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Abstract

BACKGROUND: Three-dimensional (3D) cell cultures with architectural and biomechanical properties similar to those of

natural tissue have been the focus for generating liver tissue. Microarchitectural organization is believed to be crucial to

hepatic function, and 3D cell culture technologies have enabled the construction of tissue-like microenvironments, thereby

leading to remarkable progress in vitro models of human tissue and organs. Recently, to recapitulate the 3D architecture of

tissues, spheroids and organoids have become widely accepted as new practical tools for 3D organ modeling. Moreover,

the combination of bioengineering approach offers the promise to more accurately model the tissue microenvironment of

human organs. Indeed, the employment of sophisticated bioengineered liver models show long-term viability and func-

tional enhancements in biochemical parameters and disease-orient outcome.

RESULTS: Various 3D in vitro liver models have been proposed as a new generation of liver medicine. Likewise, new

biomedical engineering approaches and platforms are available to more accurately replicate the in vivo 3D microarchi-

tectures and functions of living organs. This review aims to highlight the recent 3D in vitro liver model systems, including

micropatterning, spheroids, and organoids that are either scaffold-based or scaffold-free systems. Finally, we discuss a

number of challenges that will need to be addressed moving forward in the field of liver tissue engineering for biomedical

applications.

CONCLUSION: The ongoing development of biomedical engineering holds great promise for generating a 3D biomi-

metic liver model that recapitulates the physiological and pathological properties of the liver and has biomedical

applications.

Keywords Liver � 3D in vitro liver model � Spheroids � Organoids

1 Introduction

The study of human liver physiology and disease patho-

genesis is limited due to the difficulty of maintaining long-

term cultures in vitro and the lack of culture platforms

specific to liver microenvironments. Most of the traditional

in vitro liver models are created on tissue culture plates, on

which cells form a monolayer. Under these conditions,

two-dimensional (2D) monolayered cells undergo changes

in morphology, hepatic functions, hepatocellular polarity,

and genotypic expression due to disturbances to cell-ex-

tracellular matrix (ECM) interactions and mechanical-
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biochemical cues [1–3]. In addition, primary hepatocyte

cultures are limited by the inability to maintain cell func-

tionalities, such as albumin production and cytochrome

P450 expression, over time [4–6]. Using liver disease

models based on 2D cell culture to study the pathogenesis

and treatment, the response to an effective therapy can be

validated, but the drug screening outcomes are often sig-

nificantly reduced in clinical practice [7, 8]. To overcome

these limitations to in vitro studies, three-dimensional (3D)

cell culture that resembles the architectural and biome-

chanical properties of native tissues has been explored to

generate human liver tissue.

To imitate the in vivo properties of the liver, it is

essential to understand the anatomical structure and phys-

iology of the organ. The human liver is divided into two

main lobes and contains approximately one million hepatic

lobules. The portal triads, consisting of the hepatic artery,

portal vein, and bile duct, are located at marginal angles to

the hepatic lobules. Compared to other organs, the liver has

two major sources of blood: one supplies nutrients from the

digestive system and the other delivers oxygen from the

heart. Even in liver with an attenuated ECM, the ECM

plays an important role in the differentiation of liver

parenchymal cells and nonparenchymal cells (NPCs). This

microarchitectural organization is believed to be crucial to

hepatic function, and 3D cell culture technologies have

enabled the construction of tissue-like microenvironments

that mimic native microarchitectures, thereby leading to

remarkable progress in bioengineered human tissue and

organs in vitro.

3D cell cultures range from a stack of layered cells in

monolayers, spheroids and organoids to far more advanced

systems involving biomaterial scaffolds, 3D bioprinting

and physiological fluid flow. Multilayered coculture

approaches have proven to be effective for capturing the

distinct features of the liver in an in vivo microenvironment

[9, 10]. However, the random distribution of cellular

organization does not precisely mimic the controlled

homotypic and heterotypic cell-to-cell interactions of the

liver [11]. Micropatterned cocultures with a constant ratio

of cells across various patterned configurations control the

interactions between homotypic and heterotypic cell pop-

ulations [12, 13]. Even among those cultures that accom-

modate well-defined cell-to-cell interactions, there is a

challenge associated with cell-substrate adhesiveness. To

overcome this major drawback of this system, a range of

different substrates have been considered for 3D liver cell

patterning.

More recently, to recapitulate the densely packed 3D

architecture of tissues, 3D self-organized culture models

based on spheroids and organoids are becoming widely

accepted as a new practical tool in 3D organ modeling.

Spheroids are scaffold-free spherical and heterogeneous

self-organizing cell aggregates that can compensate for

some of the inadequacies of 2D cultures. Hepatocellular

spheroids represent a promising approach for increasing the

longevity of parenchymal functions, including albumin

secretion, urea synthesis, and phase I and phase II meta-

bolic activities [14, 15]. Organoids can be derived from

tissue-resident stem/progenitor cells or pluripotent stem

cells that are capable of self-renewal, self-organization and

recapitulation of the major features of native tissues.

Recent advances in the field of organoids have led to the

generation of human liver organoids from both healthy and

diseased tissues, revealing aspects of liver development,

biology, and disease in an unprecedented manner [16, 17].

Although 3D cultures, such as spheroids and organoids, can

reproduce the histological and biological properties of

native tissues, they lack the key features of the natural

microenvironments of the stromal, vascular and immune

systems.

