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SUMMARY

This review discusses advances in engineering approaches
for constructing liver models with utility in drug screening
and for determining microenvironmental determinants of
liver cell differentiation/function. Design features and vali-
dation of representative models are discussed as well as
anticipated future trends.

In vitro models of the human liver are important for the
following: (1) mitigating the risk of drug-induced liver
injury to human beings, (2) modeling human liver
diseases, (3) elucidating the role of single and combina-
torial microenvironmental cues on liver cell function,
and (4) enabling cell-based therapies in the clinic.
Methods to isolate and culture primary human hepato-
cytes (PHHs), the gold standard for building human
liver models, were developed several decades ago; how-
ever, PHHs show a precipitous decline in phenotypic
functions in 2-dimensional extracellular matrix–coated
conventional culture formats, which does not allow
chronic treatment with drugs and other stimuli. The
development of several engineering tools, such as
cellular microarrays, protein micropatterning, micro-
fluidics, biomaterial scaffolds, and bioprinting, now allow
precise control over the cellular microenvironment for
enhancing the function of both PHHs and induced
pluripotent stem cell–derived human hepatocyte-like
cells; long-term (4D weeks) stabilization of hepatocellu-
lar function typically requires co-cultivation with liver-
derived or non–liver-derived nonparenchymal cell types.
In addition, the recent development of liver organoid
culture systems can provide a strategy for the enhanced
expansion of therapeutically relevant cell types. Here, we
discuss advances in engineering approaches for con-
structing in vitro human liver models that have utility
in drug screening and for determining microenviron-
mental determinants of liver cell differentiation/function.
Design features and validation data of representative
models are presented to highlight major trends followed
by the discussion of pending issues that need to be
addressed. Overall, bioengineered liver models have
significantly advanced our understanding of liver function
and injury, which will prove useful for drug development
and ultimately cell-based therapies. (Cell Mol Gastro-
enterol Hepatol 2018;5:426–439; https://doi.org/10.1016/
j.jcmgh.2017.11.012)
Keywords: Microfluidics; Hepatocytes; Micropatterned
Co-Cultures; Spheroids; Bioprinting; Cellular Microarrays.

rug-induced liver injury (DILI) is a leading cause of
Dpreclinical and clinical drug attrition, black-box
warnings on marketed drugs, and acute liver failures in
the United States alone.1 Almost 1000 marketed drugs can
cause either cell necrosis, hepatitis, cholestasis, fibrosis, or a
mixture of injury types.2 DILI severity can be exacerbated
by states of stress (ie, inflammation), patient-specific risk
factors (ie, genetics, age, sex, and diet), and underlying dis-
ease states (ie, hepatitis, cholestasis, and fibrosis). Unfortu-
nately, the live animal testing required by the Food and Drug
Administration during preclinical drug development is only
capable of identifying <50% of human DILI, largely owing to
differences in species-specific drug metabolism pathways
and the inability to accurately capture human genetics and
disease backgrounds.3 Given such challenges with screening
drugs in animals, the field of in vitro human liver cultures has
gained ever-increasing importance in the past 10–15 years.4

The utilization of engineering tools such as high-throughput
microarrays, protein micropatterning, microfluidics, special-
ized plates, biomaterial scaffolds, and bioprinting has enabled
greater control over the cellular microenvironment, which has
increased the longevity and reproducibility of cell functions
in vitro as well as enabled de-coupling of cues that modulate
cellular responses. In this review, we discuss the design fea-
tures and utility of bioengineered liver models for drug
testing and cell differentiation studies because these applica-
tions are intricately tied toward enabling accurate prediction
of clinically relevant outcomes. We highlight representative
platforms, some in commercial practice, to demonstrate key
points of emphasis. Finally, we discuss pending issues that
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will need to be addressed moving forward in the field of liver
tissue engineering for in vitro applications.
High-Throughput Cell Microarrays
In early drug development, when many compounds need

to be tested and the amount of compounds is limiting, cul-
ture platforms need to be high throughput, relatively low
cost, and provide actionable data quickly (within 24–48 h).
Similarly, high-throughput platforms can enable the sys-
tematic analysis of hundreds of microenvironmental signals
(using a high number of replicates), and, thereby, the
identification and optimization of culture conditions for
hepatocellular differentiation/function. Several high-
throughput culture platforms have been developed for the
culture of multiple sources of liver cells. These cells include
cancerous and immortalized cell lines that can serve as
cheaper and more sustainable sources of liver cells
compared with primary human hepatocytes (PHHs), but can
suffer from abnormal functions.5 For instance, Kwon et al6

designed a microchip platform for transducing 3-
dimensional (3D) liver cell cultures with genes for drug
metabolism enzymes. The platform features 532 reaction
vessels (micropillars and corresponding microwells) on a
75 � 25 mm slide outline. Cells are suspended in a Matrigel
(Corning Inc, Corning, NY) droplet (w60 nL), which is
spotted on a micropillar. The micropillar then is placed into
a corresponding microwell containing recombinant adeno-
viruses. Transformed human liver epithelial cells were
transduced with adenoviruses to manipulate the expression
of human drug metabolism enzyme genes. A single micro-
array was used to create 84 combinations of metabolic gene
perturbations, which provided information on which
enzyme combinations led to drug toxicity in cells. In another
example, a 3D Hep3B microarray was coupled with a
microarray containing various combinations of recombinant
drug metabolism enzymes to evaluate the metabolism-
mediated toxicity of drugs.7 In contrast to using cell lines,
Fukuda and Nakazawa8 designed a microarray that allowed
stable immobilization of 100 mm rat hepatocyte spheroids in
microwells for probing cytochrome P450 (CYP450) activ-
ities after drug treatment. A row of microwells also could be
connected to a microchannel for simultaneous detection of
different CYP450 enzyme activities on a single chip.

