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Background and Purpose: Liver diseases remain a major global health challenge, with limited 
therapeutic options primarily due to donor organ scarcity and inadequate preclinical models. 
Bioartificial liver (BAL) support systems and liver organoids have emerged as innovative 
technologies for liver disease modeling, drug screening, and therapeutic development. This study 
systematically reviews current advances and challenges in both technologies, aiming to identify 
knowledge gaps and propose future directions for integrating these approaches to improve liver 
disease research and therapy.

Materials and Methods: This narrative review was conducted on related articles in English 
published from January 2015 to May 2024. Searches were performed in PubMed, Scopus, Web 
of Science, and Embase databases using keywords related to “bioartificial liver,” “liver organoids,” 
“drug screening,” and “liver disease modeling.” The PICO framework was used to form the 
research question: Human-relevant liver models (population), BAL systems and liver organoids 
(intervention), conventional models or comparative technologies (comparison), and outcomes 
related to metabolic functionality and drug screening efficacy (outcome). 

Results: BAL systems primarily provide extracorporeal detoxification and metabolic support, 
with clinical trials demonstrating transient liver function improvement but limited long-term 
efficacy. Advances in cell source optimization, notably induced pluripotent stem cell (iPSC)-derived 
hepatocytes, and perfusion bioreactors have improved viability and function. Liver organoids, 
derived from stem cells or adult tissues, exhibit higher fidelity in replicating liver metabolic 
pathways, including albumin synthesis and bile acid metabolism, enabling superior predictive 
accuracy in drug toxicity screening and personalized disease modeling. Genetic engineering 
enhances organoid applicability for precision medicine. However, organoid scalability and 
vascularization remain challenges.

Conclusion: While BAL systems offer valuable temporary liver support, liver organoids outperform 
BAL in metabolic functionality and drug screening applications. Future research should focus on 
integrating organoids with BAL systems, advancing bioreactor design, and standardizing protocols 
to accelerate clinical translation and personalized therapeutics development.
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Introduction

he liver is a vital organ responsible for a 
wide range of essential metabolic process-
es, including detoxification, protein syn-
thesis, and the production of biochemicals 
necessary for digestion. It plays a central 

role in maintaining homeostasis by regulating blood 
sugar levels, lipid metabolism, and detoxifying harm-
ful substances. Additionally, the liver is crucial for the 
synthesis of bile, which aids in digestion and facilitates 
fat metabolism [1-3]. The regenerative capacity of the 
liver is remarkable. However, severe damage can over-
whelm this potential, leading to chronic liver diseases 
such as cirrhosis, hepatitis, and liver cancer. These con-
ditions represent a significant global health burden, 
with liver diseases being a leading cause of morbidity 
and mortality worldwide [4-9].

Despite advances in medical research, liver diseases 
remain challenging to treat, primarily due to the com-
plex and multifaceted functions of the liver. Conven-
tional treatments, such as liver transplantation, are lim-
ited by the availability of donor organs, high costs, and 
the risk of immune rejection [10-13]. Moreover, drug 
development for liver diseases is particularly difficult, 
as the liver’s unique metabolic functions can cause un-
predictable drug interactions and toxicities. Many po-
tential drugs fail in clinical trials due to unforeseen liver 
toxicity, highlighting the critical need for reliable pre-
clinical liver models to predict human responses more 
accurately. Current in vitro and animal models often fail 
to mimic the complexity of human liver biology, leading 
to a high rate of failure in drug development pipelines 
[14-16].

