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The liver is a very integral organ in the human body and in healthy adults’ the weight of this organ is approximately

1.4 kg, which makes it the largest gland in the human body. The rib cage protects the liver; therefore, it is unusual

to be able to feel the liver from outside the body

liver  scaffold  regenerative medicine  hepatocyte  stem cell

1. Bioengineered Scaffolds

Liver tissue engineering (LTE) holds the potential of restoring in part or total functions of the liver, with the aim of

treating acute or chronic liver diseases. The ultimate goal of LTE is to reproduce a completely functional liver to be

transplanted into affected patients or be used as an extracorporeal device. Tissue engineering techniques include

cell seeding or implanting cells into scaffolds with biodegradable properties and structures capable of maintaining

three-dimensional (3D) cell growth. Typically, these scaffolds comprise an artificial matrix or ECM, along with a

selection of polymers that offer mechanical support for 3D cell proliferation. LTE technical approaches are

dependent on the use of adult hepatocytes since these cells are anchorage-dependent cells. Hepatocytes are also

regarded as being very sensitive to the ECM environment for maintenance of their differentiated functions and

viability. Therefore, in order to produce an effective hepatocyte cell culture, LTE requires an appropriate ECM

environment .

Scaffold material selection will have a vital effect on the success of the liver tissue engineering technical approach.

The scaffold should be capable of providing sufficient support for growing tissue and surface topography for

successful cell attachment. Scaffolds should also be designed to provide channels for cell migration. Animal-

extracted ECM scaffolds have the advantage of supplying binding sites to enable integrin-mediated cell adhesion.

However, Hammond et al., 2006 discussed several problems associated to this particular type of scaffold, which

include: low mechanical strength, not being immediately scaleable and experiencing interbatch variability . Thus,

biodegradable polymers are becoming increasingly popular within LTE. These polymers have been identified to

behave more predictably in vitro, which is why they are more susceptible to being modified to improve cell-surface

attachment. Additionally, they have the capability to be constructed into complex micro-scaffolds and degrade to

form natural metabolites.

Biodegradable polymers, which include polylactic lactic acid (PLA), poly (L-lactic) acid (PLLA) polyglycolic acid

(PGA) and PDMS are frequently used to produce a scaffold (Figure1) that provides a microenvironment

comparable to the in vivo environment . Li et al., 2013 have reported that this microenvironment includes a high
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supply of oxygen and nutrients, a 3D ECM, as well as high cell density. These biomaterials have been exhibited to

support viable hepatocyte populations, which demonstrates their excellent biocompatibility . Hammond et al.,

2006, stated how various surface-modification procedures are available to increase the cell-surface adhesion rate

of these biomaterials, whilst not causing any adverse effects to their bulk properties .

Figure 1. Scanning electron microscopy (SEM) micrograph (2000×) of poly (L-lactic) acid (PLLA) fibres produced

from electrospinning .

Jain et al., 2013 have assessed different hydrophilic polymers which have been used in the production of

bioengineered scaffolds for liver reconstruction . Chitosan has been identified to have a likeness to

glycosaminoglycan, thereby causing it to be a popular matrix for hepatocyte culture. Chitosan scaffolds

manufactured as composites, nanofibers, and hydrogels are commonly used for the maintenance of hepatocytes in

vitro. Being a hydrophilic polymer, chitosan has the ability to promote spheroid formation within hepatocytes. Hybrid

scaffolds comprised of chitosan with collagen have been used effectively for hepatocyte differentiation and

spheroid formation. Scaffolds constructed from alginate, as seen in Figure 2, have been utilised to

microencapsulate or cultivate hepatocytes to develop implantable constructs . Additionally, alginate is also a

hydrophilic polymer, and as a result it stimulates spheroid formation. This consequentially increases cellular

interactions, along with hepatocyte function. In order to create favourable growth conditions for hepatocyte culture,

porous alginate scaffolds are produced to contain approximately 90% porosity and a pore size of 100 µm. They are

capable of encouraging spheroid formation due to low cell adherence to the substrate.
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Figure 2. SEM of the cross–section of alginate scaffold .

