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Abstract: Acute and chronic liver diseases cause significant morbidity and mortality worldwide,
affecting millions of people. Liver transplantation is the primary intervention method, replacing
a non-functional liver with a functional one. However, the field of liver transplantation faces
challenges such as donor shortage, postoperative complications, immune rejection, and ethical
problems. Consequently, there is an urgent need for alternative therapies that can complement
traditional transplantation or serve as an alternative method. In this review, we explore the potential
of liver tissue engineering as a supplementary approach to liver transplantation, offering benefits to
patients with severe liver dysfunctions.
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1. Introduction

The liver is the largest gland in the human body, mediating essential functions in
homeostasis, metabolism, serum protein production, storage of glycogen, drug detoxi-
fication, immune system, and production and secretion of bile acids [1]. The liver has
a lobular structure and is divided into three major zones: zone I supplies oxygen and
nutrients to the hepatocytes, zone II connects the zones, and zone III performs glycogenesis,
detoxification, and lipogenesis functions [2]. These diverse functions are made possible by
the synchronized functioning of different cell types. The functional unit of the liver is a
lobule, hexagonal in shape (Figure 1) [2].
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Figure 1. The complexity of human liver architecture. (A) The liver is located in the upper right-hand
portion of the abdominal cavity on the top of the stomach and intestines. (B) The liver is composed
of microscopic units called lobules, which are roughly hexagonal in shape and comprise rows of
hepatocytes radiating out from a central point. This figure was redrawn in a modified form from [3].

Hepatocytes are parenchymal cells and constitute in majority to the lobule. The non-
parenchymal liver cells are hepatic stellate cells (HSCs), Kupffer cells (KCs), and liver
sinusoidal endothelial cells (LSECs) [2]. Most of the homeostasis functions mentioned
above are supported mainly by the hepatocytes. The functions of KCs, HSCs, and LSECs
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are in hepatic immunity, storing vitamin A and lipids, and control of barrier function with
immune homeostasis, respectively [2]. The presence of HSCs present in the liver supports
the organ’s unique ability to regenerate under certain conditions [2].

Drugs, viruses, carcinomas, hemochromatosis, and Wilson disease affect the normal
function of the liver [2]. Some of the diseases are life-threatening diseases, for which a liver
transplant is the only resolution (Figure 2).
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Figure 2. Terminal diseases requiring liver transplants as the last option. In the long term, different
untreated liver diseases, such as chronic hepatitis C infection, non-alcoholic fatty liver disease,
alcoholic fatty liver disease, decompensated cirrhosis, and liver cancer, result in end-stage liver
disease requiring liver transplant.

In developed countries, non-alcoholic fatty liver disease (NAFLD) is the most common
chronic liver disease [4]. An excess accumulation of fat in the hepatocytes promotes
steatosis and ultimately leads to hepatocyte apoptosis [5]. Portal and lobular inflammation
and fibrosis may follow with the development of cirrhosis with accumulated collagen
and altered live architecture [5]. NAFLD is mostly tied to insulin resistance, obesity, and
metabolic syndrome [5].

Hepatitis C virus (HCV) is one of the major forms of liver hepatitis. A recent review
by Taha and colleagues mentioned that there are approximately 1.5 million new infections
per year, according to the World Health Organization (WHO) [6]. The virus is spread
through exposure to blood; it multiplies once it enters the hepatocytes by receptor-mediated
endocytosis. In the majority of infected persons, the condition becomes lethargic, resulting
in progressing liver damage [4]. The virus can cause hepatitis in both chronic and acute
forms. The resulting life-long cirrhosis or hepatocellular carcinoma (HCC) that develops
at later disease stages is the leading cause of HCV-associated death. Unfortunately, HCV
infections are not detectable without testing. In the early stages, the infection has no
noticeable symptoms, which makes it complicated to interfere with disease progression.
Also, there is no vaccine currently available against HCV.

HCC is the most common type of liver cancer and the fourth most common reason for
cancer-related deaths worldwide [7]. Hepatitis B virus (HBV) or HCV infections contribute
to most of the HCC conditions worldwide [7]. The HCC condition leads to cirrhosis for
most of the patients with a reduction in hepatocyte proliferation, fibrosis, and detrimental
effects on other liver cells, ultimately leading to cancerous nodule formation [8]. Metabolic
disease conditions, including NAFLD, obesity, and overweight, are shown to be associated
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with an increase in HCC [7]. The common therapies for early stages of the HCC are
resection, ablation, and liver transplantation [7].

Biliary atresia is a major disorder affecting infants and one of the diseases benefiting
from liver transplantation [9]. Its etiology is due to the obstruction of bile flow leading to
cholangiopathy during fetal and prenatal stages [9]. Recent studies have identified the role
of genetic contributions along with the previously known causes, including viral infections
and toxins [9].

Wilson’s disease is an inherited disorder affecting copper metabolism, leading to liver
damage and neurological disturbance [10]. It is an autosomal recessive disorder affecting
the gene ATP7B, encoding a hepatic plasma membrane copper-transporting protein [10].
The accumulation of copper in the liver results in mild hepatitis or even cirrhosis. The
symptoms are visible, gradually following the accumulation of copper in organs like the
liver and brain [4].

All liver diseases and conditions discussed above lead to cirrhosis, which is character-
ized by the presence of fibrotic septa, which can lead to portal hypertension and terminal
liver disease (Figure 3) [11].
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Figure 3. Cellular phenotypic changes during terminal liver disease. In the healthy liver, the lobules
contain regular central veins and peripheral portal triads, while in the cirrhotic liver, the uniform
structure is destroyed by the incorporation of fatty vacuoles, fibrous septa, and necrotic areas. These
alterations lead to portal hypertension.

Several cell types contribute to the development and progression of cirrhosis [12].
During inflammation or injuries and in the presence of cytokines and growth factors
like platelet-derived growth factor (PDGF) and transforming growth factor-3 (TGF-f3),
HSCs proliferate and migrate, similar to intestinal smooth muscle cells [13]. Further, they
transform into a myofibroblast phenotype generating collagen and extracellular matrix
(ECM), which is the hallmark of fibrosis [12]. The changes in LSECs include defenestration
and capillarization along with interleukin 33 (IL-33) secretion, which further activates HSCs,
ultimately leading to the progression of fibrosis [12]. Once activated by injurious factors,
KCs damage hepatocytes by secreting soluble mediators [12]. Liver fibrosis is reported to
be enhanced by KC-mediated liver inflammation [12]. Hepatocytes, consisting of ~70%
of the liver cell mass, play a major role in fibrosis and cirrhosis. During inflammation or
phases of liver damage, hepatocytes are prone to apoptosis, thereby releasing additonal
factors promoting fibrogenesis and cirrhosis. Even with the unique regenerative potential
of the liver, several diseases or damages, as explained above, push to stages beyond the
point at which repair of affected liver tissue is possible.

2. Liver Transplantation: Significance and Current Status

For patients with acute liver failure or last-stage liver diseases, liver transplanta-
tion (LT) is the final treatment option. It involves the removal of a damaged liver (non-
functional), which is replaced by either a part of a healthy liver from a living donor or a
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complete liver from a deceased donor [2]. Recently, there has been good progress in the
field of LT. However, the shortage of donors is the major limitation [2]. The waiting list of
LT candidates has been consistently high (~10,000 persons) in the US [14]. Moreover, the LT
procedure may be associated with complications and extensive anti-rejection medication
requirements. The second major issue in LT is the unsatisfying long-term outcomes of the
LT recipients. The 20-year survival rate is only approximately 50%, potentially due to the
complications of renal failure and adverse side effects induced by the long-term immuno-
suppression that liver transplant recipients receive [15,16]. Also, there are disparities still
prevalent in LT based on socioeconomic conditions, race/ethnicity, geographic area, and
age of transplanted patients [14].

Alternative therapies are beneficial to address the scarcity of donors, surplus demand
for LTs, and high risks or after-effects involved. Even though there are recent advances in
identifying biomarkers or molecular diagnostic tools for predicting organ rejection after
LT, further studies are needed to obtain a conclusive picture [17]. Recent advances in the
field of regenerative medicine, stem cells, and tissue engineering can serve as a potential
alternative or supplement to the LT process.

Here in this review, we discuss the progress in the liver tissue engineering (LTE) field
and highlight the potential of customized LTE to support patients.

3. Liver Tissue Engineering: Principles and Progress

The ultimate goal of LTE is to restore partial or total function of the liver during liver
failure. A fully functional liver is the ultimate aim of LTE, and functional liver tissue can be
used for drug testing [2,18]. Moreover, LTE has the potential to develop an extracorporeal
liver support (ECLS) system performing the essential functions of the liver to reduce mor-
tality or to bridge a patient to a liver transplant [19]. With recent advances in the field of
regenerative medicine, tissue engineering holds high potential to progress as an alternative
or supplement to LT. A major advance in the LTE area was published by Chhabra and
colleagues, reporting the development of a vascularized liver model to understand liver
regeneration [20]. In their study, they showed that the inclusion of endothelium-lined
channels to fluid flow in the 3D liver platform improved liver regeneration [20]. Song et al.
reported successful transplantation of engineered 3D co-aggregates of human-induced
pluripotent stem cell (iPSC)-derived hepatocyte-like cells (iPS-H) encapsulated in biocom-
patible hydrogel capsules [21]. Moreover, Bhandari et al. demonstrated that co-cultures
with 3T3 fibroblasts enhance survival and reduce rapid de-differentiation of rat hepato-
cytes [22]. The incorporation of engineering technologies like dielectrophoretic (DEP) force
improved the speed, handling and label-free precise cell patterning for mimicking the lobu-
lar architecture of the liver [23]. Selden et al. demonstrated that encapsulation of liver cell
spheroids in alginate beads proliferated in a bioreactor when introduced to pigs with irre-
versible ischemic liver failure retained liver functions [24]. This study further demonstrates
that scaling up spheroid generation is possible with transport and retention of in vivo func-
tion [24]. Robert et al. reported bridging liver failure with donor hepatocytes in a patient
who fully recovered thereafter [25]. Nevertheless, further studies on the performance and
adaptability of tissue-engineered liver after transplantation are imperative.

