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A B S T R A C T   

Liver transplantation represents the only definitive treatment for patients with end-stage liver disease. However, 
the shortage of liver donors provokes a dramatic gap between available grafts and patients on the waiting list. 
Whole liver bioengineering, an emerging field of tissue engineering, holds great potential to overcome this gap. 
This approach involves two main steps; the first is liver decellularization and the second is recellularization. Liver 
decellularization aims to remove cellular and nuclear materials from the organ, leaving behind extracellular 
matrices containing different structural proteins and growth factors while retaining both the vascular and biliary 
networks. Recellularization involves repopulating the decellularized liver with appropriate cells, theoretically 
from the recipient patient, to reconstruct the parenchyma, vascular tree, and biliary network. The aim of this 
review is to identify the major advances in decellularization and recellularization strategies and investigate 
obstacles for the clinical application of bioengineered liver, including immunogenicity of the designed liver 
extracellular matrices, the need for standardization of scaffold fabrication techniques, selection of suitable cell 
sources for parenchymal repopulation, vascular, and biliary tree reconstruction. In vivo transplantation models 
are also summarized for evaluating the functionality of bioengineered livers. Finally, the regulatory measures 
and future directions for confirming the safety and efficacy of bioengineered liver are also discussed. Addressing 
these challenges in whole liver bioengineering may offer new solutions to meet the demand for liver trans-
plantation and improve patient outcomes.   

1. Introduction 

Chronic liver diseases including cirrhosis, viral hepatitis, and hepatic 
cancer remain among the main causes of mortality worldwide, with 
approximately two million deaths annually, representing 4 % of all 
deaths worldwide [1]. Additionally, liver diseases are associated with a 
high economic and financial burden attributed to the cost of health care 
utilization. For instance, the expenditure of USA health care for patients 
with liver diseases exceeded $32.5 billion in 2016 [2]. Allogenic liver 
transplantation is still the gold standard curative option, especially for 
patients suffering from end-stage liver disease. Despite liver trans-
plantation being the second most common solid organ transplantation 

worldwide, a notable gap persists between the number of available liver 
donors and patients on the waiting list [3]. This gap has resulted in less 
than 10 % of the global need for liver transplantation being fulfilled, 
leading to a marked rise in mortality among patients on the waiting list 
[1]. 

To close this gap, researchers investigated different alternative 
therapeutic strategies using tissue engineering approaches. Tissue en-
gineering, as a preeminent area of regenerative medicine, aims to 
combine scaffolds, cells, and biologically active molecules into func-
tional tissues that can restore, maintain, or improve damaged tissues or 
whole organs [4]. Decellularization, as a tissue engineering technique, 
has been used to provide an available pool of organs for future 
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transplantation (Fig. 1). Decellularization has been defined as the 
maximal removal of cellular and nuclear material from a tissue or organ 
while preserving the biochemical composition, biological activity, 
three-dimensional organization, and integrity of the extracellular matrix 
using chemical, physical, and/or biological methods [5,6]. If successful, 
decellularization would result in developing scaffolds that mimic the 
mechanical, biological, and anatomical properties of native tissue [7]. 
After decellularization, the liver scaffold requires seeding with new cells 
that exhibit appropriate characteristics and functions. In addition to 
liver parenchymal cells, the reconstruction of the blood vessel and 
biliary tree network is necessary to produce a fully functional bio-
engineered liver that can potentially be transplanted into humans. 

Several published studies have demonstrated promising results in 
generating bioengineered livers [8–14]. In this review, recent progress 
in bioengineered liver fabrication is explored, with a focus on significant 
obstacles such as extracellular matrix immunogenicity, the standardi-
zation of decellularization techniques, and the identification of suitable 
cell types for recellularization, reendothelialization, and biliary tree 
reconstruction. Furthermore, a summary of different in vivo trans-
plantation models utilized to assess the functionality of bioengineered 
livers is provided. Lastly, the review discusses regulatory measures and 
offers future perspectives for confirming the safety and efficacy of bio-
engineered liver therapies. 

2. Sources of liver for decellularization 

There are various sources of liver for potential decellularization. 
Over the last two decades, livers from mice, rats, ferrets, rabbits, sheep, 
pigs, and humans have been used for decellularization [8–11,13–27]. 
From a clinical perspective, decellularized livers from mice, rats, ferrets, 
and rabbits are not suitable for human clinical transplantation due to 
their small liver size and other physiological differences. Livers that are 
unsuitable for allogenic human transplantation due to prolonged 
ischemia, excessive steatosis, size mismatch, or poor quality, may serve 
as a favorable source. In 2016, 739 livers were procured but not trans-
planted, representing 9 % of total transplants in USA [28]. By 2021, the 
number of the discarded livers had increased to 10 % of total transplants 
[29]. These discarded livers could potentially be used in the future for 
decellularization and recellularization processes. 

One significant disadvantage of using human organs is the age- 
related changes of the extracellular matrix (ECM) [30–32]. It has been 
reported that with increasing age, the stiffness of the liver increases and 
elasticity decreases. This is attributed to an increase in collagen content, 
scar tissue formation, and cross-linking of the ECM caused by the 
accumulation of advanced glycation end-products on the ECM [33,34]. 

These changes in ECM microstructure can increase resistance to enzy-
matic digestion of the ECM and lead to significant discrepancies between 
human livers [30,31,35–38]. 

Pigs are considered the most suitable source for human-scale liver 
bioengineering owing to the organ size matching, availability, rapid 
maturation, production of large litters, similarity of the physiological 
metabolism and immune system with those of human, and the signifi-
cant progress in genetic engineering techniques in pigs over the last 
decade [39,40]. The ease of obtaining pig livers of similar age may limit 
the impact of age-related biological differences in the ECM, thereby 
facilitating the standardization of decellularization processes. There-
fore, liver harvested from pathogen-free pigs could be an important 
source for bioengineering livers for transplantation purposes. 

3. Differences between porcine and human liver 

Since porcine livers could be a potential source for transplantation, 
detailed knowledge of the differences between the porcine and human 
liver in terms of structure and microstructure is necessary. The average 
adult human liver is a wedge-shaped organ divided into 2 lobes (right 
and left), with a mean volume of 1862 cm3. In contrast, the porcine adult 
liver is lobular clover leaf-shaped and divided into 4 lobes (right lateral, 
right median, left median, and left lateral lobes) with a mean volume of 
652–1120 cm3. Despite these differences, both livers are divided into 8 
similar segments, as determined by previous studies [41–43]. 

The hepatic artery in the human liver has two branches, the left and 
right hepatic artery, which supply the corresponding lobe of the liver 
[44]. In pigs, the hepatic artery divides into right and left branches 
before reaching the hilum. The right branch further bifurcates into two 
branches, namely the ramus dexter medialis and the ramus dexter lat-
eralis, providing vascular supply to the right lobe of the liver. Similarly, 
the left branch also divides into 3 main arteries, the ramus sinister 
medialis and ramus sinister lateralis (both supply the left lobe), and the 
ramus quadratus, which supplies the quadrate lobe and gallbladder [45, 
46]. Based on these findings, it can be concluded that no significant 
difference was recorded in the arterial blood supply between pigs and 
the human liver. 

The portal veins of human and porcine liver exhibit a few differences. 
In pigs, the portal vein divides into right and left branches at the hilum, 
while in humans, this division occurs before entering the liver paren-
chyma. Additionally, there are communicating branches between the 
right median and right lateral rami of the portal vein. These branches 
traverse the fissure between the right lateral and right median lobes of 
the liver [47]. 

In humans, the venous drainage of the liver occurs through three 

Fig. 1. Schematic overview of the development of a bioengineered liver from decellularized matrices. Marginal human livers, unsuitable for transplantation, and 
porcine livers are decellularized and subsequently recellularized with various cell types isolated from the patient. These cells are then cultured in a bioreactor to 
create a bioengineered liver that holds potential for transplantation into the patient. 
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hepatic veins (right, left, and middle). The middle hepatic vein shares 
the drainage of segment IV with the left hepatic vein and the drainage of 
segments V and VIII with the right hepatic vein [48]. In pigs, the liver 
drainage is accomplished by four thin veins that may be easily damaged 
during a surgical procedure. These veins drain the whole liver except 
Segment I which drains directly into the inferior vena cava. Importantly, 
the inferior vena cava passes through the liver parenchyma, which in-
creases the difficulty in partial hepatectomy operations [47]. 

The biliary trees of both species are anatomically and functionally 
similar whereas the biliary ducts segmentation is identical to the portal 
vein segmentation due to their common track within the Glissonian 
sheath [49]. A distinctive feature of the biliary drainage of the pig liver 
is that the drainage of segment I is accomplished through the right he-
patic duct in pigs, while in humans, it is drained through left hepatic 
duct [47]. 

In terms of the tissue microstructure, both porcine and human liver 
exhibits similarities. The parenchymal architecture is organized into 
well-defined, hexagonal lobules centered around the central vein with 
portal triads at its corners. These lobules consist of large polygonal he-
patocytes stacked on top of each other and demarcated by fibrous septa 
containing variable amounts of connective tissue. These hepatocytes are 
estimated to be approximately 80 % of the liver tissue, while other non- 
parenchymal cells represent 20 % [50,51]. The portal triad consists of 
hepatic artery, portal vein, and bile duct and surrounded by loose con-
nective tissue. Importantly, the hepatic sinusoids are located between 
the strips of hepatocytes, draining into the central vein [52]. The main 
histological difference is the presence of higher amount of collagen, 
especially in connective tissue septa that surround the lobules in pigs 
while these septa are absent in human liver parenchyma [53]. Ester-
mann et al. evaluated the mechanical properties of both porcine and 
human liver [54]. They reported that porcine liver is stiffer than human 
liver, which may be attributed to the histological differences between 
the two tissues [53,54]. Additionally, porcine liver exhibited higher 
tensile loading compared to human liver, while no difference in the 
viscoelastic properties was reported [54,55]. 

4. Obstacles and challenges for clinical application of 
bioengineered liver 

4.1. ECM immunogenicity 

Organ decellularization, a key process in manufacturing ECM scaf-
folds, aims to eliminate immunogenic cellular materials, thus reducing 
the immunogenicity of allogenic and xenogeneic derived scaffolds [56]. 
Following implantation, these natural ECM scaffolds undergo a degree 
of degradation, releasing matricryptic peptides and growth factors. This 
process triggers a shift in macrophage polarization from 
pro-inflammatory (M1) phenotype to an anti-inflammatory regenerative 
phenotype (M2 macrophages), promoting angiogenesis and recruiting 
stem/progenitor cell toward the implanted tissue for constructive 
remodeling [5,57,58]. Overall, decellularized tissues may experience a 
lower rejection rate if they are completely depleted of the different 
sources of immunogens [7,59]. Factors such as the presence of DNA and 
xenogeneic epitopes, such as alpha-Gal and Neu5GC, as well as the age 
and integrity of the ECM, play important roles in influencing the 
immunogenicity of decellularized tissues. 

4.1.1. DNA 
Several researchers have emphasized the importance of residual 

DNA within scaffolds derived from porcine sources and its implications 
for immune responses post-implantation [60–62]. Although the specific 
threshold of residual DNA within the ECM sufficient to trigger a negative 
remodeling response has not been extensively studied, many researchers 
suggested that decellularized tissues should ideally have less than 50 ng 
dsDNA per mg ECM dry weight [5,7]. Recently, Record Ritchie et al. 
purified DNA from unprocessed porcine small intestine ECM and 

decellularized ECM before and after sterilization. They injected 50 μg of 
DNA into mice, with or without strong co-stimulators such as incomplete 
Freund’s adjuvant, methylated bovine serum albumin, and 
interleukin-12 [63]. It is significant to mention that DNA isolated from 
unprocessed, aseptic, or sterilized porcine ECM, when injected without 
adjuvants, did not provoke a rejection response. Instead, it induced a 
mild accommodation cytokine response locally, with no systemic 
anti-DNA antibody expression observed, even at doses approximately 
100-fold greater than those anticipated through ECM implantation. This 
study, combined with the fact that the Food and Drug Administration 
(FDA) does not impose limitations or restrictions on the presence of DNA 
in biological scaffolds, emphasizes that DNA content is not a reliable 
indicator of decellularization efficiency. The FDA’s stance is based on 
product safety data submitted by manufacturers, which supports the 
view that DNA presence does not necessarily correlate with antigenicity. 
Consequently, it necessitates the exploration of an alternative and more 
precise criterion for evaluating the antigenicity of decellularized tissues. 

4.1.2. Xeno-epitopes 
Alpha-Gal epitopes (Galα1-3Galβ1-4GlcNAc-R) are specific carbo-

hydrate structures found on the cell surface of non-primate mammals, 
such as pigs. These epitopes are absent in humans and Old-World 
monkeys due to mutations in the α1,3-galactosyl-transferase gene [64, 
65]. The absence of alpha-Gal epitopes in humans leads to the produc-
tion of anti-Gal antibodies (approximately represent 1 % of serum an-
tibodies), primarily due to exposure to intestinal bacteria carrying these 
epitopes [66]. The extensive presence of alpha-Gal in porcine tissues and 
organs, including liver, renders them vulnerable to rejection due to 
xenograft-specific immune responses. Decellularization has demon-
strated efficient capability in removing or reducing the alpha-gal con-
tent from porcine liver [67–69]. 

Neu5Gc (N-Glycolylneuraminic acid) epitopes, in non-human 
mammals, is another significant antigen in rejection of xenografts. 
Humans lack functional cytidine monophospho-N-acetylneuraminic 
acid hydroxylase (CMAH), the enzyme responsible for converting 
Neu5Ac (N-acetylneuraminic acid) to Neu5GC, due to a genetic muta-
tion, resulting in the absence of Neu5GC in human tissues [70,71]. 
Consequently, antibodies against Neu5GC, may be produced by humans, 
leading to hyperacute rejection of the graft containing this antigen [72]. 
Unfortunately, the presence of Neu5Gc antigen was not previously 
assessed during decellularization of porcine liver. Thus, the efficacy of 
depleting this antigen from the porcine liver remains uncertain, 
emphasizing the importance of further investigations to determine if 
specific enzymatic treatment after decellularization is required. 

4.1.3. ECM alteration 
ECM contains different cryptic peptides that can either stimulate or 

inhibit the host immune response [73]. Decellularization process may 
increase the immunogenicity of the tissue by exposing hidden immu-
nogenic domains, converting inert molecules within the decellularized 
tissue into immunogenic particles, or depleting immunomodulatory 
substances [74]. For instance, harsh decellularization procedures may 
unveil certain cryptic helical and terminal antigenic sites of collagen, 
prompting the initiation of antibody production against the ECM [73]. 
Additionally, Adair-Kirk et al. showed that enzymatic treatment could 
lead to the release of a specific cryptic epitope of laminin α5, resulting in 
the liberation of a 16-amino acid peptide [75]. This peptide exhibited 
the ability to attract polymorphonuclear leukocytes (PMNs) and mac-
rophages, as well as induce the production of matrix 
metalloproteinase-9 (MMP-9) from immune cells. 