2 Differences between spheroids and organoids

The development of a wide range of 3D in vitro cell culture

technologies, including spheroids and organoids, has

evolved through advances in cell biology, microfabrication

technology and tissue engineering. Spheroids and orga-

noids are 3D structures composed of many cells, but they

have differences (Fig. 1). A spheroid model was described

and later realized through the cultivation of a cancer cell

line under non-adherent conditions in the early 1970s [18].

More specifically, tumor spheres are cancer stem cell

expansion models derived from tumor spheres in tissue,

and organotypic multicellular spheroids are typically

obtained by mechanical dissociation and cleavage of tumor

tissue [19]. These spheroid models can be generated to

develop gradients of oxygen, nutrients, signaling molecules

and metabolites by compensating for the deficiencies in 2D

culture and through the use of heterogeneous cell popula-

tions. In addition, these systems enable geometrical and

physiological cell–cell and cell-ECM interactions.

Organoids are the collection of organ-specific cells that

develop from organ stem cells or progenitors and self-or-

ganize through cell sorting and spatially restricted lineage

commitment in an manner similar to that in vivo [20]. In

recent years, organoids have attracted great attention as 3D

in vitro models with superior function. Compared to

spheroids, they are more dependent on a matrix. Organoids

are classified into tissue and stem cell types based on the

way the organ bud is formed [21]. Tissue organoids are

grown in mesenchyme-free culture and are mostly com-

prise epithelial cells due to their inherent ability to self-

organize into tissue-like structures. Stem cell organoids are

generated from various types of stem cells, including
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embryonic stem cells or induced pluripotent stem cells or

primary stem cells, such as neonatal tissue stem cells and

tissue-resident adult stem cells. In addition, various orga-

noids have been developed through numerous different

approaches: (1) Organoids are formed from direct transfer

of feeder cells that had differentiated in monolayer cultures

or on ECM-coated surfaces. (2) Organoids are formed

through the use of a mechanically supported culture that

promotes the differentiation of primary tissues. (3) Orga-

noids can be generated from embryoid bodies on low-at-

tachment plates or hanging drop plates in methods similar

to those used for creating spheroid cultures. (4) Organoids

generated from embryonic stem cell are formed by serum-

free floating culture methods using embryoid body-like

aggregates that reaggregate rapidly on low-attachment

plates [22]. Several organoids have been established as

functional organoids similar to various tissues, including

the pancreas [23], liver [24, 25], stomach [26, 27], intestine

[28], lung [29], kidney [30, 31], thyroid [32], thymus [33],

cerebral cortex [34] and retina [35].

Although many current organoid cultures do not have

the inability to model immune responses due to limitations

caused by the lack of a native microenvironment or the

inability to promote interaction with immune cells, human

cell-derived organoids have the capacity to provide in vivo-

like physiological models with which to study human

development and human diseases. More advanced organoid

cultures enable the development of screening platforms for

drug discovery that are more cost-effective than animal

models and can provide accurate models of human disease

that cannot be replicated in animals. In addition to orga-

noids, patient cancer tissue-derived tumoroids, including

cancer cells and stromal cells in the tumor microenviron-

ment (TME), are primed to provide an advanced and more

realistic 3D culture platform for personalized drug

screening and discovery [36–38]. Figures 2 and 3 show the

distinguishing features of the 3D in vitro liver models by

two types of model.

3 Spheroid-based 3D liver models

3D growth of cell lines or primary cell cultures has been

considered as a more urgent and representative model for

the in vitro drug screening [39] (Fig. 2). Cell heterogeneity

of 3D multicellular tumor spheroids (MCTs) is similar to

that found in avascular micro-regions of tumors and is well

established that solid tumor environment induces the drug

resistance to many chemotherapeutic agents [40]. This drug

resistance by cell heterogeneity occurs as soon as cancer

cells have established contacts with surrounding cells or

ECM [41]. Then, cancer cells can acquire resistance by 3D

interaction such as cell–cell or cell-ECM [41–43]. Thus,

3D MCTs model has been generally considered to predict

the in vivo response to drug treatments [44].

Fig. 1 Differences between spheroid and organoid as 3D in vitro
liver models. As cell sources for 3D spheroid models by cell

aggregation, adult cells are mainly used and divided into models such

as single cell-based spheroids and multicellular tumor spheroids

(MCTs) such as multicellular based spheroids. Single- and multi cell-

based spheroid models can be induced into disease models through

the administration of chemical substrates and aggregation with

stromal cells, respectively. And, cellular sources of the 3D liver

model using self-renewing characteristics include the iPSCs/ESCs

with pluripotency and Lgr5 positive adult stem cells. Organoids by

the 3D culture method of these cells can be generated into normal,

cancer and other disease models
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3.1 Environment for 3D in vitro model

with mimicking the in vivo tissue architecture

Primary liver tumor tissues are heterogeneous, consisting

of epithelial cells, cancer-associated fibroblasts (CAFs) and

other nonepithelial cells. The MCTs designed to study the

liver have been further developed to simulate in vivo tumor

conditions with a focus on the interaction between cancer

cells and various surrounding cells (cancer-associated

fibroblast (CAFs), stellate cell, and vascular endothelial

cell), mimicking in vivo TME during tumor progression

[45–48]. Lau and colleagues formed MCTs using primary

hepatocellular carcinoma (HCC) tissue-derived patient

cells to examine the potential role of CAFs in the

regulation of liver tumor-initiating cells (T-ICs). The

results showed that alpha smooth muscle actin (aSMA)-

positive CAFs in the presence of hepatocyte growth factor

(HGF) regulated T-ICs via the activation of the c-Met/

FRA1/HEY1 cascade. Thus, these authors suggested that

targeting this signal transduction pathway may be a

promising therapeutic approach for the treatment of HCC

[46].