Identification of ideal cell source, hepatocyte phenotype maintenance and vascular-
ization are the major challenges faced by the LTE field. As discussed above, hepatocytes
constitute the majority of the cell population in the liver. Stem cell technology has been
explored as a source for diverse hepatic cells. However, low differentiation efficiencies,
complicated procedures, and underlying carcinogenic risks are presently the technology’s
hurdles to overcome [18]. One of the major factors critical for LTE is the creation of a
proper hepatic ECM. ECM has a major role in maintaining the structure and shape of
the organ along with regulating cellular functions, while serving as a natural microen-
vironment. ECM constitutes ~3% of the relative area, with collagens I, III, IV, and V as
the most abundant matrix proteins [26]. The difficulty in maintaining the phenotypes of
the hepatocytes and other primary cells in compatible ECM is another major issue faced
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by LTE [18]. Hepatocytes show a flattened-extended morphology with high cytoskeletal
proteins and a high proliferation rate when cultured in a two-dimensional (2D) format. An
ideal ECM facilitates cell-to-cell and cell-to-matrix interactions along with maintaining the
cellular phenotype [18]. Apart from the need for an ideal ECM, direct contact between
different hepatic cell populations is required for proper functioning [18].

3.1. Focus on Extracellular Matrix: Use of Biodegradable Biomaterials

Tissue engineering using scaffolds with biodegradable properties and structures is the
most popular method and is capable of maintaining three-dimensional (3D) cell growth,
tissue regeneration and overall function of the engineered liver tissue [26]. Since the
liver is one of the organs with the most vascularization, it is ideal to have a biomaterial
compatible with supporting vascularization. The scaffold can be designed to gradually
degrade, leaving behind only the regenerated liver tissue once the engineered liver tissue
matures and becomes functional. The major biophysical factors critical for ideal cell
transplantation during tissue regeneration are (i) porosity, which generally affects cell
adhesion, proliferation, migration, and differentiation; (ii) stiffness, also affecting the
hepatocellular phenotypic properties; and (iii) geometry, directly influencing the seeded
cells [2].

Commonly used biomaterials addressing the requirements for the hepatic cell types
and ECM are mainly natural hydrogels and synthetic materials [2]. Hydrogels like alginate,
chitosan, and gelatin have advantageous effects for promoting and restoring cell growth
and function [8]. Marine polysaccharides and marine-derived chitosan show protective
effects against liver damage while serving as scaffolds for tissue engineering [27]. The ECM
of the liver contains collagens, which are the most abundant component. Several studies
carried out using modified collagen for liver tissue engineering showed positive outcomes
with the expression of hepatic markers of cell spheroids [26]. Hyaluronic acid, a commonly
used matrix component that binds to CD44, is expressed by immature and mature hepato-
cytes. Hepatocytes that are formed as cell aggregates in hyaluronan scaffolds remained
viable and proliferative active for more than 4 weeks [28]. Matrigel contains a mixture of
proteins from murine chondrosarcoma composed of laminin, collagen type IV, proteogly-
can, and heparan sulfate [29]. Several LTE model studies have used Matrigel as a scaffold
for culturing hepatocytes and fostering stem cell differentiation. However, inconsistent
mechanical properties, degradability, and lack of regenerative ability, along with potential
xenogeneic and tumorigenic origin, are some of the shortcomings in the usage of these
natural biomaterials, especially for supporting LTE for clinical applications [1]. Synthetic
materials containing biodegradable polymers like polylactic acid, polyanhydrides, poly-L-
lactic acid, and polycarbonates have more superior properties and support regeneration,
transplantation, and biodegradation [30]. By modifying these synthetic biomaterials by
incorporating proteins or bioactive domains, biocompatibility can be improved in these
synthetic biomaterials [1]. Decellularized ECM has the advantages of compatibility and
degradability compared to other natural or synthetic media, which will be discussed in
more detail later in this review.

3.2. Knowledge from Studies on Post-Hepatectomy Liver Failures

Understanding the impact of the cytokine and growth factor signaling pathways
involved in post-hepatectomy can be beneficial for optimizing LTE. Along with optimizing
biomaterial scaffold, a proper balance of these factors can be recreated in in vitro conditions
to improve the regenerative potential of the liver. Hoffmann et al., reported an elaborative
study where modulation of several potential cytokines and growth factors were analyzed
from 3353 articles, including around 1000 animal studies and a double number of human
studies [22,31]. In this article, a number of potential predictive biomarkers and their
implications for liver diseases were identified and discussed [31]. A list of cytokines/growth
factors relevant to LTE are listed (Table 1) [32]. Incorporation of high-throughput screening
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studies using ex vivo regenerative liver models can be useful to further validate the
biomarkers identified.

Table 1. Potential biomarkers in liver diseases relevant to liver tissue engineering.

. Growth Factors/ . Enhances
Regeneration Stage Cytokines Major Roles Regeneration
Priming stage TNF-«, IL-6 Essential for liver regeneration Yes
PDGF-Ra Replaceable with EGFR Yes
Proliferation stage HGF Essential for liver regeneration Yes
IGF Liver growth, development, and regeneration Yes
Termination stage TGF- DNA synthesis inhibition in hepatocytes, ECM remodeling No

This table was adapted from [32]. Abbreviations used: ECM, extracellular matrix; HGF, hepatocyte growth factor;
IGE, insulin-like growth factor; IL-6, interleukin 6; PDGE, platelet-derived growth factor; TGF-f, transforming
growth factor 3; TNF-«, tumor necrosis factor-o.

3.3. Whole-Organ Bioengineering Approach for Liver Tissue Engineering

Whole-organ bioengineering involves gentle decellularization using detergent solu-
tions to retain the dimensional ECM with preserved architecture, including vasculature [33].
The native framework after decellularization can ultimately be used for successful organ
transplants. This strategy is highly beneficial to utilize organs destined for human trans-
plantation but discarded because of diverse reasons [34].

Whole-liver bioengineering has been in focus among LTE approaches [35]. Diffusion
and perfusion techniques have been tested for liver acellularization [36]. Baptista and col-
leagues reported that the decellularization of the liver matrix showed favorable conditions
for the survival of human fetal liver cells and human umbilical vein endothelial cells [37].
However, one of the major challenges in whole-liver bioengineering is repopulating the
scaffold using appropriate cell type and source. Induced pluripotent stem cells were tested
to produce functional hepatocytes in mice [38]. Further research on growing diverse pri-
mary liver cells to repopulate liver scaffolds, including hepatocytes, HSCs, and LSECs, is
urgently needed. Once optimized, this powerful technique can preserve liver architecture,
liver-specific ECM, and vasculature for cell survival and function with a multitude of
applications, as shown in Figure 4.

Ex vivo culturing
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non-transplantable transplantation
liver
NG
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Figure 4. Image showing the decellularized liver scaffold, recellularization with nanotechnology
support, and its potential uses for liver transplantation, drug development, or toxicology studies.
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3.4. Recellularization in Liver Tissue Engineering

Repopulating the scaffold, either biomaterial-derived or decellularized, is complex as
it involves parenchymal spaces, macrovascular lining, and biliary tree [39]. Parenchymal
repopulation can be carried out using variable cell sources cultured in adequate quantities
in an ideal environment, including hepatoblastoma cells like HepG2 cells. Primary hep-
atocytes were also tested in animal models, showing high functionality [40]. They have
the advantage that they have, in clinical application, a much lower tumorigenic potential
than the immortalized cell line HepG2 [41]. It has been further reported that rat primary
hepatocytes stay viable for 14 days in decellularized Wistar rat livers with the capacity to
express typical lineage markers [39,41].