Given the limitations of existing treatment options 
and the high failure rate of drugs targeting liver diseas-
es, there is an urgent need for advanced liver-mimick-
ing systems. These systems should accurately replicate 
the structural and functional properties of the human 
liver to improve disease modeling, drug screening, and 
therapeutic development. Bioartificial liver (BAL) sup-
port systems, liver organoids, liver-on-a-chip models, 
and 3D bio-printed liver tissues are emerging technolo-
gies that hold tremendous potential to bridge the gap 
between preclinical models and clinical realities. These 
novel approaches aim to offer more physiologically rel-
evant platforms for studying liver function, disease pro-
gression, and drug metabolism, thereby accelerating 
the development of new treatments for liver diseases 
[17, 18]. In this context, a critical question arises: How 
can liver organoids enhance the efficacy and clinical ap-

plicability of BAL support systems in the treatment and 
modeling of liver diseases? This study reviews current 
advances and challenges in both technologies, aiming 
to identify knowledge gaps and propose future direc-
tions for integrating these approaches to improve liver 
disease research and therapy.

Materials and Methods

This narrative review comprehensively evaluates re-
cent advances in BAL support systems and liver organ-
oid technologies relevant to liver disease modeling and 
therapeutic development. The PICO framework was 
used to form the research question: Human-relevant 
liver models (population), BAL systems and liver organ-
oids (intervention), conventional models or compara-
tive technologies (comparison), and outcomes related 
to metabolic functionality and drug screening efficacy 
(outcome). The search strategy targeted articles pub-
lished from January 2015 to May 2024. Four major 
electronic databases were searched: PubMed, Sco-
pus, Web of Science (WoS), and Embase. The search 
terms combined controlled vocabulary (MeSH terms in 
PubMed) and free-text keywords related to liver regen-
erative technologies, including but not limited to: “bio-
artificial liver”, “liver organoids”, “drug screening”, “liv-
er disease modeling”, “stem cell-derived hepatocytes”, 
“3D bioprinting”, “liver-on-a-chip”, and “artificial intel-
ligence in liver modeling”. Boolean operators (AND, OR) 
were used to refine and expand the search, ensuring 
comprehensive coverage of relevant literature. Table 1 
outlines the study selection process.

Included studies were: Original research articles, clini-
cal trials, and comprehensive reviews focusing on BAL 
systems and liver organoids applied to liver disease 
modeling, drug screening, or regenerative therapeu-
tics; studies involving human cells, stem cell-derived 
models, or clinically relevant animal models; and ar-
ticles published in English within the specified time-
frame. Excluded studies were: Conference abstracts, 
editorials, commentaries, and grey literature lacking 
full peer review, studies not directly related to BAL or 
liver organoid technologies, and non-English articles. 
Duplicates were identified and removed using End-
Note software, version X9. Two independent reviewers 
screened titles and abstracts for relevance. Full-text ar-
ticles were retrieved for potentially eligible studies and 
reviewed in detail. Any disagreement between review-
ers was resolved by discussion or consultation with a 
third reviewer. 

T
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The extracted data were study design, cell sources, 
bioreactor configurations, extracellular matrix (ECM) 
innovations, clinical trial outcomes, drug screening 
applications, and integration of emerging technolo-
gies such as AI and 3D bioprinting. To ensure validity 
of data, only peer-reviewed studies were included, and 
cross-referencing of bibliographies was performed to 
identify additional relevant articles. The use of multiple 
databases and independent screening minimized selec-
tion bias. The review adhered to the preferred report-
ing items for systematic reviews and meta-analyses 
(PRISMA) guidelines for narrative reviews to enhance 
transparency and reproducibility.

Results

BAL support systems 

Overview and principles

The BAL systems are designed to provide temporary 
hepatic support in patients with acute liver failure by 
replicating essential liver functions. These hybrid devic-
es combine biological components such as functional 
hepatocytes with mechanical systems to perform de-
toxification, metabolic support, and biosynthesis. Typi-
cally, BAL systems consist of a bioreactor containing 
viable liver cells—sourced from human or animal ori-
gins—and an extracorporeal circulation system facili-
tating toxin removal and metabolic exchange. The pri-
mary aim is to sustain liver function until endogenous 
regeneration or organ transplantation is feasible [19-
24].