To optimize hepatocellular culture conditions, including
defined conditions for facilitating hepatocyte differentiation
of stem cells, investigators have sought to systematically
evaluate the effects of a range of microenvironmental signals.
Specifically, by incorporating advances in biomaterial chem-
istries and microfabrication techniques, these methods have
emphasized the reduction of multicomponent cellular mi-
croenvironments into distinct individual signals that can be
tightly controlled within engineered systems. Moving for-
ward, to more effectively study and manipulate stem cell
microenvironments, it has been increasingly recognized that
larger-scale analyses are required. As an analogy, recent im-
provements in high-throughput sequencing and expression
profilingmethods have revolutionized genomics. Robust high-
throughput strategies for probing cell microenvironments
could similarly advance the understanding of cellular pro-
cesses by enabling unprecedented systematic analysis of
combinations of signals and could form the basis for neces-
sary but challenging studies into the details of bidirectional
cell–microenvironment interactions.

The fabrication of microwell platforms represents an
example of one of the approaches aimed at exploring, in
parallel, a range of combinations of signals that cannot be
practically evaluated with standard techniques. Microwell
arrays typically are fabricated through direct etching of hard
materials (eg, glass, silicon) or through a combination of
photopolymerization and soft-lithography–based molding
of hydrogels. In particular, this approach has been applied
to the analysis of individual stem cells to evaluate clonal
heterogeneity.9,10 Hydrogel microwells can be functional-
ized with biomolecules, as highlighted by a recent strategy
that paired microwell molding with protein microarraying
to analyze neural stem cells and mesenchymal stem cells
within microwell arrays presenting a range of combinatorial
stimuli.11 Microfluidic-based approaches, integrating
microwells or hydrodynamic traps, also have been used to
generate cellular arrays.12–15 In addition, the emerging field
of droplet microfluidics16 represents an attractive approach
to increase the throughput of 3D fabrication while main-
taining precise control of the environmental components.
For example, miniaturized cell-encapsulated hydrogels
were fabricated with microfluidic methods to examine
co-cultures,17 incrementally modulate material stiffness,18

and generate microscale constructs for the assembly of
larger patterned structures.19

Cellular microarrays, in which viable cells are seeded
onto printed spots of materials/biomolecules, represent
another approach for defining the microenvironment of cells
(Figure 1A). In these platforms, the spots typically include
adhesive components to retain cells, in addition to combi-
nations of other elements to either deliver factors to cells or
to stimulate or measure cellular processes.20–24 Cellular
microarrays based on spotted biomaterial libraries have
been applied to several investigations aimed at exploring
stem cell functions. Specifically, these studies have examined
the effect of polymer backbone chemistries and end group
functionalization on pluripotent and multipotent stem cell
proliferation and differentiation.25–29 In particular, micro-
arrays of extracellular matrix (ECM) molecules have shown
substantial effects of combinatorial ECM presentation on
cellular functions. Initial experiments in this area have
shown the capabilities of an ECM microarray approach,
focusing on the influence of ECM combinations on hepato-
cyte adhesion and survival, the early differentiation of em-
bryonic stem cells, and notable synergistic or antagonistic
effects of ECM components.20,30 These experiments, as well
as numerous others in both 2-dimensional and 3D con-
texts,31 suggest that ECM can influence hepatocyte functions
such as albumin expression. Subsequent studies have used
arrayed ECM proteins for investigating a range of cell
types.21,22,32–34 For example, Kaylan et al35 recently used an
ECM microarray approach to show that ECM composition
has a significant influence on the adhesion and degree of
differentiation of liver progenitor cells when they are
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induced to differentiate. As part of this work, an automated
fluorescence imaging and custom analysis pipeline that en-
ables single-cell measurements within the array was estab-
lished. In addition to ECM molecules, printed arrays
containing combinations of growth factors or cell surface
ligands have provided clues into how cells respond to
complex extracellular signals. For example, the effect of the
Notch ligand, Jagged-1, on the differentiation of neural23 or
mammary progenitor cells24 was shown to be dependent on
the context of the combinatorial stimuli, specifically the
presence or absence of Wnt or ECM proteins, respectively. In
the analysis of liver progenitor differentiation, a cell
microarray-based approach showed that the Notch ligands
Jagged-1, Delta-like 1, and Delta-like 4 each can induce an
increase in biliary differentiation, and this occurs in the
absence of any additional exogenous differentiation-inducing
factors.35 Furthermore, cell microarrays can be fabricated on
substrates of modular stiffness to explore combinatorial ef-
fects of mechanical signals, and recently have been
Figure 1. Micropatterned/printed liver culture platforms.
hepatocellular differentiation.35 Left to right: Schematic of a m
tiation. Biomolecules and ECM proteins are patterned on a po
seeded on arrays adhere only to the patterned regions and are
specific soluble factors, fixed at end point, immunolabeled, imag
identified by nuclear stain (40,6-diamidino-2-phenylindole) and a
single-cell and summary quantifications (eg, percentage of cells
soluble factor treatment. (B) Micropatterned co-cultures (MPC
islands micropatterned using semiconductor-driven soft lithog
murine embryonic fibroblasts shown in this example). Phase-con
MPCCs maintain high levels of CYP450 enzyme activities for sev
testosterone into 6b-OH-testosterone, whereas CYP2D6 activ
dextrorphan). (C) Bioprinted liver organoids.92,129 Left to righ
organoids containing hepatocytes, endothelial cells (ECs) and HS
mm diameter and 0.5-mm thickness is shown above the schema
native human liver. Basal and rifampicin-induced CYP3A4 activ
mation of 4-hydroxymidazolam from midazolam. *P < .05
immunofluorescence; þRif, rifampin; Veh, vehicle.
integrated with traction force microscopy for the direct
analysis of cell traction stresses within distinct microenvi-
ronmental contexts.36 Collectively, these high-throughput
approaches can provide a wealth of empiric data toward
the evaluation of combinatorial effects that are difficult to
predict a priori, and are useful for developing highly
functional and long-lasting liver models for drug devel-
opment and other applications (ie, cell-based therapies).