Primary hepatocytes serve as a potential alternative to mesenchymal, embryonic, or
induced pluripotent stem cell-derived hepatic cells [42]. The potential advantages of these
cells include availability, a more mature phenotype, and a consistent cell source. Under
physiological conditions, hepatocytes remain quiescent and proceed to the G; phase upon
liver damage, which leads to their proliferation. Understanding hepatocyte proliferation is
of utmost importance as it constitutes the majority of the functional liver. Elchaninov et al.
demonstrated in rat models that there is delayed hepatocyte proliferation following subto-
tal hepatectomy [43]. Additionally, there is a delicate balance between pro- and anti-mitotic
paracrine factors that determine their proliferation status [43]. The induction of Sox9 tran-
scription factor, a major indicator for hepatocyte proliferation, and two genes encoding
tumor necrosis factor-like cytokine TWEAK (TNFSF12) and its receptor Fn14 (TNFRSF12A)
in the management of hepatocyte and cholangiocyte proliferation were reported [44]. How-
ever, with optimized protocols, stem cell-derived hepatocytes can be mass-produced with
customized functionalities. Human mesenchymal stem cells (hMSCs) can be modified to
support liver functions. During their culturing in in vivo conditions, they retained the
expression of hepatic markers compared to their 2D cultures [34]. Human-induced pluripo-
tent stem cells (hiPSCs) can be reprogrammed into several cell types and differentiate
effectively into hepatocyte-like cells [45]. One major bottleneck in using iPSC-derived
hepatocytes is the time taken for the entire culturing and differentiation to ultimately
establish functional hepatocytes [45]. Recently, the group of Kamishibahara and colleagues
reported optimized conditions using a Lamininin-511 (LN) direct coating and specific
factors to differentiate hiPSCs into hepatocytes, mesodermal cells, endothelial cells (EC),
and mesenchymal cells [46]. Liver organoids derived from these differentiated cells showed
consistent hepatic functions [46]. Kajiwara and colleagues demonstrated that the variations
in hepatic differentiation were mainly determined by the donor differences rather than
the derivation methods [47]. Hence, autologous sourcing of hiPSC-derived liver cells can
have an advantage. There are successful studies using differentiated hepatocytes from iPSC
expressing hepatocyte markers and functioning in decellularized rat liver scaffolds [48].
Cell sourcing and culturing strategies for vascular tracts and bile ducts is another major
area of LTE for which advanced studies to develop efficient strategies are ongoing [45].
Repopulating the decellularized liver may be a better approach with scaffolds in place
after decellularization.

The long-term efficiency of using these cell sources or co-cultures for repopulating
biomaterial/decellularized scaffolds is yet to be determined. In particular, the ideal cul-
ture conditions are shown to be more in a complex or 3D format, mimicking the in vivo
environment. Some of the studies where functional cells were successfully cultured will be
discussed in the next session.

3.5. Liver Cell Culture Methods

There are several ways reported to grow functionally differentiated liver cells. Yang et al.
recently extensively reviewed various methods for biomedical applications. Some of
the reported bottom-up tissue culture methods include micromodel co-culture, spherical
aggregate culture, and cell sheet culture methods [45]. Nanofiber scaffold,3D bioprinting,
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and decellularization-cellularization methods are additional top-down tissue engineering
methods [45].

However, with reduced complications in requirements for the vascular cells or other
ECM requirements, decellularized scaffolds can be advantageous. Park et al. used iPSC-
derived porcine hepatocytes to populate decellularized porcine liver scaffolds [49]. The
recellularized liver cells showed hepatic markers and functionality after culturing using
a continuous perfusion system. Further, these recellularized scaffolds were successfully
transplanted into rats, highlighting the potential of this approach [49]. A high-shear stress
oscillation-decellularization method was employed by Mazza et al. to generate human
acellular liver tissue cubes (ALTCs) [50]. These ALTCs were later seeded with functional
liver cells derived from human parenchymal and non-parenchymal liver cell lines and
human umbilical vein endothelial cells (HUVECs) [50].

4. Major Challenges in the Field of Liver Tissue Engineering

One of the major challenges in LTE is the availability of cell types and maintaining
the functional engineered cells by recreating the in vivo conditions. Commonly explored
cell sources include reversibly immortalized human hepatocytes and the usage of stem
cell-derived hepatocytes [51]. Cell-cell interactions and cell-matrix interactions are yet to
be characterized thoroughly to develop an efficient and sustainable microenvironment [51].
Several approaches, like microprinting of liver micro-organs, have been initiated to under-
stand the inter-cellular interactions, ideal microenvironment, and other in vivo biological
mechanisms [52]. LTE, being in the research stage of development, the scalability and cost
are other major bottlenecks requiring future consideration. The requirement for an efficient
bile transport system is another important and complicated puzzle that needs further
research and development. Given the high significance of ECM, further characterization or
modification to suit the enhanced and suitable functioning of the matrix is beneficial. Some
of the potentially useful ECM variants or approaches are discussed in the following section.

The potential clinical complications that arise after the transplantation and long-term
metabolic function requirements of the tissue-engineered liver are challenges requiring fo-
cus. The immunogenicity of the decellularized scaffolds and biomaterials has been reported
for tissue-engineered organs [53]. Damage-associated molecular patterns (DAMPs) like
cell/ECM damages, reactive oxygen species (ROS), and ECM components generally initiate
the inflammation process [53,54]. In the case of decellularization, the usage of different
reagents like ionic detergents and enzymes is shown to have DAMP release and ECM alter-
ation effects and may result in complications after transplantation [55]. It has been reported
that low molecular weight HAs released from ECM damage contributed to inflammation
and graft rejection in lung transplantation [56]. In cardiovascular clinical space, incomplete
decellularization of xenogeneic porcine heart valve implants resulted in severe adverse
effects and, ultimately, the death of three out of four transplanted patients [57]. Therefore,
further focus on the clinical side of tissue engineering is required to reduce immunogenicity
and, hence, improve the adaptability and functionality of tissue-engineered organs.

5. Future Directions of Liver Tissue Engineering

With the advancements in sourcing in vivo aligned cells, scaffolds to sustain their
proper functioning and maintaining proper ECM, LTE holds an important role. However,
there are several potential strategies that can further improve LTE efficiency. Some of the
potential approaches are discussed in the following.

5.1. Usage of Anti-Inflammatory Biomaterials

The cell-biomaterial interface plays a crucial role in determining the tissue-regeneration
success rate [58]. An inflammatory response during the initial stages of biomaterial implan-
tation helps in tissue repair and regeneration, whereas it provokes a detrimental impact at
later phases [58]. It has been demonstrated that the use of immune-modulatory biomateri-
als can be highly useful in modulating the inflammatory response and, hence, improving
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oral wound healing and tissue regeneration [58]. Similar approaches can be practical using
immune-interactive biomaterials for LTE. The physiochemical and biological properties of
the biomaterials can be adjusted to lean toward anti-inflammatory pathways.

5.2. Personalized Approaches for Liver Tissue Engineering

Patient-specific approaches may involve using patient-derived cells combined with
biomaterials to create engineered liver tissue. This approach mitigates the possibility of
donor rejection and helps to recreate conditions that match the patient’s genetic makeup
and medical history [59]. If necessary, the use of advanced genome editing technologies like
zinc-finger nuclease (ZFN) genome editing, transcription activator-like effector nuclease
(TALEN) driven genome editing, and CRISPR-Cas9 can be employed to correct or modify
hepatic cells before integrated into the LTE platform for future transplantation [60,61].

5.3. Progress in the Liver-on-a-Chip Approach

There is enormous progress in the field of organ-on-a-chip technology, which com-
bines cell culture models and microfluidics. These advanced models possess the highest
relevance to the physiological conditions including cell-to-cell, cell-to-matrix interactions,
flow of oxygen and signaling molecules, low stiffness environment, and multicellular
structures [62].

With more advances in the field of ideal cell culture sources, compatible readout
technologies for efficient real-time detection of liver or drug metabolites may ultimately
yield high-throughput screening platforms at low cost for studying hepatology and drug
development. Liver-on-a-chip with biosensors facilitating automation and live cell imaging
can support their generalized usage in the future [63]. Further, progress toward introducing
multiple organs working in conjunction with the liver in an integrated manner and the
introduction of immune system components may lead to better-equipped models for
alignment with human biology.

5.4. Role of Artificial Intelligence

There has been incredible progress during the last years in the field of implementing
computational models for analyzing images of tissue sections for disease progress predic-
tions. Lu and coworkers reported the usage of a histomorphometric-based image classifier
of nuclear morphology to risk stratify squamous cell carcinoma patients [64]. Recently,
Candita et al. reviewed the potential advantage of artificial intelligence in supporting
radiologists to distinguish HCC (hepatocellular carcinoma) from other liver diseases [65].

Since LTE involves multiple cell types, specific requirements of variable growth factors
at different growth stages, cell-cell interactions, and gradient of nutrients, oxygen, and
ECM, artificial intelligence-enabled micro-robotic systems would be able to serve as a
powerful tool to increase the overall security of LT and LTE.