In a review, Wang et al. described various stem cell

sources and culture technologies (including a 3D organoid

culture) through which to introduce stem cell-based ther-

apeutic research for liver diseases [49]. In this review, the

authors explained that 3D cultures can produce progenitors

with high proliferative capacity. Researchers have also

Fig. 2 Perspectives for application of the spheroid-based liver

models. Spheroid-based liver model is formed by aggregation of cell

line or primary cells and may be formed to a normal or cancer model.

These models can be induced into disease model such as steatosis and

fibrosis by chemical induction. Also, cancer model is applicable to

study the drug evaluation

Fig. 3 Perspectives for application of the organoid-based liver

models. Stem cells or patient’s sample-derived cells can be generated

into various organoid-based liver models such as cancer, disease, and

normal liver. Normal models can be used as candidates for

regenerative medicine, and cancer and disease models can be applied

for drug screening and evaluation
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used 3D culture methods to identify hepatic differentiation

and maturation of pluripotent stem cells, such as embryonic

stem cells (ESCs), induced pluripotent cells (iPSCs) and

mesenchymal stem cells [49–51]. Recently, Jeong and

colleagues compared human ESCs with human iPSCs as

sources of hepatocyte-like cells [52]. They reported that

two types of cells expression hepatocyte markers very

similarly during differentiation, and the two types of dif-

ferentiated cells also have similar functional properties.

The establishment of a 3D liver spheroid model and

organoids based on various types of cells with the capacity

to differentiate into hepatocyte-like cells could provide

advanced platforms for studying liver diseases.

To achieve nearly physiological models with complex

organization that resembles that found in native tissues, 3D

cultures such as those based on spheroids have been gen-

erated through various approaches. 3D spheroids are mul-

ticellular aggregates that exhibit complex cell-to-cell

contact and polarity and can be generated from primary

cells, stem cells or established cell lines [53–56]. The

earliest reports of hepatic spheroids seeded on non-adher-

ent plastic surfaces demonstrated that such 3D aggregates

were viable for several weeks and had relatively high

function [57, 58]. Different approaches for facilitating

spheroid cultures have been previously reported to date,

such as scaffold-free and or scaffold-based 3D spheroid

cultures and perfused 3D cultures.

3.2 Technologies for formation of 3D in vitro models

Ideally, a 3D model should simulate a tissue-specific

physiological or pathophysiological microenvironment that

includes cell–cell and cell-ECM interactions, tissue-speci-

fic stiffness, nutrients and oxygen accessibility, and effec-

tive metabolite gradients and that enables cell proliferation,

aggregation and differentiation [59]. Scaffold-free, scaf-

fold-based and specialized culture platforms, such as

microfluidic devices for 3D culture models, do not meet all

the criteria for recreating a functional microenvironment,

including those features described above, but they can

provide systems with which to form 3D in vitro models for

specific applications. In addition, the most recent 3D cul-

ture systems are based on advanced 3D culture technolo-

gies that make them compatible with automated high-

throughput screening (HTS), enabling the discovery of new

drug candidates and screening of the other reactions of

known drugs in more physiologically accurate cell culture

simulations.

Advances in microfabrication technology have enabled

desired micropatterns to be printed on the surface of plates.

Coated micropatterned plates for non-adherent cells can be

designed to promote cell–cell interaction in the scaffold-

free 3D microsphere formed within a confined micro-

space. Micropatterned plates can also be fabricated to

provide a scaffold-based 3D environment that facilitates

cell adhesion for the formation of adjacent networks on the

surface.

In the hanging drop method, cells are cultured in the free

liquid–air interface to generate spheroids after the culture

plate lids are inverted [60]. Human 3D spheroidal hepa-

tocellular cultures via the hanging drop technique represent

a much more in vivo-like morphology and behavior than

shown by monolayer cultures [61]. The hanging drop

method has the following advantages: (1) cost effective-

ness, (2) controlled spheroid size, and (3) amenability to

coculturing with various cell types. However, it is difficult

to maintain long-term spheroids due to the limited volume

of droplets generated. To produce long-term 3D human

liver spheroids, primary hepatocytes were plated on low-

binding plates and cultured for 3 days [62]. The spheroids

were collected and skewered onto a needle array using

scaffold-free 3D bioprinting technology. This unique bio-

printed hepatic tissue maintained a wide range of long-

lasting liver functions. Furthermore, bioreactors enable the

optimization of various parameters, such as dissolved

oxygen and pH, and promote high-yield formation of

spheroids [63, 64]. A perfused bioreactor system for pri-

mary cultures of hepatocytes as spheroids enables the

robust formation of hepatic-like microtissue and maintains

liver-specific activity and architecture, making it suit-

able for use in long-term drug testing.