Micropatterned Co-Cultures
Heterotypic interactions between parenchymal and

nonparenchymal cells (NPCs) are important in liver
development, physiology, and pathophysiology. In vitro,
co-culture with both liver- and non–liver-derived NPC
types can transiently induce functions in primary hepato-
cytes from multiple species, including human beings.37

Although the complete mechanism underlying this
so-called co-culture effect remains undefined, liver
co-cultures have proven useful for investigating host
(A) High-throughput cellular microarrays for investigating
icroarray experiment for investigating hepatocellular differen-
lyacrylamide hydrogel substrate using contact printing. Cells
exposed to the deposited biomolecules and any experiment-
ed, and analyzed. Individual cells on islands are automatically
ssociated with intensities in other channels, resulting in both
positive for a marker) of results by deposited biomolecule and
Cs).49,51 Left to right: A 96-well plate showing uniform PHH
raphy and subsequently surrounded by NPC types (3T3-J2
trast images of MPCCs at different magnifications are shown.
eral weeks (CYP3A4 activity was assessed via metabolism of
ity was assessed via metabolism of dextromethorphan into
t: schematic of transverse cross-section of bioprinted liver
Cs. Gross image of bioprinted human liver organoid with 2.5-
tic. Comparison of H&E-stained bioprinted liver organoid and
ity in bioprinted human liver organoids measured by the for-
, **P < .01, ***P < .001. ICC/IF, immunocytochemistry/
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response to sepsis,38 mutagenesis,39 xenobiotic metabolism
and toxicity,40 response to oxidative stress,41 lipid meta-
bolism,42 and induction of the acute phase response43; such
co-cultures also have been explored for clinical bioartificial
liver devices.44 However, randomly distributed co-cultures
do not allow precise modulation of homotypic and hetero-
typic cell–cell interactions that play critical roles in liver
functions. In contrast, Bhatia et al45,46 used a technique
adapted from the semiconductor industry to first micro-
pattern rat hepatocytes on collagen-coated circular domains
and then surround the hepatocyte domains with 3T3-J2
murine embryonic fibroblasts, which can secrete molecules
present in the liver.47,48 These so-called micropatterned
co-cultures (MPCCs) allowed tuning of homotypic
interactions between hepatocytes and the heterotypic
interface between hepatocytes and the fibroblasts while
keeping cell numbers/ratios constant across the various
patterned configurations. Overall, several key findings
emerged from these pioneering studies, as follows: (1) cir-
cular domains, as opposed to patterns with sharp corners
(ie, rectangles), led to better retention of patterning fidelity
over several weeks in culture; (2) controlling homotypic
interactions between hepatocytes alone was not sufficient to
rescue liver-specific functions in the absence of fibroblasts;
(3) increasing the heterotypic interface between fibroblasts
and hepatocytes via a reduction in the diameter of the
collagen-coated domains led to higher hepatocellular func-
tions than when the domain diameter was larger; and
(4) contact with fibroblasts was necessary because both
fibroblast- and co-culture–conditioned media were not able
to rescue the phenotype of hepatocyte-only cultures.
However, in contrast to rat hepatocytes, Khetani and
Bhatia49 showed that PHHs displayed highest functions
on collagen-coated domains of intermediate diameters
(w500 mm domain diameter with 1200 mm center-to-center
spacing between domains), suggesting a species-specific
balance in homotypic interactions between hepatocytes
and their heterotypic interactions with the fibroblasts. Most
importantly, PHHs showed high and stable functions in
MPCCs for 4–6 weeks as compared with an unstable
phenotype observed in randomly distributed co-cultures of
the same 2 cell types (Figure 1B).

Human MPCCs miniaturized into a multiwell format have
shown utility for several applications in drug development,
such as drug clearance predictions,50–52 drug–drug
interactions,49,51,53,54 drug metabolite profiling,55–57

drug-transporter interactions,54,58 DILI prediction,59,60

gluconeogenesis inhibition (for type 2 diabetes mellitus
therapies),61 and infection with hepatitis B/C viruses62,63

and malaria.64,65 For instance, MPCCs were treated for up
to 9 days with 45 drugs, of which 35 have known DILI
liabilities in the clinic while 10 generally are considered not
toxic to the liver.60 Given interindividual differences in drug
concentrations in plasma and within the liver, MPCCs were
treated with drug concentrations up to 100-fold of the
reported maximum drug concentration in human plasma for
each drug, which is also common with other platforms and
does not increase the false-positive rate for DILI detection.66

Overall, repeat drug treatment for at least 9 days improved
the sensitivity for DILI detection without a reduction in
specificity (as assessed via adenosine triphosphate, gluta-
thione, albumin, and urea); MPCCs showed a significantly
higher sensitivity than 24-hour treatment of conventional
PHH monolayers with the same drugs; and human MPCCs
were more sensitive than rat MPCCs for human DILI
detection. In another study, human MPCCs, but not con-
ventional PHH monolayers, picked up the toxicity of fialur-
idine, a nucleoside analog drug for hepatitis B viral infection
that caused liver failure and the deaths of 5 patients in
clinical trials as a result of lactic acidosis.67