5.5. Bioactive Molecules Delivery and Recapitulating In Vivo Settings

Along with serving as an ideal ECM, biomaterials can be modulated to provide bioac-
tive molecules such as growth factors and nutrients in a controlled manner for cell growth
and differentiation. They can also support vascularization using angiogenic molecules or
with materials with texture-enhancing vascularization and for proper overall liver func-
tion [2]. However, adverse effects like leakage to healthy tissues through the bloodstream
can occur if higher doses of growth factors are provided to the system [66]. An optimal
biocompatible delivery system, either of natural or synthetic origin, that can precisely
and safely release growth factors has high importance in LTE. A focus on biomaterials
with similarity to ECM is useful to address several requirements. Chitosan and chitin
derived from animals are well-characterized as substrates for tissue engineering. Chitosan
nanoparticles are also explored as growth factor delivery systems and are reviewed in
the section Advances in Nanotechnology Field in more detail. Hyaluronic acid is a major
component of the extracellular matrix in vertebrates. Chemical modification of hyaluronic
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acid can increase the affinity for growth factors [67]. Hyaluronic acid maintained the
absorption and release of EGF from the scaffold targeting skin models. Further, animal
models with skin wound models treated with hyaluronic acid and EGF healed well com-
pared to EGF alone models [68]. Choi and colleagues demonstrated the usage of heparin
and hyaluronic acid-derived scaffold to supply vascular endothelial growth factor (VEGF)
with a heparin-binding domain and hepatocyte growth factor (HGF) resulting in a rapid
and tight endothelium restoration [69]. Similarly, VEGF-dextran-poly(lactic-co-glycolic
acid) (PGLA) microspheres were used by Zhang et al. to deliver VEGF for therapeutic
neovascularization [70]. These vehicles promoted mature vessel formation in rat hind-limb
ischemic models [66,70]. Biodegradable polymers can be tailored for mechanical properties
and degradation kinetics [66]. Some of the common polymers include poly(glycolic acid)
and poly(p-dioxanone). Hydrogels containing biodegradable polymers are well-explored
in tissue engineering. Kobayashi et al. used hydrogel-based delivery of basic fibroblast
growth factor (bFGF) to restore acute vocal fold scar in a canine model [71]. This method
improved the availability and working time of bFGF, which is relatively short [71]. Kamin-
ski used a layer-by-layer liposome to deliver EGF, which improved the sustained delivery
of EGF by 5-fold, compared to one layered liposome [72]. Nonetheless, further studies
using similar carrier technologies using biocompatible materials in hepatic systems are
urgently needed to supplement LTE.

Maintaining hepatocyte polarity is a major challenge in LTE. Kim et al. demonstrated
functional 3D hepatic tissue in vitro using a cell sheet stratification technology [73]. In
their system, a sheet of hepatocytes was sandwiched between two endothelial sheets and
transmission electron microscope (TEM) and immunocytochemistry techniques revealed
the functionality of the artificial arrangement [73]. For the ideal functional phenotype of
hepatocytes and hepatic sinusoidal cells, sheer stress induced by blood flow is essential. The
inclusion of cell polarity and elasticity into biomaterials may help to establish transferrable
in vitro models that are functional in in vivo settings as well [2].

5.6. Advances in Liver 3D Bioprinting

3D bioprinting technology has the potential to precisely blend biomaterials serving
as the ECM and diverse cells to mimic liver physiology [74]. The major forms of 3D bio-
printing are (i) extrusion-based, (ii) droplet-based, and (iii) photocuring-based bioprinting
systems [74]. The HepaRG cell line containing hepatorganoids was successfully 3D bio-
printed by Cuvellier and coworkers [75]. The hepatorganoids demonstrated various liver
functions and, when transplanted to mice with liver damage, prolonged their survival
time [75]. Further, a complex cell culture 3D bioprinted model using hepatocyte-like cells,
HSC and HUVECs was established [76]. These landmark studies can help to understand
liver functions and the development of pathological conditions like fibrosis. However, the
current status of hepatic 3D bioprinting technology needs more refinement in areas like
printing liver sinusoid and plate structures, minimizing the shear damage of cells in the
extrusion-based methods, developing vascular system and biliary system in alignment
with the liver system [76].

5.7. Advances in Imaging Techniques

Several technologies are being used to image liver regeneration after a transplant or
surgical removal of a part of the liver in a noninvasive way [77]. Some of the common
technologies are computed tomography (CT), which works on the differential absorbance
of X-rays by the tissue; magnetic resonance imaging (MRI), where the time-variant mag-
netic spins of hydrogen atoms under a magnetic field are used; and ultrasound, which
uses acoustic impedance [77]. Seyedpour et al. reported the biomechanic characteristics
of liver regeneration using advanced MRI techniques where several fluidic properties,
including blood volume, velocity, and sheer stress, were extracted [78]. However, all these
technologies are directed toward clinical applications. Further development in advanced
MRI or similar technologies that do not require room-shielding or other sophisticated
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infrastructure could be highly beneficial to establish novel in vitro LTE models. These
technologies, along with characterization at the lobule-level or cellular-level, supported
by computational models, can help understand liver fibrosis and ways to prevent it. Ulti-
mately, increased knowledge in these technologies will improve the field of LTE and the
success rate of liver transplantation.

5.8. Focus on the Clinical Aspects of LTE

Along with efforts to improve the LTE, the focus needs to be given to identifying means
to prevent the immunogenicity of the engineered liver for transplant. Further research
on identifying immunogenic factors and biocompatible scaffolds can lead to successful
transplantation [53]. As discussed above, the usage of bioactive materials as scaffolds
with anti-inflammatory properties and the ability to supply ideal growth factors necessary
for sustained organ performance will be useful. Elsewhere, several growth factors with
carriers have been approved to improve tissue regeneration and proper functioning like
Reranex® by Novartis uses PDGF-BB to heal diabetic foot ulcers, bone morphogenetic
protein 2 (BMP-2) in a collagen carrier is provided as INFUSE® Bone Graft by Medtronic
for fracture repair [79]. Future research on combining growth factors and biomaterials can
benefit LTE and further trasplantation.

5.9. Advances in Nanotechnology Field

Recent advances in the field of nanotechnology hold the potential to LTE and transplant
by supporting processes, including efficiently encapsulating and delivering growth factors.
The flexibility with respect to the size, shape, characteristics, and specificity of nanoparticles
makes them an efficient approach. Improved internalization, penetration, controlled drug
release, and reduced adverse reactions make them more versatile [80]. In the case of liver
diseases, several organic or inorganic nanoparticles (NPs) have been explored, including
silicon-based nanoparticles, polymers, and metal nanoparticles (Figure 5) [81].
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Figure 5. Representative images of commonly used nanoparticles. There are different classes of drug
delivery devices available, including polymers, repetitively branched molecules (dendrimers), bilay-
ered lipid vesicles (liposomes), paramagnetic iron-oxide nanoparticles, and nanoparticles composed
of other metals, silicon, or carbon. All these nanocarriers have precise-branched structures and can
be functionalized by covalently or non-covalently linked surface modifications.

The diversity in chemical composition and extensive physiochemical properties make
them ideal candidates as therapeutic cargo agents for therapeutic nucleic acids, antibody
fragments, aptamers, and small molecules (Figure 6) [81].

Elsewhere, the successful usage of chitosan nanoparticles as a dual growth factor
delivery system was reported [82]. Similarly, the chitosan nanoparticles incorporated with
epidermal growth factor (EGF) and fibroblast growth factor (FGF) showed increased fibrob-
last growth with poor inflammatory response [83]. Furthermore, chitosan nanoparticles
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with incorporated HGF were used to differentiate murine bone marrow mesenchymal
stem cells from hepatocytes [83]. These studies are highly promising and underpin the
significance of nanoparticles as efficient cargoes in supporting LTE.
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Figure 6. Image showing the usage of nanoparticles as therapeutic cargoes, including functional
aptamers, miRNA, shRNA, sgRNA, and natural small molecules of plant origin.

5.10. Biosensors and Modeling Technologies

Monitoring the viability, function, and phenotype of embedded cells in a tissue-
engineered organ is challenging. Current major monitoring techniques include imaging,
fixing the samples, immunofluorescence, and other labor-intensive and invasive technolo-
gies. Noninvasive and label-free technologies like incorporating biosensors are advanta-
geous to provide real-time and on-site monitoring of the system. Lee et al. demonstrated
nanotechnology-based biosensors to monitor neural differentiation of stem cells, focusing
on optical and electrochemical methods [84]. Wavelength-modulated differential laser
photothermal radiometry (WM-DPTR) technology was used in the group Guo to detect
serum glucose levels in human skin [85]. Similar technology can be used to monitor cell
metabolism in an LTE model. Nanoprobes and microelectrodes were used to detect H,O,
and ATP levels, respectively in in vitro systems [86]. In LTE systems, the detection of
albumin and urea, responses to P450 enzyme activity, and other readouts are advantageous
to keep track of the hepatocyte performance.

Recently, mathematical and computational models have been developed to support
bioreactors and microphysiological systems to optimize culture conditions and in vivo
predictions [87]. The contributions include modeling of cell fate, cell interactions, nutri-
ent supply and waste removal [87]. Kerkhofs et al. demonstrated a qualitative model
of the differntiation network in chondrocyte maturation essential in endochondrial bone
formation [88]. Emmert et al. used computational modeling to predict the long-term
in vivo performance of tissue-engineered heart valves [89]. Khosravi and team reported a
computational model of neovessel development that can define the contributions of im-
munobiological and mechanobiological processes in tissue-engineered vascular grafts [90].
A computational model to predict the drug release from electrospun nanofiber mats was re-
ported by Milosevic et al. [91]. Adapting these models in LTE has the potential to contribute
to the ongoing efforts to develop an efficient platform with long-term in vivo functioning.
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6. Conclusions

In conclusion, LTE has great potential to circumvent the bottlenecks faced by the cur-
rent treatment of acute or chronic liver diseases and liver transplantation. With the recent
advances in the field of tissue engineering, sourcing of functional liver cells, and under-
standing of liver microenvironment, LTE can be progressed as a complementary/alternate
strategy to liver transplant.