Damage to elastin can lead to the release of elastin peptides, either 
through harsh decellularization processes or the depletion of glycos-
aminoglycans (GAGs). GAGs play a crucial role in protecting elastin 
from protease activity [76–78]. The liberated elastin particles could 
induce monocyte chemotaxis, promote T helper cell differentiation into 
inflammatory phenotypes (TH1 and TH17), and contribute to 
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antibody-mediated inflammatory responses [79]. 
Moreover, high molecular weight hyaluronic acids, recognized GAGs 

within the decellularized ECM, exhibit anti-inflammatory effects by 
hindering the interaction between antigens and antibodies. They also 
activate toll-like receptors (TLRs), a specific subset of pattern recogni-
tion receptors (PRRs), as well as CD44 receptors found on innate and 
adaptive immune cells [80]. Activation of these receptors is associated 
with reduced dendritic cell maturation, enhanced macrophage polari-
zation towards the M2 phenotype, T cell differentiation into a regulatory 
phenotype, and induction of apoptosis in activated T cells [80,81]. 
Conversely, low molecular weight hyaluronic acids are released when 
ECM undergoes damage or degradation. They enhance immune cell 
chemotaxis, dendritic cell maturation, and macrophage polarization 
toward the M1 phenotype, mediated through the same receptors, CD44 
and TLRs [74]. 

4.1.4. Age of ECM 
The age of the ECM source emerges as a crucial determinant influ-

encing the immunological traits of ECM-based biomaterials. For 
instance, LoPresti and Brown investigated the influence of age using 
decellularized small intestine submucosa (SIS) derived from pigs of 
different ages (12, 26, and 52 weeks) on the phenotype and function of 
bone marrow macrophages obtained from mice aged 2 or 18 months 
[82]. According to the findings, SIS obtained from 52-week-old pigs 
elicited diminished iNOS production in 2-month macrophages and 
suppressed Fizz 1 expression in both 2 and 18-month macrophages in 
comparison to 12-week SIS. The study suggested that ECM derived from 
aged animals results in a distinct macrophage phenotype compared to 
younger controls, emphasizing the importance of sourcing ECM from 
young donors to maintain favorable outcomes in constructive remod-
eling of ECM biomaterials. 

Importantly, myocardium harvested from older human cadaver 
hearts underwent additional lipid and DNA/RNA removal steps to 
remove greater adipose tissue commonly found on older human 
myocardium and reduce nucleotide content to similar acceptable stan-
dards for therapeutic applications as the porcine myocardial matrix, 
achieving fully decellularization of the tissue [83]. Moreover, the con-
tent of laminin, elastin, and growth factors decreases with age [30,37, 
84,85]. Therefore, considering the age of the tissue source is critical to 
expect the potential host immune response. Further research is required 
to investigate the optimal age for obtaining liver tissue for decellulari-
zation to produce decellularized scaffolds with a high content of growth 
factors and essential components necessary to facilitate recellularization 
and revascularization, achieving constructive remodeling in vivo before 
biodegradation. 

4.2. Standardization of liver scaffold fabrication 

4.2.1. Decellularization 
Although the first attempts to isolate the extracellular matrix (ECM) 

from tissues were reported in the 1970s and 1980s [86–88], the first 
successful trial to decellularize a whole organ was achieved by Ott et al. 
in 2008 [89]. They successfully constructed a whole rat heart scaffold by 
perfusing detergents through the coronary artery for 12 h. This 
achievement marked a significant breakthrough in the field of whole 
organ tissue engineering. In 2010, Uygun et al. demonstrated the 
feasibility of obtaining a whole decellularized scaffold through the 
perfusion of the rat liver with detergent for 72 h [12]. After recellula-
rization with rat hepatocytes, they transplanted the recellularized liver 
heterotopically for 8 h. Examination of the graft revealed the hepato-
cytes’ ability to retain their normal morphology and function. Since 
then, several research groups have reported the liver decellularization 
using different methods and reagents [11,13,14,23]. 

4.2.1.1. Decellularization agents. Although various methods, including 

physical, chemical, and enzymatic treatments or a combination of them, 
have been used for liver decellularization (Fig. 2) [7], it is very difficult 
to consider one of those agents as an ideal method that efficiently bal-
ances the depletion of the cytoplasmic and nuclear content of the tissue 
and the preservation of essential structural and bioactive ECM compo-
nents that can promote the attachment, growth, and differentiation of 
the reseeded cells. 

4.2.1.1.1. Chemical methods. Chemical treatments, including ionic, 
non-ionic, and Zwitter-ionic detergents, alcohols, acids, alkalis, and 
hypotonic/hypertonic solutions, are commonly used for liver decellu-
larization [5,12,21]. Although chemical agents play a key role in the 
decellularization and removal of the immunogenic materials from the 
decellularized tissues, they may cause ECM damage and affect the 
biocompatibility of the yielded decellularized tissues [5,7,90–92]. 

4.2.1.1.1.1. Detergents 
Sodium dodecyl sulfate (SDS) and Triton X-100 are commonly used 

ionic and non-ionic agents, respectively for decellularization. SDS can 
denature proteins and lyse cells by disrupting protein-protein in-
teractions, while Triton X-100 can disrupt lipid–lipid, lipid–protein, and 
DNA-protein interactions while preserving protein-protein interaction 
[7,59]. Subsequently, SDS is likely to negatively affect the ECM archi-
tecture and disrupt the structure of protein constituents, including col-
lagens, whereas Triton X-100 exerts its effect on cells without altering 
the ECM protein structures [80,93]. Of note, research has shown that 
SDS-treated ECM scaffolds generally have higher reactivities upon im-
plantation due to the disruption of collagen fiber structures and expo-
sure of cryptic antigens [7,59,94]. However, one study reported that 
Triton X-100 tends to break DNA into larger fragments, which might 
induce an adverse tissue remodeling response. This finding indicates 
that while Triton X-100 preserves ECM protein structures better than 
SDS, it may still pose some immunogenic risks due to remnant DNA [95]. 

The effect of both SDS and Triton X-100 depends mainly on their 
concentrations; however, higher concentrations will cause detrimental 
effects on ECM components. Additionally, several studies have reported 
the cytotoxic effect of SDS and Triton X-100 on different cells, thus the 
use of lower concentrations and applying different washing cycles are 
required to yield scaffolds with minimal amounts of these chemicals [5, 
96,97]. Yielded decellularized scaffolds after terminal washing should 
contain less than 0.15 mM of Triton X-100; this concentration was 
shown to be tolerated by human cell lines [96]. Importantly, SDS con-
centrations beyond 10 μg/mg dry weight have shown cytotoxicity [98, 
99]. Several studies have reported the difficulty in completely washing 
out SDS from decellularized tissues via conventional washing methods 
due to the strong hydrophobic bonds between SDS and ECM proteins 
[68,100]. Washing decellularized scaffolds with CaCl2 could be applied 
to detoxify the remaining SDS via precipitation [92]. Interestingly, 
Triton X-100 could also be exploited to remove the residual SDS from 
decellularized tissues, suggesting SDS and Triton X-100 as an excellent 
combination for achieving almost complete cell removal, DNA removal, 
and minimization of cytotoxicity [95]. 

Ren et al. compared SDS and Triton X-100 for decellularization of the 
whole rat liver [101]. After perfusing the portal vein with SDS and 
Triton X-100, they observed a decrease in GAGs content to about 10 % 
and 50 %, elastin levels decreased to approximately 20 % and 60 %, and 
the amount of hepatocyte growth factor decreased to around 20 % and 
60 % of the levels found in the native liver, respectively. This study 
indicated that Triton X-100 was much superior in preservation of the 
ECM than SDS. Furthermore, they reported that Triton X-100-treated 
scaffolds showed better liver-specific function, including albumin 
secretion, urea synthesis, ammonia elimination, and mRNA expression 
levels of drug metabolism enzymes upon reseeding with rat primary 
hepatocytes in a bioreactor for 7 days of culture compared to cells grown 
in SDS-treated scaffolds. 

4.2.1.1.1.2. Acids and alkali 
Acids and alkali can solubilize the cytoplasmic components of cells 

and remove nucleic materials by catalyzing the hydrolytic degradation 
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of biomolecules [59,102]. Peracetic acid (PAA) at a concentration of 0.1 
% is the most commonly used acid for decellularization and sterilization 
of liver; however, it has adverse effects on GAGs, growth factors, and the 
mechanical characteristics of ECM [12,15,103–107]. Hussein et al. 
demonstrated that PAA was highly efficient at removing cellular mate-
rial from the thin liver slices and was able to sterilize the scaffold [104]. 
Following PAA treatment, the decellularized liver retained 56 % of its 
GAGs content. Similarly, sodium hydroxide and ammonium hydroxide 
have been used in combination with detergents such as Triton X-100 and 
SDS to decellularize the liver with minimal detrimental effects on 
growth factors [11,13,22,108]. These alkaline agents can separate DNA 
strands at pH levels higher than 11, extract cell components, and 
considered cytocompatible for the subsequent recellularization process 
[102,109]. 

4.2.1.1.1.3. Alcohols 
Alcohols, including ethanol and isopropanol, are commonly used to 

degrade and eliminate lipids from tissues by dehydrating the tissues and 

subsequently lysing cells [59]. Due to their strong bactericidal proper-
ties against Gram-positive, Gram-negative, and acid-fast bacteria, as 
well as lipophilic viruses, many researchers have employed ethanol for 
the decellularization and sterilization of the liver [10,108,110,111]. 
However, ethanol-based decellularization methods have drawbacks, 
including tissue fixation, damage to the ECM ultrastructure, and the 
precipitation of cellular proteins [104,112,113]. After precipitation, 
these proteins are no longer soluble and cannot be washed out, which 
can leave residual cellular proteins within the scaffold. This has been 
confirmed by proteomic analysis, which has identified numerous 
cellular proteins remaining in the scaffold following alcohol treatment 
[114]. 

4.2.1.1.1.4. Hypotonic/hypertonic solutions 
Hypertonic solutions (e.g., sodium chloride) and hypotonic solutions 

(e.g., Tris-HCl) cause cell shrinkage or swelling due to osmotic pressure, 
ultimately leading to cell lysis and the removal of cellular components 
from the cells. They disperse the antigenic cellular remnants throughout 

Fig. 2. Different decellularization agents (A) and techniques (B) for the fabrication of decellularized livers.  
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the tissue with minimal disruption of ECM architecture and composition 
[115–117]. The main advantage of these solutions is the ease of washing 
out from the tissue, as well as their ability to remove other residual 
decellularizing chemicals, thereby reducing toxicity and improving the 
biocompatibility of the decellularized tissue [118]. Although hypertonic 
solutions are efficient in removing proteins and hypotonic solutions are 
efficient in removing nuclei and DNA, they may not completely elimi-
nate cellular residues and may require additional treatment to facilitate 
the removal of cellular debris [117,119,120]. Therefore, they could 
improve liver decellularization when used in combination with other 
chemical or enzymatic reagents. Kobes et al. reported that sequential 
agitation of mouse liver with a hypotonic solution followed by immer-
sion in Triton X resulted in efficient decellularization, as confirmed by 
the absence of cells upon scanning electron microscopy imaging and 
retention of structural integrity [121]. 

4.2.1.1.2. Physical methods. Physical decellularization techniques 
involve the utilization of temperature, pressure, and other physical at-
tributes to break down cell membranes and aid in the removal of cells 
from tissues or organs. Despite their low toxicity, these techniques are 
typically ineffective in completely eliminating all cellular components, 
resulting in retention of considerable amounts of immunogenic cell 
remnants within the decellularized material [5]. Therefore, they are 
commonly used as adjunctive treatments to complement the effects of 
chemical and biological agents, thereby enhancing the overall efficacy 
of the decellularization process. 

4.2.1.2.2.1. Freeze-thawing 
Freeze-thawing cycles induce the rupture of cell membranes and cell 

lysis within tissues and organs by forming ice crystals. Typically, the 
freeze-thawing cycle involves exposing the organ to freezing tempera-
tures (− 20 ◦C: − 87 ◦C), followed by a range of 4 ◦C to normal biological 
temperature (4 ◦C–37 ◦C) [59,108,110,122,123]. Since no chemical or 
enzymatic reagents are used during the freeze-thawing procedure, this 
technique is considered safe due to the absence of residual chemicals 
and minimal impact on tissue structure and biochemical composition 
after decellularization [118,124–126]. Although freeze-thawing alone 
has been used to prepare cell-free matrices from tissues such as tendons 
and nerves, for whole organs like the liver, this method is typically 
combined with chemical or enzymatic treatments to remove membra-
nous and intracellular contents [118,127,128]. One significant disad-
vantage of using freeze-thawing for liver tissues is the damage to the 
vascular architecture and duct structures, which can compromise the 
integrity and functionality of the decellularized scaffold. Several re-
searchers have reported a detrimental effect of freeze-thawing, even 
with a single cycle, on the mechanical properties of the ECM, attributed 
to the formation of ice crystals and disruption of the ECM ultrastructure 
[129]. To mitigate ECM disruption and preserve the biomechanical 
performance of the organ, the use of cryoprotectants during the 
freeze-thawing process has been suggested. Pulver et al. demonstrated 
that pretreatment of rat liver with 5 % trehalose via perfusion for 30 min 
prior to freezing achieved comparable retention of ECM composition as 
in the control (overnight freeze-thaw cycle), but with reduced micro-
structural damage [130]. 

4.2.1.2.2.2. Sonication 
Sonication involves the use of ultrasonic acoustic energy waves with 

frequencies greater than 20 kHz to induce cavitation, the formation and 
collapse of air bubbles in a liquid containing tissues or organs, typically 
achieved using an ultrasonic bath or probe [131]. During cavitation, 
these bubbles release shockwaves upon collapse, damaging cell mem-
branes and facilitating the penetration of chemical detergents, thus 
expediting the removal of cellular debris. Therefore, production of more 
bubbles results in greater disruption of the cell membrane. However, 
excessive shockwaves and inappropriate acoustic power can potentially 
harm the tissue microstructure and decrease the efficiency of detergents 
in solubilizing cell membrane lipids. Additionally, heat generated dur-
ing sonication, resulting from the friction of sound waves with the so-
lution, can degrade the extracellular matrix (ECM), making temperature 

monitoring during sonication crucial [132–134]. Sonication has been 
employed by several researchers to prepare decellularized scaffolds 
from various tissues such as skin, cartilage, tendons, ligaments, larynx, 
ovaries, and blood vessels [132–137]. Thus far, ultrasonication has 
solely been employed in the decellularization of kidneys among whole 
solid organs, leading to a notable reduction in decellularization duration 
when combined with perfusion decellularization using SDS and/or 
Triton X [138]. To date, sonication has not been utilized in liver 
decellularization due to the liver’s large size and dense composition, 
necessitating high power to disrupt its microstructure effectively. 