More recently, the MPCC technology was adapted to
induced pluripotent stem cell–derived human hepatocyte-
like cells (iHeps),68 which afford the opportunity to sus-
tainably evaluate cell responses to drugs and other stimuli
across diverse genetic backgrounds.69 In contrast to a
severely immature and declining iHep phenotype in con-
ventional monolayers, iHeps in MPCCs showed higher levels
of adult-like functions and a reduction in fetal markers
(ie, a-fetoprotein) over 4 weeks.68 Furthermore, when iHeps
in MPCCs were treated with 47 drugs for 6 days and
assessed for hepatotoxicity (adenosine triphosphate) and
liver functions (albumin and urea), the sensitivity (65%)
and specificity (100%) for DILI detection relative to known
clinical outcomes were remarkably similar to the values
obtained with MPCCs containing PHHs treated with the
same drugs (70% sensitivity and 100% specificity)70; these
results suggest that MPCCs containing iHeps may be useful
for an initial drug toxicity screen during drug development
using a nearly infinite source of liver-like cells.

The MPCC platform was designed to be modular in that
the NPC type/population can be modified without signifi-
cantly affecting the hepatocyte homotypic interactions on the
micropatterned domains, which are important for maintain-
ing cell polarity. Nguyen et al71 augmented pre-established
MPCCs with primary human Kupffer cells (KCs)/macro-
phages once the hepatic phenotype was stable after 5–7 days.
Stimulating the KCs in MPCCs with bacterial-derived
endotoxin, lipopolysaccharide, led to cytokine-mediated
down-regulation of CYP450s in PHHs, which can affect DILI
outcomes. Davidson et al72 recently augmented MPCCs with
activated (fibrogenic) primary human hepatic stellate cells
(HSCs) at physiological ratios with PHHs and showed effects
on hepatic functions that are reminiscent of a nonalcoholic
steatohepatitis/early fibrosis phenotype. Although albumin
and urea secretions were relatively similar in HSC-
augmented MPCCs and HSC-free MPCCs (suggesting well-
differentiated PHHs), over the course of 2 weeks, increasing
fibrogenic HSC numbers (1) down-regulated hepatic CYP450
(2A6, 3A4) and transporter activities, (2) caused hepatic
steatosis, and (3) enhanced the secretion of proinflammatory
interleukin 6 (IL6) and C-reactive protein (CRP); effects that
are consistent with clinical findings in patients with early
stages of nonalcoholic steatohepatitis/fibrosis.73,74 Impor-
tantly, inhibition of reduced nicotinamide adenine dinucleo-
tide phosphate oxidase (NOX) and/or activation of farnesoid
X receptor (FXR) using clinically relevant drugs, GKT137831
and obeticholic acid, respectively, alleviated hepatic dys-
functions owing to fibrogenic HSCs, thereby suggesting
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platform utility for drug screening. Finally, Ware et al75 co-
cultured micropatterned PHH colonies with either liver si-
nusoidal endothelial cells (LSECs) or human umbilical vein
endothelial cells (HUVECs) and found that neither endothelial
cell type could maintain PHH morphology and functions to
the same magnitude/longevity as the 3T3-J2 fibroblasts. In
contrast, both PHHs and endothelial cells (LSECs or HUVECs)
showed stable phenotype, including the appearance of fen-
estrations in LSECs, for at least 3 weeks in PHH/fibroblast/
endothelial cell tricultures. Tricultures created with cells in
the same plane or the PHH/fibroblast co-cultures separated
by the endothelial cells via a protein gel (to mimic the space
of Disse) showed similar functions over time.

Liver Spheroids/Organoids
Hepatocytes can be stabilized in 3D spheroids/

organoids, which leads to the establishment of homotypic
cell–cell interactions and the presence of ECM proteins
within and around the cells.76 Hepatocellular functions can
be further enhanced via co-cultivation with NPCs and the role
of heterotypic cell–cell interactions on modulating outcomes
resulting from drugs and other stimuli can be evaluated.
Hepatic spheroids can spontaneously form on nontreated
culture plates or those coated with various polymers.77,78

Such spheroids have been shown to display high viability
and some functions78; however, it is difficult to control the
spheroid size and smaller spheroids can merge to form larger
spheroids with necrotic cores owing to poor diffusion of
oxygen/nutrients. To mitigate such a challenge, specialized
plates and scaffolds have been developed to direct the as-
sembly of uniformly sized spheroids that remain separated
for interrogation after drug/stimuli treatment. For instance,
Messner et al79 developed a specialized plate for creating
hanging liquid drops that allow the formation of hepatocyte–
endothelial–KC spheroids (1 per well) of controlled
diameters, which remain viable and secrete albumin for
approximately 1 month. These spheroids showed increased
sensitivity in identifying known hepatotoxic drugs than
short-term PHH monolayers (w60% vs w40%), while
specificity was similar across both assays (w80%–85%).80 In
another platform, Kostadinova et al81 seeded a mixture of
liver NPCs onto a porous nylon scaffold followed by seeding
of PHHs onto the pre-established liver NPC/nylon culture.
PHHs in this platform secreted liver proteins (albumin,
transferrin, and fibrinogen) and showed CYP450 activities for
77–90 days, and were more sensitive to hepatotoxic drugs
than monolayers. On the other hand, Takayama et al82 used a
nanopillar plate to create iHep spheroids, which were more
sensitive to drug toxicity than HepG2 spheroids; however,
iHep spheroids showed lower sensitivity than conventional
PHH monolayers, suggesting that further maturation of the
iHeps is likely required.