Recent advances

A significant challenge in BAL system development 
is to find sources and maintain robust, functional he-
patocytes that closely mimic human liver physiology. 
Recent advances have focused on optimizing primary 
human hepatocytes, induced pluripotent stem cell 
(iPSC)-derived hepatocytes, and genetically engineered 
animal-derived cells. The iPSC-derived hepatocytes are 
promising due to their proliferative capacity and differ-
entiation potential, offering renewable and scalable 
cell sources for BAL applications [25, 26].

Innovations in bioreactor technology have enhanced 
oxygen and nutrient transfer, thereby improving cell 
viability and function during extended operation. Hol-
low-fiber bioreactors, wherein hepatocytes are cul-
tured within semipermeable fibers, have undergone 
refinements optimizing nutrient exchange and waste 
removal. Perfusion-based systems further emulate 
the liver’s dynamic microenvironment, supporting im-
proved cellular longevity and function [27-30].

The ECM plays a critical role in maintaining hepato-
cyte phenotype and promoting tissue regeneration. 
Advances in ECM scaffolds—including decellularized 
liver matrices and synthetic hydrogels—offer biochem-
ical and structural support that enhances hepatocyte 
adhesion, differentiation, and survival within BAL de-
vices [31, 32].

Clinical applications and trials

Table 1. The study selection method

Stage No. Notes

Records identified through database searching 1,941 PubMed=505, Web of Science=623, Scopus=767, Other 
sources=46

Records after duplicates removed 1,185 756 duplicates removed

Records screened 1,185 Title and abstract screening

Records excluded 1,070 Irrelevant titles and abstracts

Full-text articles assessed for eligibility 115 Full-text reviewed

Full-text articles excluded 72 No association with malaria incidence, gender, or malaria 
entomology

Studies included in qualitative synthesis (systematic review) 43 10 studies from Sistan & Baluchistan, 33 from other 
provinces

Studies included in quantitative synthesis (meta-analysis) 43 Incidence meta-analysis

Studies included in the relapse meta-analysis 12 Subset of 43 studies reporting relapse data
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BAL systems such as HepaLife and ELAD have been 
evaluated in clinical trials as bridging therapies for 
acute liver failure and transplantation candidates. Ear-
ly-phase trials demonstrated transient improvement in 
liver function and patient survival. However, long-term 
efficacy and safety in larger randomized cohorts remain 
under investigation. Current research focuses on opti-
mizing cell sources, bioreactor designs, and ECM scaf-
folds to enhance clinical outcomes [33-35].

Challenges and future directions

Despite progress, challenges include sustained func-
tional cell sources, improved bioreactor microenvi-
ronment control, and physiologically relevant ECM 
integration. Risks of immune rejection and zoonotic 
infections, especially with animal-derived cells, pose 
additional hurdles. Future efforts should emphasize 
human-derived or genetically modified cells, advanced 
bioreactor technology, and novel biomaterials. Integra-
tion of emerging approaches such as 3D bioprinting 
and organ-on-a-chip platforms could further improve 
BAL functionality and facilitate clinical translation [36].

Liver organoids technology

Definition and characteristics

Liver organoids are three-dimensional (3D) self-orga-
nizing structures derived from stem cells or adult liver 
tissue that recapitulate key aspects of liver architecture 
and function (Table 2). They comprise hepatocytes, 
cholangiocytes, and other non-parenchymal cells, 
providing advanced platforms for liver development, 
disease modeling, and drug screening in vitro [37]. 
Artificial intelligence (AI) technologies are increasingly 
applied to optimize BAL bioreactor performance by 
monitoring parameters such as oxygenation, nutrient 
supply, pH, and metabolic activity in real time. AI-driv-
en systems enable dynamic operational adjustments, 
improving hepatocyte viability and function while re-
ducing human error. These predictive models also fa-
cilitate early detection of system failures, promoting 
more robust bioreactor operation [21].

