
Citation: Jasirwan, C.O.M.; Muradi,

A.; Antarianto, R.D. Bio-Artificial

Liver Support System: A Prospective

Future Therapy. Livers 2023, 3, 65–75.

https://doi.org/10.3390/livers3010006

Academic Editor: Hartmut W.

Jaeschke

Received: 1 November 2022

Revised: 6 January 2023

Accepted: 3 February 2023

Published: 9 February 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Review

Bio-Artificial Liver Support System: A Prospective Future Therapy
Chyntia Olivia Maurine Jasirwan 1,*,† , Akhmadu Muradi 2,† and Radiana Dhewayani Antarianto 3,†

1 Hepatobiliary Division, Medical Staff Group of Internal Medicine, Faculty of Medicine, Universitas Indonesia,
Dr. Cipto Mangunkusumo Hospital, Jakarta 10430, Indonesia

2 Vascular and Endovascular Division, Medical Staff Group of Surgery, Dr. Cipto Mangunkusumo Hospital,
Jakarta 10430, Indonesia

3 Department of Histology, Faculty of Medicine, Universitas Indonesia, Jakarta 10430, Indonesia
* Correspondence: chynmadu@gmail.com or hepatologibilierfkuirscm@gmail.com
† These authors contributed equally to this work.

Abstract: Whether acute or chronic, liver failure is a state of liver dysfunction that can progress
to multiorgan failure. Mortality in liver failure patients is approximately 80–90% and is caused
by detoxification failure, which triggers other immediate complications, such as encephalopathy,
coagulopathy, jaundice, cholestasis, and acute kidney failure. The ideal treatment for liver failure is
liver transplantation, but the long waiting period for the right donor match causes unavoidable deaths
in most patients. Therefore, new therapies, such as tissue engineering, hepatocyte transplantation,
and stem cells, are now being studied to anticipate the patient’s condition while waiting for liver
transplantation. This literature review investigated the effectiveness of some bio-artificial liver
support systems using review methods systematically from international publication sites, including
PubMed, using keywords, such as bio-artificial liver, acute and chronic liver failure, extracorporeal
liver support system (ECLS), MARS, single-pass albumin dialysis (SPAD). Artificial and bioartificial
liver systems can show specific detoxification abilities and pathophysiological improvements in
liver failure patients but cannot reach the ideal criteria for actual liver function. The liver support
system must provide the metabolic and synthetic function as in the actual liver while reducing the
pathophysiological changes in liver failure. Aspects of safety, cost efficiency, and practicality are also
considered. Identifying the technology to produce high-quality hepatocytes on a big scale is essential
as a medium to replace failing liver cells. An increase in detoxification capacity and therapeutic
effectiveness must also focus on patient survival and the ability to perform liver transplantation.

Keywords: bio-artificial liver support system; ECLS; MARS; liver failure; SPAD

1. Introduction

Liver failure (LF) is liver dysfunction defined by coagulopathy, jaundice, and liver
encephalopathy [1]. A patient with LF has high mortality ranging from 80–90%, some
with fulminant liver failure [2]. The loss of liver function, including detoxification, bio-
transformation, excretion, and secretion, progresses to severe clinical syndrome causing
organ failure and death [3]. Liver failure is usually caused by toxins, such as acetaminophen,
ischemia, or infection. Other common liver failure complications are encephalopathy,
coagulopathy, jaundice, cholestasis, pruritus, sepsis, and acute kidney failure [4]. Although
some patients may spontaneously recover, many will die while waiting for a suitable donor
due to damage to liver function. The widening gap between the number of patients on the
waiting list with the number of liver donors has highlighted the vital need for alternative
therapies for LF.

There is much enthusiasm for developing artificial and bioartificial support systems,
which have gone through many clinical trials [5]. The artificial ideal support system must
detoxify wastes, such as ammonia, provide the albumin synthetic function and coagulation
factors, reduce inflammation, and promote cell regeneration. Cell transplantation, including
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hepatocytes, stem cells, and liver from tissue engineering, is currently being studied [6].
There are two kinds of artificial/extracorporeal liver support (ECLS) therapies that can
be further divided into artificial or bioartificial (bioreactor) kinds, with the latter mainly
focusing on metabolic stabilization and detoxification. The ECLS system is based on a
dialysis technique to remove hepatotoxic substances such as cytokine, vasoactive materials,
endotoxins from gut flora, nitric oxide, prostaglandin, reactive oxygen species, toxins
with low molecular weight, and other pathogen-related molecules, which caused the
liver failure pathogenesis. They used the free cell technique for plasma filtration [7].
The ECLS equipment combined a bioreactor for cell perfusion with the patient’s plasma,
consisting of a three-dimensional matrix intertwined with porous fiber embedded with
human hepatocytes [8], a hemodiafiltration, and SPAD [9]. Clinical studies with ECLS
were still limited to small trial studies. No safety issues were recorded in 11 patients
treated with ECLS, such as hemodynamic instability, complement activity, or organ function
decline [10]. In a controlled but not random trial in 17 patients with acute liver failure, ECLS
therapy was correlated to encephalopathy improvement without harming hemodynamic
parameters. However, ECLS was discontinued in two patients with worsening intravascular
coagulation [11]. Although it can be used as a bridge for transplantation, it is unclear if
ECLS can improve survival for patients who are not transplantation candidates [12]. ECLS
can be divided into artificial and bio-artificial systems.