Recent studies have demonstrated structure optimisation of porous and mesh scaffolds manufactured from

biomaterials that retain low cell-adhesion strength. Altering the surface features of the selected biomaterial enables

the possibility to further improve function of the scaffold. Hepatocytes exhibit different behaviour on a monolayer of

a polymer, in contrast to a porous or mesh configuration on the same polymer. Research conducted by Edgar et

al., 2016 demonstrated that porous scaffolds comprise interconnected micropores with hydrophilic characteristics

and exceptional fluid absorption, resulting from their large surface area to volume ratio . Moreover, their

mechanically poor architecture, flexibility, and degradability, allow porous scaffolds to be a useful application for

wound repair. Mesh scaffolds have become relatively popular within the TE community because of their ability to

show a structural architecture similar to that of natural soft tissue. Mesh scaffolds are produced via electrospinning

nanofibers that are composed of the desired biomaterial. These nanofibers are woven to form a 3D structure

capable of supporting an environment for cellular adhesion and proliferation .

Furthermore, one of the most significant challenges to LTE is to manufacture a porous scaffold with high

mechanical strength, along with having the ability to maintain vascularisation. Numerous studies emphasise that

the function of the scaffold is determined by the following main factors: pore numbers, pore size, and pore

connectivity. Size of pores could have a significant influence on cell migration, as extremely large pores may

diminish vascularisation. In comparison, pores that are smaller than 100 nm could affect diffusion of nutrients and
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waste. Inefficient diffusion of nutrients could lead to decreased viability of implanted cells and overall failure of the

implanted device. Therefore, the porosity must be suitably balanced with the chosen biomaterial, in addition to their

mechanical features and cellular influence . The following table (Table 1) summarizes biomaterials utilized for

liver tissue engineering scaffolds.

Table 1. Summary of biomaterials used for scaffolds in liver tissue engineering.

[10][11]

Biomaterials Utilised for Liver Tissue Engineering Scaffolds
Biomaterial Advantages Disadvantages Ref

Polylactic Acid
(PLA)

Biocompatible

Nanofibers can mimic native

extracellular matrix architecture

Low cost

Physical properties can be

tailored via different scaffold

preparation method

Good mechanical properties

Without surface modification poor

cell adhesion occurs

Possible undesired inflammatory

responses and toxicity

Hydrophobicity can hinder

successful cell seeding

Poly (L-lactide)
(PLLA)

Isomer form of PLA

Biocompatible

Can be fabricated to desired

architecture

Degradation characteristics alter

by changing composition

Without surface modification poor

cell adhesion occurs

Degradation can lead to

cell/tissue necrosis

Polyglycolide
(PGA)

Biocompatible

Can be fabricated to desired

architecture

Degradation characteristics alter

by changing composition

Without surface modification poor

cell adhesion occurs

Possible undesired inflammatory

responses and toxicity

Degradation can lead to

cell/tissue necrosis
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2. Stem Cell Therapy

Biomaterials Utilised for Liver Tissue Engineering Scaffolds
Biomaterial Advantages Disadvantages Ref

Good mechanical properties Hydrophobicity may hinder

successful cell seeding

Polydimethylsiloxane
(PDMS)

Biocompatible

Efficient permeability

Biodegradable

Absorbs small hydrophobic

molecules

Chitosan

Hydrophilic polymer

Promotes spheroid formation

within hepatocytes

Increases cellular interactions

Increases hepatocyte function

Good mechanical strength

Biodegradable

Poor mechanical properties in

comparison to synthetic polymers

Membranes are very stiff and

brittle, resulting in low mechanical

resistance

Alginate

Hydrophilic polymer

Promotes spheroid formation

within hepatocytes

Increases cellular interactions

Increases hepatocyte function

Biodegradable

Poor mechanical properties in

comparison to synthetic polymers

Very limited mechanical stiffness

Animal extracted
ECM

Supplies binding sites to enable

integrin-mediated cell adhesion

Low mechanical strength

Not immediately scaleable
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Kwak et al., 2018 conducted research on stem cell-based therapy (SCBT) used to treat liver cirrhosis and found it

to have promising results in both preclinical and clinical trials. It seems SCBT may in the future become a popular

alternative to orthotopic liver transplantation, which is currently the only definite treatment for a patient suffering

from end-stage liver cirrhosis . There is still much more to understand regarding the precise mechanisms of

stem cells. Several stem cells of diverse origin have been utilised for hepatic regeneration and this section will

delve further into this matter.

2.1. Hematopoietic Stem Cells (HSA)

Hematopoietic stem cells (HSCs) have been routinely utilised to investigate SCBT . HSCs have a CD34 cell

surface marker and are the most common type of stem cell within bone marrow . HSCs can transform into

progenitor cells via differentiation and can renew themselves . HSC’s can also be derived from cytokine-

mobilized and umbilical blood . Blood disorders have been treated using HSCs for an extensive period, and

therefore the use of the cells in SCBT is not thought to be a novel approach .

