts or other patient’s cells with a cocktail of pluri-
potency transcription factors, can be generated from an autolo-
gous source, minimizing the immunological issues.66 Moreover, 
hESC and iPSC have already been successfully differentiated 
into functional hepatocytes in vitro and effectively transplanted 
into animal models of liver disease.67-70 Fetal cells have less safety 

Figure 2. Pig liver scaffold preparation. Porcine livers can also be harvested and efficiently decellularized with an identical technique as in human cadav-
eric donor retrieval, using cold perfusion with preserving solution via portal vein and hepatic artery. After back-table preparation, these organs were 
connected to a pressure controlled perfusion system, continuously infusing a decellularization solution for 24 h based on SDS. This particular system 
included a remote controlled pump with a pressure sensor all connected to a computer hosting the controlling software (velasco et al. unpublished 
data).
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risks, but while retaining their proliferative capacity, they are 
committed to a particular organ/tissue fate.71 Adult-derived stem 
cells are even more restricted in their proliferation and differen-
tiation; adult mature cells are already differentiated and have 
very limited proliferation ability.72 Regardless of the cell types 
used, the available technology to generate billions of cells in 
vitro (large scale suspension cultures66) in order to re-cellularize 
a human size liver scaffold is still very limited and confined to 
only two cellular types: hESC and iPSC. Hence, major advances 
are still required in the cell expansion enabling technologies and 
biology to definitively scale-up the capability of bioengineering 
human size livers.

Furthermore, except for one author,2 most authors used 
adult cells to repopulate decellularized livers.3,63,64 Although the 
repopulated cells may be functional in both cases, to obtain a 
fully functional organ all different cell types (Kupffer cells, stel-
late cells, pericytes, etc) need to be present in the bioengineered 
liver. The critical roles that these cells play in hepatic tissue biol-
ogy and physiology make them, in our opinion, indispensible in 
order to achieve full function and more importantly, hepatic cell 
survival and successful tissue organogenesis in vitro.

Seeding Methods

As mentioned before, cell behavior is highly influenced by 
its mechanical environment including the topography and stiff-
ness of the surrounding tissue, fluid shear stress and interstitial 
f luid pressure. Therefore, how and where cells are infused seems 
to be of crucial importance. Three different cell-seeding meth-
ods have been reported: direct parenchymal injection, multistep 
infusion and continuous perfusion. During the direct parenchy-
mal injection it is easy to control the seeding site and to avoid 
parenchymal cells in large vascular spaces. However, multiple 
injections are necessary and high cell density at injection sites 
may lead to aggregate formation and necrotic cores. Cell seed-
ing by continuous perfusion is quite efficient at delivering large 
quantities of cells into the whole scaffold, but prolonged per-
fusion times may potentially damage them due to continuous 
exposure to elevated shear during the seeding. Shear stress resil-
ient stem/progenitor cells are the cells of choice to be used with 
this method.2 Adult cells seeded by multistep cell infusion fol-
lowed by continuous perfusion of media has resulted in a supe-
rior cell engraftment, greater ability to produce albumin, similar 
amount of albumin immunostaining to normal livers, induc-
ible hepatic CYP1A1/1A-mediated EROD activity and superior 
ammonia clearance.63

To date, most authors have used venous access due to the 
larger size compared with arteries, and most studies used portal 
vein instead of vena cava, owing to the physiological anterograde 
flow. However, there are no studies comparing venous vs. arte-
rial access. Nevertheless, regarding anterograde vs. retrograde 
perfusion flow, Baptista et al. have showed that the direction of 
flow has a direct impact on the areas of the acinar units that are 
primarily reached by the perfused cells.2

Cell Number and Concentration

In studies of hepatocyte transplantation in animal model of 
hepatic failure clinical improvement has been seen using less 
than 10% of the host’s liver mass. Assuming that the minimum 
cell mass necessary to support a patient with acute liver failure is 
approximately 5–10% of the total liver weight sets the require-
ment to approximately 10 billion hepatocytes for humans and 
approximately 50–100 million for the rat model. Most stud-
ies used ~50 million hepatocytes to recellularize rat liver scaf-
folds.2,3,63 Immunostaining of the recellularized scaffolds was 
similar to normal livers. In decellularized pig livers, 109 hepato-
cytes were infused.64