Scaffolds are used to create a physical support system

for controlling the cellular microenvironment, and they

have the potential to increase the longevity and repro-

ducibility of cell functions in vitro [65, 66]. Various scaf-

folds have been used to generate hepatic spheroids,

including naturally derived scaffolds and synthetically

derived polymer scaffolds. Natural scaffolds can be con-

structed from biological materials such as fibronectin,

collagen, laminin, and gelatin, while synthetic components

can mimic biological properties of the ECM with high

biocompatibility and include poly (lactic acid) (PLA), poly

(ethylene glycol) (PEG), poly (vinyl alcohol) (PVA), poly

(glycolic acid) (PGA), and polystyrene [67–72]. Chitosan–

collagen-coated textile scaffolds enhanced the hepatic

functions of primary rat hepatocytes and HepG2 spheroids

[73]. Due to the porous nature of the chitosan–collagen

matrix, the hepatocyte spheroids received an adequate

supply of nutrients and could efficiently exchange sub-

stances, such as oxygen and waste, thus enabling the cells

to maintain cellular functionality. In a study using syn-

thetically derived polymer scaffolds, biocompatible PEG

hydrogel scaffolds that encapsulate primary human hepa-

tocytes within a supportive microenvironment exhibited

humanized liver functions that persisted for several weeks

and were used to predict the disproportionate metabolism
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and toxicity of human metabolites [74]. More recently,

blended protein-polymer scaffolds have been used to pro-

duce consistent, clinically translatable scaffolds as 3D liver

cell platforms [75]. THLE-3 cells were cultured in vitro on

protein-polymer scaffolds containing human liver ECM,

which exerted a significant positive influence on the gene

expression profile, albumin production, and liver cell

attachment and survival.

Perfusion systems are based on various strategies that

allow for automated control over the culture medium pH,

fluid pressure, nutrient supply, temperature and process of

waste product removal. A perfused liver platform was

pioneered by Griffith et al and, called the LiverChip

[76, 77]. Hepatocyte aggregates adhere to the collagen-

coated walls of microchannels in this device and are then

perfused with cell culture medium by integrated pneumatic

diaphragm micropumps. Hepatocellular aggregates under

these perfusion conditions can maintain hepatocyte-specific

functions. Poly (dimethyl siloxane) (PDMS)–based

microfluidic devices have also been used to build a 3D liver

spheroid model [78, 79]. For instance, concave microwell-

based PDMS-membrane-PDMS sandwich multilayer chips

can be assembled and disassembled in a simple manner

[80]. This biomimetic and reversibly assembled liver-on-a-

chip platform (3D-LOC) enables convenient and safe per-

fusion of cultures comprising hepatic spheroids with a

uniform-sized, smooth surface, high cell viability, and low

cell loss. The most recent microfluidic strategies have been

used to explore the possibility of creating zone-like

responses in a microfluid format [81]. The metabolic pat-

terning on a chip (MPOC) consists of a microfluidic gra-

dient generator connected to a microfluidic tissue culture

chamber. The metabolic patterning of the liver tissue in the

MPOC device can recapitulate some aspects of the liver

zonation and zonal toxic responses.

3.3 Liver cancer spheroids

The formation of MCTs as representative 3D in vitro tumor

models has led to many advances in the use of cancer cell

lines or patient-derived cancer cells that target various

organs [45–48, 82, 83]. Jung and colleagues fabricated a

large and homogenous aggressive liver cancer spheroid by

optimizing the MCT formation protocol through a cocul-

ture of cells from an HCC cell line (Huh-7) and vascular

endothelial cells (HUVECs). In this study, the HUVECs

promoted cell proliferation and the expression of HCC-

related genes and cancer stem cell markers in the Huh-7-

cell based MCTs. In addition, the results of the evaluation

showed that the large Huh-7 cell MCTs with HUVECs

showed resistance against anti-cancer drugs that was not

exhibited by the monolayer cells to which they were

compared [45]. To propose a more advanced 3D liver MCT

model, Song and colleagues generated a coculture model

consisting of hepatitis B virus (HBV)-infected patient-

derived HCC cells and human hepatic stellate cells (HSCs),

fibroblasts, and HUVECs to screen for potential personal-

ized cancer therapies. They explained that the chemosen-

sitivity assays based on their in vitro patient-derived MCTs

may be suitable for advancing the personalized therapy

field [48]. To fabricate other types of MCT models, Le and

colleagues developed a scaffold-based 3D HCC model that

consisted of fibroblasts, HCC cells, and a polycaprolactone

(PCL) nanofibrous membrane using three distinct culture

methods (monolayer, layered, and mixed) to mimic the

in vivo TME. Among the three models, the mixed model

resulted in phenotypic changes to the cancer cells and

promoted the expression of fibronectin and vimentin.

Despite treatment with 100 lM of methotrexate (MTX)

drug, the mixed model also showed higher resistance than

the other models. The authors suggested that three models

may be suitable for use in efficient anti-cancer therapy tests

for cancers at various stages [47].