The earlier-mentioned spheroids rely on cell-secreted
ECM; however, such an approach does not allow precise
and reproducible tuning of the biochemical and biome-
chanical microenvironment around cells. In contrast, natu-
rally derived (ie, alginate, chitosan, and cellulose) and
synthetic biomaterials (ie, polyethylene glycol [PEG]) can be
used to mitigate such a limitation by presenting an
engineered polymer matrix to cells.76 For instance,
biocompatible PEG hydrogels provide control over me-
chanical properties via customization of chain length and
control over biochemical properties by the tethering of li-
gands such as cell adhesion peptides and growth factors.83

Chen et al84 co-cultivated PHHs, 3T3-J2 fibroblasts, and
immortalized LSECs in PEG hydrogels modified with cell
adhesion ligands and observed relatively stable albumin and
urea secretion for at least 8 days in vitro. A microfluidic
droplet generator was subsequently used to generate PEG-
based hepatic microtissues, which are more amenable to
high-throughput drug studies than bulk gels.85 In a study
using a naturally derived biomaterial, Tasnim et al86

encapsulated human pluripotent stem cell–derived
hepatocyte-like cells in galactosylated cellulosic sponges,
which promoted the formation and retention of spheroids;
such spheroids were more sensitive to the toxicity of hep-
atotoxic drugs as compared with conventional monolayers,
and responses in stem cell spheroids were similar to those
observed in PHHs. Larkin et al87 designed a detachable,
nanoscale, and mechanically tunable space of Disse (ie,
overlay) to separate rat hepatocyte cultures from a mixture
of LSECs and KCs using self-assembled polyelectrolyte
multilayers of chitosan and hyaluronic acid. When tuned to
show liver-like stiffness, the polymeric space of Disse
enabled higher albumin secretion and CYP1A activity in the
hepatocytes, while hepatocytes and KCs showed some pro-
liferation as compared with the nonpolymeric controls.

Building on the insights gained from miniaturized 3D
liver spheroids, a broad range of recent efforts have been
aimed at the development of larger (millimeter to centi-
meter scale) liver organoids that can further promote cell
proliferation and the recapitulation of characteristic cell
functions and spatial organization. Liver organoids have
been generated from both human pluripotent stem cells88

and adult human liver bipotential cells.89 Notably, induced
pluripotent stem (iPS) cell–derived liver bud organoids
share numerous features with fetal liver cells, based on
single-cell RNA sequencing analysis, and these organoid
cultures have highlighted the important role of bidirec-
tional signaling between differentiating hepatoblasts and
vascular endothelial cells.90 In the adult bipotential cell
system, organoid cultures have been shown to support
long-term cell expansion (at least 3 mo) without chro-
mosome abnormalities, and these expanded cells could be
successively differentiated into functional hepatocytes
in vitro and in vivo.89 Furthermore, toward the develop-
ment of disease models, organoid cultures were generated
from Alagille syndrome and a1-antitrypsin–deficiency
patients, and showed abnormal phenotypic markers
consistent with the in vivo disease features.89 In addition,
recent studies have shown an approach for the
generation of primary extrahepatic cholangiocyte orga-
noids, which facilitate substantial in vitro cell expansion
as well as subsequent in vivo transplantation, either as
cell clusters or postseeding of a biodegradable poly-
glycolic acid scaffold.91

It is difficult to precisely control the spatial arrangement
of different cell types (as in vivo) in randomly distributed
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spheroids/organoids except for what is induced by the
spontaneous sorting of specific cell types. On the other hand,
bioprinting methods can position different cell populations
in organoids to mimic liver lobule architecture. Norona
et al92 developed a bioprinted human liver organoid
(centimeter scale) containing a compartment of PHHs next
to an NPC compartment containing HSCs and endothelial
cells housed in a 24-well Transwell (Corning Inc, Corning,
NY) format (Figure 1C). These organoids showed high
viability, albumin secretion, and CYP3A4 activity for 28
days, and were more sensitive to the toxicity of trova-
floxacin after 7 days of treatment than conventional
monolayers. Similarly, Jeon et al93 used a 3D bioprinting
system to create organoids containing HepG2 cells in algi-
nate and found better growth and expression of liver-
specific genes in the organoids relative to monolayers. Ma
et al94 used 3D bioprinting to create liver lobule-like hex-
agonal organoids containing iHeps, endothelial cells, and
adipose-derived stem cells embedded in a hydrogel. Liver
gene expression and functions in co-cultured organoids
were detected for up to 32 days at higher levels than in
iHep-only organoids or monolayers.
Liver-on-a-Chip Devices
In contrast to static platforms, perfusion systems or

bioreactors can allow automated control over culture
medium pH, temperature, fluid pressures, cell shear stress,
nutrient supply, and waste removal. The Griffith group at
Massachusetts Institute of Technology has pioneered a
perfused liver platform for drug screening, called the
LiverChip, in which hepatocyte aggregates adhere to the
collagen-coated walls of microchannels (created using sili-
con or polycarbonate in a multiwell footprint) and are
perfused at flow rates that meet both the oxygen demands
of the hepatocytes and subject the cells to low shear
stress as in vivo (Figure 2A).95,96 The hepatocyte aggregates
maintain functions under perfusion that are an order of
magnitude higher than in static controls. Co-culture of rat
LSECs with rat hepatocytes in the LiverChip showed that
the LSECs demonstrated moderate proliferation and were
positive for the prototypical marker, SE-1 (hepatic sinusoi-
dal endothelial cells), whereas LSECs entirely disappeared
from conventional monolayers after 13 days in culture.97