Another important variable that may critically influence the 
recellularization process is cell concentration. High cell concen-
trations of cells could lead to extensive cell death or occlusion of 
vessels. However, low cell density can be also deleterious to tissue 
formation and cell viability, since hepatocytes and their progeni-
tors are unable to properly survive and function at low cellular 
densities.73 Hence, we believe that further studies are needed to 
determine the optimal cell density to seed in these whole organ 
scaffold bioreactors.

Bioreactor Culture Systems  
and Pump Flow Rates/Pressures

In terms of cell culture, the seeded scaffold may be considered 
as a complex cell culture system due to its architectural complex-
ity and larger size. Due to its thickness and density, simple dif-
fusion of oxygen and nutrients may be insufficient to maintain 
large numbers of cells alive. Thus, a continuous perfusion system 
is needed to supply oxygen and nutrients to cells located in all 
different areas of the scaffold. The continuous perfusion of cell 
culture media through the vascular network is achieved with a 
perfusion bioreactor. The goal is to create the most physiologi-
cal environment in which cells can reach an optimal expansion, 
maturation and engraftment. Hence, in the liver, the perfect 
physiologic conditions would be the ones that mimic the hepatic 
dual circulatory system: the portal vein and the hepatic artery. 
Pressure in the portal vein is low (4–10mmHg), with a low pO2 
(30–40mmHg) and provides around 75% of the total blood sup-
ply. Large amounts of substances and nutrients absorbed in the 
intestine reach the liver through the portal system. On the con-
trary, pressure in the hepatic artery is high (around 120mmHg), 
with a high pO2 (90–100mmHg) but provides only 25% of the 
total blood supply. Thus, very complex bioreactor systems with 2 
independent circuits will be necessary to accurately replicate the 
in vivo mechanical and physiological environment, but unfortu-
nately, this has not been developed to date. Further studies will 
be needed to completely address this topic.

At the core of any bioreactor perfusion system is a mechanical 
pump to drive the media through the graft placed in an appropri-
ate vessel. In this point, the type of flow produced should mimic 
the physiologic flow found in the vascular structure being per-
fused. Hence, in the case of the liver continuous flow should be 
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used through the portal vein, while pulsatile flow is required in 
the hepatic artery to keep physiologic conditions. These differ-
ent types of flow can be generated by different kinds of pump 
(e.g., peristaltic, gear, propeller, diaphragm, etc) and in some 
cases, interconverted (e.g., the use of pulse dampeners converts 
pulsatile flow in continuous flow). Nevertheless, it seems rea-
sonable that near physiological flow types, rates and pressures 
should be used in the bioreactors to generate the most conducive 
mechanical environment, closely emulating physiologic blood 
flow. However, parenchymal cells are typically protected from 
shear stress by the endothelium66; thus, in the absence of this 
protective layer, flow below in vivo values may be necessary. 
Moreover, flow within a decellularized organ may easily become 
turbulent and even with low flow rates some cells may be sub-
jected to intolerable shear stress. For hepatocytes, a shear stress of 
0.23 dynes/cm2 has been noted to correspond to high viability. In 
bioartificial livers (viable hepatocytes housed within man-made 
synthetic devices), fluid flow, shear stress and its distribution 
may be relatively easy to study and control with computational 
fluid dynamics.74,75 However, conditions in a natural scaffold are 
not that controllable. To date, there are no studies elucidating 
the best perfusion and pressures rates in recellularized grafts. If 
significant cell death is observed early during culture, shear is a 
very likely cause. In most studies, sub-physiological flow rates 
have been used to perfuse the graft (0.5ml/min2, 2ml/min63 and 
15ml/min3) (Table 1). Some authors used higher flow rates when 
seeding cells and then changed to lower rates during the perfu-
sion of culture media (3ml/min to 0.5ml/min).2 Regardless of the 
flow rates used further studies are necessary to determine the best 
parameters of fluid pressure to enhance liver organogenesis and 
tissue maturation in vitro.

