)

Check for
updates

Biomaterials for the Construction of Functional Liver
Organoids

Tegshjargal Badamjav', Riao Dao?, Yundendash Dashzeveg?®, Bayar Hexig!*

IState Key Laboratory of Reproductive Regulation and Breeding of Grassland Livestock,
School of Life Science, Inner Mongolia University, Hohhot, Inner Mongolia Autonomous
Region, 010020, China.

Department of Internal Medicine, Institute of Medical Sciences, Ulaanbaatar 15160, Mongolia

2 State Key Laboratory of Reproductive Regulation and Breeding of Grassland Livestock,
School of Life Science, Inner Mongolia University, Hohhot, Inner Mongolia Autonomous Re-
gion, 010020, China

3Central Research Laboratory, Institute of Medical Sciences, Ulaanbaatar 15160, Mongolia

*corresponding author email address: bhexig@imu.edu.cn

Abstract. The construction of liver organoids that precisely recapitulate the intricate
architecture and physiological functions of native liver tissue represents a pivotal re-
search direction in biomedical engineering, offering a transformative technological
platform for innovative drug development, precision medicine strategies, and regen-
erative therapies for end-stage liver diseases. Given its central role in maintaining
systemic metabolic homeostasis, hepatic dysfunction can lead to severe pathological
conditions including cirrhosis, hepatitis, and hepatocellular carcinoma, underscoring
the urgent need to develop effective therapeutic interventions and innovative ap-
proaches for liver diseases. Conventional two-dimensional (2D) culture models often
fail to recapitulate the intricate three-dimensional architecture and diverse cell-cell
interactions characteristic of native liver tissue, thereby limiting their accuracy in
disease modeling and drug evaluation. Three-dimensional (3D) hepatocyte cultures
have gained increasing application in liver physiology research, as they provide a
more physiologically relevant system that better mimics the hepatic microenviron-
ment compared to traditional 2D monolayer cultures, while organoids can effectively
capture the complexity of liver tissue. In contrast to these conventional methods, liver
organoids offer a robust platform for replicating the structural and functional com-
plexity of the liver, with significant potential to overcome the limitations of tradi-
tional cell culture models, thereby advancing liver-related research and clinical ap-
plications. Future advancements should prioritize advanced engineering strategies,
such as the use of defined media, precise protein delivery systems, tailored ECM
materials, and integration of microfluidic technology to ensure accurate reproduction
of liver histopathology and physiological characteristics.

Keywords: Biomaterial, Functional, Liver organoid, Construction,

© The Author(s) 2025

G. Davaakhuu et al. (eds.), Proceedings of the International Biological Conference in Mongolia 2025 (IBCM
2025), Advances in Biological Sciences Research 48,

https://doi.org/10.2991/978-94-6463-837-0_18


https://doi.org/10.2991/978-94-6463-837-0_18
http://crossmark.crossref.org/dialog/?doi=10.2991/978-94-6463-837-0_18&domain=pdf

Biomaterials for the Construction of Functional Liver Organoids 251

1 Introduction

The construction of liver organoids that precisely recapitulate the intricate architecture and
physiological functions of native liver tissue represents a pivotal research direction in bio-
medical engineering, offering a transformative technological platform for innovative drug
development, precision medicine strategies, and regenerative therapies for end-stage liver
diseases [1]. As organ-specific 3D cellular aggregates, organoids can faithfully reproduce
the microanatomical features and physiological functions of target organs, thereby demon-
strating unique advantages in organogenesis research, pathological mechanism elucidation,
and high-throughput drug screening [2]. Successful generation of functional liver organ-
oids relies on rigorously selected biomaterial scaffolds that must provide critical biological
signals for precise spatial organization, directed differentiation, and tissue maturation of
cells [3]. Biomaterials are materials that are designed to interact with biological systems,
and they play a crucial role in creating in vitro models that mimic the in vivo environment.
These biomaterials can be used to create scaffolds, hydrogels, and other 3D structures that
support cell growth and differentiation. Scaffolds, generally composed of polymer-based
biomaterials, serve as foundational frameworks that facilitate cellular adhesion and pro-
mote the organized formation of functional tissue structures. Hydrogels are a class of bio-
materials employed in cell culture systems to replicate essential characteristics of the nat-
ural extracellular matrix. Beyond soluble cytokines and intercellular communication, bio-
materials play a central regulatory role in organoid self-assembly by providing biomimetic
3D structural frameworks, precise biochemical signaling gradients, and appropriate me-
chanical microenvironments, directly influencing cell fate determination and tissue mor-
phogenesis [4]. Ideal biomimetic materials should accurately replicate the complex com-
position and topological structure of hepatic extracellular matrix (ECM) - a dynamically
organized network composed of collagen, glycosaminoglycans, and other macromolecules
that not only provides physical support for hepatocytes and non-parenchymal cells but also
regulates critical biological processes including cell migration, polarization, and functional
differentiation through integrin-mediated mechano-chemical signal transduction [5].
Therefore, developing biomaterial systems that precisely mimic the specialized microstruc-
ture of liver sinusoids constitutes a key scientific challenge in constructing liver organoids
with complete metabolic functions and drug-responsive characteristics [6]. The liver, as
the largest visceral organ and a pivotal component of the digestive system, performs nu-
merous essential physiological functions including the metabolism of carbohydrates, li-
pids, and proteins, synthesis of critical plasma proteins such as albumin and coagulation
factors, as well as detoxification, modification, and excretion of diverse endogenous and
exogenous compounds. Given its central role in maintaining systemic metabolic homeo-
stasis, hepatic dysfunction can lead to severe pathological conditions including cirrhosis,
hepatitis, and hepatocellular carcinoma, underscoring the urgent need to develop effective
therapeutic interventions and innovative approaches for liver diseases. Conventional 2D
culture models often fail to recapitulate the intricate 3D architecture and diverse cell-cell
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interactions characteristic of native liver tissue, thereby limiting their accuracy in disease
modeling and drug evaluation [7]. 3D hepatocyte cultures have gained increasing applica-
tion in liver physiology research, as they provide a more physiologically relevant system
that better mimics the hepatic microenvironment compared to traditional 2D monolayer
cultures, while organoids can effectively capture the complexity of liver tissue [8]. In con-
trast to these conventional methods, liver organoids offer a robust platform for replicating
the structural and functional complexity of the liver, with significant potential to overcome
the limitations of traditional cell culture models, thereby advancing liver-related research
and clinical applications [9]. Although conventional matrices used for organoid culture
remain useful, they often generate organoids that resemble early developmental stages,
highlighting the necessity for more sophisticated and physiologically relevant culture sub-
strates to fully capture the complexity of the liver [10]. To this end, the development of
advanced biomaterials that can mimic the native liver microenvironment holds great prom-
ise for generating functional liver organoids that closely recapitulate both the structural and
functional characteristics of natural liver tissue. Therefore, we aimed to comprehensively
summarize and evaluate recent advancements in biomaterials used for liver organoid con-
struction. By identifying key trends, advantages, limitations, and translational implications,
this work seeks to guide future research and clinical applications in liver tissue engineering.