Author Contributions: Conceptualization, D.G.N.; resources, R.W.; data curation, D.G.N. and
R.W.; writing—original draft preparation, D.G.N.; writing—review and editing, D.G.N. and R.W.;
supervision, RW.; funding acquisition, R.W. All authors have read and agreed to the published
version of the manuscript.

Funding: R.W. is supported by the German Research Foundation (grants WE2554/13-1, WE2554/15-1,
and WE2554/17-1), the Deutsche Krebshilfe (grant 70115581), and the Interdisciplinary Centre for
Clinical Research within the Faculty of Medicine at the RWTH Aachen University (grant PTD 1-5).
The funders had no role in the design of this article or in the decision to publish it.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: This review only presents data that were previously published. No
new data were generated.

Acknowledgments: The authors are grateful to Sabine Weiskirchen (IFMPEGKC, RWTH University
Hospital Aachen, Aachen, Germany) for preparing the Figures for this review.

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

References

1. Bizzaro, D.; Russo, EP; Burra, P. New perspectives in liver transplantation: From regeneration to bioengineering. Bioengineering
2019, 6, 81. [CrossRef] [PubMed]

2. Ali, M,; Payne, S.L. Biomaterial-based cell delivery strategies to promote liver regeneration. Biomater. Res. 2021, 25, 5. [CrossRef]
[PubMed]

3. Alabdulaali, B.; Al-Rashed, F.; Al-Onaizi, M.; Kandari, A.; Razafiarison, J.; Tonui, D.; Williams, M.R.; Blériot, C.; Ahmad, R.; Alzaid,
F. Macrophages and the development and progression of non-alcoholic fatty liver disease. Front. Immunol. 2023, 14, 1195699.
[CrossRef] [PubMed]

4. Ali, S;; Haque, N.; Azhar, Z.; Saeinasab, M.; Sefat, F. Regenerative medicine of liver: Promises, advances and challenges.
Biomimetics 2021, 6, 62. [CrossRef] [PubMed]

5. Brunt, EM.; Wong, VW.-S.; Nobili, V.; Day, C.P,; Sookoian, S.; Maher, ].J.; Bugianesi, E.; Sirlin, C.B.; Neuschwander-Tetri, B.A.;
Rinella, M.E. Nonalcoholic fatty liver disease. Nat. Rev. Dis. Primers 2015, 1, 15080. [CrossRef] [PubMed]

6. Taha, G, Ezra, L.; Abu-Freha, N. Hepatitis C elimination: Opportunities and challenges in 2023. Viruses 2023, 15, 1413. [CrossRef]
[PubMed]

7. Elderkin, J.; Al Hallak, N.; Azmi, A.S.; Aoun, H.; Critchfield, ].; Tobon, M.; Beal, E.W. Hepatocellular carcinoma: Surveillance,
diagnosis, evaluation and management. Cancers 2023, 15, 5118. [CrossRef]

8. Sanyal, A.J.; Yoon, S.K.; Lencioni, R. The etiology of hepatocellular carcinoma and consequences for treatment. Oncologist 2010,
15, 14-22. [CrossRef]

9.  Hellen, D.J.; Karpen, S.J. Genetic contributions to biliary atresia: A developmental cholangiopathy. Semin. Liver Dis. 2023, 43,
323-335. [CrossRef]

10. Huster, D. Wilson disease. Best. Pract. Res. Clin. Gastroenterol. 2010, 24, 531-539. [CrossRef]

11.  Schuppan, D.; Afdhal, N.H. Liver cirrhosis. Lancet 2008, 371, 838-851. [CrossRef]

12. Zhou, W.-C.; Zhang, Q.-B.; Qiao, L. Pathogenesis of liver cirrhosis. World J. Gastroenterol. 2014, 20, 7312-7324. [CrossRef] [PubMed]

13.  Nair, D.G,; Miller, K.G.; Lourenssen, S.R.; Blennerhassett, M.G. Inflammatory cytokines promote growth of intestinal smooth
muscle cells by induced expression of PDGF-R. J. Cell Mol. Med. 2014, 18, 444-454. [CrossRef] [PubMed]

14.  OPTN. Organ Procurement & Transplantation Network. Available online: https://optn.transplant.hrsa.gov/data (accessed on 19
December 2023).

15.  Wahid, N.A,; Rosenblatt, R.; Brown, R.S. A review of the current state of liver transplantation disparities. Liver Transpl. 2021, 27,

434-443. [CrossRef] [PubMed]


https://doi.org/10.3390/bioengineering6030081
https://www.ncbi.nlm.nih.gov/pubmed/31514475
https://doi.org/10.1186/s40824-021-00206-w
https://www.ncbi.nlm.nih.gov/pubmed/33632335
https://doi.org/10.3389/fimmu.2023.1195699
https://www.ncbi.nlm.nih.gov/pubmed/37377968
https://doi.org/10.3390/biomimetics6040062
https://www.ncbi.nlm.nih.gov/pubmed/34698078
https://doi.org/10.1038/nrdp.2015.80
https://www.ncbi.nlm.nih.gov/pubmed/27188459
https://doi.org/10.3390/v15071413
https://www.ncbi.nlm.nih.gov/pubmed/37515101
https://doi.org/10.3390/cancers15215118
https://doi.org/10.1634/theoncologist.2010-S4-14
https://doi.org/10.1055/a-2153-8927
https://doi.org/10.1016/j.bpg.2010.07.014
https://doi.org/10.1016/S0140-6736(08)60383-9
https://doi.org/10.3748/wjg.v20.i23.7312
https://www.ncbi.nlm.nih.gov/pubmed/24966602
https://doi.org/10.1111/jcmm.12193
https://www.ncbi.nlm.nih.gov/pubmed/24417820
https://optn.transplant.hrsa.gov/data
https://doi.org/10.1002/lt.25964
https://www.ncbi.nlm.nih.gov/pubmed/33615698

Curr. Issues Mol. Biol. 2024, 46 275

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Jadlowiec, C.C.; Taner, T. Liver transplantation: Current status and challenges. World ]. Gastroenterol. 2016, 22, 4438-4445.
[CrossRef]

El Sabagh, A.; Mohamed, 1.B.; Aloor, F.Z.; Abdelwahab, A.; Hassan, M.M.; Jalal, PK. Current status of biomarkers and molecular
diagnostic tools for rejection in liver transplantation: Light at the end of the tunnel? J. Clin. Exp. Hepatol. 2023, 13, 139-148.
[CrossRef]

Agarwal, T.; Subramanian, B.; Maiti, T.K. Liver tissue engineering: Challenges and opportunities. ACS Biomater. Sci. Eng. 2019, 5,
4167-4182. [CrossRef]

Nguyen, A.; Mirza, S.; Javed, N.; Hanif, H.; Ryu, M.; Mirza, R.T.; Sheikh, A.B. Extracorporeal liver support: An updated review of
mechanisms and current literature. J. Community Hosp. Intern. Med. Perspect. 2022, 12, 43—48. [CrossRef]

Chhabra, A.; Song, H.-H.G.; Grzelak, K.A.; Polacheck, W.J.; Fleming, H.E.; Chen, C.S.; Bhatia, S.N. A vascularized model of the
human liver mimics regenerative responses. Proc. Natl. Acad. Sci. USA 2022, 119, e2115867119. [CrossRef]

Song, W.; Lu, Y.-C,; Frankel, A.S.; An, D.; Schwartz, R.E.; Ma, M. Engraftment of human induced pluripotent stem cell-derived
hepatocytes in immunocompetent mice via 3D co-aggregation and encapsulation. Sci. Rep. 2015, 5, 16884. [CrossRef]

Bhandari, RN.B.; Riccalton, L.A.; Lewis, A.L.; Fry, ].R.; Hammond, A.H.; Tendler, S.J.B.; Shakesheff, K.M. Liver tissue engineering:
A role for co-culture systems in modifying hepatocyte function and viability. Tissue Eng. 2001, 7, 345-357. [CrossRef] [PubMed]
Yahya, W.; Kadri, N.; Ibrahim, F. Cell patterning for liver tissue engineering via dielectrophoretic mechanisms. Sensors 2014, 14,
11714-11734. [CrossRef] [PubMed]

Selden, C.; Spearman, C.W.; Kahn, D.; Miller, M.; Figaji, A.; Erro, E.; Bundy, ].; Massie, L.; Chalmers, S.-A.; Arendse, H.; et al.
Evaluation of encapsulated liver cell spheroids in a fluidised-bed bioartificial liver for treatment of ischaemic acute liver failure in
pigs in a translational setting. PLoS ONE 2013, 8, e82312. [CrossRef] [PubMed]

Fisher, R.A.; Bu, D.; Thompson, M.; Tisnado, J.; Prasad, U.; Sterling, R.; Posner, M.; Strom, S. Defining hepatocellular chimerism in
a liver failure patient bridged with hepatocyte infusion. Transplantation 2000, 69, 303-307. [CrossRef] [PubMed]

Lv, W,; Zhou, H.; Aazmi, A.; Yu, M,; Xu, X,; Yang, H.; Huang, Y.Y.S.; Ma, L. Constructing biomimetic liver models through
biomaterials and vasculature engineering. Regen. Biomater. 2022, 9, rbac079. [CrossRef] [PubMed]