Recent developments

Embryonic stem cells (ESCs) and iPSCs can be differen-
tiated into hepatocyte-like cells that self-assemble into 
3D liver organoids. Advances in differentiation proto-
cols and culture conditions have enhanced organoid ef-
ficiency and metabolic function, enabling applications 

in disease modeling and drug screening, including albu-
min production and bile acid metabolism [19].

Adult liver-derived organoids, generated from pro-
genitor and hepatic stellate cells isolated from liver bi-
opsies, retain physiological characteristics of native tis-
sue. Optimized culture conditions have improved their 
long-term stability and functional capacity, supporting 
regenerative medicine and personalized therapeutic 
approaches [30].

CRISPR-Cas9 and other gene editing technologies 
have been employed to introduce or correct mutations 
in liver organoids, facilitating studies of genetic liver 
diseases such as non-alcoholic fatty liver disease, hepa-
titis, and liver cancer. These engineered models enable 
personalized disease modeling and targeted drug test-
ing [33]. For more information regarding recent devel-
opments in liver-mimicking technologies (Table 3).

Synergistic integration of emerging technologies

Combining BAL systems, liver organoids, liver-on-a-
chip models, 3D bioprinting, and AI holds promise for 
creating robust, scalable, and clinically relevant liver 
models. For example, 3D bioprinting can provide pre-
cise ECM scaffolds, enhancing organoid maturation. 
Liver-on-a-chip platforms simulate physiological con-
ditions to improve functionality and drug response 
prediction. AI can optimize bioreactor performance in 
real time. Challenges remain in hepatocyte maturation, 
functional alignment with primary cells, and scalability, 
which must be addressed to advance clinical transla-
tion [34].

Applications in disease modeling

Liver organoids have been widely used as models for 
studying liver diseases, including viral hepatitis, liver fi-
brosis, and liver cancer. These organoids can replicate 
the pathophysiological processes of liver diseases in 
a controlled environment, allowing researchers to in-
vestigate disease mechanisms and identify potential 
therapeutic targets. For example, liver organoids have 
been used to model the progression of hepatitis B and 
C infections, as well as to study the fibrotic response to 
chronic liver injury. The ability to generate patient-spe-
cific organoids from iPSCs or adult tissue biopsies has 
opened up new possibilities for personalized medicine 
and precision therapies [35].

Organoid-based drug screening platforms
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Liver organoids offer a promising platform for high-
throughput drug screening due to their ability to repli-
cate liver function and disease processes in vitro. These 
organoids can be used to test the efficacy and toxicity 
of new drugs in a physiologically relevant setting, im-
proving the predictive power of preclinical studies. Re-
cent advancements in automation and miniaturization 
have enabled the development of organoid-based drug 
screening platforms that can process large numbers of 
compounds simultaneously. This approach has the po-
tential to accelerate the discovery of new treatments 
for liver diseases by providing more reliable data on 
drug efficacy and safety [9].

Advanced liver-on-a-chip models

Liver-on-a-chip models utilize microfluidic technolo-
gies to recreate the complex microenvironment of the 
liver in vitro. These systems integrate liver cells into mi-
crofluidic devices that simulate the flow of blood and 
nutrients, enabling researchers to study liver function 
in a more physiologically relevant setting. The microflu-
idic channels in liver-on-a-chip devices can be designed 
to mimic the architecture of the liver’s vasculature, al-
lowing for precise control over nutrient delivery, waste 
removal, and oxygenation. This technology provides a 
powerful platform for studying liver function, disease 
progression, and drug metabolism [16, 18, 25, 26].

Recent innovations

Recent advancements in microfluidic technology have 
led to the development of multi-organ-on-a-chip sys-

tems, which integrate liver-on-a-chip devices with oth-
er organ models, such as heart, kidney, or lung chips. 
These systems allow researchers to study the interac-
tions between different organs and how these inter-
actions influence liver function and drug metabolism. 
Multi-organ-on-a-chip models have the potential to 
provide a more comprehensive understanding of drug 
toxicity and efficacy by replicating the complex inter-
play between organs in the human body [27].