Jang et al., 2004 carried out a study to see how in vivo/in vitro HSCs behaved towards injury of the liver, since

functional and phenotypic changes occur within the liver in this instance. It was found that HSCs have the potential

to differentiate into liver cells when they are co-cultured with an injured liver . The in vitro experiment displayed

that microenvironmental cues had a hand in the transformation of HSCs into liver cells. This was found through

analysis of protein expression, chromosomal studies and tissue-specific genes. A trend was noticed when HSCs

were transplanted into mice who had liver injuries, it was noticed that viable hepatocytes were being introduced as

the injury progressed. The restoration of liver function occurred between two to seven days after the HSC

transplantation occurred. From research it can be concluded that HSCs can differentiate into functional

hepatocytes and contribute towards the regeneration of an injured liver. Lagasse et al., 2000 experimental results

further support this conclusion. Adult bone marrow cells were intravenously injected into a tyrosinemia type I

affected FAH mouse and ultimately only HSC cells gave rise to hepatic regeneration .

From the research of Liu et al., 2006, liver regeneration (after partial orthotopic liver transplant) can be induced by

mobilizing HSCs with granulocyte-colony stimulating factor (G-CSF). It is less difficult to conduct this treatment in a

universal way. Current therapeutic procedures such as this one, have a basic concept of mobilizing, proliferating

and directing stem cells to improve recovery from liver injury by a partial liver transplantation. Although stem cells

can be linked to restoring liver function, it is not yet possible to define their exact action in the liver regeneration

process. Tsolaki et al., 2014 reiterated this uncertainty since they also were unsure if the liver regeneration

processes were triggered or mediated by the on-site HSCs and/or by the effect of the G-CSF. This further

emphasises the difficulty of characterising exact root causes for hepatic regeneration. Additionally, G-CSF

alongside other mobilization agents such as Plerixafor and a G-CSF+Plerixafor combination can potentially aid the

reversal of chronic liver injury via unique processes. A clear observation was made that the G-CSF possessed the

greatest anti-fibrotic ability when it was used for an extended period. This result further proves the link between G-

CSF and its anti-fibrotic outcome .

Biomaterials Utilised for Liver Tissue Engineering Scaffolds
Biomaterial Advantages Disadvantages Ref

Interbatch variability
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2.2. Mesenchymal Stem Cells (MSC)

Mesenchymal stem cells (MSCs) are being thoroughly investigated for the purposes of regenerative medicine as

they possess distinct biological properties . MSCs can be extracted from adipose tissue, umbilical cord blood

and bone marrow. Since MSCs can undergo extensive expansion within in vitro conditions, this allows them to

swiftly reach the desired quantity when required for in vivo therapy . Mesenchymal stem cell (MSC) can be

differentiated into hepatocytes, promote liver regeneration, inhibit liver fibrosis and induce liver apoptosis,

particularly via paracrine mechanisms . Dominici et al., 2006 states that it is difficult to compare results from

research papers investigating MSCs due to the different procedures used for isolation, expansion and

characterization of cells, which in turn hinders progress in this field of study . To combat this issue, the

International Society for Cellular Therapy has defined a criteria list to characterize the human MSC. Firstly, it is

crucial that the MSC displays plastic adherence when stored in a standard cell culture environment. Additionally,

the MSC must express (CD90, CD105, CD73) and lack expression of (HLA-DR, CD34, CD14 or CD11b,

CD79alpha or CD19 and CD45) certain cell surface molecules. Finally, the MSC must have the differential ability to

transform into adipocytes, chondroblasts and osteoblasts in vitro.

Though isolated MSCs all express the MSC marker profile, they are commonly diverse in both differentiation and

proliferation. In vitro cultivated MSCs have excellent differentiation ability, immunoregulatory potential and can aid

tissue remodelling through the emission of trophic factors. These key properties make MSCs useful in cellular

therapy . The review paper by Shiota and Itaba 2016 found that MSCs have the potential to improve liver

diseases such as fatty liver disease, acute liver failure and liver fibrosis. MSCs have great versatility and, therefore,

they can differentiate into hepatic lineages. In one study, HNF3β was expressed when a tetracycline-controlled

system was regulated in the UE7T-13 (bone marrow derived) MSCs. This expression caused a ripple effect, since

it also increased the expression of alpha-fetoprotein, epithelial cell adhesion molecules, albumin and tyrosine

amino transferase genes. When tetracycline treatment was continued over 8 days, it was seen that majority of the

MSCs expressed albumin. Albumin is linked to the maturing of hepatocytes. It can be concluded that MSCs are a

valuable source to use in SCBT to treat liver disease .