2 Biomaterial-based liver tissue engineering

The construction of functional liver organoids capable of precisely replicating the complex
architecture of native liver tissue presents significant challenges, with the key obstacle ly-
ing in establishing precisely controlled biomimetic microenvironments that can effectively
guide cellular organization, differentiation, and the establishment of liver-specific func-
tions [11]. Overcoming these technical hurdles requires innovative strategies, including the
implementation of biomaterial systems capable of regulating cell-cell/cell-matrix interac-
tions, promoting the formation of functional vascular networks, and maintaining long-term
stability of liver-specific phenotypes. Biomaterials play a pivotal regulatory role in cellular
behavior and tissue organization within organoids through their physical properties, chem-
ical composition, and biological activity, directly influencing processes such as cell adhe-
sion, migration, proliferation, and differentiation. Hydrogels composed of crosslinked pol-
ymer networks are widely employed in organoid culture due to their excellent biocompat-
ibility, tunable mechanical properties, and capacity to encapsulate cells and bioactive mol-
ecules [12].

Naturally derived hydrogel materials (such as collagen, laminin, and Matrigel) offer in-
herent bioactivity advantages, as they contain specific binding sites that promote cell ad-
hesion and signal transduction [10]. While Matrigel can facilitate cell attachment and dif-
ferentiation, issues such as batch-to-batch variability and undefined composition pose chal-
lenges for reproducibility and standardization in organoid culture. Decellularized extracel-
lular matrix (dECM) derived from native liver tissue contains complex combinations of
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ECM proteins, growth factors, and signaling molecules that can effectively support the
expression of liver-specific functions in organoids [13]. The incorporation of liver-specific
ECM components in organoid culture systems facilitates the establishment of more physi-
ologically relevant liver models that better mimic the native liver microenvironment.

A defining characteristic of liver tissue is its high cellular density and intricate vascular
network architecture, which are crucial for ensuring adequate nutrient supply and meta-
bolic waste removal [14]. Engineered biomaterials with controlled pore size and intercon-
nectivity play a decisive role in supporting cell infiltration, vascularization, and nutrient
transport within organoids. To create 3D environments that support the development of
more complex and functional liver tissues, it is essential to design scaffold structures with
interconnected pores and perfusable channels - features that are indispensable for main-
taining high-density cell growth and enabling efficient nutrient delivery and waste clear-
ance.

Furthermore, the integration of growth factors, cytokines, and other signaling molecules
into biomaterials can further enhance the functional performance of liver organoids by
stimulating hepatocyte differentiation, proliferation, and metabolic activity.