Living cells, sourced from pigs or humans, are loaded into extracorporeal bioreactors
in bioartificial liver support systems. No bioartificial system is yet commercially accessible
outside of clinical studies. Blood purification is the main idea behind various artificial liver
support options. They included extracorporeal liver support (ECLS), molecular adsorbent
recirculation system (MARS); fractionated plasma separation and adsorption (SPAD); bio-
artificial liver system (BALS); induced pluripotent stem cells (iPSCs) [13]. They have been
developed to complete the liver function, bridge the patient toward liver transplantation,
or enable the original liver to regenerate [2].

This study aimed to conduct a literature review investigating the difference between
the types of liver support systems, such as single-pass albumin dialysis (SPAD), extracorpo-
real liver support (ECLS), molecular adsorbent recirculating system (MARS), bio-artificial
liver system (BALS), induced pluripotent stem cells (iPSCs) in liver failure both in human
or animal studies with sources from international publication sites, such as PubMed. The
keywords used were bio-artificial liver, acute liver failure, chronic liver failure, extracorpo-
real liver support (ECLS), molecular adsorbent recirculation system (MARS), single-pass
albumin dialysis (SPAD), induced pluripotent stem cells. The studies found 37 articles,
eight systematic reviews, and 29 clinical research articles.

2. Materials and Methods

Through the literature review, a significant amount of research in numerous fields
has been discovered and validated as a method for examining and analyzing problems
objectively. Therefore, the literature review aims to gather, interpret, evaluate carefully, and
identify all current studies pertinent to a predetermined scope of investigations to give
research groups extensive knowledge.

The research questions (RQ) addressed through this literature review are given below:

1. What is the method of liver support system for treating chronic and acute liver failure?
2. How do the advantages and disadvantages of each conventional liver support system

provide liver failure treatment?
3. What is the bio-artificial liver support system method, and how can it treat liver failure

compared to the other systems?

For a methodical writing survey, arranging and directing a formal pursuit process
is vital. A sorted-out pursuit process makes it conceivable to exhume all the accessible
advanced assets keeping in mind the goal of locating all related accessible writing that
meet the required criteria. For this study, an inquiry has been led to discovering important
papers in meeting procedures, books, journals, conferences, and other online materials. In
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the present study, several keywords related to the design and estimation of waste plastics
based on the research questions (provided in the Research questions section) were searched
in the digital libraries mentioned below:

a. ScienceDirect (http://www.sciencedirect.com) (accessed on 15 June 2022)
b. SpringerLink (http://www.springer.com/in/) (accessed on 25 June 2022)
c. ProQuest (http://www.proquest.com) (accessed on 30 June 2022)
d. PubMed (https://pubmed.ncbi.nlm.nih.gov/) (accessed on 25 June 2022)
e. Elsevier (https://www.elsevier.com/en-xs) (accessed on 10 June 2022)
f. Cochrane (https://www.cochrane.org/) (accessed on 15 June 2022)

The keywords used are bio-artificial liver, acute liver failure, chronic liver failure,
extracorporeal liver support (ECLS), molecular adsorbent recirculation system (MARS),
single-pass albumin dialysis (SPAD), induced pluripotent stem cells. Using merely the
keyword “liver support system,” searches turned up most of the studies. Additional
keyword strings built using the phrases “OR” and “AND” were also used to ensure no
pertinent publication was overlooked. The suggested study period covered the latest ten
years (2012–2022). The search turned up a significant amount of the literature in the form
of journal articles, conference proceedings, and other published works, including books
and periodicals. Using predetermined keywords, each of the included digital repositories
was manually searched. Using Mendeley software, the relevant citations and bibliographic
data were considered carefully. In the first search, it was chosen to keep a different library
for each digital source, and after filtering and excluding duplicates, all the libraries were
combined into a single file library. This bibliographic information includes the name(s) of
the author(s), the article’s title, the name of the journal or conference, the year the article
was published, and the number of pages in the paper.

After filtering, a list containing a total of 202 references was managed in the file of the
Mendeley library. The details of the overall search process in the specified digital libraries
are outlined in Figure 1. A total of 350 titles were found. First, the duplications in these
publications (more than one version of the paper) were removed. After that, the papers
were checked manually and filtered by titles, abstracts, and, finally, the contents. The final
filter results reached 37 articles, of which 8 were systematic review articles and 29 were
clinical research articles.
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3. Results
3.1. Liver Support System
3.1.1. Molecular Adsorbent Recirculation System (MARS)

A molecular adsorbent recirculation system (MARS) is a liver support system involv-
ing two circuits: one with a high-flux dialyzer impermeable to albumin and a secondary
system filled with albumin solution [14]. This system is designed as a multisystem purifica-
tion with continuous albumin-bound toxin detoxification based on dialysis, filtration, and
adsorption principles. The blood initially passes through a closed circulation separated
from the patient’s blood by the high-flux bio-compatible filter coated with albumin by
removing water soluble and albumin-bound toxins [15]. The albumin is dialyzed using
5–10% standard dialysis solution in continuous venous hemodialysis over an albumin
impermeable membrane. Exogenous albumin dialysate is then regenerated using dialysis
with conventional dialysate solution, and further absorption is at the anion and charcoal
exchange resin columns. Regenerated albumin dialysate is recirculated to repeat the pro-
cess. The albumin-enriched dialysate (20% albumin) circulates counter-wise to the blood to
transfer albumin-bound toxins to the dialysate. Albumin-bound toxins in the plasma were
forwarded to the membrane, which will be absorbed and taken by the dialysate. Substances
with molecular weight exceeding 50 kDa are not removed due to the size of the membrane
pores [16]. The length of time for regular therapy is 6–8 h per day [17].