Nair, D.G.; Weiskirchen, R.; Al-Musharafi, S.K. The use of marine-derived bioactive compounds as potential hepatoprotective
agents. Acta Pharmacol. Sin. 2015, 36, 158-170. [CrossRef] [PubMed]

Turner, W.S.; Schmelzer, E.; McClelland, R.; Wauthier, E.; Chen, W.; Reid, L.M. Human hepatoblast phenotype maintained by
hyaluronan hydrogels. J. Biomed. Mater. Res. B Appl. Biomater. 2007, 82B, 156-168. [CrossRef]

Richert, L.; Binda, D.; Hamilton, G.; Viollon-Abadie, C.; Alexandre, E.; Bigot-Lasserre, D.; Bars, R.; Coassolo, P.; LeCluyse, E.
Evaluation of the effect of culture configuration on morphology, survival time, antioxidant status and metabolic capacities of
cultured rat hepatocytes. Toxicol. In Vitro 2002, 16, 89-99. [CrossRef]

Jain, E.; Damania, A.; Kumar, A. Biomaterials for liver tissue engineering. Hepatol. Int. 2014, 8, 185-197. [CrossRef]

Hoffmann, K.; Nagel, A.J.; Tanabe, K.; Fuchs, J.; Dehlke, K.; Ghamarnejad, O.; Lemekhova, A.; Mehrabi, A. Markers of liver
regeneration-the role of growth factors and cytokines: A systematic review. BMC Surg. 2020, 20, 31. [CrossRef]

Shi, J.-H.; Line, P-D. Effect of liver regeneration on malignant hepatic tumors. World J. Gastroenterol. 2014, 20, 16167-16177.
[CrossRef] [PubMed]

Peloso, A.; Dhal, A.; Zambon, J.P; Li, P; Orlando, G.; Atala, A.; Soker, S. Current achievements and future perspectives in
whole-organ bioengineering. Stem Cell Res. Ther. 2015, 6, 107. [CrossRef] [PubMed]

The New York Times. Discarded Kidney. Opinion (Editorial). Available online: http://www.nytimes.com/2012/09/25/opinion/
discarded-kidneys.html (accessed on 19 December 2023).

Uygun, B.E.; Yarmush, M.L.; Uygun, K. Application of whole-organ tissue engineering in hepatology. Nat. Rev. Gastroenterol.
Hepatol. 2012, 9, 738-744. [CrossRef] [PubMed]

Sabetkish, S.; Kajbafzadeh, A.-M.; Sabetkish, N.; Khorramirouz, R.; Akbarzadeh, A.; Seyedian, S.L.; Pasalar, P.; Orangian, S.; Beigi,
R.S.H.; Aryan, Z.; et al. Whole-organ tissue engineering: Decellularization and recellularization of three-dimensional matrix liver
scaffolds. J. Biomed. Mater. Res. A 2015, 103, 1498-1508. [CrossRef] [PubMed]

Baptista, PM.; Siddiqui, M.M.; Lozier, G.; Rodriguez, S.R.; Atala, A.; Soker, S. The use of whole organ decellularization for the
generation of a vascularized liver organoid. Hepatology 2011, 53, 604-617. [CrossRef] [PubMed]

Takebe, T.; Sekine, K.; Kimura, M.; Yoshizawa, E.; Ayano, S.; Koido, M.; Funayama, S.; Nakanishi, N.; Hisai, T.; Kobayashi, T.; et al.
Massive and reproducible production of liver buds entirely from human pluripotent stem cells. Cell Rep. 2017, 21, 2661-2670.
[CrossRef] [PubMed]

Toprakhisar, B.; Verfaillie, C.M.; Kumar, M. Advances in recellularization of decellularized liver grafts with different liver (stem)
cells: Towards clinical applications. Cells 2023, 12, 301. [CrossRef] [PubMed]

Pan, J; Yan, S.; Gao, J.-J.; Wang, Y.-Y.; Lu, Z.-].; Cui, C.-W,; Zhang, Y.-H.; Wang, Y.; Meng, X.-Q.; Zhou, L.; et al. In-vivo organ
engineering: Perfusion of hepatocytes in a single liver lobe scaffold of living rats. Int. J. Biochem. Cell Biol. 2016, 80, 124-131.
[CrossRef]

Tricot, T.; De Boeck, J.; Verfaillie, C. Alternative cell sources for liver parenchyma repopulation: Where do we stand? Cells 2020,
9, 566. [CrossRef]


https://doi.org/10.3748/wjg.v22.i18.4438
https://doi.org/10.1016/j.jceh.2022.06.010
https://doi.org/10.1021/acsbiomaterials.9b00745
https://doi.org/10.55729/2000-9666.1064
https://doi.org/10.1073/pnas.2115867119
https://doi.org/10.1038/srep16884
https://doi.org/10.1089/10763270152044206
https://www.ncbi.nlm.nih.gov/pubmed/11429154
https://doi.org/10.3390/s140711714
https://www.ncbi.nlm.nih.gov/pubmed/24991941
https://doi.org/10.1371/journal.pone.0082312
https://www.ncbi.nlm.nih.gov/pubmed/24367515
https://doi.org/10.1097/00007890-200001270-00018
https://www.ncbi.nlm.nih.gov/pubmed/10670643
https://doi.org/10.1093/rb/rbac079
https://www.ncbi.nlm.nih.gov/pubmed/36338176
https://doi.org/10.1038/aps.2014.114
https://www.ncbi.nlm.nih.gov/pubmed/25500871
https://doi.org/10.1002/jbm.b.30717
https://doi.org/10.1016/S0887-2333(01)00099-6
https://doi.org/10.1007/s12072-013-9503-7
https://doi.org/10.1186/s12893-019-0664-8
https://doi.org/10.3748/wjg.v20.i43.16167
https://www.ncbi.nlm.nih.gov/pubmed/25473170
https://doi.org/10.1186/s13287-015-0089-y
https://www.ncbi.nlm.nih.gov/pubmed/26028404
http://www.nytimes.com/2012/09/25/opinion/discarded-kidneys.html
http://www.nytimes.com/2012/09/25/opinion/discarded-kidneys.html
https://doi.org/10.1038/nrgastro.2012.140
https://www.ncbi.nlm.nih.gov/pubmed/22890112
https://doi.org/10.1002/jbm.a.35291
https://www.ncbi.nlm.nih.gov/pubmed/25045886
https://doi.org/10.1002/hep.24067
https://www.ncbi.nlm.nih.gov/pubmed/21274881
https://doi.org/10.1016/j.celrep.2017.11.005
https://www.ncbi.nlm.nih.gov/pubmed/29212014
https://doi.org/10.3390/cells12020301
https://www.ncbi.nlm.nih.gov/pubmed/36672236
https://doi.org/10.1016/j.biocel.2016.10.003
https://doi.org/10.3390/cells9030566

Curr. Issues Mol. Biol. 2024, 46 276

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Debnath, T.; Mallarpu, C.S.; Chelluri, L.K. Development of bioengineered organ using biological acellular rat liver scaffold and
hepatocytes. Organogenesis 2020, 16, 61-72. [CrossRef]

Elchaninov, A.; Fatkhudinov, T.; Makarov, A.; Vorobieva, I.; Lokhonina, A.; Usman, N.; Kananykhina, E.; Vishnyakova, P.; Nikitina,
M.; Goldshtein, D.; et al. Inherent control of hepatocyte proliferation after subtotal liver resection. Cell Biol. Int. 2020, 44, 80-88.
[CrossRef] [PubMed]

Elchaninov, A.; Fatkhudinov, T.; Usman, N.; Kananykhina, E.; Arutyunyan, I.; Makarov, A.; Bolshakova, G.; Goldshtein, D.;
Sukhikh, G. Molecular survey of cell source usage during subtotal hepatectomy-induced liver regeneration in rats. PLoS ONE
2016, 11, e0162613. [CrossRef] [PubMed]

Yang, W.; Wang, X.; Wang, Z. Engineered liver tissue in vitro to mimic liver functions and its biomedical applications. Mater. Adv.
2022, 3, 4132-4154. [CrossRef]

Kamishibahara, Y.; Okamoto, S.; Ohkuma, T.; Taniguchi, H. Stabilized generation of human iPSC-derived liver organoids using a
modified coating approach. Biol. Methods Protoc. 2023, 8, bpac034. [CrossRef] [PubMed]

Kajiwara, M.; Aoi, T.; Okita, K.; Takahashi, R.; Inoue, H.; Takayama, N.; Endo, H.; Eto, K; Toguchida, J.; Uemoto, S.; et al.
Donor-dependent variations in hepatic differentiation from human-induced pluripotent stem cells. Proc. Natl. Acad. Sci. USA
2012, 109, 12538-12543. [CrossRef] [PubMed]

Acun, A,; Oganesyan, R.; Jaramillo, M.; Yarmush, M.L.; Uygun, B.E. Human-origin iPSC-based recellularization of decellularized
whole rat livers. Bioengineering 2022, 9, 219. [CrossRef]

Park, K.-M.; Hussein, K.H.; Hong, S.-H.; Ahn, C.; Yang, S.-R; Park, 5.-M.; Kweon, O.-K.; Kim, B.-M.; Woo, H.-M. Decellularized
liver extracellular matrix as promising tools for transplantable bioengineered liver promotes hepatic lineage commitments of
induced pluripotent stem cells. Tissue Eng. Part A 2016, 22, 449-460. [CrossRef]