2.1 Biomaterials for liver organoids

Biomaterials have become indispensable for constructing hepatic spheroids, 3D clusters of
hepatocytes that are cultured in vitro to more accurately mimic the structure and function
of liver tissue compared to traditional 2D cell cultures, as they enable unprecedented con-
trol over the in vitro microenvironment, thereby facilitating the recapitulation of essential
hepatic structural and functional characteristics [15]. Over the past four decades, the field
of hepatic spheroid research has undergone a remarkable transformation, evolving from
simple hepatocyte cultures to sophisticated multicellular constructs capable of closely
mimicking human liver architecture and function (Table 1). The foundational work in this
area was pioneered by Guguen-Guillouzo et al. (1982), who demonstrated that co-culturing
primary rat hepatocytes with epithelial cells could sustain albumin secretion, reflects pro-
tein synthesis ability, for extended periods, establishing the principle of microenvironmen-
tal support for hepatocyte functionality [16]. Shortly thereafter, Bissell et al. (1987) devel-
oped a 3D spheroid culture model using rat hepatocytes on biomaterial scaffolds, enabling
long-term maintenance of differentiated hepatocyte functions in vitro—a significant step
toward mimicking liver tissue organization in culture [17]. Since the early 2000s, substan-
tial progress has been made in culturing liver organoids, driven by major breakthroughs in
stem cell biology and tissue engineering. In 2004, Jang et al. first reported that adult hem-
atopoietic stem cells could transdifferentiate into hepatocyte-like cells in response to liver
injury, contributing to regeneration without cell fusion [18]. This discovery opened new
possibilities for cellular reprogramming in liver regeneration. Subsequently, in 2006, Soto-
Gutierrez et al. demonstrated that mouse embryonic stem cells (ESCs), when cultured with
liver microenvironmental cells and appropriate growth factors, could differentiate into
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hepatocyte-like cells capable of albumin secretion and xenobiotic metabolism. When inte-
grated into a bioartificial liver device, these ESC-derived cells significantly improved sur-
vival rates in mice with acute liver failure [19]. A major breakthrough came with the advent
of human induced pluripotent stem cells (iPSCs). In 2010, Si-Tayeb et al. developed a
robust protocol for differentiating hepatocyte-like cells from human iPSCs, which exhib-
ited fundamental liver functions—including albumin secretion, glycogen storage, cyto-
chrome P450 activity, and lipid metabolism—and successfully engrafted into host liver
tissue [20]. In 2013, Huch et al. achieved another milestone by isolating injury-induced
Lgr5* adult liver stem cells from mice and demonstrating their clonal expansion in 3D
culture, forming functional liver organoids that matured in vitro and functioned upon trans-
plantation [21]. That same year, Takebe et al. pioneered the generation of multicellular
"liver buds", 3d organ like structures that mimic the embryonic stage of liver development,
by co-culturing iPSC-derived hepatic progenitors with mesenchymal stem cells and human
umbilical vein endothelial cells (HUVECS). These self-organizing structures spontane-
ously vascularized upon transplantation, rescuing liver failure in mice and recapitulating
early liver organogenesis [22]. In 2015, Huch et al. further expanded the field by culturing
long-term expandable liver organoids from adult human cholangiocytes, which exhibited
bipotent differentiation potential, bile acid production, detoxification functions, and suita-
bility for disease modeling [23]. Building on this, Guan et al. (2017) established iPSC-
derived liver organoids containing hepatocytes and cholangiocytes arranged around bile
duct-like structures, using CRISPR/Cas9-mediated JAG1 knockout to model Alagille syn-
drome in vitro [24]. Ouchi et al. (2019) enhanced organoid complexity by incorporating
supportive cell types such as hepatic stellate cells and Kupffer-like cells, developing mul-
ticellular liver organoids that recapitulated features such as vitamin A storage, fibrotic ma-
trix deposition, and inflammatory responses in Metabolic Dysfunction-Associated Steato-
hepatitis (MASH) [25]. Meanwhile, strategies for expanding primary hepatocytes gained
traction. Hu et al. (2018) showed that mouse and human hepatocytes could form self-or-
ganizing 3D organoids with sustained proliferation and metabolic functions [26]. In a com-
plementary study, Peng et al. (2018) demonstrated that tumor necrosis factor-alpha (TNF-
o) promoted the long-term expansion of mouse hepatocyte organoids, which successfully
engrafted and repopulated Fah/~ mice [27]. Meanwhile, Wu et al. (2019) established hu-
man iPSC-derived hepatobiliary organoids — 3D structure that designed to replicate the
structural, cellular, and functional properties of the hepatocytes and cholangiocytes,
through simultaneous differentiation of hepatocyte and cholangiocyte lineages, which re-
capitulated multiple mature hepatic functions (indocyanine green uptake, lipid and glyco-
gen storage, albumin secretion, urea secretion that indicates ammonia detoxification via
the urea cycle, and CYP3A4 activity) as well as cholangiocyte characteristics (y-glutamyl-
transferase activity, rhodamine efflux and bile acid storage) [28]. Recent studies have fo-
cused on disease modeling and drug testing applications. Ramli et al. (2020) developed a
matrix-free, high-throughput liver organoid platform derived from human ESCs and iPSCs,
capable of generating morphologically consistent organoids expressing liver-specific
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markers including albumin, apolipoprotein B, bile canaliculi, and cytochrome P450 en-
zymes. Upon exposure to free fatty acids, these organoids exhibited gene expression pat-
terns and histological changes associated with MASH [29]. Shinozawa et al. (2021) further
advanced the field by creating foregut-derived liver organoids compatible with 384-well
format toxicology testing. Their proposed platform, termed "Liver Organoid Toxicity as-
say," achieved approximately 89% predictive accuracy for drug-induced liver injury, cap-
turing patient-specific responses including cholestasis susceptibility [30]. Most recently,
Kim et al. (2023) demonstrated that incorporating endothelial cells and stellate-like cells
derived from pancreatic stellate cells during organoid differentiation - with stage-specific
modulation of Notch signaling - generated multilineage liver organoids containing hepato-
cytes, endothelial networks, and stellate-like cells with functional vasculature and bile
ducts. These organoids exhibited enhanced viability and maturity, and when exposed to
profibrotic cytokines, recapitulated early fibrotic markers (collagen I and a-SMA) and tis-
sue remodeling phenomena [31]. Collectively, these milestones illustrate the evolution
from simple 2D hepatocyte cultures to complex, vascularized, and disease-relevant human
liver organoids derived from pluripotent stem cells (PSCs). Innovations including co-cul-
ture systems, vascular integration, bile duct formation, functional metabolic assays, and
genome engineering have established liver organoids as indispensable platforms for devel-
opmental biology, disease modeling, regenerative medicine, and high-throughput drug
screening.