Culture Media Perfusion and Oxygen Control

The perfusion media used in engineered whole livers is based 
on the culture media used in cell culture of the constituent cell 
types. During seeding, the most common media used are based 
on William’s E or EMEM (Eagle’s minimal essential medium) 
with varying percentages of fetal bovine serum (FBS) to enhance 

and facilitate cell attachment.3,63,64 Many other elements are 
added to the basic medium in order to improve cell behavior and 
induce growth (insulin, dexamethasone, growth factors, etc). 
Once seeding is complete, FBS is usually removed and chemically 
defined serum free media is used for better control of the constit-
uents and of cell function and behavior. However, the presence of 
multiple cell types with particular requirements implies further 
development of a “universal culture medium,” indeed similar in 
many ways to an “artificial blood” that runs through the biore-
actor. Table 2 summarizes some of the different culture media 
developed to date for the recellularization of acellular scaffolds.

The oxygenation of the culture media by an oxygenator con-
nected to an atmospheric gas mixture with 95% O

2
 and 5% CO

2
 

was used by some authors, achieving partial oxygen tension of 
approximately 300mmHg3. However, most of the published 
works lack an automated control of the gases present in the cul-
ture media or any oxygen carrier, something deemed essential for 
cell survival and long-term cellular function.

Duration of Bioreactor Pre-conditioning

Finally, one of the last main points that impacts liver bioen-
gineering is the duration of bioreactor pre-conditioning. If the 
main goal is to achieve a complete recellularization of the seeded 
scaffold, several weeks may be necessary to promote efficient 
cell engraftment and rearrangement (endothelization of decel-
lularized blood vessels has been shown to take 2 wk in vitro).76 
However, if stem cells are used, more than one month may be 
needed to completely differentiate them into mature cells.

During the recellularization process in the bioreactor, it is also 
possible to determine multiple parameters of organ function and 
its suitability for transplant by the measurement of several cellular 
products and metabolites, such as urea and albumin production, 
or drug metabolism, since the use of histological analyses might 
potentially damage the bioengineered organ. There are also sev-
eral groups using perfusion systems in marginal organs that allow 
a continuous evaluation of organ function.77 These systems are 
very similar to perfusion bioreators, and the conclusions obtained 
by their experience might be translated to bioengineered organs 

Table 1. Studies in the literature

Author Type Cells Infusion Method Via Number Cells Flow Rate Time

Baptista
2010

hUveC
hFLC
MS1

Continuous
Pv

ivC, Pv, ivC+Pv

30x106

70 x106

100 x106

3ml/min → 0.5ml/
min

5ml/min

7d
3d

Uygun
2010

Rat MH
endothelial cells

Multistep Pv 200 x106 15ml/min
5d
5d

Soto
2011

Rat MH
Direct injection

Continuous
Multistep

Pv 10–50 x106 2ml/min 7d

Yagi
2013

Pig MH Multistep Pv 100 x106 4ml/min 7d

Methods adopted by several authors in liver bioengineering. From endothelial or human fetal liver cells to mature hepatocytes, several authors have been 
able to re-cellularize with success liver acellular scaffolds using different methods. Abbreviations: hUveC, human umbilical vein endothelial cell; Pv, portal 
vein; hFLC, human fetal liver cell; ivC, inferior vena cava; MH, mature hepatocyte.
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to determine their readiness for transplantation. These perfusion 
machines also allow the quantification of viability markers.75 The 
most used are the traditional enzymatic markers of hepatic dam-
age such as aspartate transaminase (AST) and alanine transami-
nase (ALT), but there are also some less known markers, such as 
liver fatty acid-binding protein (L-FABP), glutamate dehydroge-
nase (GLDH), α-glutathione-S-transferase (α-GST), HA, CK18 
and β-galactosidase that can provide additional information on 
graft viability.