4.2.1.2.2.3. Electroporation 
Electroporation, a well-established biophysical technique, applies 

pulsed direct electric fields to increase cell permeability to ions and 
molecules by creating nanoscale pores in the lipid bilayer [7]. When the 
electric field surpasses a relatively high threshold (e.g., 700 V/cm for 
eight 100 μs pulses at 1 Hz in the liver), the cell membrane undergoes 
permanent changes in permeability, ultimately leading to cellular death, 
a process known as non-thermal irreversible electroporation (N-TIRE) 
[139]. This technique has been utilized for tissue and organ decellula-
rization, including blood vessels, myocardium, and liver, both in vitro 
and in vivo [140–144]. Notably, N-TIRE does not require the use of 
chemicals or enzymes, thus avoiding any chemical or enzymatic 
residues. 

Sano et al. utilized N-TIRE accompanied by lactated Ringer’s solu-
tion perfusion through the portal vein and hepatic artery for porcine 
liver decellularization, facilitating the removal of cellular debris 
resulting from electroporation [139]. Golberg et al. successfully decel-
lularized different zones of the rat liver in vivo by applying 90 unipolar, 
rectangular electric 70 μs pulses, at 150 Vmm− 1 potential difference 
between the electrodes, at 4 Hz [140]. The treated areas showed rapid 
decellularization with preservation of the ECM structure. Similarly, 
Zhang et al. exposed the rat liver to a sequence of 10 square pulse with 
an electric field of 1000 V/cm, 100 μs pulse width, separated by 100 ms 
between the electrodes [145]. They achieved complete hepatocyte 
disintegration at 6 h post-treatment. Based on these studies, a limitation 
of electroporation is the small size of the probe, which restricts the area 
of decellularization. 

4.2.1.1.3. Enzymatic methods. Enzymatic treatments using nucle-
ases, trypsin, alpha-galactosidase, dispase, phospholipase, and collage-
nase are commonly employed methods for decellularization [7,146]. 
Despite the high specificity of enzymes in removing cell components by 
targeting specific bonds or interactions within cellular fragments or the 
cell-matrix, entirely decellularizing a whole organ using enzymes alone 
poses challenges. Additionally, the high cost of enzymes presents a 
barrier, as a substantial volume is required for the decellularization of 
large-scale livers [5]. Furthermore, enzyme residues may negatively 
affect the recellularization process or simulate an adverse immune 
response [147,148]. Hence, enzymatic treatment, particularly involving 
nucleases and trypsin, is often combined with chemical detergents fol-
lowed by various washing cycles for liver decellularization [110,123, 
149,150]. 

4.2.1.1.3.1. Nuclease 
Nucleases cleave the phosphodiester bonds between nucleotides of 

nucleic acids (DNA and RNA), facilitating the removal of nucleic ma-
terials following cell rupture [151]. Deoxyribonuclease (DNase), a 
common nuclease, is typically applied after chemical detergents to sol-
ubilize cell membranes and dissociate their inner structure, enhancing 
DNase infiltration and efficiency within tissues [152–154]. This com-
bined approach has led to complete depletion of cellular and nuclear 
materials, with more than 95 % DNA removal [9,149]. Prolonged 
exposure to nucleases used in research settings, which may contain 
impurities, may negatively impact ECM structure and constituents, 
affecting the mechanical stability [152,153]. Moreover, extensive 
washing should be performed to rinse the decellularized organ and 
remove enzyme residues from the scaffold to prevent potential in-
teractions between nucleases and reseeded cells [155]. Bühler et al. 
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studied the effect of DNase treatment on SDS-decellularized porcine 
liver, reporting a higher GAG content after DNase treatment alongside 
SDS perfusion compared to liver decellularized by SDS alone [149]. 

4.2.1.1.3.2. Trypsin 
Trypsin catalyzes the hydrolysis of peptide bonds by cleavage of 

these bonds at the carboxyl side of lysine or arginine amino acids leading 
to dissociation of cellular components from the ECM [156,157]. Prote-
ase inhibitors released from damaged cells restrict the trypsin activity, 
particularly in prolonged trypsin treatment cycles, making it slow to 
remove cells. This necessitates periodic replacement of trypsin during 
the decellularization process [59]. Trypsin is disruptive to ECM com-
ponents, especially collagen and elastin, potentially affecting mechani-
cal strength, particularly with higher concentrations or longer exposure 
times [158–161]. Therefore, optimizing concentration and exposure 
time is critical. 

4.2.1.3.2.3. Phospholipase 
Phospholipases are lipolytic enzymes that cleave ester bonds within 

phospholipids, aiding in delipidation process [157]. Gessner et al. used 
phospholipase and nucleases (DNase and RNase) in combination with 
detergent for rat liver decellularization [162]. They also infused the liver 
with a high-salt buffer (NaCl) to preserve collagen and cytokine/growth 
factors bound to collagen. Their protocol yielded efficient decellulari-
zation while preserving the ECM ultrastructure and the macro- and 
micro-vascular network. 

4.2.1.2. Methods of applying decellularization agents. These reagents are 
applied through either immersion and agitation or perfusion. Agitation 
is commonly employed for decellularizing liver slices to optimize the 
best decellularizing or sterilizing reagents [68,104]. For whole liver 
decellularization, perfusion is the commonly used technique. 

4.2.1.2.1. Immersion and agitation. Immersion and agitation consti-
tute a relatively straightforward decellularization method commonly 
used for thin tissues and smaller organs lacking vascular access, such as 
the esophagus, small intestine submucosa, urinary bladder, blood ves-
sels, trachea, skin, cornea, and nerve [117,119,120,126,152,163–167]. 
This process involves submerging the tissue in a chemical or biological 
agent while subjecting it to constant mechanical agitation. This 
approach expedites cell disruption, detachment from basement mem-
branes, removal of cellular components, ensures uniform exposure to 
decellularizing reagents, and achieves effective decellularization with 
reduced exposure time to harsh agents [157]. The decellularization ef-
ficiency relies on the decellularizing agent used, tissue thickness, dura-
tion of immersion, and intensity of agitation. Although immersion and 
agitation alone are insufficient for whole liver decellularization, they are 
suitable for decellularizing thin liver slices or cubes. This technique 
enables the production of a high number of slices or cubes, facilitating 
investigations into the effects of various decellularizing reagents, con-
centrations, and sterilization methods on the hepatic ECM [68,104]. For 
instance, Park et al. compared between five different solutions for 
decellularizing liver cubes: 0.1 %, 1 %, and 4 % SDS, 1 % Triton X-100, 
and a combination of 1 % Triton X-100 with 1 % SDS [68]. They re-
ported that 0.1 % SDS effectively removed DNA and potential immu-
nogenic and viral antigens from matrices while preserving 63 % of 
collagen and 71 % of GAGs compared to native liver. Upon subcutaneous 
implantation in pigs, the implanted decellularized tissues elicited min-
imal host responses and naturally degraded within 10 weeks. Similarly, 
Hussein et al. assessed the effects of sterilization with 0.1 % PAA, 70 % 
ethanol, and slightly acidic electrolyzed water (SAEW) on the ECM 
composition and biological activity of porcine liver decellularized with 
0.1 % SDS. They observed that PAA and SAEW treatments yielded the 
highest sterilization efficiency and effectively removed a considerable 
amount of DNA from decellularized livers [104]. SAEW also retained 
more GAGs compared to other sterilization methods. 

4.2.1.2.2. Perfusion. Perfusion, which involves the infusion of 
chemical or biological agents through the cannulated intrinsic vascular 

system, represents an ideal approach for decellularizing large, thick, 
compact organs like the liver [7,12]. This technique ensures the ho-
mogeneous spread and infiltration of decellularizing reagents 
throughout the entire tissue, facilitating the removal of cellular and 
nuclear material [168]. Perfusion-based decellularization has attracted 
significant attention because it enables the preservation of the 
three-dimensional ECM structure intact, which is crucial for producing 
clinically-scaled livers for human transplantation [169]. Moreover, 
perfusion retains the inherent vascular network (portal vein, hepatic 
artery, and hepatic veins), necessary for the transportation of nutrients 
and oxygen within liver during the recellularization process and 
post-transplantation in vivo [13,14,168]. Furthermore, the biliary tree is 
maintained post-perfusion decellularization, requiring only reseeding 
by cholangiocytes to restore functionality [110]. Importantly, the effi-
ciency of decellularization via perfusion depends on various factors, 
including the route of perfusion (hepatic artery or portal vein or inferior 
vena cava), perfusion direction (antegrade or retrograde), perfusion 
conditions (controlled pressure and flow rate), duration of the perfusion, 
type and concentration of decellularizing agents, and the size of the liver 
[7,26,170]. Damage of the ECM due to inappropriate perfusion condi-
tions, the requirement of vascular cannulation, and the need of specific 
perfusion pump with complex setups for flow control are the main 
drawbacks of the perfusion method [157]. 

4.2.2. Cross-linking 
During recellularization and after in vivo transplantation, decellu-

larized liver may undergo breakdown process known as “biodegrada-
tion” which affects negatively on the biomechanical strength of the ECM 
[5]. Cross-linking agents have been successfully employed to enhance 
enzymatic resistance, matrix decomposition, and ultimately improve 
biomechanical strength in various tissues and organs [171–173]. Addi-
tionally, cross-linking has been suggested to minimize potential immune 
responses against transplanted decellularized tissues by masking anti-
genic markers present in collagen [174,175]. Glutaraldehyde has been 
used as a potent cross-linking agent; however, it has several complica-
tions such as cytotoxicity and calcification [176]. Wang et al. used 
genipin, a naturally occurring cross-linking agent, for porcine liver 
cross-linking following perfusion decellularization with 1 % Triton 
X-100 and 1 % SDS [69]. They examined the biocompatibility of the 
scaffold by culturing human endothelial cells (EA.hy926) or primary rat 
hepatocytes on the cross-linked decellularized liver. Genipin 
cross-linking showed non-significant suppressive effects on the viability 
of primary hepatocytes and endothelial cells, unlike glutaraldehyde 
cross-linking, which displayed significant cytotoxicity. Upon implanta-
tion of the cross-linked scaffolds in a rat partial-thickness abdominal 
wall defect model, genipin-treated scaffolds elicited predominantly M2 
macrophage phenotype responses, while glutaraldehyde-treated scaf-
folds resulted in disrupted host tissue remodeling and a mixed macro-
phage polarization profile. However, despite its biocompatibility and 
effectiveness, genipin’s clinical applicability is limited due to the dark 
blue appearance of scaffold after treatment by genipin, high cost, and 
the complex extraction process [172]. 

Recently, the great interest in nanotechnology encouraged re-
searchers to investigate the cross-linking effects of nanomaterials on 
decellularized tissues. Silver nanoparticle have been employed for cross- 
linking of porcine liver slices, preserving ultrastructure, enhancing 
resistance against in vitro degradation, and demonstrating good cyto-
compatibility with hepatocellular carcinoma cell line (HepG2 cells) and 
EA. hy926 cells [177]. Furthermore, silver nanoparticle-treated scaf-
folds exhibited reduced host inflammatory reactions and higher M2 
macrophage polarization upon subcutaneous implantation in mice 
compared to glutaraldehyde and ethyl carbodiimide hydrochloride and 
N-hydroxysuccinimide-treated scaffolds [177]. In another study, Kim 
et al. perfused decellularized rat livers with nano-graphene oxide via 
both bile duct and portal vein for 24 h at 4 ◦C [178]. Nano-graphene 
oxide protected scaffold from in vitro degradation by directly 
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inhibiting matrix metalloproteinase activity and increasing mechanical 
rigidity. Subsequent subcutaneous implantation of cross-linked scaffolds 
promoted M2-like macrophage polarization, reducing graft-elicited 
inflammation. Interestingly, nano-graphene oxide-cross-linked livers 
were recellularized with endothelial and miHep cells and transplanted 
into acute (median and lateral lobe hepatectomy) and chronic (thio-
acetamide induced) liver failure mouse models, remaining functional 
post-transplantation. 

4.2.3. Sterilization 
Terminal sterilization of decellularized liver is a prerequisite for in 

vitro cell culture in a bioreactor and eventual in vivo implantation. The 
ideal sterilization agent/method should not only effectively kill or 
remove microorganisms, but also be safe, easy to use, and have minimal 
impact on the biocompatibility, physical or biological activity of the 
scaffold [104,179]. Therefore, the selection of a sterilization agent/-
method is critical. Ethanol, PAA, slightly acidic electrolyzed water, 
PAA/ethanol, irradiation, and antibiotics have been used for steriliza-
tion of decellularized liver [9,13,104,110]. In one of our previous 
studies, we compared between 0.1 % PAA, 70 % ethanol, and slightly 
acidic electrolyzed water for sterilizing decellularized pig liver slices for 
2 h [104]. Both SAEW and PAA effectively sterilized the scaffold without 
affecting the collagen, whereas ethanol decreased the collagen amount 
and did not efficiently sterilize the scaffold upon incubation in DMEM 
supplemented with 10 % FBS and on Columbia blood agar medium. 

It has been reported that γ sterilization affects the scaffold’s elas-
ticity, subsequently affecting cell attachment, behavior, and viability 
[180–182]. Mirmalek-Sani et al. sterilized the whole decellularized 
porcine liver with 1 Mrad (10 kGy) γ irradiation, then reseed the scaffold 
with HepG2 cells. TUNEL assay indicated minimal apoptotic response of 
HepG2 cells to liver scaffolds, confirming the noncytotoxic effect of the 
scaffold [183]. Mattei et al. sterilized freeze-dried decellularized porcine 
liver discs by exposing them to chloroform vapor, H2O2 gas plasma, a 
combination of chloroform vapor and H2O2 gas plasma, or PAA, before 
performing direct contact cytotoxicity assay with hepatocytes for up to 
48 h [184]. Chloroform vapor and immersion in PAA showed no cyto-
toxic effect on the hepatocytes, whereas H2O2 gas plasma treatment 
(with or without chloroform) showed a very toxic effect on hepatocytes. 
This may be attributed to the generation of free radicals after H2O2 
treatment, which negatively affects the matrix. 