Table 1. Historical Evolution of Liver Organoid Technologies

Author Year [Cell sources Characteristics Advantages
Guguen- 1982 |Rat hepatocytes [Albumin secretion long-term stabilization
Guillouzo C et Co-culture with epithe-|
al. lial cell
Bissell DM et|1987 [Rat hepatocytes |Albumin secretion sta-3D spheroidal aggregate
al. ble Long term culture of rat
hepatocytes on bioma-
trix
Takezawa, T et{1992 [Rat hepatocytes |Cell to cell bind strong|Hetero spheroid
al Human dermal fi- Co culture
broblasts Bilelike structures
Jang, Y.Y. et al.2004 |[HSCs Liver-specific ~ func-Rapid differentiation
tions Liver specific functions
Albumin secretion No cell fusion
Urea synthesis Innovative possibilities
for using hematopoietic
stem cells in liver regen-
eration treatments.
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Alejandro 2006 |Mice ESCs Liver-specific genes |Coculture with a combi-
Soto-Gutiérrez Albumin secretion nation of human liver]
et al. nonparenchymal  cell
lines and fibroblast
growth factor-2, human
activin-A and hepato-
cyte growth factor.
Si-Tayeb et al. 2010 |Human iPSCs |Albumin secretion Closely mimic natural
Glycogen synthesis  |biological systems
Urea production
Cytochrome p450 ac-
tivity
Huch et al. 2013 |Mouse LDL uptake Mature hepatocyte phe-
LgrS+liver Hepatocyte cyto-notype in vivo
Stem cells chrome p450 function [Contribution to liver]
Glycogen accumula-{function
tion Long term expansion|
/Albumin secretion more than 12 months
transplantation
Takebe etal. [2013 [Human iPSCs  |Albumin secretion Rescue liver failure in
Human MSCs  [Drug metabolism Vivo
HUVECs Vascularization Mimic liver ontogeny
Transplantation Multiple cell types
Huch et al. 2015 [Human adult bileProtein production Long term expansion
duct  epithelialDetoxifying function |Genetically stable
cells Bile acid production |[Model inherited dis-
Transplantation eases
Highly stable at the
structural level
Guan Y etal. [2017 [Human iPSCs |[Secondary  organoidExpandable by second-|
formation ary organoid formation|
Broad hepato-|due to progenitor popu-
cyte function lation
Long term maintenance
CollMetal. [2018 [Human iPSC Retinol storage Improved phenotype of]
HepaRG Activatable HSCs both cell types over|
ECM production mono culture
Drug metabolism
Hu HL etal. [2018 [Mouse hepato-/Albumin secretion Recapitulate the prolif-
cytes Glycogen accumula-jerative damage response
tion
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Human
cytes

hepato-

Lipid metabolism
Transplantation

Long term expansion|
genetically stable
Significant graft expan-
sion

Peng WC et al. 2018 |Primary hepato-|Albumin secretion Promote expansion in
cytes Glycogen accumula-vitro
tion Long term expansion
LDL uptake more than 6 months
Functional bile cana-[Significant engraftment
liculi Mimic some aspects of]
Transplantation in vivo liver regenera-
tion
Genetical manipulation

Wu F et al. 2019 |Human iPSC Organized BEC andMultiple cell types capa-
bile bile acid produc-ble of structure for-
tion mation and coordinated
Hepatocyte functions [function

Ouchi et al. 2019 |[Human PCS Cytochrome p450 3A4| Evaluating drug metab-
function olism and toxicity
Vitamin A storageModel for studying lipid
ability metabolism and inflam-
Inflammatory responsejmation
Lipid accumulation

Mun SJetal. (2019 |[Human ECS Drug metabolism Long term expansion

Human iPSC Detoxifying function [toxicity prediction

Active mitochondrialGood viability after cry-
bioenergetics opreservation
Regenerative response

Ramli MNB et2020 [Human ESCs /Albumin secretion High-throughput

al. Human iPCSs  |Apolipoprotein B se-|Consistent in shape, size
cretion and structure
Functional bile cana-Matrix free
liculi
Lipid metabolism
Cytochrome p450

Shinozawa  et2021 |[Human iPCSs  |[Cytochrome p450 Potential assay system

al. Bile transport function [for liver toxicology

studies
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Kimura etal. 2023 |Human iPSCs |Vascularization Integrated  endothelial
Human MSCs  |[Hepatocyte functional-jnetworks, mimicking in
HUVECs ity vivo liver vasculature.

Structural complexity [Suitable for pharmaco-
Long term stability  [logical testing.

Suitable Modeling of]
liver diseases and regen-
erative responses.

2.2 Cell sources for liver organoids

The differentiation of human pluripotent stem cells (hPSCs) into hepatocyte-like cells pro-
vides a scalable and renewable cellular source for generating liver organoids. These organ-
oids can recapitulate liver developmental processes through the formation of epithelial
structures [32]. Precise regulation of culture conditions, including the temporal application
and concentration of specific growth factors and cytokines, is critical for promoting effi-
cient differentiation and functional maturation of hPSC-derived hepatocytes within organ-
oids. Further research aimed at refining differentiation protocols and enhancing the func-
tional properties of hPSC-derived hepatocytes is essential to fully realize the transforma-
tive potential of liver organoids across diverse applications, including drug screening par-
adigms, disease modeling initiatives, and regenerative medicine strategies [33]. While
adult stem cell-derived liver organoids offer advantages, their generation requires fresh
patient-derived tissue obtained through surgical resection or needle biopsy, which may pre-
sent procurement limitations [34]. In the field of liver organoid engineering, biomaterials
have evolved beyond their traditional role as passive structural supports, they now actively
participate in guiding cellular behavior and tissue morphogenesis, representing a paradigm
shift in the field.

The ECM present in liver tissue plays a crucial role in providing structural support to
cells while simultaneously influencing their behavior. Tissue engineering approaches for
liver regeneration frequently employ scaffolds designed to mimic the physiological condi-
tions and architecture of native liver [35]. The incorporation of organ-specific molecules
within the structural, biochemical, and biomechanical framework of scaffolds can orches-
trate cellular behavior and tissue development [36]. This complex process involves the
harmonious progression of cell adhesion, organized migration, precise differentiation, and
the establishment of functional tissue architecture, ultimately resulting in sophisticated,
functional liver organoids [5].