3.4 Liver disease spheroids

In addition to tumor models, studies for liver steatosis and

fibrosis models as 3D in vitro spheroid disease models have

been actively studied. Liver fibrosis refers to the accumu-

lation of matrix proteins related to the wound-healing

process. Liver injury induces activation of hepatic stellate

cells (HSCs) that secrete ECM proteins in a quiescent state

that maintains homeostasis [84, 85]. Based on the liver

fibrosis process caused by the activity of HSCs, Lee et al.

isolated primary hepatocytes and HSCs from adult rats to

form spheroids using concave microwells based fluidic

chips for 3D perfusion cultures. 3D in vitro alcoholic liver

disease (ALD) spheroid model was fabricated by combi-

nation culture and ethanol treatment. In this study, HSCs

showed higher expression of aSMA and collagen produc-

tion than the non-injury group in the ethanol-injured group

(60 ll/ml). It demonstrated that HSCs play a role in the

recovery process of hepatocytes caused by injury [86].

And, a 3D in vitro liver steatosis spheroid model has been

developed for the study of non-alcoholic fatty liver disease

(NAFLD) such as steatosis as a disease that can further

progress to liver fibrosis. Kozyra et al. formed spheroids on

ultra-low attachment (ULA) plates using primary human

hepatocytes and induced steatosis through exposure and

treatment of lipogenic substrates such as free fatty acids

and monosaccharides (glucose and fructose). In this study,

3D spheroids accumulated lipid droplets by exposure to

excessive free fatty acids, carbohydrates and insulin levels,

and this system showed many in vivo phenomena such as

the development of insulin resistance, reversibility of

steatosis, and successful treatment [8]. Then, Pingitore
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et al. formed spheroids on the ULA plate through the

physiological ratio ‘‘(24: 1)’’ of hepG2 HCC cell line and

LX-2 hepatic stellate cells, and confirmed the accumulation

of fat and collagen after exposure to free fatty acids. The

authors described the 3D in vitro NAFLD spheroid model

was established by confirmation of reducing the accumu-

lation of fat and collagen by treatment of liraglutide or

elafibranor as clinical trials for the non-alcoholic steato-

hepatitis (NASH) [87]. As mentioned, studies on the 3D

in vitro spheroid model for the study of fibrosis, steatosis

and NAFLD as liver diseases except tumors are evolving.

4 Organoid-based 3D liver models

Over the last decade, organoid cultures have emerged as

promising model systems that can bridge the gap between

in vitro and in vivo research. Organoids are 3D cellular

clusters derived from primary tissues, ESCs or iPSCs that

recapitulate features of the tissue from which the cells

originate [20, 88]. Compared with spheroids, organoids

generate more tissue/organ level phenotypes with higher

order tissue complexity [89]. An early attempt to produce

liver bud organoids was based on human iPSCs that share

numerous features with fetal liver cells [25]. On the basis

of adult somatic tissue-resident stem cell systems, organoid

cultures have been shown to sustain long-term expansion,

and the expanded cells could be differentiated into func-

tional hepatocytes in vitro [24]. However, such modeling

of the human liver in 3D organoids still needs to be tuned

and optimized to support the development and maturation

of organoid cultures. In this regard, the combination of

organoids with a bioengineering-inspired culture system

has been used to improve the development of biofabricated

tissues for use in personalized medicine and drug screen-

ing. The cell sources for liver organoid formation, the

development of various models, and their applications are

shown in Fig. 3.

4.1 Beginning of liver normal organoid models

Fabricated 3D tissues with scaffolds are often the product

of 3D cellular aggregates. However, these technologies

have been associated some disadvantages, including

exogenous origin, potential RNA interference, and batch-

to-batch variability [90–92]. A recent study was developed

on both in vivo and ex vivo methods for growing in vitro-

generated liver buds without scaffolding [93]. In this study,

the scaffold-free liver bud-like cell aggregates grown on

3D bioprinter material fused with each other, exhibiting

self-tissue organization ex vivo, and could be engrafted

into rat liver.

Organoids can be reconstructed by providing appropri-

ate scaffolds and biochemical cues [94, 95]. To date, most

organoids are grown on a scaffold-based system based on

Matrigel, collagen, synthetic or semisynthetic matrices, etc.

[96–98]. A system to obtain liver organoids from epithelial

cell adhesion molecule (EpCAM)? ductal cells was

developed by the Clevers group: the EpCAM? cells were

cultured in Matrigel with complete medium containing

epidermal growth factor (EGF), HGF, fibroblast growth

factor (FGF) and r-spondin-1 (RSPO1) could possibly

differentiate toward the hepatic lineage [99]. Alternative

approaches have been generated using synthetic matrices

that promote organoid generation with less variability and

higher reproducibility. Synthetic hydrogel platforms com-

posed of PEG have been recently developed and have been

shown to maintain human embryonic stem cell pluripo-

tency and to differentiate to the same extent as cells cul-

tured on Matrigel [97, 100]. Klotz et al. showed that a

hybrid hydrogel composed of a gelatin and PEG (gelPEG)

platform on which liver-like tissue analogues were grown

had improved liver organoid differentiation, as shown by

elevated albumin expression and ALAT and ASAT activity

levels [101]. Another interesting application of scaffold-

based organoids involves the development of fully defined

liver organoid platforms using an inverted colloid crystal

(ICC) [102]. 3D and hexagonally arrayed ICC scaffolds

have several advantages, including variable mechanical

stiffness, functionalization through the use of different

ECM proteins, and a homogeneous architecture. The ICC-

engineered liver organoids were relatively more similar to

those comprising adult tissues with respect to morphology,

transcriptomic and protein expression profiles, drug meta-

bolism and viral infection and could integrate into the lobe

of murine liver where it was able to vascularize and

function following transplantation.