4.2.4. Criteria for evaluating the fabricated liver scaffold 
The protocols used for liver decellularization are quite variable from 

lab to lab, with the aim of preserving the ECM structure and bioactivity 
while removing cellular and nuclear material to avoid host responses 
after in vivo transplantation of the scaffold. Attaining this balance re-
quires careful optimization of decellularization protocols to effectively 
remove cellular material while retaining essential ECM structures and 
bioactive molecules. Different factors influence this balance including 
the selection of decellularization agents, their concentrations, and the 
duration of treatment. Additionally, the mechanical forces applied 
during decellularization, such as agitation or perfusion, should be pre-
cisely controlled to minimize disruption to the ECM. For commercial 
production of liver scaffolds, a standardized, efficient decellularization 
technique should be applied. Following the preparation of the decellu-
larized scaffold, the brown color would change into a pale or transparent 
white; however, this color change does not guarantee efficient decellu-
larization of the scaffold. Initially, Badylak and his team suggested three 
necessary criteria to assure decellularization efficiency, based on various 
studies investigating in vivo remodeling and immune response [7]. The 
first criterion is the lack of nuclear materials in sections stained with 4’, 
6-diamidino-2-phenylindole (DAPI) or hematoxylin and eosin (H&E). 
The second criterion is the depletion of DNA from the ECM, with the 
scaffold containing less than 50 ng dsDNA/mg ECM dry weight, as 
quantified using commercially available dsDNA kits. The third criterion 
is that the DNA fragment length should be less the 200 bp, as determined 

by gel electrophoresis. DNA was initially used as an indirect measure of 
decellularization because it is challenging to remove. This difficulty 
made it a practical way to assess how thoroughly cells had been removed 
from a scaffold. However, it is now recognized that DNA content is not a 
robust indicator of decellularization efficiency or scaffold safety, as the 
FDA does not require DNA content specifications due to confidential 
product safety data submitted by manufacturers. From our experience in 
the field of decellularization, we recommend evaluating the absence of 
the alpha-Gal by PCR, immunostaining, or ELISA quantification to 
confirm the complete depletion of alpha-Gal. Additionally, due to the 
risk of zoonotic transmission of porcine endogenous retrovirus (PERV), 
it is critically important to ensure the complete absence of PERV by PCR 
within the decellularized porcine liver [5]. Moreover, it is equally 
important to investigate the retention of key ECM components, 
including collagen, GAGs, and growth factors, which are necessary for 
preserving the structural integrity and biological function of the tissue. 

Importantly, most decellularizing agents have a cytotoxic effect even 
at very low concentrations, so confirming the complete rinsing of the 
decellularized liver from these agent residues is essential [59,185]. 
Different methods have been used to measure the residues of decellu-
larizing agents qualitatively or quantitatively after completing the 
decellularization process. This is critical to avoid cytotoxicity resulting 
from the toxic effects of the agents, as well as to optimize sufficient time 
for washing the decellularized scaffolds to guarantee their biocompati-
bility [5]. Moreover, retention of chemicals such as SDS has been re-
ported to promote inflammation and foreign body reactions [92,186]. 
Methylene blue dye-binding assay is commonly used to quantify SDS 
using digested scaffolds [187]. Visible light spectroscopy has also been 
described as a simple method for detecting/quantifying trace amounts of 
SDS. This method relies on the utilization of a carbocyanine dye, 
Stains-All, which undergoes a color change from intense fuchsia to 
yellow with the addition of SDS [91,188]. Gas chromatography has been 
used to quantify the residual amount of SDS after decellularization of 
porcine liver slices [68]. Additionally, C14-labeled SDS was used to 
quantify the residual SDS present within decellularized human amniotic 
membrane [100]. Importantly, residual SDS was detected in both the 
final wash buffer (3.01 ± 2.72 μg/ml) and the decellularized amniotic 
membrane (0.62 ± 0.13 μg/mg). Interestingly, this low concentration 
was shown not to affect the viability of primary human dermal fibro-
blasts and primary human dermal keratinocytes cultured on the decel-
lularized amniotic membrane. 

Given that cytotoxicity could occur even at very low concentrations 
of decellularizing agents and may inhibit or completely kill the reseeded 
cells and negatively affect the ECM, new methods to detect and quantify 
the different residual decellularizing agents within the scaffolds are 
required. These methods should be simple, accurate, have low detection 
limits and large calibration ranges, and short analysis times. 

4.3. Reconstruction of the parenchymal regions 

Recellularization is defined as implanting specific cell types into the 
decellularized tissue to form an engineered construct with specific 
structures and functions that mimic the original tissue. This process 
consists of two main steps: the first is seeding the cells, allowing them to 
distribute to the appropriate locations within the decellularized liver 
scaffold. The second step involves perfusion of the whole liver through 
the main vessels with culture media under physiological conditions to 
simulate the in vivo state. The liver is composed of heterogeneous cell 
types, including hepatocytes, biliary epithelial cells (cholangiocytes), 
endothelial cells, stellate cells, Kupffer cells, progenitor cells, and un-
differentiated cells [189]. Therefore, constructing a transplantable and 
functional bioengineered liver demands these different cells to repopu-
late not only the parenchymal space, but also the vascular lining, sinu-
soids, and biliary network. 

In the context of liver transplantation, several studies have suggested 
that transplanting approximately 20–30 % of the normal liver mass can 
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provide sufficient function for the recipient. For instance, a human 
weighing 70 kg would require approximately 84 billion hepatocytes to 
attain at least 30 % liver function [190,191]. So, theoretically, incom-
plete repopulation of the liver parenchyma within the decellularized 
scaffold might be sufficient, as the reseeded hepatocytes can proliferate 
in vivo to fill the parenchyma [192]. Nevertheless, this hypothesis lacks 
conclusive evidence. 

Several studies have been conducted to evaluate the feasibility of 
recellularizing decellularized livers, primarily on rodent liver initially, 
and researchers have continued to scale it up using whole porcine and 
human livers (Table 1) [8,14,101,110,193–195]. This has led to have 
different cell sources and various strategies for recellularization with 
improved repopulation efficiency. These recellularization strategies are 
mainly adaptations of the techniques applied for traditional cell culture, 
tissue engineering, cell transplantation therapies, and isolated organ 
perfusion [196]. 

4.3.1. Cell source 

4.3.1.1. Primary hepatocytes. Primary human hepatocytes are the 
preferred candidate for repopulating bioengineered livers for clinical 
use due to their high host compatibility. However, primary human he-
patocytes are scarcely available, and are primarily sourced from dis-
carded cadaveric liver samples. Moreover, they have short life spans, 
poor proliferative capacity, and rapid loss of liver-specific function and 
morphology [197]. Porcine hepatocytes have been explored as an 
alternative to primary human hepatocytes in different recellularization 
trials. Yagi et al. reseeded decellularized porcine livers with primary 
porcine hepatocytes and perfused media via the portal vein at 4 ml/min, 
with a partial oxygen tension of approximately 300 mmHg [198]. 
Importantly, they reported that around 47.8 % of reseeded hepatocytes 
were apoptotic by day 7. Furthermore, they observed that albumin im-
munostaining was lower after 7 days of media perfusion compared to 
day 4, attributed to shear stress caused by media flow. 

Anderson et al. demonstrated that both primary hepatocytes, when 
cultured alone or co-cultured with human umbilical vein endothelial 
cells (HUVECs), exhibited substantial ammonia clearance and urea 
release, indicating the ability of hepatocytes to retain their function in 
high-density cultures within decellularized porcine liver scaffolds [193]. 

Porcine primary hepatocytes have drawbacks that could hinder their 
potential application in clinic, such as the potential immunogenic re-
action induced by proteins produced by porcine cells and the risk of 
transferring viral pathogens, such as PERV, porcine cytomegalovirus, 
and porcine lymphotropic herpesvirus [199–202]. 

Primary murine hepatocytes are frequently used for recellularization 
experiments and have demonstrated the ability to attach, grow, prolif-
erate, and survive within decellularized rodent livers while retaining 
their morphology and function [12,110,203]. 

4.3.1.2. Human hepatocyte cell lines. To address the challenges associ-
ated with using primary hepatocytes, tumor-derived hepatocyte cell 
lines such as HepG2 cells have been widely used to repopulate the 
parenchymal space of decellularized livers. This choice is favored due to 
the advantages of availability, rapid growth allowing for inexpensive 
expansion to attain sufficient cell numbers for recellularization, and 
secretion of human proteins. HepG2 cells efficiently repopulate decel-
lularized rat, porcine, and human livers while retaining their function 
and proliferative capacity [14,15,204]. 

HepG2 cells exhibit higher expression of functional genes, including 
albumin, low-density lipoprotein receptor (LDLR), and CYP2E1, as well 
as increased albumin secretion when cultured following efficient reen-
dothelization and coating of the vascular tree with a heparin-gelatin 
mixture compared to uncoated reendothelized porcine liver [14]. This 
emphasizes the importance of efficient reendothelization in protecting 
parenchymal cells from shear stress caused by media perfusion and 

enhancing hepatocyte function. However, from a clinical standpoint, 
HepG2 cells are not a good option for clinical use due to their tumori-
genicity and lack of normal metabolic profiles, particularly ureagenesis, 
compared to primary hepatocytes [205]. 

4.3.1.3. Human fetal hepatocytes. Human fetal hepatocytes (Hfh) are 
considered an alternative cell source for recellularization due to their 
proliferative and functional capacities [23]. Importantly, these cells are 
not genetically modified, thus carrying a lower risk of tumorigenicity 
than hepatoma cell lines or immortalized human cell lines. Additionally, 
there is no risk of zoonotic transmission and immunological issues often 
associated with xenogeneic hepatocytes [206,207]. 

Human fetal hepatocytes were able to repopulate decellularized 
porcine liver when co-cultured with fetal stellate cells after a 13-d perfu-
sion period, with 70 % of the cells staining positive for albumin. Inter-
estingly, the expression declined as the perfusion period progressed. 
Immunohistochemical staining demonstrated decreased expression of 
alpha-fetoprotein (AFP) and CYP3A7 and increased expression of 
CYP3A4, cytokeratin (CK)-18, and periodic acid-Schiff (PAS), indicating 
promising maturation of Hfh as the perfusion progressed [23]. 

The main challenges regarding the use of human fetal hepatocytes 
are their availability, ethical concerns, and incomplete functional 
maturity of the fetal cells [207,208]. 

4.3.1.4. Mesenchymal stem cells. Mesenchymal stem cells (MSCs) can be 
obtained from different sources such as bone marrow and adipose tissue. 
Autologous MSCs are considered as a potentially clinically relevant cell 
type for hepatic tissue engineering due to their availability, expand-
ability, and safety profile, along with possible beneficial immune mod-
ulation effects [209,210]. Jiang et al. reseeded the decellularized mouse 
liver with MSCs derived from mouse bone marrow via the portal vein 
and induced their differentiation towards the hepatic lineage during 
media perfusion [211]. The three-dimensional environment of the 
decellularized liver supported the hepatic differentiation of MSCs, as 
evidenced by higher expression levels of hepatic-specific genes and 
marker proteins, increased glycogen storage, albumin secretion, and 
urea production compared to cells differentiated in 2D cultures. 

4.3.1.5. Induced pluripotent stem cells. Induced pluripotent stem cells 
(iPSCs) are a type of pluripotent cells that can be produced by reprog-
ramming human or animal differentiated adult cells via overexpression 
of four transcription factors: Oct 4/3, Sox 2, Klf4 and c-Myc [212]. These 
cells can then be redifferentiated into hepatocyte-like cells. Park et al. 
produced the porcine iPSCs from ear skin fibroblasts and differentiated 
them into hepatocytes (iPSCs-Hep) using solubilized decellularized 
porcine liver extract [213]. The iPSCs-Hep were then reseeded into a 
decellularized rat liver through the portal vein and distributed well 
within the parenchyma of the scaffold, exhibiting the ability to secrete 
albumin and urea into the perfusate. 

Similarly, Minami et al. recellularized a rat liver scaffold with 
hepatocyte-like cells derived from human iPSCs (hiPSCs) via the biliary 
duct [214]. The repopulating cells secreted albumin and stained positive 
for albumin, AFP, and CYP3A4 after 48 h of media perfusion. The 
expression of AFP suggested insufficient maturation of the engrafted 
cells. 

To evaluate the ability of the microenvironment, including the 
unique composition and native 3D organization within the decellular-
ized liver ECM, to induce the differentiation, Acun et al. reseeded a rat 
liver scaffold with undifferentiated iPSCs [215]. After 7 days of media 
perfusion, the iPSCs differentiated into hepatocyte-like cells, showing 
higher expression of mature markers, including CYP450 enzymes, al-
bumin, and HNF4a, compared to hepatocyte-like cells produced in a 3D 
geltrex matrix. 

The advent of induced pluripotent stem cell (iPSC) technology has 
paved the way for using patient-specific iPSC-derived hepatocytes (iPSC- 
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Table 1 
Summary of studies reported the decellularization and recellularization of the liver scaffolds with different cells.  

Source Decellularization 
method 

Sterilization 
method 

Cell type/Seeding 
route/ 
reendothelization 
enhancement 

In vitro culture In vivo Transplantation Main outcomes Ref. 

Rats − 0.01 % SDS for 
24 h 
− 0.1 % SDS for 24 
h 
− 1% SDS for 24 h 
− 1% Triton X-100 
for 30 min  
- Via portal vein 

0.1 % peracetic 
acid for 3 h  

- Primary rat 
hepatocytes and rat 
cardiac microvascular 
endothelial cells via 
portal vein 

Dynamic for 5 d Heterotopic 
transplantation of the 
median lobe for 8 h 
after unilateral 
nephrectomy.  

1 Successful decellularization 
with preservation of ECM 
components was confirmed 
by H&E, 
immunohistochemistry, and 
SEM.  

2 Reseeded cells were 
functional (albumin 
secretion, urea synthesis and 
cytochrome P450 expression 
at comparable levels to 
normal liver in vitro).  

3 Hepatic function (albumin, 
G6pc and Ugt1a) was also 
retained in the transplanted 
grafts, with minimal 
indications of ischemic 
damage. 

Uygun 
et al. [12] 

Rats − 1%, 2 %, 3 % 
Triton X-100 for 1 
h each 
− 0.1 % SDS for 1 h  
- Via the inferior 

vena cava 

Decellularization 
solutions contained 
1 % antibiotic/ 
mycotic 

Rat liver progenitor cell 
line WB344 via the 
inferior vena cava 

Not mentioned –  1 0.1 % SDS for 1 h completely 
removed all DNA.  

2 Addition of antibiotics/ 
antimycotics to all perfusion 
solutions prevented 
microbial growth.  

3 Reseeded cells distributed 
within the center of the 
scaffold. 

Shupe 
et al. [21] 

Rats  - Freeze-thawing 
− 0.02 % trypsin/ 
0.05 % EGTA for 2 
h 
− 3% Triton X- 
100/0.05 % EGTA 
for 18–24 h  
- Via IVC 

− 0.1 % peracetic 
acid/4 % EtOH for 
1 h.  
- Terminal 

sterilization by 
2MRad gamma 
irradiation  

- Primary mice 
hepatocytes via: (1) 
Direct parenchymal 
injection; (2) 
Continuous perfusion 
via the portal vein; 
and (3) Multistep 
infusion via the portal 
vein 

Dynamic for 7 
days 

–  1 Decellularization process 
preserved the 3-D structure, 
the ultrastructure, the ECM 
components, the microvas-
cular network, and the bile 
drainage system, and up to 
50 % of growth factor 
content.  

2 Multistep infusion technique 
of hepatocytes resulted in 
~90 % of cell engraftment 
and provided the highest 
liver-specific functional ca-
pacities of the engrafted 
cells. 

Soto- 
Gutierrez 
et al. [110] 

Rats − 1% SDS, 0.5 % 
SDS, and 0.25 % 
SDS for 4 h each 
− 1% Triton X-100 
for 1 h  
- Via portal vein  

- Antibiotic- 
containing saline 
for 72 h.  

- Primary rat 
hepatocytes via the 
portal vein (from 
spheroid culture).  