Reconstruction of the liver lobule - the functional unit of the liver - is critical for liver
organoid engineering as it recapitulates the intricate cell-cell and cell-matrix interactions
essential for hepatic function [37]. In conventional dish cultures, Lig-8 cells exhibit expo-
nential division and express definitive endoderm marker HNF3f along with hepatic lineage
markers including CK8 and a-fetoprotein, but lack expression of mature hepatocyte mark-
ers [38]. However, when cultured in 3D peptide scaffolds, Lig-8 cells demonstrate non-
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exponential cellular kinetics, form spherical morphologies, and generate progeny cells ex-
hibiting characteristics of mature hepatocytes. Biomaterials are playing an increasingly
pivotal role in guiding the self-organization of liver organoids by providing instructive cues
that govern cell-cell and cell-matrix interactions [3]. Hydrogels are particularly advanta-
geous for liver organoid engineering due to their inherently highwater content, which
closely resembles the natural microenvironment of liver tissue [39]. Recent studies demon-
strate that liver organoids can be successfully transplanted into animal models of drug-
induced acute liver failure, offering potential for restoring hepatic function and improving
survival rates. The liver's extracellular matrix - with its complex composition of structural
proteins, growth factors, and signaling molecules - combined with an intricate microvas-
cular network facilitating efficient exchange of nutrients and metabolic waste, is undenia-
bly essential for the successful development and proper function of liver constructs [40].
Spheroid culture systems and decellularized liver scaffolds have shown promise in obtain-
ing differentiated hepatocyte-like cells, providing potential avenues for liver tissue engi-
neering and regenerative medicine [41]. Nevertheless, current hepatocyte models still ex-
hibit limitations, necessitating the development of more representative models for biolog-
ical studies, drug testing, and chemical safety evaluation [42]. The rational design and se-
lection of biomaterials for liver organoid engineering must faithfully recapitulate the native
hepatic microenvironment, incorporating its biochemical composition, mechanical proper-
ties, and 3D architecture. Disruption of cell-ECM interactions may induce anoikis, a spe-
cialized apoptotic pathway triggered by loss of cellular anchorage. 3D cellular interactions
are fundamental for preserving hepatocyte functionality and provide critical design param-
eters for developing biomaterials that enhance hepatocyte performance for biomedical ap-
plications [43].

Liver tissue engineering represents a promising therapeutic alternative to organ trans-
plantation and an advanced platform for pharmacological toxicity assessment, particularly
relevant given the critical shortage of donor organs [5]. Preserving the native hepatic
ECM's structural and functional integrity is essential, as it orchestrates cellular behavior
through an intricate network of physical, biochemical, and biological signals that are indis-
pensable for guiding tissue regeneration [44]. Consequently, precise replication of the
ECM's multifaceted biophysical and biochemical properties is crucial, as it mediates inter-
cellular communication within the liver's complex architecture and broader organ system.

Recent progress in biomaterial science and fabrication technologies has substantially
advanced liver regeneration strategies. Tissue engineering approaches now enable sophis-
ticated reconstruction of hepatic microarchitecture, providing powerful platforms for phar-
maceutical development, toxicological evaluation, and mechanistic studies of hepatic path-
ophysiology [45]. Functional bioengineered liver constructs offer potential to address
transplant waiting lists by serving as alternative tissue sources with improved availability
[46]. Engineered scaffolds and hydrogel-based microenvironments serve dual roles as tem-
porary structural supports and bioactive matrices for tissue engineering applications [39].
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The development of liver-specific decellularized biomaterials has gained significant
traction, driven by growing appreciation of the ECM's role as a master regulator of cellular
processes. This has stimulated creation of advanced biomaterials that more accurately
mimic the liver's complex, heterogeneous environment - including spatially organized
ECM components and diverse biochemical/mechanical signaling cues [47].

2.3  Functional characterization of liver organoids

Functional liver organoids must demonstrate core hepatic functions including albumin syn-
thesis, urea cycle activity, and cytochrome P450-mediated drug metabolism. Enhanced
grafts show upregulated human albumin expression and elevated serum albumin levels
[48], highlighting the ECM's regulatory role in organoid functionality. These phenotypic
characteristics are modulated by matrix components such as vitronectin, suggesting that
incorporating additional ECM elements beyond collagen type I could significantly improve
organoid regenerative potential [49]. Emerging evidence indicates that disease-altered liver
ECM - with its distinct mechanical and biochemical modifications - critically impacts cel-
lular adhesion and proliferation during regeneration [39]. Similar to advancements in brain
organoid systems, current research prioritizes replacing murine tumor-derived basement
membrane extracts and rat collagen I matrices with tissue-specific dECM hydrogels for
liver organoid culture. Comparative studies reveal superior hepatic function in organoids
cultured in sheep dECM hydrogels versus traditional rat tail collagen I, evidenced by en-
hanced albumin secretion and cytochrome P450 activity [49]. Optimizing liver organoids
requires recapitulating the liver's structural complexity and cellular diversity (hepatocytes,
cholangiocytes, Kupffer cells and stellate cells) to improve drug metabolism, protein syn-
thesis, and detoxification capacities. Native hepatocytes exist within a specialized ECM
microenvironment featuring collagen fibrils with nanoscale diameters and microscale
lengths - an architecture that critically regulates hepatocyte polarization, metabolic func-
tion, and environmental responsiveness [50]. Importantly, ECM alterations in diseased liv-
ers extend beyond collagen deposition, contributing to fibrotic progression [49]. Standard
functional assessments measure hepatic protein output (albumin and urea) and drug-me-
tabolizing enzyme activity, evaluating metabolic competence and pharmacological appli-
cations. For pharmacological relevance, liver organoids must faithfully reproduce drug me-
tabolism pathways, requiring functional expression of cytochrome P450 enzymes [3]. Mi-
croengineered culture systems enable uniform hepatocyte aggregation for improved tissue
characterization [14]. Achieving native-like functionality necessitates incorporating non-
parenchymal cells and physiologically relevant ECM to establish authentic biochemical
and biophysical interactions. TNF-a supplementation enhances in vitro organoid expansion
while maintaining hepatocyte functionality and engraftment capacity. These organoids
demonstrate liver regenerative potential in murine models and retain responsiveness to Wnt
signaling - a key regulator of cellular proliferation during homeostasis and regeneration
[49]. The sophisticated crosstalk between hepatocytes and non-parenchymal cells, medi-
ated through cell-cell and cell-matrix interactions, is fundamental for replicating complex
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hepatic functions. As organoids become established tools for drug toxicity screening,
standardized culture conditions are essential for quantitative analyses. Given their expand-
ing role in disease modeling, biomaterial design should incorporate disease-specific ECM
components to better recapitulate pathological features of targeted liver disorders.