Perfusion-based liver-on-a-chip systems have been 
developed to more closely mimic the dynamic environ-
ment of the liver. These systems use continuous per-
fusion to supply liver cells with nutrients and oxygen 
while removing waste products, replicating the condi-
tions of the liver’s blood flow. Perfusion-based systems 
have been shown to improve the longevity and func-
tionality of liver cells in vitro, making them more suit-
able for long-term studies of liver function and disease 
[28-32].

The integration of biosensors into liver-on-a-chip 
devices has enabled real-time monitoring of liver cell 
activity and function. These biosensors can detect key 
biomarkers of liver function, such as glucose, lactate, 
and albumin, as well as indicators of liver injury, such 
as alanine aminotransferase (ALT) and aspartate ami-
notransferase (AST). The ability to monitor liver cell 
function in real-time provides valuable insights into the 
effects of drugs and toxins on liver health, allowing re-
searchers to identify potential liver toxicities at an early 
stage [33-35].

Table 2. Comparison of BAL support systems and liver organoids

Feature BAL Support Systems Liver Organoids

Definition Extracorporeal systems combining biological and 
mechanical elements

3D structures derived from stem cells or adult liver 
tissue

Primary purpose Temporary liver function support Disease modeling, drug screening, developmental 
studies

Cell Sources Primary human hepatocytes, iPSC-derived hepato-
cytes, genetically modified animal cells ESCs, iPSCs, adult liver tissue

Structure Bioreactor housing functional liver cells Self-organizing 3D structures

Key components Bioreactor, extracorporeal circulation, ECM scaffolds Hepatocytes, cholangiocytes, non-parenchymal cells

Clinical application Bridge to transplantation, acute liver failure support Personalized medicine, drug toxicity screening

Recent advances Perfusion-based systems, advanced ECM scaffolds Genetic engineering, improved differentiation 
protocols

Challenges Long-term efficacy, immune rejection, cross-species 
contamination Scalability, maturation of cell types, vascularization

Future directions Integration with 3D bioprinting, improved bioreactor 
designs

High-throughput drug screening, disease-specific 
modeling
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Applications in drug toxicity testing and metabolism 
studies

Liver-on-a-chip models are widely used in drug toxic-
ity testing and metabolism studies due to their ability 
to replicate human liver function more accurately than 
traditional in vitro models. These systems can be used 
to assess the hepatotoxicity of new drugs and to study 
how drugs are metabolized in the liver. By providing 
a more physiologically relevant environment for liver 
cells, liver-on-a-chip models can improve the predictive 
power of preclinical studies and reduce the likelihood 
of DILI in clinical trials [9, 16, 18].

3D bioprinting of liver tissue

Principles for liver tissue engineering

3D bioprinting is an advanced technology that en-
ables the precise fabrication of liver tissue constructs 
by layering bioinks containing liver cells and biomateri-
als. This technique allows for the creation of complex 
3D structures that closely mimic the architecture and 
function of the liver. The ability to control the spatial 
arrangement of cells and ECM components in 3D bio-
printed liver tissues provides a powerful tool for tissue 
engineering and regenerative medicine [25, 26].

Recent advances 

Recent advancements in bioinks and 3D bioprinting 
techniques have significantly improved the quality 
and functionality of bioprinted liver tissues. Bioinks 
composed of natural ECM components, such as col-
lagen, laminin, and fibrin, have been developed to 
provide a more physiologically relevant environment 
for liver cells. Additionally, advances in bioprinting 
technologies, such as multi-material printing and high-
resolution printing, have enabled the creation of more 
complex and functional liver tissue constructs. These 
advancements have brought 3D bioprinted liver tissues 
closer to clinical applications in regenerative medicine 
and drug testing [27].