- Scaffolds treated for 
heparin 
immobilization 
(layer-by-layer 
heparin self-assembly 
technique).  

- Static for 4 h.  
- Dynamic for 2 

h. 

Heterotopic into 90 % 
hepa- tectomized rat 
portal system for 72 h.  

1 Treating hepatectomized 
rats with a recellularized 
liver scaffold improved liver 
function and prolonged 
survival. The mean lifespan 
was extended from 16 to 72 
h.  

2 At 72 h post operation, the 
recellularized scaffold 
maintained the functionality 
and viability of hepatocytes. 

Bao et al. 
[218] 

Ferret − 1% Triton X-100 
+ 0.1 % 
ammonium 
hydroxide  
- Via portal vein 

− 1.5MRad gamma 
irradiation  

- Human foetal liver 
cells + HUVECs 
endothelial cells co- 
infusion via the portal 
vein over a period of 
16 h. 

Dynamic for 7 
days 

Heterotopic 
transplantation of 
decellularized right 
lobe for 1 h.  

1 Cells repopulated in their 
native locations within the 
decellularized scaffold and 
displayed typical 
endothelial, hepatic, and 
biliary epithelial markers, 
thus creating a liver-like tis-
sue in vitro. 

Baptista 
et al. [13] 

Rats Two 
decellularization 
protocol: 
− 1% SDS for 2 h 
− 1% Triton X-100 
+ 0.05 % sodium 
hydroxide for 2 h  
- Via portal vein 

– Primary rat hepatocytes 
via the portal vein 

Dynamic for 7 
days 

–  1 Collagen preservation was 
observed in both protocols.  

- Elastin decreased to around 
20 % and 60 %, GAGs to 
about 10 % and 50 %, and 
hepatocyte growth factor 
(HGF) to roughly 20 % and 
60 % of their original levels 
in the native liver following 

Ren et al. 
[101] 
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Table 1 (continued ) 

Source Decellularization 
method 

Sterilization 
method 

Cell type/Seeding 
route/ 
reendothelization 
enhancement 

In vitro culture In vivo Transplantation Main outcomes Ref. 

SDS and Triton X-100 
treatments, respectively.  

2 Triton X-100-treated 
scaffolds showed 
significantly better support 
for liver-specific functions, 
such as albumin secretion, 
urea synthesis, ammonia 
elimination, and mRNA 
expression levels of drug 
metabolism enzymes, 
compared to SDS-treated 
scaffolds. 

Rats  - Freeze-thawing  
- Trypsin and 

Triton X-100 
with EGTA, via 
SHVC for 24 h 

– Bone marrow MSC and 
primary rat hepatocytes 
via the portal vein. 
− 3 × 10^8, 1 × 10^8, 
and 5 × 10^7 of 
hepatocytes together 
with 20 % of MSCs were 
infused in sequential 
order of Group 1: 
hepatocytes initially, 
Group 2: MSCs initially, 
and Group 3: 
hepatocytes and MSCs 
together. 

Dynamic for 6 
days 

2 tubes were inserted 
into the portal vein and 
SHVC then connected 
to the recipient’s left 
portal vein and left 
renal vein, respectively 
for 1 h.  

1 Separate infusions of the two 
cell types resulted in higher 
numbers of hepatocytes and 
MSCs stacked inside the 
vascular walls, which 
reduced hepatocyte 
migration into and 
repopulation of the 
parenchymal space.  

2 MSCs were well-engrafted 
among clusters of hepato-
cytes as well as inside the 
decellularized vascular walls 
in the matrix in Co-infusion 
at the same time.  

3 Administration of MSCs into 
the scaffold enriched the 
microenvironment for 
factors related to hepatic 
regeneration and served as 
supportive cells for 
hepatocyte maintenance and 
protein production. 

Kadota 
et al. [123] 

Porcine  - Freeze-thawing 
− 1% SDS for 22 h  
- DNase for 2 h  
- Via portal vein 

– Porcine hepatocytes via 
the portal vein 

Dynamic for 2 
days 

–  1 Porcine liver were 
completely decellularized in 
a mean time of 24 h, as 
proven by a negative H&E 
staining and significantly 
decreased DNA levels.  

2 Reseeded hepatocytes 
engrafted successfully in the 
liver scaffold with the ability 
to proliferate. 

Bühler 
et al. [149] 

Human  - Freeze-thawing. 
− 0.025 % Trypsin- 
EDTA 
− 0.01 % SDS, 0.1 
% SDS, and 1 % 
SDS 
− 3% Triton X-100  
- Via portal vein 

− 5% Antibiotic and 
Antimycotic. 
− 0.1 % PAA and 4 
% ethanol. 

Human cell lines 
hepatic stellate cells 
(LX2), hepato-cellular 
carcinoma (Sk-Hep-1) 
and hepatoblastoma 
(HepG2) via suspension 

Static on liver 
cubes for 21 
days. 

Subcutaneously or into 
the omentum in 
immune competent 
mice for 21 days.  

1 Cells grown on the liver 
cubes have excellent 
viability, motility, and 
proliferation.  

2 No foreign body response 
was observed after in vivo 
implantation of the 
decellularized scaffolds. 

Mazza 
et al. [15] 

Rats − 0.1 % SDS for 
60–80 min 

− 0.1 % peracetic 
acid for 2 h  

- Hepatic carcinoma 
cells (HepG2) 

Dynamic for 10 
days 

–  1 HepG2 cells exhibited robust 
growth on the scaffolds.  

2 PCR indicated that cells 
maintained their 
functionality and invasion 
ability at significantly higher 
levels compared to cells 
cultured on 2D dishes or 
spheroids on Matrigel.  

3 Cells grown on scaffolds 
responded to the drug 
(methotrexate) in a manner 
similar to its known activity 
in vivo. 

Hussein 
et al. [204] 

Piglet − 1% Triton X-100 
and 0.1 % 
ammonium 
hydroxide for 2–3 
days 

− 1.2 MRad gamma 
irradiation  

- Murine endothelial 
cells (MS1) via the 
PV, HA, SH-IVC, and 
IH-IVC.  

- Static for 1 h, 
followed by 
another 1 h 
infusion 
performed 

Heterotopic 
transplantation of for 
24 h after unilateral 
nephrectomy.  

1 The conjugation of anti- 
CD31 antibodies to the 
vascular surfaces signifi-
cantly enhanced the effi-
ciency of reendothelization, 

Ko et al. 
[11] 
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Table 1 (continued ) 

Source Decellularization 
method 

Sterilization 
method 

Cell type/Seeding 
route/ 
reendothelization 
enhancement 

In vitro culture In vivo Transplantation Main outcomes Ref.  

- Anti-mouse CD31 
antibodies were 
conjugated onto the 
vascular surfaces 

following a 
180-degree 
rotation of the 
liver scaffold 
from the orig-
inal position.  

- Dynamic for 3 
days. 

leading to consistent endo-
thelial attachment 
throughout the liver vascu-
lature and extending to the 
capillary bed of the liver 
scaffold. This approach sub-
stantially decreased platelet 
adhesion during blood 
perfusion in vitro.  

2 After transplantation, the 
reendothelialized livers 
were able to withstand 
physiological blood flow for 
up to 24 h 

Porcine  - Freeze-thawing 
− 1% Triton X-100 
for 3 h 
− 1% SDS for 6 h 
followed by1% 
Triton X-100 for 3 
h  
- Via portal vein 

–  - Rat primary 
hepatocytes and 
human umbilical vein 
endothelial cells.  

- Scaffolds treated for 
heparin 
immobilization 
(layer-by-layer 
heparin self-assembly 
technique).  

- Static on 
scaffolds 
specimen for 3 
days. 

Orthotopic 
transplantation for 1 h 
in the infrahepatic 
space after resection of 
recipient the right and 
left liver lobes.  

1 The decellularized liver was 
depleted from PERV as 
assessed by PCR.  

2 The heparinized scaffolds 
demonstrated improved 
anticoagulation as shown 
upon platelet adhesion and 
activation assays.  

3 The heparinized scaffolds 
were biocompatible. 

Bao et al. 
[219] 

Rat − 0.02 % EGTA for 
30 min 
− 1% Triton X- 
100/0.1 % 
ammonium 
hydroxide for 20 h  
- Via portal vein 

− 0.1 % peracetic 
acid for 3 h 

Rat normal liver cell 
line BRL were 
introduced by 2 
methods: multi position 
parenchymal injection 
method or infusion 
method Via portal vein.  
- Endothelial 

progenitor cells 
infusion via portal 
vein (Separate 
culture)  

- Dynamic for 7 
days (for rat 
normal liver 
cell line BRL).  

- Dynamic for 3 
days (for EPC) 

Subcutaneously 
(Samples of 
decellularized scaffold 
were cut as 5 mm in 
diameter and 3 mm in 
thickness) for 21 days  

1 Heterologous 
transplantation showed 
good biocompatibility of the 
scaffold.  

2 BRL cells attached and 
functioned well in the 
scaffold.  

3 EPCs covered the internal 
surface of the tubular 
structures in the scaffold. 

Zhou et al. 
[105] 

Porcine − 0.1%SDS for 9 h 
± 2.5 h  
- Via the portal 

vein 

0.1%PAA for 2 h.  - Hepatic carcinoma 
cells (HepG2) and 
human endothelial 
cells (EA.hy926)  

- Via the portal vein.  
- The vascular surfaces 

were coated by 
heparin-gelatin 
mixture.  

- Dynamic for 
10 days. 

Orthotopic 
transplantation for 1 h 
after unilateral 
nephrectomy.  

1 Heparin-gelatin mixture 
improved ECs attachment 
and migration toward 
vascular surface.  

2 Decellularized liver 
repopulated endothelial 
cells after heparin gelatin 
coating revealed improved 
ex vivo blood perfusion 
compared to uncoated 
scaffolds.  

3 In vivo results showed no 
coagulation occurred and 
parenchymal cell functions 
were maintained. 

Hussein 
et al. [14] 

Rats  - Freeze-thawing. 
− 0.02 % trypsin/ 
0.05 % EGTA for 1 
h 
− 1% Triton X-100 
for 18–24 h  
- Via portal vein 

0.1%PAA for 2 h.  - Adult and foetal 
mouse hepatocytes.  

- via the bile duct or the 
portal vein  

- Dynamic for 7 
days 

–  1 Recellularization through 
bile duct showed a higher 
parenchymal distribution 
efficacy (80 %) compared to 
20 % following portal vein 
seeding. 

Ogiso et al. 
[217] 

Rats − 0.1 % SDS for 
about 24 h  
- Via portal vein 

– HepG2 cells infused 
through the bile duct 
with either HUVECs via 
the portal vein or rat 
neonatal cell slurry 
infused via the bile 
duct. 

Dynamic 5–7 
days 

–  1 HepG2 cells cocultured with 
HUVECs showed viable 
human endothelial lining 
with hepatocyte growth. In 
the neonatal cell slurry 
infusion group, distinct foci 
of hepatocytes were 
observed to repopulate the 
parenchyma of the scaffold 
with presence of 
cholangiocytes as verified by 
CK-7 positivity.  

2 Albumin production was 
higher than that observed in 
traditional cell culture. 

Hassanein 
et al. [194] 
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Table 1 (continued ) 

Source Decellularization 
method 

Sterilization 
method 

Cell type/Seeding 
route/ 
reendothelization 
enhancement 

In vitro culture In vivo Transplantation Main outcomes Ref. 

Rats − 0.02 % trypsin/ 
0.05 % EGTA for 1 
h 
− 1% Triton X- 
100/0.05 % EGTA 
for 18–24 h  
- Via portal vein 

0.1%PAA for 2 h.  1 Primary rat 
hepatocytes via the 
bile duct.  

2 Liver sinusoidal 
endothelial cells 
(LSECs) or HUVECs 
via the portal vein  

- Dynamic for 7 
days 

–  1 Seeding through biliary duct 
facilitated proper 
distribution of hepatocytes 
throughout the parenchymal 
space, while portal vein- 
seeded LSECs concurrently 
lined the portal lumen, 
thereby preserving function 
and morphology.  

2 Hepatocytes co-seeded with 
LSECs retained their func-
tion compared to those 
seeded independently.  

3 Platelet deposition 
significantly decreased, and 
hepatocyte viability was 
maintained in the co-seeded 
group following 8-h of 
extracorporeal blood 
perfusion. 

Kojima 
et al. [195] 

Rats  - Freeze-thawing. 
− 0.01 % SDS 
− 0.1 % SDS for 4 h 
− 0.2 % SDS for 1 h 
− 0.5 % SDS for 1 h 
− 1% Triton X-100 
for 30 min  
- Via portal vein 

0.1 % PAA and 4 % 
ethanol.  

- Human EA.hy926 
endothelial cells.  

- Via the portal vein  
- REDV-ELP peptide 

was conjugated to the 
vascular surface.  

- Dynamic for 4 
days 

–  1 REDV-ELP increased EC 
attachment and proliferation 
within the scaffold with 
uniform endothelial lining of 
the vasculature.  

2 REDV-ELP conjugation 
reduced platelet adhesion 
and activation following ex 
vivo perfusion using platelet- 
rich plasma for 1 h. 

Devalliere 
et al. [10] 

Rats  - Freeze-thawing 
− 0.05 % trypsin/ 
0.05 % EGTA 
solution for 2 h 
− 0.5 % Triton X- 
100/0.05 % EGTA 
for 3–12 h  
- Via portal vein 

–  - HUVECs endothelial 
cells.  

- Via portal vein.  
- To improve cell 

adhesion properties, 
scaffolds were 
immersed in 
fibronectin solution 
before 
reendothelization.  

- Static for 2 
days.  

- Dynamic for 2 
days with 
different flow 
rates 

–  1 Perfusion culture enhanced 
the formation of sinusoid- 
scale microvessels in the 
scaffolds, which was not 
observed in static culture. 
Particularly, perfusion cul-
ture at 4.7 ml/min enhanced 
the formation of sinusoid- 
scale microvessels compared 
to perfusion culture at 2.4 
and 9.4 ml/min  

2 fibronectin coating 
stimulated the generation of 
sinusoid-scale microvessels 
during perfusion culture at 
4.7 ml/min. 

Watanabe 
et al. [150] 

Rats  - Freeze-thawing 
− 1% Triton X-100 
with 0.1 % NH4OH 
for 3 h  
- Via portal vein 

− 0.1 % PAA in 4 % 
ethanol for 40 min. 
− 0.1 % PAA for 30 
min.  
- Antibiotic 

(penicillin/ 
streptomycin)  

- Rat sinusoidal 
endothelial cells.  

- Via the portal vein.  
- Cell were injected in 

5 % gelatin hydrogel 
solution for 
improving the 
attachment.  

- Dynamic for 2 
days 

Heterotopic 
transplantation for 8 
days  

1 Gelatin hydrogels-based 
perfusion significantly 
increased the retained ECs 
within the scaffold which 
lined the vascular lumen and 
actively proliferate.  