3 Biomaterials and methodological strategies for the stepwise
generation of liver organoids

3.1 Biomaterials in Liver Organoid Engineering

Liver organoids are typically derived from either PSCs or adult liver progenitor cells. Dur-
ing differentiation, cells are supported by 3D matrices that mimic the extracellular micro-
environment. The most commonly used scaffold is Matrigel, a laminin/collagen IV-rich
tumor extract that has long been employed for liver (and other) organoid cultures [51]. For
instance, Takebe et al. (2013) differentiated human iPSCs on collagen IV-coated plates
(with Activin A, BMP4, and FGF2) into definitive endoderm, then plated the cells in Mat-
rigel containing hepatocyte growth factor (HGF) and oncostatin M (OSM) to generate vas-
cularized "liver bud" organoids. Typically, PSCs are induced to form definitive endoderm
(DE) in serum-free medium on matrix-coated dishes (often collagen IV or Matrigel) with
high concentrations of Activin-A, followed by differentiation into hepatic endoderm and
immature hepatoblasts using BMP and FGF signaling. During these early stages, cells usu-
ally grow as 2D monolayers or loose aggregates on collagen- or laminin-coated substrates
[22]. After hepatoblast formation, organoid culture generally involves embedding cells in
a 3D gel. Most protocols still use Matrigel for this purpose: for example, culturing PSC-
derived hepatocyte-like cells in Matrigel domes with HGF/OSM promotes maturation [22,
51]. Primary liver organoids derived from adult or fetal tissue also use Matrigel as the
default scaffold, often supplemented with EGF, Wnt agonists (R-spondinl), Noggin, and
other niche factors (FGF7/10, HGF, nicotinamide) [21, 52-54]. However, Matrigel is a
poorly defined, xenogeneic mixture with batch-to-batch variability, prompting the search
for alternatives [55-58].

3.2 Synthetic and Engineered Hydrogels

To overcome Matrigel's limitations, several defined hydrogels have been developed. A no-
table example is a PEG-based gel enzymatically crosslinked and functionalized with ECM
proteins (fibronectin, laminin-111 and RGD peptide). Sorrentino et al. demonstrated that
both mouse and human liver progenitors (from bile ducts or hepatocyte fractions) can ex-
pand in PEG hydrogels. Fibronectin/laminin-functionalized PEG supported organoid
growth comparable to Matrigel and, importantly, enabled organoid derivation without any
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Matrigel pre-culture [59]. Similarly, Ye et al. (2020) designed a synthetic polyisocyano-
peptide (PIC) hydrogel containing laminin-111; human liver organoids grew well in this
defined PIC matrix, matching Matrigel performance [60]. More recently, Carpentier et al.
developed novel "GelSH" hydrogels consisting of norbornene-modified gelatin crosslinked
with dextran or chondroitin sulfate. These gelatin-based hydrogels (dextran-GelSH and
CS-GelSH) better recapitulated liver ECM mechanics and chemistry and supported intra-
hepatic cholangiocyte organoid expansion. The stiffest CS-GelSH significantly outper-
formed Matrigel in promoting hepatocyte marker expression (ALB, BSEP and CYP3A4)
[61]. These studies demonstrate that tunable, synthetic matrices can match or exceed Mat-
rigel for human liver organoid culture.

33 Natural ECM and Decellularized Scaffolds

In addition to fully synthetic gels, natural matrices such as collagen I and decellularized
liver ECM have been utilized. Collagen I gels or coatings are frequently employed for early
differentiation stages, and collagen can serve as a 3D scaffold (for example, when com-
bined with Matrigel or hyaluronic acid). Notably, whole-organ or organ fragment decellu-
larized matrices provide complex biological cues. For instance, perfusion-decellularized
ferret or rat liver retains vascular architecture and ECM proteins; reseeding these scaffolds
with human fetal hepatocytes and endothelial cells yields perfusable liver grafts [62]. Sim-
ilarly, liver ECM gel derived from sheep or porcine liver has been used to culture mixed
human liver cells: organoids grown in liver ECM gels exhibited enhanced hepatocyte func-
tion and structure compared to standard collagen I cultures. In particular, murine cholan-
giocyte organoids in porcine liver ECM formed branched duct-like structures, whereas the
same cells in Matrigel formed simple cysts. These examples highlight that liver-derived
ECM scaffolds can improve 3D architecture and function over generic matrices [63, 64].

34 Animal vs Human Protocol Variations

Mouse liver organoids are typically generated from resident Lgr5+ bile duct progenitors or
EpCAM-+ ductal cells. These cultures are embedded in Matrigel and maintained with
Wnt/Noggin/R-spondinl/EGF (analogous to intestinal organoids) [65]. Some protocols
employ small-molecule cocktails (e.g., Rho-kinase inhibitors, FGF agonists) to expand
mouse liver organoids without recombinant growth factors. In contrast, human PSC-
derived protocols involve staged differentiation: Activin-driven DE, BMP/FGF-driven he-
patic endoderm, followed by 3D culture in Matrigel (or alternative hydrogels) with HGF,
OSM and dexamethasone, etc. Thus, human protocols often rely on sequential cytokine
cues, whereas mouse adult organoids depend on defined niche factors. Nevertheless, syn-
thetic matrices (PEG, PIC and GelSH) have now been shown to work for both mouse and
human cells [59, 60], suggesting a convergence of methodologies.
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3.5 Challenges and Opportunities