Human hepatocyte–KC aggregates in the LiverChip
respond appropriately to lipopolysaccharide stimulation by
increasing the secretion of 11 different proinflammatory
cytokines (ie, IL6, tumor necrosis factor a, hemokine C-C
motif ligand 5).98,99 Stimulating these hepatocyte–KC ag-
gregates with IL6 caused a dose-dependent decrease in
CYP3A4 activity, an increase in CRP secretion, and a
decrease in shed soluble IL6-receptor (IL6R) levels, which
shows an in vivo–like response of PHHs to IL6.100 Further
treating the IL6-stimulated co-cultures with tocilizumab, an
anti-IL6R monoclonal antibody, led to the recovery of
CYP3A4 activity and a reduction in CRP levels after 72 hours
of treatment. More recently, major phase I and II metabo-
lites of diclofenac produced from the hepatocyte–KC ag-
gregates were similar to those observed in human beings.101
Other groups have used polydimethylsiloxane (PDMS)–
based microfluidic devices to perfuse liver co-cultures for
drug screening. PDMS offers the advantages of rapid pro-
totyping of different device designs and is a biocompatible
and transparent (for microscopy) material. For instance,
Kane et al102 developed an 8 � 8 element nonaddressable
array of microfluidic wells containing MPCCs of rat hepa-
tocytes and 3T3-J2 fibroblasts that were independently
perfused with culture medium and oxygen. In another study,
Novik et al103 showed that the production of drug metab-
olites was observed at a greater rate in perfused hepatocyte-
endothelial co-cultures relative to static controls. Similarly,
Esch et al104 found higher albumin and urea secretions
in perfused co-cultures of PHHs and a liver NPC mixture
(fibroblasts, HSCs, and KCs) compared with static controls.

More recent PDMS-based microfluidic devices use multi-
ple chambers to mimic the sinusoidal architecture of the
liver. For instance, Kang et al105 found that primary rat he-
patocytes maintained normal morphology and produced urea
for 30 days when they were cultured on one side of a
Transwell membrane while immortalized bovine aortic
endothelial cells were cultured on the other side of the
membrane that was subjected to dual-channel microfluidic
perfusion. Prodanov et al106 used a polyethylene tere-
phthalate membrane to separate 2 cell culture chambers in a
microfluidic device. PHHs were seeded in the bottom cham-
ber and overlaid with a collagen gel containing immortalized
HSCs (LX-2 line), while a mixture of EA.hy926 endothelial cell
line and U937 monocyte cell line was seeded in the top
chamber. The perfused co-cultures showed higher albumin
and urea secretions than static co-cultures for approximately
4 weeks. In another device, Vernetti et al107 created layered
liver co-cultures in a single-chamber, commercially available
microfluidic device (Nortis, Inc, Seattle, WA). PHHs were
allowed to first attach overnight, followed by seeding of a
mixture of EA.hy926 cells and U937 cells on top of the
attached PHHs, and then the co-culture was covered with LX-
2 cells embedded in a collagen gel. In this device, approxi-
mately 20% of the PHHs were transduced with lentivirus
carrying biosensors for apoptosis (cytochrome C) and reac-
tive oxygen species (hydrogen peroxide) toward detecting
cell responses to drugs and other stimuli using high-content
imaging. A more recent iteration of this device uses a gel
composed of porcine-derived whole-liver extracellular matrix
instead of rat tail collagen, primary human microvascular
endothelial cells instead of the EA.hy926 cell line, THP-1
monocyte cell line instead of the U-937 cell line, and cul-
ture medium with reduced serum as well as soluble
porcine-derived whole-liver extracellular matrix, which
better supports NPC functions.108

In addition to the benefits of perfusion on the functions
of liver co-cultures, perfusion also can subject the cells to
gradients of oxygen, nutrients, and hormones, which have
been shown to lead to zonation or differential functions in
hepatocytes across the length of the sinusoid.109,110 DILI
also can manifest itself with a zonal pattern dependent on
the mechanism of action of the drug and its metabolism by
specific isoenzymes in the hepatocytes.111,112 Allen and
Bhatia113 described a parallel-plate bioreactor with oxygen