2 Doppler ultrasound showed 
active blood flow within the 
reendothelialized liver 
scaffold transplants after 8 
days. 

Meng et al. 
[108] 

Rats − 0.01 % SDS for 
24 h 
− 0.1 % SDS for 24 
h.-0.2 % SDS for 3 
h.-0.5 % SDS for 3 
h 
− 1% Triton X-100 
for 30 min  
- Via portal vein 

− 0.1 % PAA and 4 
% ethanol for 3 h.  
- Antibiotics 

(penicillin, 
streptomycin and 
gentamicin) and 
antimycotic 
(amphotericin B)  

- Rat cholangiocytes 
via the common bile 
duct.  

- Rat hepatocytes via 
the portal vein  

- Dynamic for 2 
days 

–  1 Co-seeded scaffold with 
cholangiocytes through the 
biliary duct, alongside 
perfusing hepatocytes 
through the portal vein 
resulted in organization of 
the cholangiocytes into duct- 
like structures, while viable 
hepatocytes clustered in the 
parenchymal space, closely 
mimicking the arrangement 
found in native tissue.  

2 Co-seeded scaffold had 
higher production of 
albumin and urea than grafts 

Chen et al. 
[111] 
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Heps) for recellularization of decellularized livers for clinical applica-
tions. iPSCs offer an unlimited cell source and are less immunogenic, 
thereby avoiding the high cost and serious side effects associated with 
immunosuppression needed for allogenic cells. However, critical safety 
concerns remain regarding the use of viral vectors and the potential for 
teratoma formation, limiting the clinical application of iPSCs [197,216]. 

4.3.2. Methods of recellularization 
Reseeding cells into decellularized liver can be achieved through 

direct injection into the parenchyma or through perfusion via the hep-
atobiliary vasculature. Given that the liver’s primary blood supply is 
through the portal vein, which has a wide lumen and extensive 
branching, the latter approach is commonly used for hepatocyte seed-
ing. Zhou et al. conducted a study comparing the repopulation efficiency 
of buffalo rat liver (BRL) epithelial-like cells after intraparenchymal 
injection or portal vein infusion [105]. They injected the cells into 10 
sites within the parenchyma of decellularized rat liver or infused them 

into the portal vein. Cells delivered via portal vein infusion resulted in a 
low engraftment rate (83.4 % ± 5.2 %) and poor distribution of the 
seeding cells, whereas parenchymal injection resulted in a high 
engraftment rate (93.2 % ± 4 %) and better distribution of cells in the 
parenchymal space after 24 h. This difference was attributed to the 
tendency of reseeded cells to block the portal vein lumen and be washed 
out of the scaffolds. 

Few studies have compared the effectiveness of seeding cells via the 
portal vein, bile duct, and vena cava. For instance, in a study by Ogiso 
et al., it was reported that there was significantly higher hepatocytes 
parenchymal engraftment when infused via the biliary tree compared to 
the portal vein [217]. The use of the vena cava (inferior/superior) for 
hepatocyte recellularization is less common. Shupe et al. reseeded the 
decellularized liver through the inferior vena cava using the rat liver 
progenitor cell line WB344, which spread into the center of the scaffold 
[21]. The authors did not specify the rationale behind recellularization 
via the vena cava. 

Table 1 (continued ) 

Source Decellularization 
method 

Sterilization 
method 

Cell type/Seeding 
route/ 
reendothelization 
enhancement 

In vitro culture In vivo Transplantation Main outcomes Ref. 

with hepatocytes only (not 
significant difference). 

Rats  - Freeze-thawing 
− 0.02 % trypsin/ 
0.05 % EGTA for 1 
h 
− 1% Triton X- 
100/0.05 % EGTA 
for 18–24 h  
- Via portal vein 

− 0.1 % PAA for 2 h.  - Human induced 
pluripotent stem cells 
derived hepatocyte- 
like cells.  

- Via bile duct  

- Dynamic for 2 
days 

–  1 The hiPSC-HLCs distributed 
into the parenchymal space 
of the recellularized liver.  

2 The recellularized liver 
expressed the albumin and 
CYP3A4 genes, and secreted 
human ALB into the 
perfusate. 

Minami 
et al. [214] 

Porcine − 1% Triton X-100 
for 2–5 h 
− 0.6 % SDS for 
4–8 h  
- Via portal vein 

− 0.1 % PAA for 2 h.  - HUVECs endothelial 
cells via the superior 
vena cava followed by 
via the portal vein 
after 24 h. 

Dynamic for 20 
days 

Heterotopic 20 days in 
immunosuppressed 
pigs  

1 Implementing a 10-day 
steroid-based immunosup-
pression protocol along with 
splenectomy at the time of 
reendothelialized scaffold 
implantation reduced the 
immune responses and 
resulted in continuous 
perfusion of the scaffold for 
over two weeks.  

2 HUVECs were localized 
within sinusoidal regions 
upregulated the expression 
of sinusoidal endothelial 
markers similar to those in 
normal liver tissue. 

Shaheen 
et al. [8] 

Porcine − 1% Triton X-100 
for 2–5 h 
− 0.6 % SDS for 
4–8 h  
- Via portal vein 

− 0.1 % PAA for 2 h.  - HUVECs endothelial 
cells via the vena cava 
followed by the portal 
vein after 24 h.  

- Porcine hepatocytes 
via the bile duct 
typically 13–16 days 
following the first 
HUVEC seeding. 

Dynamic for 20 
days 

Heterotopic in a pig 
model of surgically 
induced acute liver 
failure for 2 days.  

1 Repopulated hepatocytes in 
the parenchymal regions 
reconstituted hepatic 
function within the scaffold 
as measured by albumin 
secretion, urea production, 
and ammonia clearance in 
vitro.  

2 Co-seeded scaffolds showed 
improved biochemical 
function in an acute liver 
failure model. 

Anderson 
et al. [193] 

Rats − 0.1 % SDS for 6 h  
- DNase for 1 h  
- Via portal vein 

− 0.1 % PAA  
- Antibiotics  

- Hepatic carcinoma 
cells (HepG2) via the 
bile duct twice with 
48 h interval.  

- HUVECs endothelial 
cells were infused via 
the bile duct after 14 
days of HepG2 
culture.  

- Anti-CD31 aptamer 
was conjugated to the 
vascular surface. 

Dynamic for 21 
days 

Transplantation in 2 
models  
- Heterotopic in 

healthy rats for 2 h.  
- Into the interlobular 

space of the liver 
after removing the 
fibrous capsule for 4 
weeks  

1 Successfully coating the 
vascular surface of the 
scaffold with the Anti-CD31 
aptamer led to enhanced 
endothelial cell coverage.  

2 This modification allowed 
for perfusion with blood for 
2 h, resulting in decreased 
platelet adhesion ex vivo. 
Additionally, in a hepatic 
fibrosis rat model, it 
effectively restored liver 
function. 

Kim et al. 
[9]  
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To mitigate the risk of reseeded cells remaining in the vessel and 
causing blockage due to the use of a large number of cells, cell intro-
duction into the scaffold can be performed through different injection 
approaches, such as multi-step infusion, or in a continuous perfusion 
manner. For example, Soto-Gutierrez et al. demonstrated that a multi-
step infusion of cells via the portal vein resulted in a better parenchymal 
repopulation rate, with a cell engraftment rate of approximately 90 %, 
and exhibited higher proliferative capacity as well as a superior func-
tional profile of engrafted cells, including albumin production, CYP1A1/ 
2 activity, and ammonia clearance, compared to direct parenchymal 
injection and continuous perfusion [110]. 

4.4. Vascular reconstruction 

During the decellularization process, the endothelial cell layer is 
typically removed along with other parenchymal cells. The ECM com-
ponents, especially collagen present in the scaffold, can stimulate the 
activation pathway upon contact with circulating platelets in the 
bloodstream [150,220,221]. As a result, platelet aggregation and 
coagulation are expected to occur immediately after in vivo trans-
plantation of the liver scaffold, potentially impeding the blood supply to 
the organ and causing cell death. Therefore, reconstruction of the 
vascular network becomes necessary to allow the perfusion of the graft 
with host blood, ensuring the supply of nutrients and oxygen to different 
regions of the bioengineered organ [14,222]. Generally, it has been 
reported that cells can only survive within an area approximately 1–3 
mm away from a source of nutrients and oxygen [223]. Oxygen is 
crucially supplied to hepatocytes by the mixing of arterial (hepatic ar-
tery) and venous blood (portal vein) in sinusoids at a rate of ~1.2 
nmol/s/106 cells to meet the oxygen demand and support the high 
metabolic activity of hepatocytes [224]. Considering this, inefficient 
reendothelialization may result in necrosis-induced death, accompanied 
by poor performance of the graft and potential rejection. 

Vascular reconstruction basically requires preserving the innate 
vascular tree, encompassing arteries, veins, and capillaries, during the 
decellularization process. Thus, creating new vessels with defined ul-
trastructure and three-dimensional organization and branching is not 
essential. These intrinsic vascular structures play a crucial role in 
delivering cells during the recellularization process [168]. 

Efficient full reendothelialization of the vascular structures within 
the bioengineered liver is achieved when these structures are covered by 
a single complete layer of endothelial cells, serving as a non- 
thrombogenic barrier. This endothelial layer reduces the risk of blood 
coagulation and protects the hepatocytes from shear stress resulting 
from blood flow outside the vascular spaces [9,10,108,168]. Several 
researchers have reseeded the decellularized livers with different types 
of endothelial cells through the hepatic artery or portal vein in ante-
grade or retrograde directions, while others have combined both routes. 
In most cases, these cells remain on the blood vessel surface and line the 
basal membrane [9–11,14]. For example, Uygun et al. attempted to seed 
the rat liver scaffold with microvascular endothelial cells into the portal 
vein 24 h after repopulation by hepatocytes and allowed media perfu-
sion for 5 days [12]. Histological analysis demonstrated the capability of 
the endothelial cells to cover the blood vasculature. Additionally, Bap-
tista et al. reseeded the ferret liver scaffold with fluorescently labeled 
ECs through antegrade infusion via the portal vein or retrograde cell 
infusion through vena cava to investigate the distribution and locali-
zation of endothelial cells within the parenchymal and nonparenchymal 
spaces [13]. Upon reseeding the cells through the portal vein, the cells 
were observed in the periportal area, whereas when seeded through the 
vena cava, they were deposited in the pericentral area. 

Although injecting ECs into existing blood vessels is a simple tech-
nique that relies on the capability of ECs to adhere to the luminal surface 
of blood vessels, leakage of some ECs outside the vascular structures into 
the parenchyma, cell detachment under physiological flow conditions, 
and reendothelization of microvascular structures such as sinusoids 

remain obstacles to achieving complete reendothelialization of the 
decellularized liver [14]. Thus, improving reendothelialization efficacy 
is necessary to prevent platelet adhesion and thrombosis. 

4.4.1. Enhancement of the reendothelialization efficiency 
Numerous studies have explored different agents to promote EC 

adhesion and/or enhance cell scaffold interactions to facilitate the 
attachment, growth, and proliferation of ECs within the decellularized 
liver. These agents, such as antithrombotic agents, antibodies, growth 
factors, and/or ECM proteins, exert their effects through various 
mechanisms, as shown in Figs. 3 and 4 [9–11,14,150,218]. 

4.4.1.1. Heparin. Heparin, a naturally occurring highly sulfated 
glycosaminoglycan, is commonly used as an antithrombotic agent. 
Surface-immobilized heparin has been applied during preparation of 
different biomaterials to ameliorate the hemocompatibility of coated 
surfaces by interacting with vascular endothelial growth factor receptors 
(VEGFRs) on ECs and preventing platelet adhesion [225,226]. Bao et al. 
were the first to describe heparin immobilization within rat liver scaf-
fold, primarily for reducing coagulation in vivo rather than improving 
reendothelialization efficiency [218]. They pretreated decellularized 
liver lobes with heparin via the layer-by-layer self-assembly technique, 
recellularized them with rat hepatocyte spheroids, and implanted them 
into the portal system in a 90 % hepatectomized rodent model. Trans-
planted grafts supported hepatic function for 72 h, preserving hepato-
cyte morphology and prolonging animal survival. Moreover, they 
applied a similar approach in another study involving clinical-scale 
porcine liver [219], followed by recellularization with rat primary he-
patocytes and HUVECs. They observed that heparin treatments effec-
tively prevented thrombosis in the bioengineered liver during blood 
perfusion after in vivo implantation. 

4.4.1.2. Gelatin. Gelatin, a high-molecular-weight natural protein ob-
tained from the hydrolysis of collagen, exhibits excellent biocompati-
bility and biodegradability [227,228]. Meng et al. perfused endothelial 
cells in gelatin hydrogel to improve the reendothelialization of decel-
lularized liver scaffolds [108]. They reported a significant increase in 
the retention of injected endothelial cells within the decellularized liver 
scaffolds, resulting in a higher vascular lumen perimeter coverage ratio 
compared to perfusing ECs in Roswell Park Memorial Institute (RPMI) 
medium. Hussein et al. combined both heparin and gelatin as a mixture 
to create a sticky surface on blood vessel surfaces, improving reendo-
thelialization efficiency in decellularized porcine liver (Fig. 4) [14]. 
Livers reendothelialized using EA. hy926 ECs in a dynamic culture in a 
bioreactor for 10 days showed no clots after ex vivo blood perfusion for 
24 h. Moreover, they cocultured HepG2 cells and endothelial cells in the 
decellularized liver and transplanted it heterotopically into pigs, 
observing no obvious thrombosis and better hepatocyte function 
compared to uncoated liver scaffolds. 

4.4.1.3. Anti-CD31 antibodies. CD31 antibody conjugation on the blood 
vessels surface of kidneys and livers has been investigated. Ko et al. 
pretreated decellularized porcine liver scaffold with a CD31 antibody 
followed by immobilization using N-Hydroxy succinimide (NHS) and 1- 
ethyl-3-(3- (dimethylamino)propyl)-carbodiimide hydrochloride (EDC) 
[11]. Then, they infused murine ECs (MS1) into the portal vein, hepatic 
artery, suprahepatic inferior vena cava, and intrahepatic inferior vena 
cava. This approach resulted in well-aligned, and uniformly distributed 
ECs over the lumens of the vascular structures, with a significant 
reduction in platelet adhesion upon blood perfusion in vitro (Fig. 4). 
Reendothelialized livers sustained physiological host blood flow for up 
to 24 h after heterotopic transplantation into pigs. Kim et al. coated the 
decellularized rat liver with anti-CD31 aptamer or anti-CD31 antibodies, 
then seeded the scaffolds with HUVEC cells and subjected to bioreactor 
culture for 7 days [9]. Formation of continuous endothelium along the 
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vascular lumens was observed in the presence of the anti-CD31 aptamer 
coating, leading to more efficient endothelization throughout the liver 
construct than with the anti-CD31 antibody as shown in Fig. 4. 