Many previous studies have shown the ability of MARS to eliminate toxins, repair
liver failure symptoms, and increase the survival rate during acute liver failure (ALF).
Clinical usage of MARS has consistently been correlated with a reduction in bilirubin, bile
acid, ammonia, urea, lactate, and creatinine levels in various patient studies with acute and
chronic liver failure. The benefits of MARS were investigated in another random trial in
23 patients with acute chronic liver failure with progressive hyperbilirubinemia. The bile
acid and plasma bilirubin levels decreased significantly in the MARS group [18].

MARS therapy can stabilize the anhepatic condition in ALF and ACLF for 96 h
and later bridge the patient for liver transplantation. A case study by Dacha et al. in
2014 mentioned a 56-year-old female ALF patient who started MARS therapy with hepatic
encephalopathy class 4, severe coagulopathy, severe metabolic acidosis, and 90% liver
necrosis had experienced stability in cardiopulmonary, neurological, and metabolic after
96 h of MARS therapy so she could successfully undergo liver transplantation. The second
case was a 67-year-old male patient with severe ACLF by profound coagulopathy and
grade 4 hepatic encephalopathy who maintained clinical stabilization and successfully
received liver transplantation after 96 h of MARS treatment [19].

A study in vitro that used 1 L of human plasma showed that MARS was more effective
in clearing bile acid than SPAD (albumin concentration of 4.5%) at a similar dialysate
flow rate [20]. MARS treatment was correlated with a significant increase in mean arterial
pressure and systemic blood circulation resistance without a change in heart index [21].
The favorable hemodynamic response by MARS was correlated with plasma renin activity
reduction and aldosterone, norepinephrine, and vasopressin levels [9].

However, the survival level for MARS has not been reported in prospective random
clinical trials [21]. A MARS-related random study in patients with acute chronic liver
failure mentioned that MARS was insignificant in reducing the 28-day survival rate after
adjusting for age, systolic blood pressure, or the end-stage liver disease model (MELD)
score. Although the MARS group’s bilirubin and creatinine levels increased, the mortality
(40.8% vs. 40%) did not differ for 30 days [22].

However, MARS’s lack of metabolic and synthetic activity limits effectivity and can
increase thrombocytopenia, coagulopathy, and bleeding risks. In a retrospective review of
83 MARS therapies in 21 patients, nine coagulopathy, bleeding, or thrombocytopenia
episodes occurred [23]. However, still, MARS has a good safety profile. A significant chal-
lenge for MARS is that it is relatively more expensive per patient than other treatments [14].
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3.1.2. Single-Pass Albumin Dialysis (SPAD)

Single-pass albumin dialysis (SPAD) is a form of simplified albumin dialysis using the
available continuous venovenous hemodialysis equipment and only adding the albumin
into the conventional dialysis solution [24]. Albumin dialysate is not regenerated or
recycled, which coined the term “single-pass”. The albumin concentration in this technique
is significantly lower compared to MARS (2–5% albumin). The dialysate fluid flow is
usually at 20–30 mL/minute with a tending time of 6–10 h per day. The SPAD system is
simple and available. A significant limitation is a need for extra expenses to add albumin
to the dialysate [9].

In the previous study, using SPAD as a 2% or 5% albumin solution for 6 h signifi-
cantly reduced the total bilirubin level compared to conventional hemodialysis. Twelve
consecutive patients with acute or chronic liver failure and hyperbilirubinemia (total
bilirubin > 20 mg/dL) were treated with SPAD 2% for 6 h per day. A significant reduction
was observed in total plasma bilirubin, conjugated bilirubin, blood urea nitrogen, and
creatinine [9]. However, the clinical experience, including the effectivity of toxin removal
with SPAD in treating liver failure, is still limited compared to the MARS system [9].

3.2. Bio-Artificial Liver Support System

Bio-artificial liver support system (BALSS) can improve ALF patients’ survival by
providing partial liver function until the matching liver donor is found or the original
liver regenerates. Some types of BALSS have been applied to treat ALF patients in phase I
studies or controlled clinical trials and showed improvement of the neurological state and
liver and kidney functions to bridge transplantation or aid spontaneous recovery [25].

BALSS aims to combine blood purification with synthetic liver function replacement
using a bio-reactor that contains hepatic cells into pure mechanical artificial and albumin-
based dialysis. BALSS depends on a hemofilter (membrane cut off at 100 kDa) with
hepatocytes embedded in the extra capillary compartment of the porous fiber cartridge. All
blood, not plasma, passes through the fibers after re-heating and oxygenation. The porous
material must enable the passing of small substances, such as toxins and synthesized
proteins, and must separate the cells from the blood or plasma to avoid immune rejection.
Most BAL systems consisted of porous fiber cartridges packed with single hepatocytes. The
system is often combined with a detoxification step (charcoal or anion exchange resin) and
an oxygenator [26]. Bio-artificial liver (BAL) consists of live cells that perform normal liver
functions. They must be isolated and immobilized at suitable platforms, which maintain
the cells’ morphology and metabolism. Oxygen and nutrition must be available at the
right concentration. Cells usually originate from hepatoblastoma cell lines or the pig liver.
Ideally, the BAL support system will use primary human cells, but many high-quality
human hepatocytes are hard to find. Human cells also have tumorigenic potentials, are
slow growing, lose P450 function over time, and are challenging to distribute widely to
other treatment locations. By contrast, primary pig liver hepatocytes are the most natural
cell source because of the availability advantage and easy distribution [22].

3.2.1. Animal Subject Study

A previous study from Chen Y (2012) uses 100 g primary pig hepatocytes in one
porous fiber cartridge to bridge six out of seven patients with acute liver failure to liver
transplantation, with one who recovered without transplantation [27]. However, the
hepatocyte-based BAL system raises concerns for xenozoonotic and retroviral transmission,
but there has been no zoonosis infection [28].