While significant progress has been made, several key challenges persist in liver organoid
technology. The undefined composition and immunogenic potential of Matrigel continue
to hinder clinical translation [56-59]. Although natural alternatives (collagen, gelatin meth-
acryloyl [GelMA], fibrin and decellularized ECM) offer better-defined compositions, they
often lack essential growth factors or exhibit limited stiffness tunability. Synthetic hydro-
gels address many of these limitations but require careful engineering with bioactive motifs
(e.g, cell-adhesive sequences and protease-sensitive domains) due to their inherent biolog-
ical inertness. Achieving mechanical properties matching native liver tissue (typically in
the range of hundreds of pascals) is critical, as demonstrated by studies showing stiffness-
dependent organoid expansion dynamics. Future directions include developing fully de-
fined, tunable matrices (such as PEG or GelSH hydrogels incorporating immobilized lam-
inins and cytokines) to enhance reproducibility. Vascular integration remains a key oppor-
tunity - for instance, Sorrentino et al. successfully derived human liver organoids using
completely xeno-free synthetic hydrogels, representing an important milestone toward
clinical applications [59]. Furthermore, interspecies protocol variations highlight the need
for microenvironment customization: human cells may require human-derived ECM com-
ponents (e.g., laminin-511) for optimal performance, while rodent cells can utilize murine-
derived matrices. The field is clearly moving toward Matrigel-free culture systems, with
defined hydrogels, human decellularized ECM, and 3D-printed scaffolds emerging as
promising alternatives for generating more reproducible liver organoids [59-64].

3.6  Stepwise Generation of Liver Organoids

The derivation of functional liver organoids from hPSCs recapitulates hepatic development
through a precisely controlled sequence of differentiation stages. Each phase requires spe-
cific cellular components, extracellular matrices, culture media formulations, and growth
factor combinations. Below we detail the biomaterials and culture parameters employed at
each developmental stage [22, 26, 29, 66] (Table 2).

3.7 Definitive Endoderm Induction

Hepatic differentiation initiates with PSCs (embryonic stem cells [ESCs] or iPSCs) com-
mitment to definitive endoderm. Cells are cultured on collagen IV-coated substrates in
RPMI1640 medium supplemented with 1% B27 (a serum-free supplement that contains
antioxidants, hormones, lipids and vitamins). Activin A (100 ng/mL) serves as the critical
morphogen, activating Nodal signaling pathways essential for endodermal specification.
This 3-5day differentiation typically yields high-purity definitive endoderm populations
[22],[66].
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3.8 Hepatic Endoderm Formation

Definitive endoderm cells subsequently differentiate into hepatic endoderm when cultured
on Matrigel (containing laminin, collagen IV, and entactin) in a 1:1 DMEM/F12 medium
mixture. Hepatic specification is driven by basic fibroblast growth factor (bFGF, 10
ng/mL) and bone morphogenetic protein 4 (BMP4, 20 ng/mL). This stage has been exten-
sively characterized using human iPSC-derived hepatic endoderm (iPSC-HE) models [29,
66].

3.9 Hepatic Progenitor Specification

Hepatic progenitors are maintained in mTeSR1 or Essential 8 medium on either Matrigel
(1.6%) or vitronectin-coated surfaces [22, 52], Lineage commitment is enhanced by low-
dose bFGF (4 ng/mL) and BMP4 stimulation. Critical parameters include optimized cell
density (typically 7x1074 cells/cm? initial seeding) and matrix concentration. Commercial
endoderm induction kits are sometimes employed to standardize differentiation protocols
[66].

3.10 Maturation into Hepatocyte-Like Cells

Final differentiation employs either commercial HepaRG medium or custom formulations
containing DMEM/F12, B27 supplement, dexamethasone (30 puM), OSM (20 ng/mL), and
HGF (10 ng/mL) [52, 53]. Matrigel-coated substrates provide structural support throughout
the 12-day maturation process, which includes an initial 4-day hypoxic phase (5% 02)
followed by normoxic culture [29].

3.11 Liver Organoid Assembly

To reconstruct liver tissue architecture, PSC-derived hepatocytes are combined with hu-
man umbilical vein endothelial cells (HUVECs) and mesenchymal stem cells (MSCs) at
ratios ranging from 1:3 to 1:10 [22]. These multicellular aggregates are embedded in Mat-
rigel and cultured in advanced DMEM/F12 supplemented with N2/B27, along with small
molecules (CHIR99021 [2 uM], dexamethasone [30 uM], dbcAMP, nicotinamide [10
mM]) and growth factors (EGF). Sequential addition of BMP4, BMP7, FGF7, FGF19 and
DAPT guides structural organization. Prior to differentiation, organoids are maintained in
mTeSR1 medium on 30x diluted Matrigel [29].
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Table 2. A summary of representative liver organoid protocols with different biomaterials.