In most studies, seeded scaffolds were kept in the bioreactors 
constantly perfused with culture media from 5 to 7 d.2,63 Primary 
hepatocytes are known to require between 7 to 10 d in culture 
before their metabolic activity and gene transcription levels stabi-
lize.78 During this period of time, mature hepatocytes seeded into 
the scaffold showed metabolic activity with urea and albumin 
production2,3 and ammonia clearance,2,63 drug metabolism3 such 
as inducible hepatic CYP1A1/1A-mediated EROD activity.63 
Regarding cell localization, after 4h of perfusion hepatocytes 
were placed in and around vessels and after 1 or 2 d throughout 
the matrix.3 When human fetal liver cells were used, hepatocytic 
and biliary lineages were shown by immunofluorescence staining 
after 7 d2. However, it is important to highlight that the reported 
hepatic function in these previous studies is still much lower than 
the physiologic requirements necessary for a liver post-transplan-
tation. Hence, major functional improvements are still necessary 
to make bioengineered livers a viable alternative source for liver 
transplantation.

Future Perspectives and Clinical Applicability

It is not easy to predict how clinical translation of liver bioen-
gineering will be established. Nevertheless, the main goal of this 
technology remains as its guiding wire, to provide new livers into 
the “donor” pool that can be used in real transplants to substi-
tute non-functioning livers of patients on the transplant waiting 
list. To achieve this goal several challenges need to be met. As 
mentioned before, the origin of the organs for decellularization, 
their sterilization, cell source, bioreactor technologies, etc are all 
important components of this huge challenge.

The immunogenicity of decellularized native scaffolds is a 
major issue that needs to be adequately assessed for clinical trans-
lation. The acellular matrix conserves the protein structure, and 
the decellularization can leave residual antigen epitopes that can 

activate an immunologic response from the host patient. All those 
residual antigens must be object of further studies to determine 
which defense mechanisms might be activated by the scaffold.79,80 
Currently, animal organs seem to be an extraordinary source of 
human size scaffolds, but their use also implies some potential 
issues. Example of this are the species-specific antigens that need 
to be accurately identified and must be removed. Decellularized 
porcine heart valves have demonstrated the potential to initiate 
macrophage and lymphocyte activation and immunoglobulin 
deposition, depending on the methods used in their prepara-
tion.81 In addition, the possibility of transmission of zoonosis has 
to be absolutely excluded.

The first generation of structured organoids, though not fit 
for transplantation, provides a unique opportunity to study some 
very important issues such as the organogenesis reminiscent of in 
vivo tissue development, to carry on assays for drug screening, 
and to recapitulate genetic diseases for pathobiological study. All 
of these lead to a concept similar of human on-a-chip or organ 
on-a-chip, but at a larger scale.82 The introduction of mini-organ-
oids in bioreactors is also an interesting field of investigation of in 
vitro reactions of living tissues. Nevertheless, the final goal of this 
area of research is the generation of human scale bioengineered 
livers suitable for transplantation into patients in need, represent-
ing a truly novel source of organs for transplantation that directly 
addresses the present scarcity of these.
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Table 2. Culture media used by different authors

Author Media

Baptista
20101

RPMi 1640, FBS, dexamethasone, penicillin-
streptomycin, prolactin, glucagon, niacinamide, lipoic 
acid, triiodothyronine, heGF, hHDL, hHGF, hGH, insulin, 

transferrin

Uygun
20103

william’s e, FBS, insulin, eGF, glucagon, hydrocortisone, 
penicillin-streptomycin

Soto
201163

eMeM, eGF, HGF, dexamethasone, insulin, 
human transferring, selenous acid supplement, 

penicillin-streptomycin

Yagi
201363

DMeM, eGF, hidrocortisone, insulin, glucagon, 
penicillin-streptomycin

Different combinations of culture media, drugs, growth factors and hor-
mones are used to perfuse recellularized scaffolds.
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