Figure 2. Engineered liver platforms incorporating fluid flow and zonated functions. (A) The LiverChip platform.100 Left to
right: A cell culture plate is attached to a pneumatic plate forming 12 fluidically isolated bioreactors per plate footprint. Bioreactor
cross-section schematic is shown. A collagen-coated polystyrene scaffold (1-cm diameter) containing microchannels is placed
into each bioreactor for cell culture. Low-magnification and high-magnification immunofluorescent images showing PHH
morphology after 7 days (green, f-actin; blue, Hoescht). Scale bar: 100 mm. Albumin secretion from the LiverChip over time. (B)
Zonated hepatocyte cultures in a parallel-plate bioreactor.113,114 Top to bottom: Parallel-plate bioreactor schematic to expose
cells to an oxygen gradient. Two-dimensional contour plot of predicted oxygen concentration profile in cross-section of
bioreactor. Cells at the bioreactor outlet are exposed to a lower oxygen tension than cells at the bioreactor inlet. Rat hepatocyte
bioreactor treated with acetaminophen showed greater (zonal) toxicity near the bioreactor outlet relative to the inlet as assessed
by the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) stain. Higher (zonal) amount of CYP2B enzyme protein
at the outlet of the bioreactor as compared with the inlet, suggesting that acetaminophen was bioactivated by CYP2B into a
greater amount of toxic metabolite at the outlet. (C) Microfluidic hepatocyte/nonparenchymal cell co-cultures.107,108 Top to
bottom: Structure of a multilayered liver co-culture housed in a commercial microfluidic device. An X–Z projection shows cell
layering from confocal images of labeled hepatocytes, the porcine-derived whole-liver extracellular matrix (LECM), and endo-
thelial cells. Scale bar: 10 mm. The device was operated with different perfusion rates (5 mL/h for zone 1, periportal - red bars, and
15 mL/h for zone 3, perivenous - blue bars) to subject the co-cultures to different oxygen tensions as in liver zonation. Albumin
level was measured in the efflux at the device outlet, whereas CYP2E1 protein expression level was measured via imaging of a
fluorescently labeled antibody. Heps, hepatocytes; PDMS, polydimethylsiloxane.
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gradients that was used to induce an in vivo–like zonal
pattern of CYP450s and acetaminophen toxicity in rat
hepatocyte cultures, and Allen et al114 described
hepatocyte-fibroblast co-cultures (Figure 2B). More
recently, layered human hepatocyte–NPC co-cultures were
subjected to zone 1 oxygen (10%–12%) or zone 3 oxygen
(3%–5%) levels via variable culture medium perfusion rates
in separate devices (Figure 2C).108 Zone 1 co-cultures
showed greater levels of oxidative phosphorylation, albu-
min secretion, and urea synthesis compared with zone 3
co-cultures, while zone 3 co-cultures showed greater levels
of a1-antitrypsin activity, glycolysis, steatosis, CYP2E1
activity, and acetaminophen toxicity compared with zone 1
co-cultures; these findings are consistent with known
zonation outcomes in vivo. In contrast to an oxygen
gradient, McCarty et al115 generated a gradient of soluble
factors (ie, hormones and drugs) onto a rat hepatocyte
monolayer using a microfluidic device. Subjecting the cells
to glucagon and insulin gradients led to an expected staining
pattern for glycogen, such that cells contained less cyto-
plasmic glycogen in the presence of high levels of glucagon
and more glycogen in the presence of high levels of insulin.



Table 1.Benefits and Potential Limitations of Different Bioengineered Liver Models for In Vitro Studies

Model Benefits Potential limitations

High-throughput cell
microarrays

Enhanced capabilities to evaluate combinatorial
effects of multiple signals

Independent control of biochemical and
biomechanicalcues

Well-defined material properties of substrate and
arrayed molecules

Low material usage

Primarily dependent on imaging-based read-outs
Limited ability to investigate cell responses to

gradients of microenvironmental signals

Randomly distributed
(conventional)
co-cultures

Can be cultured in high-throughput plate formats
No specialized system needed to establish

co-cultures
Different NPC types can be used to support

hepatocytes
Easily compatible with high-content imaging

read-outs

Can display variability in induction of hepatocyte
functions with the choice of specific NPC type

Can display morphologic and functional instability
owing to regions of suboptimal cell–cell
interactions within the monolayer

Are not able to sustain infection with HBV/HCV and
malaria owing to potential lack of complete
hepatocyte polarity

Micropatterned
co-cultures

Controlled cell–cell interactions allow for higher and
stable functions for 4–6 weeks than randomly
distributed co-cultures

Modular design allows for the use of different NPC
types without significantly altering hepatocyte
homotypic interactions

Can be infected with HBV, HCV, and malaria
Display fatty liver phenotype when treated with

hyperglycemic and/or high-fatty-acid–containing
culture medium

Compatible with high-content imaging read-outs

Currently rely on collagen alone for hepatocyte
attachment as opposed to more complex liver-
inspired ECM

Currently lack all liver stromal cells
Use non–human-supporting fibroblasts
Require specialized equipment and devices for

patterning collagen

Randomly distributed
spheroids/organoids

Can be created using a variety of different
methods/plates

Cell-secreted ECM protein matrix forms around
the spheroids

Multicellular interactions can be studied
Maintenance of major liver functions for several weeks
Have been shown to be compatible with multiple

applications within the drug development pipeline

Can be difficult to control disorganized cell type
interactions over time

Necrosis can occur in the center of larger spheroids
Size variability can occur with some methods
High-content imaging for entire spheroid may require

expensive confocal microscopy depending on
the spheroid size

Bioprinted
organoids

Precise control of cell placement allows formation
of separate hepatocyte and NPC compartments

Versatile method to create diverse architectures as
desired

Multicellular interactions can be studied
Maintenance of major liver functions for 1 month
Compatible with DILI screening and to model

drug-induced fibrosis

Printing resolution does not always allow placement
of individual cells

Low-throughput
Requires complex and expensive equipment
Requires significantly more cells than other

higher-throughput/miniaturized methods
Potential heterogeneous drug distribution across

large printed tissues

Liver-on-a-chip (perfusion)
devices

Dynamic fluid flow for nutrient and waste exchange
Several commercial configurable devices available for

cell culture and perfusion
Layered architectures can be created with single-

chamber or multichamber microfluidic device
designs

Sustained functionality for 2–4 wk
Gradients of oxygen/hormones can be created to model

zonal liver phenotypes

Potential binding of drugs to tubing and materials
used

Large dead volume requiring higher quantities of
novel compounds for the treatment of cell
cultures

Low-throughput
Shear stress may cause lower hepatic functions
May wash away built-up beneficial molecules with

perfusion

HBV, hepatitis B virus; HCV, hepatitis C virus.
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Furthermore, cultures that were subjected to a gradient
of 3-methylcholanthrene, an inducer of glutathione
S-transferase and CYP450 enzymes, showed greater hepa-
totoxicity of allyl alcohol in the low 3-methylcholanthrene
region and greater hepatotoxicity of acetaminophen in the
high 3-methylcholanthrene region.
Implications For Clinical Liver-Assist
Devices