BAL has various types with different cell sources, cell masses, culture methods, and
architectural designs, such as bio-reactors, scaffolds, and separators, which might be related
to the BAL’s effects and safety. Furthermore, BAL has been pre-clinically modified in large
animals but has not yet been used in clinical trials, which caused a significant gap in clinical
and preclinical studies [25].
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3.2.2. Human Subject Study

A six patient randomized controlled trial (RCT) meta-analysis in previous report also
concluded that the BALSS might not reduce ALF deaths [21]. The survival results and side
effects of this alternative method are still controversial [29].

Besides providing clinical efficacy, BAL faces some challenges in regulation and
technicality. The use of live cells is complicated further by the need to maintain metabolism
and cell function, avoid immunity activation, and prevent zoonosis disease transmission.
The delivery of a bioreactor tends to be expensive and impractical. BALSS and its potential
side effects are limited in case reports or series [30]. There has not yet been a study to
evaluate the death effect of BALSS. There is not yet an ideal artificial system for routine use
in patients with liver failure [31].

Wu Guohua et al. (2020) developed a new bio-artificial liver device to address the
challenges of less-optimum detoxification by hepatocytes. A schematic of the new BALSS
with an entire bioengineered liver based on DLM/GelMA for potential HE prevention is
shown in Figure 2 below. Hepatocytes in people with liver failure cannot biotransform
ammonia from the intestine, and if too much ammonia reaches the brain through the
blood-brain barrier, it can lead to HE. GelMA and HepG2 cells were added to a DLM and
constantly cultivated in an oxygenated bioreactor to create a complete bioengineered liver.
With vastly improved biosynthesis and biotransformation capacities, the DLM/GelMA-
based cells bioengineered an entire liver and offer excellent potential to help patients with
liver failure and stop the development of HE [32].
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3.3. Induced Pluripotent Stem Cells/iPSC

Induced pluripotent stem cell-based tissue (iPSC) can be an alternative to primary
hepatocyte cell therapy [33]. The paracrine effect of stem cells can modulate the local tissue
and hasten the liver recovery process, while liver differentiation enables the preparation of
regular liver reconstruction.

Liver failure therapy using stem cells might mainly depend on cell differentiation
because the stem cell has genetic abnormalities. Co-culture using mesenchymal stem
cells (MSC) can provide primary human hepatocytes support, increasing its viability and
function, and becomes potential for the primary hepatocytes sources in bio-artificial liver
devices [34].

Hepatocyte-like cells (HLCs) derived from stem cells with or without culture using
mesenchymal tissue showed promising results [35]. The iPSC culture can enable a high-
density, large cell production scale and increase the functional maturity and longevity of
HLC [36].
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Animal Subject Study

A previous study by Pourcher et al. [33] showed that tissue engineering using decellu-
larized liver stem cells is a potential strategy for liver failure treatment because the liver’s
architecture is well maintained [37]. An in vivo study by Wang et al. [38] showed partial
liver lobe decellularization stem cells in mice with a survival rate through SD 1% solution
perfusion, representing a promising strategy for liver engineering and regeneration [39].
Therefore, recellularization using a stem cell aggregate can facilitate recovery of normal
liver function and complex liver architecture. Li et al. [40] previously mentioned that
the increase in liver differentiation and stem cell maintenance with similar morphology
and viability to hepatocytes could use the human umbilical cord-derived mesenchymal
stem/stromal cell (hUC-MSC) aggregate or mesenchymal/stromal tissue from a human
umbilical cord, which was cultured in a decellularized pig liver scaffold for liver tissue
engineering and regeneration [40].

Until now, no stem cell-based BAL system has been tested on humans. The method
for functional hepatocyte production on a large scale must be developed in the future so
the BAL system can enter the clinical phase. The continuous advance in iPSC hepatocytic
differentiation might produce metabolically active functional HLC, which is needed for the
BAL system in the future [41].

Generally, the liver cells from pluripotent stem cells are not yet matured, as noted
in the cell’s alpha-fetoprotein (AFP). In the adult liver, the AFP level is deficient. Studies
have shown that stem cell-derived HLCs are phenotypically and functionally more similar
to fetal hepatocytes than adult human cells [42]. Historically, the HLCs produce lower
albumin, cytochrome P450, and urea cycle and have a consistently higher AFP level [43,44].
Although, the iPSC-derived HLC can still express specific hepatocyte markers, such as
glycogen and lipid deposit activity, albumin secretion, and CYP450 metabolism activity, and
improve the damaged mice’s livers’ functional states after transplantation [45]. However,
the CYP metabolic process and activity produced by HLCs from the liver bio-artificial
system are adequate for human in vitro models for toxicity testing and drug studies [46].
The drug toxicity test and metabolic profiling can use iPSC to predict the difference between
individuals in liver metabolism and drug sensitivity mediated by genetic polymorphism,
which affects drug efficacy and side effects [47], especially in liver injury induced by
idiosyncratic drugs. Certain liver diseases caused by genetic disorders are manageable
using the iPSCs model approach and possibly offer improved genetic correction [44].

The primary safety issue of HLC cells in tumorigenesis has mainly been managed
with direct cell reprogramming. However, although they have been reprogramming by not
involving genome integration, the change in the basal reprogramming factor expression
has been reported to be cancer-related [46].

A summary of the advantages and disadvantages of the liver support system methods
is shown in Tables 1 and 2 below.