4.4.1.4. REDV conjugated with ELP. Devalliere et al. infused Arg-Glu- 
Asp-Val (REDV) conjugated with Elastin-like peptide (ELP) that can 
aggregate to the fusion protein upon thermal triggering, through the 
portal vein to coat the vasculature within decellularized rat livers for 
improving endothelial cell attachment [10]. ELP sequences conferred 
the biopolymer with mechanical properties of native elastin, while 
REDV enhanced attachment by targeting the adhesion receptor α4 β1 
integrin. It is worth to mention that these receptors are found only on the 
ECs surface, but not on platelets [229]. This specific affinity of REDV 
peptide for ECs makes it an excellent candidate for enhancing reendo-
thelialization within bioengineered livers. Uygun and her colleagues 
confirmed this by perfusing decellularized livers with REDV–ELP, 
showing a significant increase in EC attachment, spreading, and prolif-
eration, with growth of an endothelial monolayer on vascular walls 
(Fig. 4). Additionally, REDV–ELP conjugation reduced platelet adhesion 
and activation upon ex vivo perfusion with platelet-rich plasma [10]. 

4.4.1.5. Fibronectin. Fibronectin, a large adhesive glycoprotein, is 
considered a major component present in decellularized tissues and has 
been extensively used for conjugation with biomaterial surfaces to 
accelerate the attachment, spreading, and differentiation of ECs [150, 
230,231]. Watanabe et al. investigated the ability of fibronectin, com-
bined with flow-derived mechanical stress, to enhance reendotheliali-
zation [150]. Decellularized rat livers were treated with fibronectin 
before HUVECs were introduced into the livers through the portal vein. 
Perfusion at a rate of 4.7 ml/min was noted to facilitate the generation of 
sinusoid-scale microvessels, unlike perfusion rates of 2.4 and 9.4 
ml/min. Furthermore, the incorporation of fibronectin coating onto 
decellularized liver scaffolds was found to facilitate the development of 
sinusoid-scale microvessels during perfusion culture at 4.7 ml/min. 
However, a limitation of the study by Watanabe et al. is that the authors 
did not evaluate the hemocompatibility of the vascular networks within 
the decellularized livers either in an ex vivo blood perfusion system or in 
vivo. It is worth mentioning that the use of ECM proteins such as fibro-
nectin has several reported disadvantages. For instance, the use of 
fibronectin may be associated with a risk of an immune response from 
the recipient. Additionally, immobilized proteins display high instability 

and degradability upon exposure to culture medium [232]. Moreover, 
fibronectin has a high thrombogenic potential and can initiate the 
coagulation cascade when the biomaterial coated by fibronectin comes 
in contact with the patient’s blood in vivo [233]. 

4.4.1.6. Other agents. Other agents, including fucoidan (FU), laminin, 
hyaluronic acid (HA), chondroitin sulfate, type 1 collagen, and vascular 
endothelial growth factor (VEGF), have been used to improve endo-
thelialization on the surface of nano and metal stents as well as thin 
tissues such as heart valve and blood vessels [231,234]. These agents 
can interact with ECs to induce adhesion and with platelets to decrease 
the risk of thrombosis, potentially enhancing reendothelialization 
within decellularized livers. Further investigation is needed to assess the 
efficacy of these agents in improving reendothelialization efficiency in 
decellularized liver scaffolds. 

4.4.2. Cell sources 
As a prerequisite, cells used for vascular reconstruction should be 

non-immunogenic, able to proliferate to produce a high number, easily 
harvested, and retain the function of the endothelial cells as in native 
vessels. 

4.4.2.1. Adult ECs. Endothelial cells are of significant interest in tissue 
engineering and regenerative medicine. However, their application is 
limited due to the donor variability, technical challenges of isolation, 
limited proliferative capacity, senescence, and heterogeneity [235,236]. 
Cell lines, including HUVECs and EA. hy926 cells, have been extensively 
used for reendothelization of decellularized livers due to their relative 
ease of accessibility and the non-invasive harvesting from medical 
waste, in addition to a high yield following isolation [10,13,14,235]. 
Both cell types were able to line the blood vessels of decellularized 
livers, with a significant reduction in platelet adhesion and clot forma-
tion during ex vivo blood perfusion and demonstrated the ability to 
withstand blood flow after in vivo transplantation in pigs. The main 
disadvantages are their immunogenicity and the difficulty of using as 
autologous endothelial cell source. Additionally, HUVECs have exhibi-
ted poor engraftment, limited capacity to form vessels, and an inability 
to survive long-term after in vivo application [237,238]. 

4.4.2.2. Endothelial progenitor cells. Endothelial progenitor cells (EPCs) 
are circulating cells in peripheral blood originating from the bone 

Fig. 3. Mechanism of commonly employed agents to enhance reendothelialization efficiency within the decellularized liver.  
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marrow, representing approximately 0.01 % of all blood mononuclear 
cells, with some cells residing in the adipose tissue of adults [234]. This 
results in the easy isolation of autologous EPCs from peripheral blood, 
lipoaspirate tissue, and bone marrow in sufficient number, holding 
promising potential for reendothelization of decellularized livers for 
clinical application [239]. Furthermore, EPCs have been reported to 

have a higher angiogenic potential than ECs [240]. Zhou et al. infused 
decellularized rat livers through the portal vein with EPCs isolated from 
rat bone marrow. The reseeded cells covered the vascular structures 
within the decellularized liver after 3 days of media perfusion [105]. 

Lack of standardized criteria for characterizing and identifying EPCs, 
age of donors and their clinical conditions, and ethnicity of populations 

Fig. 4. Improving the reendothelization efficiency in decellularized liver scaffolds. (A) Hematoxylin and eosin (H&E) staining of decellularized rat liver scaffolds 
after reseeding with human EA. hy926 endothelial cells with 4 days of perfusion. In the control liver, cells were partially detached from the vessel wall or accu-
mulated inside vessel lumens (asterisk), whereas a monolayer of well-spread endothelial cells (arrowhead) was observed covering the vessel walls after coating by 
REDV-ELP (Scale bar = 100 μm). (B) Immunostaining of reendothelialized scaffolds with anti-integrin αIIb antibodies (shown in red) and DAPI (shown in blue), 
confirming the presence of a limited number of platelets on vasculature of the REDV-ELP reendothelialized scaffolds. In contrast, high levels of platelet were detected 
within the control liver scaffold. Scale bar: 200 μm [Adapted from Devalliere et al. [10] with permission from Elsevier]. (C, D) H&E and DAPI staining revealed an 
absence of cells in decellularized liver. ECs were observed in the parenchyma in the uncoated scaffolds, while cells were located on the vasculature in the heparin 
gelatin-coated scaffolds. Scale bar = 10 μm. (E) Anti-PECAM staining confirmed the presence of ECs as a monolayer on the vessel lumen (a), with the ability to 
proliferate as shown by Ki-67 staining (b). Few numbers of cells were apoptotic as revealed by TUNEL assay (c) (White arrow indicates the apoptotic cells). (F) 
Anti-integrin αIIb immunostaining showed a significant platelet adhesion and aggregation inside and around the vasculature (a) after blood perfusion. The reen-
dothelialized scaffolds without heparin-gelatin coating exhibited a significantly higher positive signal (b) compared to that of heparin-gelatin-precoated scaffolds (c). 
Scale bar = 10 μm [Adapted from Hussein et al. [14], with a permission from Elsevier]. (G) Immunofluorescence staining of reendothelialized rat liver scaffolds with 
CFDA-labeled HUVECs without the coating agent (Uncoated), or with the following coating agents; anti-CD31 aptamer (APT-coated) and anti-CD31 antibody 
(Ab-coated) after 7 days. Magnified images were shown (bottom). Scale bar for the top images: 200 μm, and for the bottom: 100 μm [Adapted from Kim et al. [9], 
with a permission from Elsevier]. (H) Uniform and properly aligned reendothelialization of the PV of the decellularized porcine liver was confirmed by GFP 
expression and SEM analysis on attached murine endothelial cells (MS1), respectively. (I) Ex vivo blood perfusion of scaffolds led to a significant platelet adhesion 
(aIIb positive staining) on blood vessels of the unseeded scaffold, as indicated by arrows, while platelet attachment (arrowheads) was significantly reduced in the 
reendothelized scaffolds conjugated with CD31 antibodies [Adapted from Ko et al. [11], with a permission from Elsevier]. 

K.H. Hussein et al.                                                                                                                                                                                                                              



Bioactive Materials 40 (2024) 280–305

297

may negatively affect the viability and function of EPCs [241]. 

4.4.2.3. Induced pluripotent stem cells. iPSC-ECs have been produced 
from different cell sources by multiple methods with superior prolifer-
ative capacity [236]. Human iPSC-derived ECs can form blood vessels 
and anastomose with the host vasculature when injected into a zebrafish 
model [238]. Takeishi et al. differentiated human iPSC into 
iPSCs-derived vascular ECs and reseeded the differentiated cells into rat 
decellularized liver [242]. The cells engrafted in the scaffold’s vascular 
structure and showed enhanced expression of angiogenesis and 
anticoagulation-related genes and functions in the organ-like 
environment. 

4.5. Biliary tract reconstruction 

One of the challenges that need to be addressed is reconstructing a 
functional biliary tree within the bioengineered liver. Daily, the healthy 
human liver produces about 750 ml of bile to aid in the digestion of 
lipids, with hepatocytes being the main contributors to its secretion, 
passed to the gall bladder through the bile ducts [243]. 

Cholangiocytes are the epithelial cells that line the intra- and 
extrahepatic ducts of the biliary tree and participate in the formation, 
modification, and transportation of bile through their transmembrane 
molecules. Although these cells represent only approximately 3 %–5 % 
of the total liver cell population, they are necessary for maintaining 
different normal physiologic processes. Furthermore, cholangiocytes act 
as an active barrier between the cytotoxic bile and surrounding tissue 
[244]. Thus, rebuilding the intrahepatic as well as extrahepatic biliary 
ducts of the biliary network within the bioengineered liver is crucial to 
construct a fully functional liver organ and avoid severe liver damage as 
a post-transplant complication. Fortunately, the biliary network tree is 
confirmed to be intact after decellularization by scan electron micro-
scopy, corrosion cast, dye perfusion, and contrast radiography; only 
reconstruction by bile duct cells is necessary [12,110,170,198]. 

Although several studies have reported the recellularization of the 
decellularized liver with hepatocytes, there have been very few trials for 
repopulating the biliary tree with cholangiocytes. This may be attributed 
to the difficulty of isolating cholangiocytes in sufficient numbers, their 
de-differentiation after a few passages, loss of function and phenotype 
during propagation, as well as the tortuous and complex architecture of 
the biliary network [111,245–247]. 

4.5.1. Cell sources 

4.5.1.1. Primary cholangiocytes. Chen et al. recellularized the decellu-
larized rat liver by infusing primary cholangiocytes through the bile 
duct and hepatocytes through the portal vein [111]. Importantly, they 
reported that the biliary tree within the decellularized liver scaffold 
remains almost impermeable and closed at the ends of the smallest 
ductules, allowing the retention of any liquid injected into the extra-
hepatic bile duct without diffusion into the parenchyma. Therefore, they 
injected the cholangiocytes in a volume only sufficient to fill the bile 
ducts, followed by a 1-h static culture to allow the attachment of the 
cholangiocytes to the bile ducts. After 48 h of dynamic perfusion, they 
observed that the biliary epithelial cells formed duct-like structures, 
with the viable hepatocyte mass residing in the parenchymal space, in an 
arrangement mimicking the native tissue. Interestingly, compared to 
decellularized livers reseeded by hepatocytes only, scaffolds recellular-
ized with both cholangiocytes and hepatocytes revealed slightly higher 
levels of cumulative albumin production and urea secretion. 

4.5.1.2. Fetal liver hepatoblasts. Fetal liver hepatoblasts have been used 
as a surrogate for primary cholangiocytes. Baptista et al. demonstrated 
the capacity of decellularized livers to induce the differentiation of fetal 
hepatoblasts into biliary and hepatocytic lineages [13]. Additionally, 

Ogiso et al. showed the presence of organ-specific cell–ECM communi-
cation that enhanced the maturation of reseeded fetal hepatocytes 
within decellularized rat livers into both hepatocyte and cholangiocyte 
lineages, without the addition of any pro-differentiation signals into the 
culture media during 7 days of dynamic perfusion [217]. 

4.5.1.3. Organoids. Recently, organoid technology has shown great 
promise for regenerative medicine due to its ability to differentiate, self- 
organize, and proliferate in high and stable capacity without losing the 
desirable cholangiocyte phenotype [248,249]. This makes the organoids 
an attractive cell source for biliary tree reconstruction. In 2015, Huch 
et al. were the first to describe the establishment of cholangiocyte 
organoids from human liver biopsies [250]. They employed EpCAM to 
sort hepatocytes (EpCAM-) from ductal EpCAM + ductal cells and re-
ported that these EpCAM + cells developed into organoids with an ef-
ficiency of 28.4 %. The developing organoids displayed a duct-like 
phenotype, expressing both cholangiocyte markers (KRT 7 and KRT 
19) and progenitor stem cell markers (Sox 9 and LGR-5) with high 
proliferative capacity. Following this study, successful production of 
organoids from extrahepatic bile duct, gall bladder, and bile has been 
demonstrated [251–253]. These organoids exhibited transcriptomic and 
phenotypic differences between cholangiocytes of different origin 
within the biliary tree [254]. 

Tomofuji et al. reconstructed intrahepatic bile ducts in a rat decel-
lularized liver by reseeding with liver ductal organoids [255]. Upon ex 
vivo culture perfusion for 3–5 days, the repopulated organoids engrafted 
along the bile duct walls, reconstructed biliary tree-like networks with 
luminal structures, and expressed cholangiocyte marker genes (Fig. 5), 
including KRT 19, Sox 9, CFTR, and Hnf1b, and sustained the expression 
of stemness markers (Lgr5, Prom 1). 

Willemse et al. recellularized discarded decellularized human 
extrahepatic bile ducts with cholangiocyte organoids obtained from 
different origins including liver biopsies, extrahepatic bile duct biopsies, 
and bile samples [256]. Compared to organoids of intra hepatic origin, 
extra hepatic and bile-derived organoids demonstrated more efficient 
repopulation of the decellularized duct. After 7–10 days of recellulari-
zation of the bile duct disc, a transparent rim was seen surrounding the 
edge of the decellularized duct in extrahepatic and bile-derived orga-
noid-recellularized samples. This rim was not clear and did not cover the 
entire disc in the case of intra hepatic organoid-recellularized ducts. 
Additionally, extrahepatic and bile-derived organoids displayed pro-
found tight junctions and polarity with apical cilia, with expression of 
mature cholangiocyte markers and increased electrical resistance, sug-
gesting the restoration of the barrier function. At the end of the 21-day 
period, the decellularized human extrahepatic bile duct scaffolds 
exhibited full luminal surface coverage with a confluent monolayer of 
cholangiocyte-like cells following reseeding. Repopulated cells 
expressed different mature cholangiocyte markers including KRT 7, KRT 
19, CFTR, and SCTR. 