Applications in regenerative medicine and drug test-
ing

3D bioprinted liver tissues have shown great potential 
for use in regenerative medicine, particularly for treat-
ing liver diseases and injuries. These tissues can be 
used to replace damaged liver tissue or to support liver 
regeneration in patients with liver failure. In addition to 
their therapeutic applications, 3D bioprinted liver tis-
sues are being used as models for drug testing and tox-
icity screening. These tissues provide a more accurate 
representation of human liver function than traditional 
2D cell cultures, making them a valuable tool for pre-
clinical drug development [28].

Challenges and future prospects

Table 3. Recent developments in liver-mimicking technologies

Technology Key Advancements Applications Limitations

BAL cell sources iPSC-derived hepatocytes, 
genetically modified cells

Improved functionality and 
longevity Scalability, genetic stability

BAL bioreactor designs Hollow-fiber bioreactors, 
perfusion-based systems

Enhanced mass transfer, im-
proved cell viability Complexity, cost

BAL ECM innovations Decellularized liver ECM, syn-
thetic hydrogels

Improved cell adhesion and 
differentiation

Standardization, batch vari-
ability

Stem cell-derived organoids Improved differentiation proto-
cols, 3D culture techniques

Disease modeling, develop-
mental studies Maturation of hepatocytes

Adult tissue-derived organoids Long-term expansion, disease-
specific models

Personalized medicine, drug 
screening

Limited availability of donor 
tissue

Genetically engineered organ-
oids

CRISPR-Cas9 modifications, 
reporter systems

Modeling genetic liver dis-
eases, pathway studies

Off-target effects, ethical con-
siderations

Integration with microfluidics Liver-on-a-chip models, vascu-
larized organoids

Improved physiological rele-
vance, drug metabolism studies Complexity, scalability

3D bioprinting of liver tissue Multi-cell type printing, vascu-
larized constructs

Tissue engineering, transplan-
tation research

Resolution, cell viability post-
printing
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Despite the significant progress made in 3D bioprint-
ing of liver tissue, several challenges remain. These 
include the need for more advanced bioinks that can 
support long-term liver function, as well as the devel-
opment of bioprinting techniques that can recreate the 
full complexity of liver architecture. Additionally, the 
scalability of 3D bioprinting technologies for large-scale 
production of functional liver tissues remains a major 
obstacle. Future research should focus on addressing 
these challenges by developing more advanced bio-
inks, improving bioprinting technologies, and optimiz-
ing the scalability of bioprinted liver tissues for clinical 
applications [29].

AI and machine learning technologies in liver model-
ing

AI and machine learning technologies are increasingly 
being used to design more accurate and predictive liver 
models. AI-driven algorithms can analyze large datasets 
from liver cells, organoids, and liver-on-a-chip systems 
to identify key factors that influence liver function and 
disease progression. These insights can be used to op-
timize the design of liver models, improving their accu-
racy and relevance for drug testing and disease model-
ing. AI can also be used to predict how liver cells will 
respond to different environmental conditions or drug 
treatments, enabling the development of more person-
alized liver models [30].

Machine learning algorithms have shown great prom-
ise in predicting drug-induced liver injury (DILI), one of 
the leading causes of drug failure in clinical trials. By 
analyzing large datasets from preclinical studies, clini-
cal trials, and electronic health records, machine learn-
ing models can identify patterns associated with DILI 
and predict which drugs are likely to cause liver injury. 
These predictive models can significantly reduce the 
risk of DILI in drug development by identifying poten-
tially hepatotoxic compounds early in the drug discov-
ery process [31].