Clinical trial design for BAL devices is a significant challenge. In particular, the
course of liver failure is highly variable and depends on the etiology. In addition, hepatic
encephalopathy, one of the main manifestations of liver failure, is challenging to quantify
clinically. Therefore, patients should be randomized in clinical trials while controlling for
the stage at which support was started and the individual etiology. Likewise, determining
the appropriate controller therapy can be difficult.

Ideally, to minimize the non-specific effects of extracorporeal treatment, a non-
biological control, such as venovenous dialysis, can be used. Another challenge is the
choice of the clinical endpoint. Most clinical studies use the endpoints 30-day survival and
30-day transplant-free survival; however, studies can often be confounded by the fact that
patients with acute liver failure receive different transplants at a given center depending on
organ availability and established selection criteria
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Table 1. Advantages and Disadvantages of Each Liver Support-System Method.

No. Liver Support Method Advantages Disadvantages

1. Single-Pass Albumin
Dialysis (SPAD)

Significant reduction (>50%) in total
plasma bilirubin, conjugated bilirubin,

blood urea nitrogen, and creatinine

Clinical studies about effectiveness in
toxin removal are still limited (only
1–2 studies from the last five years).

3. Molecular Adsorbent
Recirculation System (MARS)

Eliminate toxins, and repair liver failure
symptoms (toxin blood level 0%)

Reduction in bilirubin, bile acid, ammonia,
urea, lactate, and creatinine levels (>50%

compared to previous levels)
MARS can stabilize the anhepatic

condition in ALF and ACLF for 96 h
before transplantation.

Effective in clearing bile acid compared to
SPAD (bile acid clear 100%)

A significant increase (50%) in mean
arterial pressure and systemic blood

circulation resistance without a change in
heart index.

Plasma renin activity reduction
(up to 50%).

The survival rate has not been reported
(no studies). The mortality percentage did
not significantly reduce (compared to the

previous study, 0% reduction).
Thrombocytopenia, coagulopathy, and

bleeding risks up to 20–30%.
MARS is relatively more expensive (cost

>1000 USD in Europe)

4. Bio-artificial Liver Support
System (BALSS)

Improve neurological state and liver and
kidney functions to bridge transplantation

(the function status is usually based on
assessment score).

BALSS might not reduce ALF deaths, but
the survival rate is still controversial. It

can either reduce or increase ALF deaths
(the percentages are 50%)

The delivery of bioreactors is expensive
and impractical (it costs USD >500)

Limited study and case reports (there have
only been 1–2 studies in the last five years.)
The risk of zoonosis disease transmission

is up to 30%.

5. Induced-Pluripotent Stem
Cells/iPSC

Increase the viability and function of
human hepatocytes (from 20 to >40%)

Improve the regeneration of liver function
and facilitate a speedy recovery

(up to 100%).

There is no study with human subjects
reported. Therefore, the method should be

produced on a larger scale of up
to <100 subjects.

Table 2. The Comparisons of Human and Animal Subjects for Liver Support Study [10–19].

No. Liver Support Method Human Subject Animal Subject

1. Hepatocyte-based Bio-Artificial
Liver (BAL)

Not yet used in clinical trials.
RCT meta-analysis results showed that

BAL might not reduce ALF deaths.

Pre-clinically modified and applied to
large animals. As a result, six out of seven

patients with liver failure bridged to
transplantations, and one recovered

without transplantation.

2. Single-Pass Albumin Dialysis

Twelve patients with ALF and CLF were
treated, and there was a reduction in total

bilirubin levels.
However, clinical experience in toxic

removal is still limited. [48]

One of the simplest methods for
eliminating toxins and water-soluble
compounds from albumin has been

proven to be single-pass albumin dialysis
(SPAD), which was tested on five pigs.

3. Molecular Adsorbent
Recirculation System (MARS)

A random clinical trial in 23 patients with
ALF and CLF showed a reduction in

bilirubin level.
MARS has been proven to eliminate toxins

and stabilize the anhepatic condition
in humans.

The presence of non-biological add-ons, such as charcoal perfusion, are in some
designs. A direct comparison of the effect of non-biological systems alone, dead or non-
hepatocyte cells, and live hepatocytes would provide essential information on the effec-
tiveness of cellular components, particularly since dead hepatocytes and non-hepatocyte
cells have been shown to offer some survival benefits in various animal models of acute
liver failure.
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In particular, the ability to assess cell viability and function more accurately during
BAL treatment would significantly advance. Such information would be critical in deter-
mining treatment timing and the potential need for device replacement; both are important
considerations due to the instability of hepatocellular function in many settings and the
demonstrated deleterious effect of plasma from patients with liver failure on cultured
hepatocytes. Even if clinical studies of the current BAL devices do not demonstrate efficacy,
the information gleaned from these studies, along with improvements in cell delivery and
functional stabilization, will ultimately form the basis for the next generation of devices.

4. Conclusions

A liver support system must provide the liver’s metabolic, synthetic functions for
the organ’s end dysfunction, which can affect liver failure, pathophysiology, and human
safety. The bio-artificial system combined modules containing live cells or hepatocytes
can provide a synthetic function for the detoxification replacement and management
functions in liver failure. New approaches in bio-artificial devices must focus on identifying
available cell source (human) hepatocytes from stem cells, human hepatocytes, preserved
or genetically engineered pig cells, or a combination of animal and human cells. Cell
types for each therapy must be determined and produced in large numbers for large-scale
clinical application, efficiently cultured both in vitro and biologically engineered cells, have
long-term use to support liver function and show human safety, especially on xenozoonotic
and tumorigenicity issues.