It has been noted that combining organoid cultures with

microphysiological systems holds great promise for better

mimicking in vivo-like conditions [103, 104]. In an early

example, hepatocyte aggregates from primary and iPSC-

derived cells were encapsulated in hydrogel droplets and

entrapped in a microfluidic device during the hepatoblast

expansion phase [105]. On-chip perfusion enabled induci-

ble CYP activity and demonstrated a lifetime of at least

28 days. In a parallel study, Wang et al. showed that liver

organoids from human iPSC-based embryoid bodies reca-

pitulated the key features of human liver formation with

cellular heterogeneity in a 3D chip system subject to per-

fusion [106].
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4.2 Development of various liver disease organoid

models

4.2.1 Liver cancer organoids

HCC tumors are also associated with cellular and molec-

ular heterogeneity, chromosomal aberrations, and both

somatic and germ line mutations. Wang and colleagues

used a multicellular-based organotypic culture system

method to investigate the biological features of HCC. HCC

cells, fibroblasts, endothelial cells and ECMs were used to

form organoid-like spheroids with enhanced characteristics

of human HCC in vivo, and nonparenchymal cells were

used to retain tissue-like structures. In addition, HCC cells

cultured with spheroids in combination with non-

parenchymal cells have been shown to express neo-an-

giogenesis-related markers (vascular endothelial growth

factor (VEGF), VEGF receptor 2 (VEGFR2) and hypoxia

inducible factor 1 alpha (HIF1a)), tumor-associated

inflammatory factors (C-X-C chemokine receptor 4

(CXCR4), C-X-C motif chemokine ligand 12 (CXCL12)

and tumor necrosis factor alpha (TNF-a)) and epithelial

mesenchymal transition proteins (transforming growth

factor beta (TGFb), vimentin and matrix metallopeptidase

9 (MMP9)) at higher levels than organoids containing only

HCC cells. The novelty of this method is related to its

suitability for high-throughput approaches useful for

identifying HCC malignant tumors and for accurate anti-

tumor therapy screening after surgery [107]. Broutier and

colleagues have established liver cancer organoids based

on the three most common primary cancer subtypes (HCC,

Cholangiocarcinoma (CC) and Combined hepatocellular

carcinoma (CHC)) and demonstrated that liver cancer

organoids preserve the morphological structures, gene

expression levels, and genetic characteristics of the primary

cancers. Drug testing using these organoids were used to

evaluate the possibility that ERK inhibitor SCH772984 is a

novel agent for liver cancer therapy, thus demonstrating

that liver cancer organoids can be used for the discovery of

new biomarkers and drug screening tests [17]. Recently,

Nuciforo and colleagues established organoids from HCC

patient-derived needle biopsy samples and compared them

with corresponding tumor biopsy samples. These orga-

noids, compared with the original tumor biopsy tissue,

showed similarities in terms of growth pattern, differenti-

ation grade, expression profiles of HCC-specific markers,

and ability to form tumors in a xenograft model [108]. In

these studies, HCC organoids retained genetic alterations

as well as chromosomal aberrations [17, 108]. However,

some of the organoids appeared to have acquired additional

alterations during cultivation [108]. In addition, CC orga-

noids were found to recapitulate most CC biopsy pheno-

types, such as solid growth, the presence of atypical cells

and intracytoplasmic lumen structures, and mucin pro-

duction [17, 108]. These results suggest that the success

rate of establishing liver cancer organoids from in vivo

tumor tissues depends on the rate of tumor cell growth and

the differentiation stage of the liver tumor, but it is not

affected by the patient’s clinical pathology [17, 108].

Metastatic liver cancer is often formed from the

metastasis of malignant gastrointestinal cancers. It leads to

poor prognosis and is impossible to treat surgically after it

has manifested, but the mechanism of liver metastasis

remains unclear. Therefore, the development of a model to

study the metastatic mechanisms of liver cancer can pro-

vide the opportunity for selecting the optimal chemother-

apy to treat metastatic liver cancer that is insensitive to

standard chemotherapy. Furthermore, the model using the

patient tissues may provide opportunities to customize

treatments for individual therapy. Recently, Buzzelli and

colleagues generated metastatic colon cancer organoids

from liver tissue with colon cancer metastatic tumors [109].

The organoids expressed proteins that are characteristic to

primary colon cancer and proteins such as EpCAM and

mucin 2 (MUC2) that are expressed in metastatic colon

cancer in liver tissues. Additionally, they showed similar

chemotherapeutic sensitivity as that of primary colon

cancer. On the basis of gene editing technology, experi-

ments in which colon cancer organoids are implanted into

nude mice, researchers confirmed that the Trp53 gene

could promote liver metastasis [110]. A metastatic liver

cancer organoid model may provide opportunities to

identify metastatic mechanisms and to develop anticancer

drugs.

4.2.2 Liver fibrosis organoids

Liver fibrosis due to progressive accumulation of fibrillar

ECM in the liver may result in chronic liver disease (CLD),

which is a consequence of repetitive liver tissue damage

caused by toxicity from drug use, hepatitis B and C virus

infection or metabolic or autoimmune diseases [111].