The integration of AI with experimental liver models, 
such as liver organoids and liver-on-a-chip systems, has 
the potential to revolutionize liver research. AI-driven 
analyses can provide real-time insights into liver cell 
function and disease progression, enabling researchers 
to optimize experimental conditions and identify po-
tential therapeutic targets more efficiently. Addition-
ally, AI can be used to analyze data from liver models 
in a more comprehensive and systematic manner, im-
proving the accuracy and reliability of preclinical stud-
ies [32].

Emerging technologies and future directions

Single-cell sequencing in liver model development

Single-cell sequencing technologies are providing 
new insights into the cellular heterogeneity of the liver 
and how different cell types contribute to liver function 
and disease. These technologies allow researchers to 
analyze the gene expression profiles of individual liver 
cells, providing a more detailed understanding of liver 
biology at the single-cell level. This information can be 
used to develop more accurate liver models that repli-
cate the diversity of cell types present in the liver, im-
proving the relevance of these models for studying liver 
disease and drug toxicity [33].

CRISPR-Cas9 gene editing for personalized liver mod-
els

CRISPR-Cas9 gene editing technology is being used to 
develop personalized liver models by introducing pa-
tient-specific mutations or correcting genetic defects in 
liver cells, as depicted in Figure 1. By generating liver or-
ganoids or liver-on-a-chip models with patient-specific 
genetic backgrounds, researchers can study how these 
mutations affect liver function and disease progression, 
as well as test potential therapies in a more personal-
ized manner. CRISPR-Cas9 technology also has the po-
tential to be used in combination with other emerging 
technologies, such as 3D bioprinting and AI-driven liver 
models, to create more accurate and personalized liver 
models for clinical applications [34, 35].

Organ-on-a-chip systems with integrated sensing ca-
pabilities

The integration of biosensors and microfluidic tech-
nologies into organ-on-a-chip systems is an exciting 
area of research that has the potential to revolutionize 
liver modeling. These advanced systems can provide 
real-time monitoring of liver cell function and meta-
bolic activity, enabling researchers to study the effects 
of drugs and toxins on liver health in a more dynamic 
and physiologically relevant manner. The combination 
of biosensors with liver-on-a-chip models could also 
improve the accuracy of drug toxicity testing and ac-
celerate the development of new therapies for liver 
diseases [9].

Combining organoids with BAL systems for enhanced 
functionality

The combination of liver organoids with BAL sys-
tems represents a promising approach for enhancing 
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the functionality of both technologies. Organoids can 
provide a more physiologically relevant source of liver 
cells for BAL systems, while BAL systems can provide 
the necessary support for organoids to function more 
effectively in a clinical setting. This combination could 
lead to the development of more advanced liver sup-
port systems that can better mimic human liver func-
tion and provide more effective treatments for patients 
with liver failure [16].

Clinical translation and commercialization of ad-
vanced liver models 

Several advanced liver models, such as liver-on-a-
chip systems and liver organoids, have shown promis-
ing results in preclinical studies and are beginning to 
be translated into clinical applications. These models 
are being used to test new drugs, study liver diseases, 
and develop personalized treatments for patients with 
liver disorders. However, the clinical translation of 
these technologies is still in its early stages, and more 
research is needed to demonstrate their efficacy and 
safety in larger patient populations [18, 25-27].

One of the major challenges in the clinical translation 
of advanced liver models is the scalability of these tech-
nologies. Many of the current liver-on-a-chip systems, 
organoids, and 3D bioprinted liver tissues are difficult 

to produce on a large scale, limiting their clinical appli-
cability. Additionally, the manufacturing processes for 
these models are often complex and expensive, making 
it challenging to produce them in a cost-effective man-
ner. Future research should focus on developing more 
scalable and cost-effective manufacturing processes for 
advanced liver models to facilitate their clinical transla-
tion [28-30].

The market potential for advanced liver models is 
significant, particularly in the pharmaceutical and bio-
technology industries. These models have the potential 
to revolutionize drug development by providing more 
accurate [38].