The regenerative treatment approach for liver disease can solve the lack of available
donors. Artificial and bioartificial liver support devices have shown specific detoxifying
abilities, enable original liver regeneration, and bridge the patients to transplantation,
but survival effects still need further studies. It is essential to emphasize the difficulty
in designing a large-scale clinical study to prove its efficacy. Further clinical application
analysis for the liver support system is needed to identify the target population and suitable
diseases or conditions for treatment. The effectiveness of therapy must be evaluated based
on adequate and relevant clinical variable definitions (survival rate, ability to bridge liver
transplantation) and not based on the potential effect at a pathophysiological end point. It
is also essential to consider the effects of liver transplantation in future trial designs.

Author Contributions: Conceptualization, C.O.M.J.; methodology, C.O.M.J. and A.M.; validation,
A.M. and R.D.A.; resources, C.O.M.J., A.M. and R.D.A.; writing—review and editing, C.O.M.J., A.M.
and R.D.A.; project administration, C.O.M.J. All authors have read and agreed to the published
version of the manuscript.

Funding: This research is funded by the Indonesia National Research and Innovation Agency
Grant 2022 (Kementerian Riset dan Teknologi/Badan Riset dan Inovasi Nasional), number prn-
0134341967. However, the funding body played no role in the study design and collection, analysis,
data interpretation, and manuscript writing.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors thank Myranda Zahrah Putri for helping with the manuscript’s
administrative and technical preparation.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Angeli, P.; Bernardi, M.; Villanueva, C. EASL Clinical Practice Guidelines for the management of patients with decompensated

cirrhosis. J. Hepatol. 2018, 69, 406–460. [CrossRef] [PubMed]
2. Tandon, R.; Froghi, S. Systematic review of artificial liver support systems: Current clinical challenges. HPB 2020, 22, S377.

[CrossRef]

http://doi.org/10.1016/j.jhep.2018.03.024
http://www.ncbi.nlm.nih.gov/pubmed/29653741
http://doi.org/10.1016/j.hpb.2020.04.417


Livers 2023, 3 74

3. Bernal, W.; Lee, W.M.; Wendon, J. Acute liver failure: A curable disease by 2024? J. Hepatol. 2015, 62, S112–S120. [CrossRef]
[PubMed]

4. Shah, N.J.; Royer, A.; John, S. Acute Liver Failure. StatPearls 2018, 30, 12–17.
5. García Martínez, J.J.; Bendjelid, K. Artificial liver support systems: What is new over the last decade? Ann. Intensive Care 2018,

8, 109. [CrossRef]
6. Iansante, V.; Mitry, R.R.; Filippi, C. Human hepatocyte transplantation for liver disease: Current status and future perspectives.

Pediatr. Res. 2018, 83, 232–240. [CrossRef]
7. Cardoso, F.S.; Marcelino, P.; Bagulho, L. Acute liver failure: An up-to-date approach. J. Crit. Care 2017, 39, 25–30. [CrossRef]
8. MacDonald, A.J.; Karvellas, C.J. Emerging Role of Extracorporeal Support in Acute and Acute-on-Chronic Liver Failure: Recent

Developments. Semin. Respir. Crit. Care Med. 2018, 39, 625–634. [CrossRef]
9. Schmuck, R.B.; Nawrot, G.H.; Fikatas, P. Single Pass Albumin Dialysis-A Dose-Finding Study to Define Optimal Albumin

Concentration and Dialysate Flow. Artif. Organs 2017, 41, 153–161. [CrossRef]
10. Matar, A.J.; Subramanian, R. Extracorporeal Liver Support: A Bridge to Somewhere. Clin. Liver Dis. 2021, 18, 274–279. [CrossRef]
11. Karvellas, C.J.; Subramanian, R.M. Current Evidence for Extracorporeal Liver Support Systems in Acute Liver Failure and

Acute-on-Chronic Liver Failure. Crit. Care Clin. 2016, 32, 439–451. [CrossRef]
12. Wiesmann, T.; Hoenl, D.; Wulf, H. Extracorporeal liver support: Trending epidemiology and mortality—A nationwide database

analysis 2007–2015. BMC Gastroenterol. 2019, 19, 1–10. [CrossRef]
13. Alshamsi, F.; Alshammari, K.; Belly-Cote, E. Extracorporeal Liver Support in Patients With Acute or Acute on Chronic Liver

Failure: A Systematic Review and Meta-Analysis of Randomized Trials. Chest 2019, 155, 116A. [CrossRef]
14. Pocze, B.; Fazakas, J.; Zádori, G. MARS therapy, the bridging to liver retransplantation—Three cases from the Hungarian liver

transplant program. Interv. Med. Appl. Sci. 2013, 5, 70. [CrossRef]
15. Bañares, R.; Catalina, M.V.; Vaquero, J. Molecular adsorbent recirculating system and bioartificial devices for liver failure.

Clin. Liver Dis. 2014, 18, 945–956. [CrossRef]
16. Cisneros-Garza, L.E.; del Rosario Muñoz-Ramírez, M.; Muñoz-Espinoza, L.E. The molecular adsorbent recirculating system as a

liver support system. Summary of Mexican experience. Ann. Hepatol. 2014, 13, 240–247. [CrossRef]
17. Kanjo, A.; Ocskay, K.; Gede, N. Efficacy and safety of liver support devices in acute and hyperacute liver failure: A systematic

review and network meta-analysis. Sci. Rep. 2021, 11, 1–10. [CrossRef]
18. Hanish, S.I.; Stein, D.M.; Scalea, J.R. Molecular Adsorbent Recirculating System Effectively Replaces Hepatic Function in Severe

Acute Liver Failure. Ann. Surg. 2017, 266, 677–684. [CrossRef]
19. A case report therapeutic plasma exchange and singlepass albumin dialysis in a 10-month-old girl with dengue shock syn-

drome in Thailand | The Southeast Asian Journal of Tropical Medicine and Public Health. Available online: https://journal.
seameotropmednetwork.org/index.php/jtropmed/article/view/235 (accessed on 10 April 2022).