Currently, liver fibrosis models are being studied through

cocultures of hepatic stellate cells (HSCs) and hepatocytes

in 2D culture conditions or in 3D culture and/or animal

studies, but the low effectiveness of antifibrotic drugs in

culture compared with their effectiveness in clinical prac-

tice is evident. Therefore, the establishment of an advanced

model that can better reflect the pathological process of

liver fibrosis in humans is necessary to study the patho-

genesis, potential antifibrotic treatments, and drug resis-

tance mechanisms and to verify the effect of antifibrotic

drugs for liver fibrosis treatment. For a drug-induced

model, Leite and colleagues [112] formed liver organoids

by coculturing both HepaRG hepatocytes and HSCs and

induced liver fibrosis (LF) using acetaminophen (APAP).
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These organoids with manifest LF maintained hepatic

activity and function and showed cell–cell and cell–matrix

interactions [113] that appears during the formation of LF

in the body. The researchers found that APAP-induced

fibrosis induces hepatocyte damage but not direct activity

of HSCs. Then, the researchers established a model of

hepatic fibrosis induced by MTX and allyl alcohol [113]. In

the in vivo liver tissues, from both mice and humans, the

fibrosis process induced Lgr5? cell proliferation. LF

organoid models established by coculturing both Lgr5?

cells and other liver component cells isolated from LF

patients would be helpful for the development of individ-

ualized antifibrotic drugs for treatment of LF, prevention of

LF pathogenesis and improvement of liver function.

4.2.3 Metabolic hepatic disease organoids

The liver is an organ responsible for metabolism in the

human body and frequently represents various liver dis-

eases caused by abnormal metabolism. Hepatic metabolic

diseases are classified into gene-deficiency metabolic liver

diseases such as alpha 1 antitrypsin deficiency (AATD)

syndrome and Wilson’s disease [16, 24, 114] and nongene-

deficiency metabolic liver diseases such as fatty liver dis-

eases. Advanced models for studying these metabolic dis-

eases require tissues with a high degree of structure, gene

expression and metabolism similarity with human liver

disease tissues.

As a gene-deficiency metabolic liver disease, AATD

syndrome caused by the mutation of the SYPANA1 gene

leads to abnormal accumulation of antitrypsin in hepato-

cytes [115] and results in a clinical chronic liver disease

syndrome. AATD patient-derived liver organoids expres-

sed albumin and presented with the low-density lipoprotein

(LDL)-like features of normal liver tissues. However, they

showed abnormal accumulation of antitrypsin and a sig-

nificant reduction in the hepatocellular excretion of antit-

rypsin. These characteristics were similar to the liver

metabolism in AATD syndrome, and the liver organoids

were found to be a good in vitro model for studying AATD

syndrome [16]. Wilson’s disease is a genetic disease

caused by the loss of COMMD1 [116]. To generate this

copper storage disease model, Nantasnti and colleagues

established liver organoids from a patient’s diseased liver

tissue and found abnormal copper accumulation in the

organoids [114]. iPSC-derived liver organoids maintained

hepatic tissue regeneration, patient metabolism and intra-

hepatic bile duct epithelial gene expression [24, 114].

Nonalcoholic fatty liver disease is a major among non-

gene-deficiency metabolic liver disease that induces liver

failure, and the number of cases has risen in the past few

decades [117]. A good in vitro model for studying nonal-

coholic fatty liver disease is necessary to effectively

evaluate lipid absorption disorders in the liver in the future.

Nantasnti and colleagues proposed using liver organoids to

study nonalcoholic fatty liver and nonalcoholic hepatitis.

Kruitwagen and colleagues established liver organoids

from specimens of various species, including cats, dogs and

humans. Their liver organoids showed differentiation of

mature hepatocytes with accumulated glycogen that

secreted albumin and expressed cytochrome family mole-

cules [118]. The hepatocytes in the liver organoids ingested

a large amount of fatty acids when a sufficient amount of

fatty acids was added to the medium. The researchers

found differences in the regulation of lipid metabolic

pathways between dog liver organoids and human liver

organoids. They also been verified that the human fatty

liver and dog fatty liver markedly differed in pathology and

pathogenesis [118]. However, the mechanism of the fatty

acid uptake and the induction of signaling pathways for the

regulation of lipid metabolism by hepatocytes has not been

studied. Therefore, the liver organoid model may be a

valuable research model for studying gene- and non-gene-

deficiency metabolic liver diseases.

4.2.4 Chronic viral hepatitis organoids

Chronic viral hepatitis is currently the most common liver

disease caused by infection with HBV or hepatitis C virus

(HCV) worldwide [119]. The in vitro organoids provide a

platform to study the pathogenesis of infectious diseases

[120] and have been used to study the intestine infected by

rotavirus [121] or norovirus [122–124]. Baktash and col-

leagues established a liver organoid system capable of

polarizing hepatocytes and expressing viral sites and

showed that the HCV infection titer in the hepatocytes in

this organoid was significantly higher than that of those in

the 2D cultures [125]. They reproduced the unusual and

complex process of HCV infection in hepatocytes in the

organoids and found that EGF receptor (EGFR) is required

to achieve particle internalization but is not involved in

inducing localization of the HCV. No studies have yet been

conducted to study HBV-infected liver cells using liver

organoids. Accordingly, liver organoids may constitute a

valuable model to use in studying the infection and drug

resistance mechanisms of viral hepatitis and in developing

drugs to treat viral hepatitis.