Collectively, these studies provided evidence that intrahepatic 
origin, extrahepatic and bile-derived organoids can efficiently repopu-
late the decellularized bile duct while retaining the gene expression 
profile that closely resembles primary cholangiocytes in vivo. 

5. Transplantation models 

In vitro evaluations and ex vivo blood perfusion systems enable the 
researchers to investigate the function of reseeded hepatic cells and 
cholangiocytes, as well as the integrity of the endothelial lining of liver 
scaffolds. However, in vivo transplantation studies are critical at a reg-
ulatory level for evaluating the aforementioned parameters in addition 
to potential inflammatory and/or immune responses, and importantly, 
the applicability of bioengineered livers toward clinical applications. 
Preserved vascular structures after liver decellularization allow for the 
opportunity to transplant the bioengineered liver either heterotopically 
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or orthotopically in mice, rats, and pigs by connecting the graft to the 
recipient blood vessels. Commonly, the portal vein and infrahepatic IVC 
in the liver scaffold are connected to the aorta and IVC or renal artery 
and renal vein, respectively [11,12,14]. 

5.1. Rodent models 

Rodents are valuable for evaluating the survival and function of 
reseeded cells, thrombogenicity, and immunogenicity of the bio-
engineered liver, and are preferred over large animals as they are easy to 
breed, maintain, less costly, and ethically acceptable [257]. Over the last 

Fig. 5. Biliary reconstruction in decellularized mouse liver. (A) H&E staining of the liver scaffold, showing engrafted bile ducts after reseeding with mouse liver 
ductal organoids (yellow arrows). Scale bars: 200 μm. (B) Fluorescent microscopic examination of bile ducts recellularized with liver ductal organoids expressing GFP 
on day 5 of perfusion culture (Scale bar: 250 μm). (C) Immunofluorescence images of reseeded bile ducts stained with albumin and KRT 19, Sox 9, and CFTR. Scale 
bars: 100 μm. Higher magnification images of the outlined boxed areas are presented in the right panels (scale bars in high-magnification images: 50 μm). (D) 
Immunofluorescence staining of the liver scaffold sections against albumin and KRT19, demonstrates the appropriate cell distribution, with liver ductal organoids 
located within the bile duct and primary hepatocytes found within the parenchyma. White arrows indicate bile ducts (Scale bars:100 μm). [Adapted from Tomofuji 
et al. with permission from Elsevier [255]]. 
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decade, several groups reported the implantation of ferret, mice, and rat 
decellularized livers after recellularization with hepatocytes with/-
without endothelial cells into allogenic rodent as reported in Table 1 [9, 
12,13,108,218]. Uygun et al. impanated the decellularized rat liver 
reseeded with primary rat hepatocytes [12]. They performed unilateral 
nephrectomy and anastomosed the graft portal vein and hepatic artery 
to the recipient renal artery and renal vein, respectively, for 8 h. The 
reseeded cells within the scaffold were able to retain function, normal 
morphology, and location within the parenchyma of the scaffold. 

Induction of acute or chronic liver failure prior to transplantation of 
the scaffold is another important step toward understanding the full 
function of the bioengineered liver. Bao et al. decellularized the rat liver, 
performed layer-by-layer heparin deposition, and repopulated the 
scaffold with hepatocytes [218]. They transplanted the scaffold into the 
portal systems of 90 % hepatectomized rats for 72 h. The transplanted 
scaffold improved liver function, decreased blood ammonia levels, and 
prolonged survival compared to a 90 % hepatectomy. 

Kim et al. transplanted bioengineered rat livers fabricated with the 

Fig. 6. In vivo transplantation of bioengineered livers in a porcine model. (A, B) Depiction of the in vitro blood circuit setup used to investigate the vascular patency of 
the reendothelized liver. (C) A diagram of an in vivo heterotopic liver transplantation model, wherein the liver scaffold is connected via the PV and IVC to the 
recipient’s PV and IVC. (D–I) Representative images of the heterotopic liver implant process, including reendothelized liver scaffold preparation (D), positioning in 
the abdominal cavity (E), positioning of scaffold vessels prior to anastomosis (F), constriction of the native PV (G), anastomosis of scaffold vessels with native PV and 
IVC (H), and scaffold reperfusion (I). (J) Representative ultrasound images of an implanted reendothelized liver scaffold showing portal (left) and hepatic (right) 
venous flow after 30 min. (K) Three-dimensional computed tomography (CT) reconstruction after graft transplantation, demonstrating the heterotopic position of the 
implanted liver graft below the native liver while showing good vascular perfusion of the implanted graft. (L) Quantification of graft perfusion reduction over time in 
untreated and immunosuppressed pigs. Each symbol represents an independent liver scaffold implant. [Adapted from the study by Shaheen et al. with permission of 
Nature Biomedical Engineering, copyright 2020 [8]]. 
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nano-graphene oxide cross-linking into liver failure mouse models 
induced by 70 % partial hepatectomy and thioacetamide, respectively 
[178]. This model enabled the authors to validate the in vivo regenera-
tive capacity of the scaffolds. The disadvantages of rodents as a model 
are the insufficient abdominal space that impedes the transplantation of 
the whole liver. Thus, these studies performed transplantation of only 
one or few lobes after unilateral nephrectomy. Additionally, although a 
rodent model could give initial expectations about cell function within 
the transplanted liver, vascular patency, and graft immunogenicity, 
findings from such animal models often do not translate into human 
clinical applications due to size and anatomical differences. 

5.2. Large animal models 

In general, pigs are preferred as their livers resemble human livers in 
many ways, including size, anatomy, and physiology. Thus, through this 
model, the function, potential thrombogenicity, and immune response 
of the bioengineered liver, and the scaffold’s ability to withstand the 
shear stress created by normal portal venous flow and pressure, along 
with surgical complications, can be evaluated in a more realistic 
approach. Unilateral nephrectomy provides space for transplanting one 
lobe or the whole bioengineered liver. Since different researchers used 
human cells for recellularization or reendothelization of the scaffold, 
administration of immunosuppressants is required [192]. Barakat et al. 
performed auxiliary transplantation of the porcine decellularized right 
lateral lobe into a recipient pig, immunosuppressed with methylpred-
nisolone [23]. The bioengineered liver lobe was implanted in the 
infrahepatic space using the recipient portal vein and infrahepatic 
inferior vena cava as an inflow and outflow, respectively, and reported 
to maintain the integrity of the scaffold during 2 h of transplantation. 
Hussein et al. reendothelialized the decellularized porcine right lateral 
liver lobe with EA. hy926 endothelial cells after coating the vasculature 
using heparin-gelatin mixture, then the lobe was reseeded with HepG2 
cells [14]. They transplanted the bioengineered lobe heterotopically in a 
pig for 1 h and reported that the patency of the vascular tree upon 
contrast radiography with down-regulated expression of the coagulation 
markers and a higher expression of the hepatic liver function in 
heparin-gelatin precoated liver scaffolds. This study indicated the effi-
ciency of the heparin gelatin coating in improving the efficiency of 
reendothelialization and maintaining the function of the parenchymal 
cells in vivo. 

Our group induced immunosuppression in recipient pigs by sple-
nectomy and methylprednisolone administration before transplanting 
the decellularized liver reendothelialized with HUVECs as shown in 
Fig. 6 [8]. We observed that immunosuppression led to a significant 
reduction in immune responses and resulted in longer graft perfusion 
and vascular patency of the graft for over 14 days compared to the group 
without immunosuppression. Interestingly, with immunosuppression 
withdrawal, graft thrombosis occurred similar to 
non-immunosuppressed group, indicating that xenogeneic immune 
response against HUVECs played a critical role in thrombosis and graft 
loss. To go further, in another study, we successfully reseeded a decel-
lularized liver scaffold, previously reendothelialized with HUVECs, with 
primary porcine hepatocytes [193]. We devascularized the native liver 
in situ by ligating the native portal vein and hepatic artery. Then, the 
bioengineered livers were implanted in the auxiliary position caudal to 
the native liver. Repopulated hepatocytes within the bioengineered liver 
were functional and able to produce albumin, detoxify ammonia, and 
synthesize urea for up to 48 h. 

Higashi et al. reseeded the right lateral lobe of the decellularized 
liver with primary hepatocytes and endothelial cells [258]. Immuno-
suppression of recipient pigs was induced through splenectomy as well 
as immunosuppressant drugs, including ticlopidine, prednisolone, and 
tacrolimus during postoperative period. Then, the scaffold was trans-
planted in pigs with 60 % hepatectomy as induced liver failure model for 
28 days. Importantly, the animals received aspirin and ticlopidine to 

prevent platelet aggregation in addition to heparin as an anticoagulant. 
The bioengineered scaffold showed good repopulation of the hepato-
cytes graft with improved liver function and exhibited upregulation of 
liver-specific genes. This study is noteworthy as the first to document a 
28-day post-transplant analysis of a bioengineered liver graft in a pre-
clinical large animal model. 

6. Regulatory measures 

As of yet, there are no specific FDA guidelines exclusively addressing 
the use of bioengineered liver organs that are produced through com-
bined decellularization and recellularization approaches. The regulation 
involving the use of recellularized tissues would be similar to those 
associated with decellularized tissues, with some additional factors 
specific to the reintroduction of cells. Generally, the use of those bio-
engineered livers would subject to broader FDA regulations related to 
medical devices, biologics, and human cells, tissues, and cellular and 
tissue-based products (HCT/P) [259]. 

First, informed consent and ethical considerations for using human/ 
animals’ livers as well as the use of human cells for recellularization 
must be addressed in accordance with regulatory guidelines. Second, 
manufacturing of decellularized organs must comply with Good 
Manufacturing Practice regulations (GMP) to ensure the quality, safety, 
consistency, and effectiveness of the tissue after decellularization. 
Setting acceptable limits for toxic decellularizing agents within decel-
lularized liver scaffolds is critical in compliance with FDA regulations. 
While achieving absolute sterility may not be feasible due to the pres-
ence of living cells, stringent quality control measures, including the 
assessment and regulation of residual contaminants, are essential to 
ensure the safety and efficacy of decellularized liver intended for 
recellularization and subsequent clinical application. Third, reseeding 
the decellularized organ introduces additional complexity and safety 
considerations. Thus, regulatory agencies would require detailed infor-
mation on the cell source, including donor screening to prevent the 
transmission of infectious diseases, complete cell characterization, 
validation of the recellularization procedure, and evidence of cell 
viability and functionality within the recellularized organ. Assessments 
of both immunogenicity and compatibility between the reseeded cells 
and the decellularized ECM are important for regulatory approval to 
ensure proper integration of cells. Fourth, preclinical and clinical trials 
are essential to provide additional evidence of safety and effectiveness. 

7. Conclusion and future perspectives 

Liver tissue engineering is rapidly evolving with the ambitious aim of 
revolutionizing the field of hepatology and liver transplantation. 
Recently, three-dimensional bioprinting has emerged as a promising 
technology for constructing tissues and organs, for both drug screening 
and potential transplantations. Barranger et al. utilized CometChip 
technology to construct a 3D model of HepaRG human liver cells, 
facilitating toxicology and disease studies [260]. Similarly, Vernetti 
et al. pioneered a self-assembly liver model for physiological, drug 
safety, and disease investigations [261]. Moreover, various studies have 
explored the use of decellularized liver bioink alone or in combination 
with other materials for 3D bioprinting of liver constructs [262,263]. 
This technology exhibits substantial potential due to its precise control 
and its ability to uniformly distribute cells across a complex structure. 
However, the application of liver bioprinting for transplantable whole 
functional liver organs is still in its infancy and requires extensive 
further development and expansion. This review focused on liver graft 
production by decellularization and recellularization especially 
mammalian liver (human, pig) because of superior scalability of this 
method and its potential for clinical application. 

Over the past 14 years, since Uygun et al. pioneered liver decellu-
larization and recellularization, significant progress has been made in 
perfusion decellularization/recellularization technology [12]. This 

K.H. Hussein et al.                                                                                                                                                                                                                              



Bioactive Materials 40 (2024) 280–305

301

progress has enabled the creation of clinically relevant decellularize-
d/recellularized liver scaffolds with intact vascular linings, holding 
promise for regenerative medicine. Despite these advancements, tran-
sitioning bioengineered liver scaffolds to clinical transplantation trials 
faces several challenges, necessitating further investigation and devel-
opment. Additionally, these bioengineered livers can serve as scaffolds 
for developing devices capable of temporarily supporting liver function 
in patients with liver failure. For instance, the clinical trial “A Phase 1 
prospective study of the Miromatrix external liver assist product (mir-
oliverELAP®) for liver support in adults with acute liver failure” 
(ClinicalTrials.gov Identifier: NCT06285253) [264] is currently inves-
tigating the efficacy of the miroliverELAP® system, an ex vivo supported 
bioartificial liver system, in treating acute liver failure. 

Immunogenicity of the decellularized liver scaffolds remains a pri-
mary concern, particularly due to limited studies in large animal models 
without immunosuppression. The use of immunosuppressive drugs, 
combined with the lack of in vivo long-term evaluation of the bio-
engineered liver, has led to unrealistic investigations of ECM immuno-
genicity. Nevertheless, the approval of a wide range of decellularized 
tissue scaffolds from various sources such as human dermis and pul-
monary valve, porcine small intestine, urinary bladder, and dermis, and 
bovine pericardium products by the FDA for clinical use suggests 
progress in overcoming immune-related issues [265]. The clinical 
approval of these scaffolds highlights the safety, efficacy, and biocom-
patibility of these decellularized tissues in supporting tissue regenera-
tion in humans, addressing concerns about potential immune reactions 
of decellularized ECM. Decellularization protocols vary between labs, 
resulting in different constituents within livers produced by different 
protocols. Therefore, standardization of decellularization techniques 
and quality assessment, including biocompatibility testing, to ensure 
absence of any cytotoxic agents within the scaffolds as well as depletion 
of both xenogeneic and pathogenic epitopes for addressing potential 
host immune responses and zoonotic concerns, respectively, are another 
challenge necessary to meet both experimental and clinical application 
standards. 

Repopulating the parenchymal region in decellularized scaffolds 
with functional hepatocytes is crucial. Different techniques and cell 
types have been employed for reseeding the liver scaffolds. The use of 
primary hepatocytes has shown reproducibility but has only yielded 
initial signs of significant function, such as temporary stabilization of 
serum ammonia in one of our in vivo studies [193]. MSCs and iPSCs hold 
significant promise for clinical applications due to their unique prop-
erties and potential therapeutic benefits. 

Challenges also persist in reconstructing a complete and functional 
endothelial cell layer, necessitating strategies for micro-capillary 
reconstruction and uniform endothelial cell coverage. Finally, the 
reconstruction of the biliary system and the redistribution of various cell 
types remain unaddressed, highlighting the complexity of achieving 
fully functional liver substitutes. 

Future efforts must also address logistical challenges such as organ 
availability, instrumentation requirements, cost considerations, and 
regulatory approvals to facilitate broader clinical translation. Collabo-
rative research efforts hold promise for revolutionizing liver regenera-
tion and transplantation, offering hope to patients in need of life-saving 
interventions. 
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