20. Sparrelid, E.; Gilg, S.; van Gulik, T.M. Systematic review of MARS treatment in post-hepatectomy liver failure. HPB 2020, 22,
950–960. [CrossRef]

21. He, Y.T.; Qi, Y.N.; Zhang, B.Q. Bioartificial liver support systems for acute liver failure: A systematic review and meta-analysis of
the clinical and preclinical literature. World J. Gastroenterol. 2019, 25, 3634–3648. [CrossRef]

22. Gerth, H.U.; Pohlen, M.; Thölking, G. Molecular adsorbent recirculating system (MARS) in acute liver injury and graft dysfunction:
Results from a case-control study. PLoS ONE 2017, 12, e0175529. [CrossRef] [PubMed]

23. Kaps, L.; Ahlbrand, C.J.; Gadban, R. Applicability and safety of discontinuous ADVanced Organ Support (ADVOS) in the
treatment of patients with acute-on-chronic liver failure (ACLF) outside of intensive care. PLoS ONE 2021, 16, e0249342.
[CrossRef] [PubMed]

24. Bañares, R.; Nevens, F.; Larsen, F.S. Extracorporeal albumin dialysis with the molecular adsorbent recirculating system in
acute-on-chronic liver failure: The RELIEF trial. Hepatology 2013, 57, 1153–1162. [CrossRef] [PubMed]

25. Chen, Y.F.; Tseng, C.Y.; Wang, H.W. Rapid generation of mature hepatocyte-like cells from human induced pluripotent stem cells
by an efficient three-step protocol. Hepatology 2012, 55, 1193–1203. [CrossRef] [PubMed]

26. Bhatia, S.N.; Underhill, G.H.; Zaret, K.S. Cell and Tissue Engineering for Liver Disease. Sci. Transl. Med. 2014, 6, 245sr2. [CrossRef]
27. Selden, C.; Bundy, J.; Erro, E. A clinical-scale BioArtificial Liver, developed for GMP, improved clinical parameters of liver

function in porcine liver failure. Sci. Rep. 2017, 7, 14518. [CrossRef]
28. Lee, J.H.; Lee, D.H.; Lee, S. Functional Evaluation of a Bioartificial Liver Support System Using Immobilized Hepatocyte Spheroids

in a Porcine Model of Acute Liver Failure. Sci. Rep. 2017, 7, 3804. [CrossRef]
29. Wang, Y.; Wang, S.; He, X. A breakthrough trial of an artificial liver without systemic heparinization in hyperbilirubinemia beagle

models. Bioact. Mater. 2023, 20, 651–662. [CrossRef]
30. Wu, G.; Wu, D.; Lo, J. A bioartificial liver support system integrated with a DLM/GelMA-based bioengineered whole liver for

prevention of hepatic encephalopathy: Via enhanced ammonia reduction. Biomater. Sci. 2020, 8, 2814–2824. [CrossRef]
31. Pourcher, G.; El-Kehdy, H.; Kanso, F. Volumetric Portal Embolization: A New Concept to Improve Liver Regeneration and

Hepatocyte Engraftment. Transplantation 2016, 100, 344–354. [CrossRef]
32. Du, Y.; Wang, J.; Jia, J. Human hepatocytes with drug metabolic function induced from fibroblasts by lineage reprogramming.

Cell Stem Cell 2014, 14, 394–403. [CrossRef]

http://doi.org/10.1016/j.jhep.2014.12.016
http://www.ncbi.nlm.nih.gov/pubmed/25920080
http://doi.org/10.1186/s13613-018-0453-z
http://doi.org/10.1038/pr.2017.284
http://doi.org/10.1016/j.jcrc.2017.01.003
http://doi.org/10.1055/s-0038-1675334
http://doi.org/10.1111/aor.12736
http://doi.org/10.1002/cld.1140
http://doi.org/10.1016/j.ccc.2016.03.003
http://doi.org/10.1186/s12876-019-1077-y
http://doi.org/10.1016/j.chest.2019.02.115
http://doi.org/10.1556/imas.5.2013.2.3
http://doi.org/10.1016/j.cld.2014.07.011
http://doi.org/10.1016/S1665-2681(19)30887-7
http://doi.org/10.1038/s41598-021-83292-z
http://doi.org/10.1097/SLA.0000000000002361
https://journal.seameotropmednetwork.org/index.php/jtropmed/article/view/235
https://journal.seameotropmednetwork.org/index.php/jtropmed/article/view/235
http://doi.org/10.1016/j.hpb.2020.03.013
http://doi.org/10.3748/wjg.v25.i27.3634
http://doi.org/10.1371/journal.pone.0175529
http://www.ncbi.nlm.nih.gov/pubmed/28403210
http://doi.org/10.1371/journal.pone.0249342
http://www.ncbi.nlm.nih.gov/pubmed/33793644
http://doi.org/10.1002/hep.26185
http://www.ncbi.nlm.nih.gov/pubmed/23213075
http://doi.org/10.1002/hep.24790
http://www.ncbi.nlm.nih.gov/pubmed/22095466
http://doi.org/10.1126/scitranslmed.3005975
http://doi.org/10.1038/s41598-017-15021-4
http://doi.org/10.1038/s41598-017-03424-2
http://doi.org/10.1016/j.bioactmat.2022.06.019
http://doi.org/10.1039/C9BM01879D
http://doi.org/10.1097/TP.0000000000001024
http://doi.org/10.1016/j.stem.2014.01.008