Cell Stag Bio- Me- Growth Notes/ Refer-
Source e materials dium | Factors/ Sup- Condi- ences
used plements tions
Hu- DE Collagen RP Activin A Co- Takeb
man — He- | IV-coated 2D MI (100 ng/mL for | culture eetal
iPSCs patic (DE/HE 1640+ | DE), FGF2+ | with en- Nature
+ HU- endo- stages); Mat- B27 BMP4 (HE); dothelial 2013
VECs | derm — rigel dome (DE), HGF + OSM | and mes- [22]
+ Hepato- for 3D DME (maturation) enchy-
MSCs cyte M/F12 mal cells;
(HE) cells
form 3D
“liver
buds”
Hu- DE Diluted DM BMP4 + Step- Mun
man - Matrigel EM/F1 FGF2 (DE); wise dif- etal ]
ESCs/i | Hepato- | coatings (30x 2+ A83-01, dexa- | ferentia- | Hepatol
PSCs | blast — | for DE, 10x | N2/B2 methasone, tionun- | 2020[66]
Organ- for Hepato- 7 sup- CHIR99021, der hy-
oid blast) ple- VPA, EGF, poxia;
ments | HGF, Jaggedl, | Matrigel
dbCAMP, nic- | supports
otinamide long-
(Hepatoblast); | term or-
then FGF7, ganoid
BMP4, BMP7 expan-
(maturation) sion; sin-
gle-cell
passag-
ing
Mo Or- Synthetic De- — (matrix Matrix Sor-
use ganoid PEG-4MAL fined provides at- stiffness | rentino et
liver expan- hydrogel “Ex- tachment sig- | tuned to al. Nat
pro- sion (crosslinked pan- nals) ~ liver Commun
genitor via FXIIla) sion stiffness; | 2020[59]
cells functional- Me- organ-
(e.g. ized with dium” oids
laminin-111, (EM) grow
fibronectin, similarly




266

T. Badamjav et al.

Lgr5» or RGD pep- to Mat-
+ duct) tide rigel
Hu- Ex- Synthetic De- Fully | Yeetal
man | pansion | PIC hydrogel | fined defined, Adv
biliary | /matu- + laminin- organ- animal- Funct
(adult ration 111 oid compo- Mater
stem me- nent-free | 2020[60]
cell- dium matrix;
de- (no supports
rived) Mat- extensive
organ- rigel) organoid
oids prolifera-
tion simi-
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Matrigel
Hu- Ex- Gelatin- AD High Car-
man pansion | based hybrid | MEM/ resem- | pentier et
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hepatic | entia- (dextran-nor- | growth native Biomater
chol- tion bornene/GelS | factors liver Sci Eng
angio- H and chon- ECM; 2024[61]
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organ- GelSH) GelSH
oids hydrogel
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hepato-
cyte
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com-
pared to
Matrigel
Hu- Or- Decellular- e.g. Liver Saheli
man ganoid ized liver Hepato ECMre- | et al Nat
fetal for- ECM (sheep cyte tains na- | Commun
hepato | mation or porcine) me- tive col- | 2016[63]
cytes + gel dium + la-
stro- FBS, gens/GA
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cells me- mor or-
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(tumor e, in liver
model) OSM, ECM had
HGF higher
function
than in
collagen
I
Adu Or- Porcine Wnt FGF7/FGF1 Branc Lewis
It ganoid liver ECM + 0 (added in hing et al. Tis-
mouse for- gel Rspol EM) duct-like | sue Eng
chol- mation + Nog- struc- A
angio- gin + tures 2015[64]
cytes EGF formed
(small (clas- in liver
ducts) sic ECM vs
EM) cysts in
Matrigel

3.12 Ciritical elements impacting liver organoid quality

Liver organoids can be derived from various sources, including iPSCs, primary hepato-
cytes, and fetal progenitors. iPSC-derived organoids are patient-specific and scalable
but often exhibit immature function. Primary hepatocyte-derived organoids display
high metabolic activity but are limited by donor variability and low proliferation. Fetal
progenitor-derived models offer intermediate maturity with ethical sourcing concerns.
Scaffold materials such as Matrigel, decellularized ECM, and synthetic hydrogels play
critical roles in supporting 3D architecture and function. While Matrigel is widely used,
it suffers from variability and undefined composition. dECM provides tissue-specific
cues but may pose immunogenic risks, whereas synthetic hydrogels are tunable and
reproducible but require biofunctionalization. Differentiation protocols include step-
wise growth factor induction, co-culture with non-parenchymal cells, and 3D bioprint-
ing. Each approach varies in complexity, maturation efficiency, and scalability, high-
lighting the need to balance biological fidelity with practical considerations in liver
organoid development (Table 3).

Table 3. Summary of commonly used liver organoid models, scaffold materials, and differenti-
ation protocols, including their respective strengths, limitations, and performance in liver or-
ganoid cultures.

Perfor-
mance in
Culture

Limita-
tions

Model/Mate-
rial/Protocol

Ad-
vantages

Aspect
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iPSC-derived
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protocol . . A
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sive liver tissue
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3.13 Current Trends in Liver Organoid Technology

While Matrigel and collagen I remain the gold-standard scaffolds, significant progress
has been made in developing defined biomaterials. Engineered hydrogels based on
PEG, gelatin, or polysaccharides now enable precise modulation of both mechanical
properties and biochemical signaling [59]. Decellularized liver ECM has emerged as a
particularly promising alternative, providing an organ-specific microenvironment that
enhances morphological development and functional maturation of organoids [63-65].
Future directions will likely focus on hybrid approaches combining synthetic scaffolds
with tissue-specific ECM components, coupled with precise stiffness optimization, to
achieve superior organoid maturation and experimental reproducibility.

4 Conclusion

Liver organoid technology represents a paradigm shift in hepatic research, offering ad-
vanced platforms for investigating liver development, physiological functions, and the
underlying mechanisms of liver diseases. Compared to conventional 2D culture sys-
tems, liver organoids provide more physiologically relevant models for studying meta-
bolic pathways and detoxification processes, with added benefits including extended
culture stability and heightened experimental sensitivity. A wide range of cell sources
and tissue types have been successfully employed to generate these 3D structures. Alt-
hough current organoid models can recapitulate key hepatocyte markers and perform
basic hepatic functions, they still fall short of reproducing the full functional complexity
and architectural organization of native liver tissue. Several persistent challenges re-
main, including inadequate vascularization, absence of immune components, and lim-
ited metabolic zonation—features that are critical for mimicking true liver physiology.
To address these limitations, emerging technologies such as 3D bioprinting, organ-on-
chip platforms, and patient-specific iPSC-derived models are being developed, offering
great potential to enhance the physiological fidelity of liver organoids.
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