Mazza, G.; Al-Akkad, W.; Telese, A.; Longato, L.; Urbani, L.; Robinson, B.; Hall, A.; Kong, K.; Frenguelli, L.; Marrone, G.; et al.
Rapid production of human liver scaffolds for functional tissue engineering by high shear stress oscillation-decellularization. Sci.
Rep. 2017, 7, 5534. [CrossRef]

Palakkan, A.A.; Hay, D.C.; Anil Kumar, PR.; Kumary, T.V.; Ross, J.A. Liver tissue engineering and cell sources: Issues and
challenges. Liver Int. 2013, 33, 666—676. [CrossRef]

Chang, R.C.; Emami, K.; Jeevarajan, A.; Wu, H.; Sun, W. Microprinting of liver micro-organ for drug metabolism study. Methods
Mol. Biol. 2011, 671, 219-238. [CrossRef]

Kasravi, M.; Ahmadi, A.; Babajani, A.; Mazloomnejad, R.; Hatamnejad, M.R.; Shariatzadeh, S.; Bahrami, S.; Niknejad, H.
Immunogenicity of decellularized extracellular matrix scaffolds: A bottleneck in tissue engineering and regenerative medicine.
Biomater. Res. 2023, 27, 10. [CrossRef] [PubMed]

Kostrzewa-Nowak, D.; Ciechanowicz, A.; Clark, ].5.C.; Nowak, R. Damage-associated molecular patterns and Th-cell-related
cytokines released after progressive effort. J. Clin. Med. 2020, 9, 876. [CrossRef] [PubMed]

Chakraborty, J.; Roy, S.; Ghosh, S. Regulation of decellularized matrix mediated immune response. Biomater. Sci. 2020, §,
1194-1215. [CrossRef] [PubMed]

Moreau, J.-F; Pradeu, T.; Grignolio, A.; Nardini, C.; Castiglione, E,; Tieri, P.; Capri, M.; Salvioli, S.; Taupin, J.-L.; Garagnani, P;
et al. The emerging role of ECM crosslinking in T cell mobility as a hallmark of immunosenescence in humans. Ageing Res. Rev.
2017, 35, 322-335. [CrossRef] [PubMed]

Simon, P; Kasimir, M.T.; Seebacher, G.; Weigel, G.; Ullrich, R.; Salzer-Muhar, U.; Rieder, E.; Wolner, E. Early failure of the tissue
engineered porcine heart valve SYNERGRAFT in pediatric patients. Eur. |. Cardiothorac. Surg. 2003, 23, 1002-1006, discussion 1006.
[CrossRef] [PubMed]

Batool, E.; Ozcelik, H.; Stutz, C.; Gegout, P.-Y.; Benkirane-Jessel, N.; Petit, C.; Huck, O. Modulation of immune-inflammatory
responses through surface modifications of biomaterials to promote bone healing and regeneration. J. Tissue Eng. 2021,
12,20417314211041428. [CrossRef] [PubMed]

Giri, S.; Bader, A. Personalized and regenerative medicine for liver diseases. Curr. Stem Cell Res. Ther. 2016, 11, 692-705. [CrossRef]
[PubMed]

Li, H,; Yang, Y.; Hong, W.; Huang, M.; Wu, M.; Zhao, X. Applications of genome editing technology in the targeted therapy of
human diseases: Mechanisms, advances and prospects. Signal Transduct. Target. Ther. 2020, 5, 1. [CrossRef]

Sayed, N.; Allawadhi, P; Khurana, A.; Singh, V.; Navik, U.; Pasumarthi, S.K.; Khurana, I.; Banothu, A K.; Weiskirchen, R.; Bharani,
K.K. Gene therapy: Comprehensive overview and therapeutic applications. Life Sci. 2022, 294, 120375. [CrossRef]

Junaid, A.; Mashaghi, A.; Hankemeier, T.; Vulto, P. An end-user perspective on organ-on-a-chip: Assays and usability aspects.
Curr. Opin. Biomed. Eng. 2017, 1, 15-22. [CrossRef]

Deng, J.; Wei, W.; Chen, Z,; Lin, B.; Zhao, W.; Luo, Y.; Zhang, X. Engineered liver-on-a-chip platform to mimic liver functions and
its biomedical applications: A review. Micromachines 2019, 10, 676. [CrossRef] [PubMed]

Lu, C; Lewis, ].S.; Dupont, W.D.; Plummer, W.D.; Janowczyk, A.; Madabhushi, A. An oral cavity squamous cell carcinoma
quantitative histomorphometric-based image classifier of nuclear morphology can risk stratify patients for disease-specific
survival. Mod. Pathol. 2017, 30, 1655-1665. [CrossRef] [PubMed]


https://doi.org/10.1080/15476278.2020.1742534
https://doi.org/10.1002/cbin.11203
https://www.ncbi.nlm.nih.gov/pubmed/31297922
https://doi.org/10.1371/journal.pone.0162613
https://www.ncbi.nlm.nih.gov/pubmed/27631110
https://doi.org/10.1039/D2MA00144F
https://doi.org/10.1093/biomethods/bpac034
https://www.ncbi.nlm.nih.gov/pubmed/36694573
https://doi.org/10.1073/pnas.1209979109
https://www.ncbi.nlm.nih.gov/pubmed/22802639
https://doi.org/10.3390/bioengineering9050219
https://doi.org/10.1089/ten.tea.2015.0313
https://doi.org/10.1038/s41598-017-05134-1
https://doi.org/10.1111/liv.12134
https://doi.org/10.1007/978-1-59745-551-0_13
https://doi.org/10.1186/s40824-023-00348-z
https://www.ncbi.nlm.nih.gov/pubmed/36759929
https://doi.org/10.3390/jcm9030876
https://www.ncbi.nlm.nih.gov/pubmed/32210109
https://doi.org/10.1039/C9BM01780A
https://www.ncbi.nlm.nih.gov/pubmed/31930231
https://doi.org/10.1016/j.arr.2016.11.005
https://www.ncbi.nlm.nih.gov/pubmed/27876574
https://doi.org/10.1016/S1010-7940(03)00094-0
https://www.ncbi.nlm.nih.gov/pubmed/12829079
https://doi.org/10.1177/20417314211041428
https://www.ncbi.nlm.nih.gov/pubmed/34721831
https://doi.org/10.2174/1574888X10666151026115128
https://www.ncbi.nlm.nih.gov/pubmed/26496884
https://doi.org/10.1038/s41392-019-0089-y
https://doi.org/10.1016/j.lfs.2022.120375
https://doi.org/10.1016/j.cobme.2017.02.002
https://doi.org/10.3390/mi10100676
https://www.ncbi.nlm.nih.gov/pubmed/31591365
https://doi.org/10.1038/modpathol.2017.98
https://www.ncbi.nlm.nih.gov/pubmed/28776575

Curr. Issues Mol. Biol. 2024, 46 277

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Candita, G.; Rossi, S.; Cwiklinska, K.; Fanni, 5.C.; Cioni, D.; Lencioni, R.; Neri, E. Imaging diagnosis of hepatocellular carcinoma:
A State-of-the-Art Review. Diagnostics 2023, 13, 625. [CrossRef] [PubMed]

Caballero Aguilar, L.M.; Silva, S.M.; Moulton, S.E. Growth factor delivery: Defining the next generation platforms for tissue
engineering. J. Control Release 2019, 306, 40-58. [CrossRef] [PubMed]

Guan, N,; Liu, Z,; Zhao, Y.; Li, Q.; Wang, Y. Engineered biomaterial strategies for controlling growth factors in tissue engineering.
Drug Deliv. 2020, 27, 1438-1451. [CrossRef] [PubMed]

Su, Z.;Ma, H.; Wu, Z; Zeng, H.; Li, Z.; Wang, Y,; Liu, G.; Xu, B; Lin, Y.; Zhang, P, et al. Enhancement of skin wound healing with
decellularized scaffolds loaded with hyaluronic acid and epidermal growth factor. Mater. Sci. Eng. C Mater. Biol. Appl. 2014, 44,
440-448. [CrossRef]

Choi, D.H.; Kang, S.N.; Kim, S.M.; Gobaa, S.; Park, B.J.; Kim, LH.; Joung, Y.K.; Han, D.K. Growth factors-loaded stents modified
with hyaluronic acid and heparin for induction of rapid and tight re-endothelialization. Colloids Surf. B Biointerfaces 2016, 141,
602-610. [CrossRef]

Zhang, Z.D.; Xu, Y.Q.; Chen, E; Luo, J.E; Liu, C.D. Sustained delivery of vascular endothelial growth factor using a
dextran/poly(lactic-co-glycolic acid)-combined microsphere system for therapeutic neovascularization. Heart Vessel. 2019, 34,
167-176. [CrossRef]

Kobayashi, T.; Mizuta, M.; Hiwatashi, N.; Kishimoto, Y.; Nakamura, T.; Kanemaru, S.; Hirano, S. Drug delivery system of
basic fibroblast growth factor using gelatin hydrogel for restoration of acute vocal fold scar. Auris Nasus Larynx 2017, 44, 86-92.
[CrossRef]