Livers 2023, 3 75

33. Guha, P.; Morgan, J.W.; Mostoslavsky, G. lack of immune response to differentiated cells derived from syngeneic induced
pluripotent stem cells. Cell Stem Cell 2013, 12, 407–412. [CrossRef]

34. Fitzpatrick, E.; Wu, Y.; Dhadda, P. Coculture with mesenchymal stem cells results in improved viability and function of human
hepatocytes. Cell Transplant. 2015, 24, 73–83. [CrossRef]

35. Yagi, H.; Fukumitsu, K.; Fukuda, K. Human-scale whole-organ bioengineering for liver transplantation: A regenerative medicine
approach. Cell Transplant. 2013, 22, 231–242. [CrossRef]

36. Wang, A.; Kuriata, O.; Xu, F. A Survival Model of In Vivo Partial Liver Lobe Decellularization Towards In Vivo Liver Engineering.
Tissue Eng. Part C Methods 2020, 26, 402–417. [CrossRef]

37. Hussein, K.H.; Park, K.M.; Kang, K.S. Heparin-gelatin mixture improves vascular reconstruction efficiency and hepatic function
in bioengineered livers. Acta Biomater. 2016, 38, 82–93. [CrossRef]

38. Li, Y.; Wu, Q.; Wang, Y. Construction of bioengineered hepatic tissue derived from human umbilical cord mesenchymal stem cells
via aggregation culture in porcine decellularized liver scaffolds. Xenotransplantation 2017, 24, e12285. [CrossRef]

39. Balasiddaiah, A.; Moreno, D.; Guembe, L. Hepatic differentiation of mouse iPS cells and analysis of liver engraftment potential of
multistage iPS progeny. J. Physiol. Biochem. 2013, 69, 835–845. [CrossRef]

40. Shi, X.L.; Gao, Y.; Yan, Y. Improved survival of porcine acute liver failure by a bioartificial liver device implanted with induced
human functional hepatocytes. Cell Res. 2016, 26, 206–216. [CrossRef]

41. Huang, P.; Zhang, L.; Gao, Y. Direct reprogramming of human fibroblasts to functional and expandable hepatocytes. Cell Stem
Cell 2014, 14, 370–384. [CrossRef]

42. Zhu, S.; Rezvani, M.; Harbell, J. Mouse liver repopulation with hepatocytes generated from human fibroblasts. Nature 2014, 508,
93–97. [CrossRef] [PubMed]

43. Iwamuro, M.; Shiraha, H.; Nakaji, S. A preliminary study for constructing a bioartificial liver device with induced pluripotent
stem cell-derived hepatocytes. Biomed. Eng. Online 2012, 11, 93. [CrossRef] [PubMed]

44. Hou, P.; Li, Y.; Zhang, X. Pluripotent stem cells induced from mouse somatic cells by small-molecule compounds. Science 2013,
341, 651–654. [CrossRef] [PubMed]

45. Asgari, S.; Moslem, M.; Bagheri-Lankarani, K. Differentiation and transplantation of human induced pluripotent stem cell-derived
hepatocyte-like cells. Stem Cell Rev. Rep. 2013, 9, 493–504. [CrossRef]

46. Pareja, E.; Gómez-Lechón, M.J.; Tolosa, L. Induced pluripotent stem cells for the treatment of liver diseases: Challenges and
perspectives from a clinical viewpoint. Ann. Transl. Med. 2020, 8, 566. [CrossRef]

47. Fiorotto, R.; Amenduni, M.; Mariotti, V. Liver diseases in the dish: iPSC and organoids as a new approach to modeling liver
diseases. Biochim. Biophys. Acta (BBA)—Mol. Basis Dis. 2019, 1865, 920–928. [CrossRef]

48. Nevens, F.; Laleman, W. Artificial liver support devices as treatment option for liver failure. Best Pract. Res. Clin. Gastroenterol.
2012, 26, 17–26. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.stem.2013.01.006
http://doi.org/10.3727/096368913X674080
http://doi.org/10.3727/096368912X654939
http://doi.org/10.1089/ten.tec.2019.0194
http://doi.org/10.1016/j.actbio.2016.04.042
http://doi.org/10.1111/xen.12285
http://doi.org/10.1007/s13105-013-0260-9
http://doi.org/10.1038/cr.2016.6
http://doi.org/10.1016/j.stem.2014.01.003
http://doi.org/10.1038/nature13020
http://www.ncbi.nlm.nih.gov/pubmed/24572354
http://doi.org/10.1186/1475-925X-11-93
http://www.ncbi.nlm.nih.gov/pubmed/23217363
http://doi.org/10.1126/science.1239278
http://www.ncbi.nlm.nih.gov/pubmed/23868920
http://doi.org/10.1007/s12015-011-9330-y
http://doi.org/10.21037/atm.2020.02.164
http://doi.org/10.1016/j.bbadis.2018.08.038
http://doi.org/10.1016/j.bpg.2012.01.002

	Introduction 
	Materials and Methods 
	Results 
	Liver Support System 
	Molecular Adsorbent Recirculation System (MARS) 
	Single-Pass Albumin Dialysis (SPAD) 

	Bio-Artificial Liver Support System 
	Animal Subject Study 
	Human Subject Study 

	Induced Pluripotent Stem Cells/iPSC 

	Conclusions 
	References