5 Conclusions and future perspectives

Liver plays major biological roles including serum protein

secretion, bile production, detoxification, and metabolic

homeostasis. Thus, primary hepatocytes of the liver are

widely used as in vitro study models and as donor cells for

transplantation and bioartificial liver devices [126, 127].
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However, adult hepatocytes have limited proliferative

capacity and rapidly lose their characteristic phenotype

[24, 93], including morphology, when cultured in a

monolayer [128, 129]. To circumvent this limitation, a

variety of culture technologies for culturing hepatocytes

have been developed to achieve a better liver model,

including (i) micropatterned cultures with photolithogra-

phy, (ii) scaffold-free or scaffold-based 3D spheroid/orga-

noid cultures, and (iii) biomechanical stimulation produced

by culture medium perfusion [12, 60, 65, 76, 130]. For

example, vertical flow microfluidic device has been

developed to exhibit hepatocyte polarity and enhance

hepatocyte functions in prolonged 3D culture by mimick-

ing physiology conditions [131]. Therefore, considerable

effort has been dedicated to the creation of a 3D cell-based

hepatic model through tissue engineering strategies that

preserve hepatocyte-specific functions for a long period.

There is no doubt that 3D cell culture models bridge the

translational gap between in vitro and in vivo models. A

wide range of 3D cell culture technologies has been

developed to overcome biological and clinical challenges.

Currently, sophisticated models of bioengineered liver

show high sensitivity such that clinically relevant drug- and

disease-oriented outcomes can be determined. In this

review, we present an overview of different 3D in vitro

liver models that have been recently proposed to study

liver-based tissue engineering, including micropatterning,

spheroids, and organoids that are either scaffold-based or

scaffold-free systems. Finally, we discuss the key param-

eters that will need to be addressed in the field of liver

tissue engineering for enabling future in vitro biomedical

applications (Fig. 4).

Advances in 3D cell culture technologies have been

made possible by simultaneous advances in 3D tissue

engineering, such as control of the 3D microenvironment

and fabrication of scaffolds as templates for cell aggregate

formation [132–134]. Due to improved cell–cell and cell-

ECM interactions, the cells cultured in 3D systems have

generated nearly physiological models reflecting the

architectural and functional properties of primary tissue to

a greater extent than 2D cultures. Moreover, novel engi-

neering strategies, such as the addition of a vasculature-like

system and creation of multi-organoid cocultures for

incorporation within 3D environments generated by cell

aggregates, enable the development of more sophisticated

3D cell culture models [135, 136]. For instance, an

anteroposterior interactions has been developed to establish

an interconnected multi-organ [136]. Herein, the boundary

interactions between anterior and posterior spheroids gen-

erate hepato-biliary-pancreatic organoids in the absence of

extrinsic signaling cues.

Fig. 4 Current and future applications of 3D in vitro models. 3D

spheroid models by cell aggregation of cell line or primary cells can

be used as models for bridge roles in 2D culture methods and animal

studies. And, as a more advanced 3D model, organoids can be used

for pre-clinical trials for the retrospective drug response. Organoid

banking by the generation of patient’s sample- or iPSC/ESC-derived

organoids allows the pre-clinical trial as a mid-term study which

bridge between animal test and clinical trials through a retrospective

drug response. Also, it is capable to get the selection of sensitive

drugs by prospective drug response and develop customized treatment
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3D in vitro liver models are needed to, relatively more

culture medium, nutrition and oxygen, compare to that of

2D culture condition. It is one of main reason for limitation

of well-define 3D in vitro liver model. Recently, a

microfluidic device has been designed to create cell cul-

tures under perfusion with reliable supplies of oxygen and

nutrients simultaneous removal of waste. Microfluidic

devices can be fabricated to mimic the shear forces found

in vivo, such as that on endothelial cells that are exposed to

the bloodstream. Additionally, compartment barriers can

be physically incorporated into the microfluidic device

with nonphysical materials, such as a supporting matrix

that mimics the ECM. Microfluidic devices enable the

continuous application of drugs, various soluble molecules

such as growth factors, or the exchange of fluid between

different compartments that may involve different types of

cells. These microfluidic devices can be used for long-term

tumor cell culture [137–139] and can be designed as

automated microfluidic ECM screening platforms with

small molecule-screening capability [140]. In addition,

microfabrication technology of these microfluidic devices

has enabled the development of organ-on-a-chip platforms

in 3D models that simulate various organs. It is anticipated

that the development of these organ-on-a-chip platforms

will support the generation of advanced tools for drug

discovery and HTS in the future [141, 142].

Despite advances in 3D cell-based hepatic modeling

in vitro, the use of 3D in vitro liver models, including those

based on micropatterning, spheroids, and organoids,

remains challenging. These models lack the requisite cel-

lular composition and microstructural complexity needed

to achieve physiologically relevant levels of organ

response [143, 144]. Another major limitation relates to

extracellular matrix substitutes in the widely used materials

for 3D cell culture, which are of often undefined compo-

sition and introduce variables of uncertainly, thus posing

limits to the use of 3D in vitro liver models in regenerative

medicine and other clinical applications [145, 146].

Nonetheless, the ongoing development of biomedical

engineering holds great promise for the generation of 3D

biomimetic liver models that recapitulate the physiological

and pathological properties of the liver and have biomed-

ical applications.
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