It is expected that progress toward the development of
highly functional in vitro culture models will provide a recip-
rocal benefit for the advancement of bioartificial liver (BAL)
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devices that can be used as clinical treatments. Similar to the
drug screening platforms, the design of an effective BAL device
is dependent on the incorporation of the appropriate envi-
ronmental and organizational cues that enable maximal sur-
vival and function of the hepatocellular component. A range of
modifications aimed at optimizing cellular performancewithin
BAL devices have been explored. In particular, because of the
enhanced function of hepatocyte aggregates relative to single-
cell suspensions, many device configurations contain either
attached or encapsulated hepatocellular spheroids.116–120 In
the modular extracorporeal liver support system (Charite,
Berlin, Germany), hepatocytes are aggregated in co-culture
with liver NPCs, resulting in the formation of tissue-
like organoid structures.121 Overall, environmental condi-
tions within a BAL device, such as oxygen tension and fluid
shear forces, can significantly affect hepatocyte functions.122 In
addition, both the convective and diffusive properties of the
systems must be optimized to provide vital nutrients to the
cells while simultaneously allowing export of therapeutic
cellular products. Currently, although clinical efficacy of BAL
devices remains limited, improvements in device and trial
design continue to be implemented. Many of these efforts
leverage insights gained from small-scale in vitro bioreactor
systems, which have been used to systematically examine
the effects of shear stress and oxygen tension on hepatocyte
function.123,124 Furthermore, a number of ongoing studies are
aimed at identifying protein ormetabolite biomarkers that can
serve as quantitative indicators of BAL device performance.
Conclusions and Future Outlook
In contrast to conventional monolayers, sophisticated

engineering tools, such as micropatterning,49 micro-
fluidics,107,125 specialized plates,79,126 biomaterial scaf-
folds,127 and 3D bioprinting,92 allow more precise control
over the liver cell microenvironment, which has led to
stabilized liver functions for several weeks (Table 1). Such
longevity of functions has proven highly useful for chronic
treatment with drugs and other stimuli (eg, viruses and cell
differentiation cues) to significantly enhance the sensitivity
for the prediction of clinical outcomes as compared with
short-term (<24 hours) treatment of monolayers.4 Most of
the liver models that show high levels of function over
several weeks co-cultivate hepatocytes with NPCs; even
non–liver-derived NPC types (ie, 3T3-J2 murine embryonic
fibroblasts) can induce high levels of function in hepatocytes
from multiple species, including human beings, which
suggests that the molecular mediators underlying the
co-culture effect are relatively well conserved across spe-
cies.37 Often, the exact liver architecture is not fully
recapitulated in engineered liver co-cultures (eg, disorga-
nized spheroids/organoids and circular islands in MPCCs),
but still leads to healthy and functioning liver cells,
which suggests that the biochemical and biophysical
microenvironment around the cells is ultimately more
important for generating high-fidelity human liver models
than mimicking the macro-architecture of the native liver.
Furthermore, optimizing the homotypic and heterotypic
cell–cell interactions using technology (eg, micropatterning,
specialized plates to create controlled-sized spheroids, and
bioprinting) is important to enhance liver functions and
enable reproducible data sets across many experiments.

Some key issues that pertain to bioengineered livers will
need to be addressed moving forward. First, it will be useful
to rely on similar endpoints and data normalization schemes
(eg, based on cell number, protein, and/or RNA levels) when
showing functionality and stability of a bioengineered liver
so that the data can be compared across different labora-
tories. Second, consortia led by regulatory agencies will be
important to evaluate multiple bioengineered livers using a
consistent set of drugs and endpoints. Currently, it remains
unclear how to directly compare the performance of bio-
engineered liver systems owing to a lack of standardized
measurements by the same personnel in the same labora-
tories using the same cell donors. Third, bioengineered
livers will need to mimic aspects of innate and adaptive
immunity as well as different liver diseases to better predict
idiosyncratic (unpredictable) DILI in the clinic. Nonetheless,
bioengineered livers coupled with cellular stress markers
have been shown to accurately detect the DILI potential of
hepatotoxins that were previously thought to be idiosyn-
cratic (eg, troglitazone, diclofenac, clozapine).60,70,92,107

However, it is not currently possible to predict with
in vitro approaches which specific individuals will adapt to
cell stress and which individual will experience progressive
and severe DILI. The differentiation of induced pluripotent
stem cells (iPSCs) from thousands of human patients with
different genetic backgrounds into multiple types of liver cells
may potentially be useful to elucidate interindividual varia-
tions in DILI outcomes.69,128 However, further improvements
in the functionalmaturity of iHeps andother iPSC-derived liver
NPC types will be needed to enable the routine use of these
cells for drug screening; high-throughput cell microarrays are
ideally suited to enable further progress in these goals given
the large space of combinatorialmicroenvironmental cues that
will need to be explored. Finally, although liver NPCs such as
KCs, HSCs, and LSECs have all been incorporated into engi-
neered liver co-cultures, it remains unclear how to incorporate
biliary epithelial cells (ie, cholangiocytes) in models in such a
way that they can form bile ducts that drain the contents of
the hepatic bile canaliculi into a separate flow compartment
than that used to mimic blood flow.

In conclusion, bioengineered liver models of increasing
cellular and technologic complexities are available for
investigating cell responses to drugs and other stimuli based
on the posed hypotheses and throughput requirements. We
anticipate that the ongoing development of more sophisti-
cated engineering tools for manipulating cells in culture will
lead to continual advances in bioengineered livers that show
improving sensitivity for the prediction of clinically relevant
drug and disease outcomes.
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