Discussion

The development and integration of advanced liver 
regenerative technologies, such as BAL support sys-
tems, liver organoids, liver-on-a-chip platforms, 3D 
bioprinting, and AI, represent a transformative fron-
tier in hepatology and translational medicine. Liver 
diseases, ranging from acute liver failure to chronic 
conditions like cirrhosis and hepatocellular carcinoma, 
impose significant morbidity, mortality, and economic 
burden worldwide. Conventional treatment modali-

Figure 1. Integration of various technologies in liver modeling
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ties, including liver transplantation, remain constrained 
by donor shortages, immune complications, and high 
costs. Therefore, innovative alternatives that can repli-
cate liver function ex vivo or model disease in vitro are 
critically needed to improve patient outcomes and ac-
celerate drug development [38, 39]. This review under-
scores the clinical and biomedical relevance of these 
emerging platforms. 

BAL systems provide crucial bridge therapy for pa-
tients awaiting transplantation, yet their efficacy is 
contingent upon optimizing cell sources, bioreactor 
designs, and ECM components. Previous studies have 
noted similar challenges in achieving consistent func-
tionality in BAL devices, reinforcing the need for ongo-
ing optimization (consistent with earlier findings) [40, 
41]. Liver organoids, derived from stem cells, offer 
scalable, patient-specific models that recapitulate key 
aspects of liver physiology and pathology, facilitating 
personalized medicine and mechanistic studies. How-
ever, this aligns with earlier research highlighting the 
limitations of organoid models in fully mimicking adult 
hepatocyte functionality (contrary to earlier studies). 
Liver-on-a-chip devices combine microfluidics with or-
ganoids or primary cells to recreate the liver microen-
vironment under dynamic conditions, enhancing the 
physiological relevance of in vitro models. The advent 
of 3D bioprinting allows for precise spatial organization 
of multiple liver cell types within biomimetic scaffolds, 
promising improved tissue architecture and function. 
AI technologies augment these platforms by enabling 
real-time monitoring, predictive modeling, and auto-
mation, addressing limitations in reproducibility and 
scalability [42, 43].

Despite these advances, several challenges require at-
tention. Achieving full adult hepatocyte functionality 
in stem cell-derived organoids remains elusive, limit-
ing their predictive power. This complexity mirrors 
previous findings that emphasize the difficulties in 
replicating the intricate multicellular interactions and 
zonation of liver physiology in vitro or in BAL devices 
(consistent with earlier studies). Scaling up for clinical 
applications faces hurdles related to cost, manufactur-
ing consistency, and regulatory approval. Additionally, 
the risk of immune rejection and zoonotic contamina-
tion in BAL systems using animal cells must be carefully 
managed. Addressing these challenges necessitates a 
multidisciplinary effort involving cell biology, bioengi-
neering, computational sciences, and clinical expertise 
[44].

Conclusion

This review study underscores major progress in liver 
regenerative medicine and bioengineering, highlight-
ing technologies such as BAL systems, liver organoids, 
liver-on-a-chip platforms, 3D bioprinting, and AI. Key 
challenges remain, including fully maturing hepato-
cytes in organoids, replicating liver microenvironments, 
scalability, and clinical application. Combining these 
technologies offers promising solutions for liver model-
ing, drug screening, and alternatives to liver transplan-
tation. Future research should focus on improving cell 
maturity, AI-enhanced bioreactor designs, and scalable 
culture methods. To advance clinical use, a multidisci-
plinary effort is needed, combining stem cell biology, 
tissue engineering, microfluidics, and computational 
modeling. Standardizing organoid protocols can im-
prove reproducibility. Prioritizing AI-driven bioreactor 
systems can enhance cell function during culture. Col-
laboration among academic and industry settings and 
regulators is essential for setting quality and safety 
standards. The use of patient-derived cells can support 
personalized medicine. Expanding preclinical studies 
to large animal studies and conducting well-designed 
clinical trials are critical to validating these technologies 
for real-world applications.
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