Kaminski, G.A.T.; Sierakowski, M.R.; Pontarolo, R.; dos Santos, L.A.; de Freitas, R.A. Layer-by-Layer Polysaccharide-coated
liposomes for sustained delivery of epidermal growth factor. Carbohydr. Polym. 2016, 140, 129-135. [CrossRef]

Kim, K.; Utoh, R.; Ohashi, K.; Kikuchi, T.; Okano, T. Fabrication of functional 3D hepatic tissues with polarized hepatocytes by
stacking endothelial cell sheets in vitro. . Tissue Eng. Regen. Med. 2017, 11, 2071-2080. [CrossRef] [PubMed]

Zhong, C.; Xu, H. Advances in the construction of in vitro liver tissue models using 3D bioprinting technology. Hepatobiliary Surg.
Nutr. 2023, 12, 806-809. [CrossRef] [PubMed]

Cuvellier, M.; Ezan, F; Oliveira, H.; Rose, S.; Fricain, J.-C.; Langouét, S.; Legagneux, V.; Baffet, G. 3D culture of HepaRG cells in
GelMa and its application to bioprinting of a multicellular hepatic model. Biomaterials 2021, 269, 120611. [CrossRef] [PubMed]
Janani, G.; Priya, S.; Dey, S.; Mandal, B.B. Mimicking native liver lobule microarchitecture in vitro with parenchymal and
non-parenchymal cells using 3D bioprinting for drug toxicity and drug screening applications. ACS Appl. Mater. Interfaces 2022,
14, 10167-10186. [CrossRef] [PubMed]

Verma, A.; Manchel, A.; Melunis, J.; Hengstler, ].G.; Vadigepalli, R. From seeing to simulating: A survey of imaging techniques
and spatially-resolved data for developing multiscale computational models of liver regeneration. Front. Syst. Biol. 2022, 2,917191.
[CrossRef]

Seyedpour, S.M.; Nabati, M.; Lambers, L.; Nafisi, S.; Tautenhahn, H.-M.; Sack, I.; Reichenbach, J.R.; Ricken, T. Application of
magnetic resonance imaging in liver biomechanics: A systematic review. Front. Physiol. 2021, 12, 733393. [CrossRef] [PubMed]
Gresham, R.C.H,; Bahney, C.S.; Leach, ] K. Growth factor delivery using extracellular matrix-mimicking substrates for muscu-
loskeletal tissue engineering and repair. Bioact. Mater. 2021, 6, 1945-1956. [CrossRef]

Gu, L.; Zhang, F; Wu, J.; Zhuge, Y. Nanotechnology in drug delivery for liver fibrosis. Front. Mol. Biosci. 2022, 8, 804396.
[CrossRef]

Neun, B.W.; Cedrone, E.; Potter, T.M.; Crist, R.M.; Dobrovolskaia, M.A. Detection of beta-glucan contamination in nanotechnology-
based formulations. Molecules 2020, 25, 3367. [CrossRef]

Rajam, M.; Pulavendran, S.; Rose, C.; Mandal, A.B. Chitosan nanoparticles as a dual growth factor delivery system for tissue
engineering applications. Int. J. Pharm. 2011, 410, 145-152. [CrossRef]

Pulavendran, S.; Rajam, M.; Rose, C.; Mandal, A.B. Hepatocyte growth factor incorporated chitosan nanoparticles differentiate
murine bone marrow mesenchymal stem cell into hepatocytes in vitro. IET Nanobiotechnol. 2010, 4, 51. [CrossRef]

Lee, J.-H.; Lee, T.; Choi, ].-W. Nano-biosensor for monitoring the neural differentiation of stem cells. Nanomaterials 2016, 6, 224.
[CrossRef] [PubMed]

Guo, X.,; Mandelis, A.; Zinman, B. Noninvasive glucose detection in human skin using wavelength modulated differential laser
photothermal radiometry. Biomed. Opt. Express 2012, 3, 3012. [CrossRef]

Hasan, A.; Nurunnabi, M.; Morshed, M.; Paul, A.; Polini, A.; Kuila, T.; Al Hariri, M.; Lee, Y.; Jaffa, A.A. Recent advances in
application of biosensors in tissue engineering. Biomed. Res. Int. 2014, 2014, 307519. [CrossRef] [PubMed]

Post, ].N.; Loerakker, S.; Merks, RM.H.; Carlier, A. Implementing computational modeling in tissue engineering: Where
disciplines meet. Tissue Eng. Part A 2022, 28, 542-554. [CrossRef] [PubMed]

Kerkhofs, J.; Leijten, J.; Bolander, J.; Luyten, EP; Post, J.N.; Geris, L. A Qualitative model of the differentiation network in
chondrocyte maturation: A holistic view of chondrocyte hypertrophy. PLoS ONE 2016, 11, €0162052. [CrossRef]

Emmert, M.Y.; Schmitt, B.A.; Loerakker, S.; Sanders, B.; Spriestersbach, H.; Fioretta, E.S.; Bruder, L.; Brakmann, K.; Motta, S.E.;
Lintas, V.; et al. Computational modeling guides tissue-engineered heart valve design for long-term in vivo performance in a
translational sheep model. Sci. Transl. Med. 2018, 10, eaan4587. [CrossRef]


https://doi.org/10.3390/diagnostics13040625
https://www.ncbi.nlm.nih.gov/pubmed/36832113
https://doi.org/10.1016/j.jconrel.2019.05.028
https://www.ncbi.nlm.nih.gov/pubmed/31150750
https://doi.org/10.1080/10717544.2020.1831104
https://www.ncbi.nlm.nih.gov/pubmed/33100031
https://doi.org/10.1016/j.msec.2014.07.039
https://doi.org/10.1016/j.colsurfb.2016.01.028
https://doi.org/10.1007/s00380-018-1230-5
https://doi.org/10.1016/j.anl.2016.04.005
https://doi.org/10.1016/j.carbpol.2015.12.014
https://doi.org/10.1002/term.2102
https://www.ncbi.nlm.nih.gov/pubmed/26549508
https://doi.org/10.21037/hbsn-23-467
https://www.ncbi.nlm.nih.gov/pubmed/37886187
https://doi.org/10.1016/j.biomaterials.2020.120611
https://www.ncbi.nlm.nih.gov/pubmed/33385685
https://doi.org/10.1021/acsami.2c00312
https://www.ncbi.nlm.nih.gov/pubmed/35171571
https://doi.org/10.3389/fsysb.2022.917191
https://doi.org/10.3389/fphys.2021.733393
https://www.ncbi.nlm.nih.gov/pubmed/34630152
https://doi.org/10.1016/j.bioactmat.2020.12.012
https://doi.org/10.3389/fmolb.2021.804396
https://doi.org/10.3390/molecules25153367
https://doi.org/10.1016/j.ijpharm.2011.02.065
https://doi.org/10.1049/iet-nbt.2009.0014
https://doi.org/10.3390/nano6120224
https://www.ncbi.nlm.nih.gov/pubmed/28335352
https://doi.org/10.1364/BOE.3.003012
https://doi.org/10.1155/2014/307519
https://www.ncbi.nlm.nih.gov/pubmed/25165697
https://doi.org/10.1089/ten.tea.2021.0215
https://www.ncbi.nlm.nih.gov/pubmed/35345902
https://doi.org/10.1371/journal.pone.0162052
https://doi.org/10.1126/scitranslmed.aan4587

Curr. Issues Mol. Biol. 2024, 46 278

90. Szafron, ].M.; Khosravi, R.; Reinhardt, J.; Best, C.A.; Bersi, M.R,; Yi, T.; Breuer, C.K.; Humphrey, ].D. Inmuno-driven and
mechano-mediated neotissue formation in tissue engineered vascular grafts. Ann. Biomed. Eng. 2018, 46, 1938-1950. [CrossRef]

91. Milosevic, M.; Stojanovic, D.; Simic, V.; Milicevic, B.; Radisavljevic, A.; Uskokovic, P.; Kojic, M. A computational model for drug
release from PLGA implant. Materials 2018, 11, 2416. [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.


https://doi.org/10.1007/s10439-018-2086-7
https://doi.org/10.3390/ma11122416

	Introduction 
	Liver Transplantation: Significance and Current Status 
	Liver Tissue Engineering: Principles and Progress 
	Focus on Extracellular Matrix: Use of Biodegradable Biomaterials 
	Knowledge from Studies on Post-Hepatectomy Liver Failures 
	Whole-Organ Bioengineering Approach for Liver Tissue Engineering 
	Recellularization in Liver Tissue Engineering 
	Liver Cell Culture Methods 

	Major Challenges in the Field of Liver Tissue Engineering 
	Future Directions of Liver Tissue Engineering 
	Usage of Anti-Inflammatory Biomaterials 
	Personalized Approaches for Liver Tissue Engineering 
	Progress in the Liver-on-a-Chip Approach 
	Role of Artificial Intelligence 
	Bioactive Molecules Delivery and Recapitulating In Vivo Settings 
	Advances in Liver 3D Bioprinting 
	Advances in Imaging Techniques 
	Focus on the Clinical Aspects of LTE 
	Advances in Nanotechnology Field 
	Biosensors and Modeling Technologies 

	Conclusions 
	References