Gao et al., 2017 carried out an investigation with (adipose-derived) MSCs and found they are useful for

suppressing rejection in reduced sized liver allografts. Regulatory T cell production is stimulated by MSCs; this is

key in its immunosuppressive effects. MSCs were also found to boost hepatocyte regeneration and hinder

hepatocyte apoptosis, which in turn promotes liver regeneration . Liu et al., 2018 explored (bone marrow-

derived) MSCs and found evidence that MSC transplantation could potentially aid recovery for patients who have

undergone a liver resection. Liver regeneration occurs since MSCs encourage cell proliferation/growth and MSC

infusion can potentially improve lipid accumulation within the liver .

2.3. Embryonic Stem Cells (ESC)

Embryonic stem cells (ESCs) are categorised as pluripotent stem cells that are extracted from the inner cell mass

of blastocyst stage embryos. These stem cells retain the potential to self-renew indefinitely, whilst having the ability

to differentiate into all cell types in the human body (as seen in Figure 3) when supplied with the relevant stimulus
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for differentiation . This high degree of differentiation and unlimited potential for self-renewal, allow ESCs to be

considered as an effective regenerative therapy for tissue replacement following liver disease. Tsolaki and Yannaki,

2015 discussed that ESCs have the capacity to proficiently differentiate into hepatocyte-like cells in vitro, creating

cells that have some similar properties to that of mature hepatocytes . For this reason, ESCs are a valuable

option for studying the molecular source of hepatocyte differentiation. A recent study by Tolosa et al., 2015

identified an effective method for the differentiation of ESCs into neonatal hepatocytes that had the ability to

reintroduce livers in vivo without instigating tumour development in mice .

Figure 3. Embryonic stem cell cultivation .

However, there are some limitations to the use of ESCs in cellular therapies. The fact that the derivation of ESCs

requires the destruction of blastocyst stage embryos raises ethical issues that have slowed the advancement of

ESC research. Tsolaki and Yannaki, 2015 emphasise that regardless of the significant progress and development

of complex differentiation methods mimicking embryonic development, ESCs extracted from hepatocyte-like cells

are unable to completely function as mature adult hepatocytes . Furthermore, the concern of immunological

incompatibility of the transplanted cells, hinder their application as a cell replacement therapy .

2.4. Induced Pluripotent Stem Cells (iPSC)

[8][41]
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Induced pluripotent stem cells (iPSCs) have properties comparable to those of ESCs, such as self-renewal and

pluripotency, while avoiding the main issues that are associated with the use of ESCs. iPSCs can be

reprogrammed from somatic cells through the use of pluripotency factors. Forbes et al., 2015 established that they

do not require embryonic material (as seen in Figure 4) , thereby obviating ethical controversies . In addition,

iPSCs hold the potential to be clinically beneficial since they can be formed from autologous stem cells, which

provides the opportunity for autologous use and avoiding the condition for immunosuppression . In the event

that iPSCs are used for the derivation of hepatocyte-like cells for treatment of a genetic liver disorder, then the

autologous source would need some type of “gene surgery” before use. Nicolas et al., 2016 stated that the use of

iPSCs as a cellular therapy date back to 2006, and has drastically grown in popularity as a favourable alternative to

ESCs . However, before considering their clinical applications, several issues need to be resolved.

Figure 4. Induced pluripotent stem cell cultivation .

iPSCs have increased expectations for regenerative medicine due to their potential to deliver personalised

treatment, while their derivation from patient-specific cells overcomes the risk of rejection. Although iPSCs are an

interesting alternative to ESCs, there are some issues that need to be addressed before this new form of cellular

therapy can move from proof of concept to the clinic. Yu et al., 2014 suggests that an in-depth preclinical

evaluation of iPSCs in appropriate large animal models is essential to make sure that treatment with iPSC-derived

cells is safe and efficacious before human trials . Hence, important concerns need to be addressed, which

include effectiveness of the iPSC-based treatments, and long-lasting safety tolerability. It is vital that the optimal

reprograming method is established by using clinically applicable standardised protocols. Cost-efficient
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manufacturing techniques need to also ensure that they can support the development of rapid differentiation

methodologies for culturing mature cell types from iPSCs. Despite these restrictions, iPSC-derived hepatocytes still

promise innovative solutions for liver cell therapy, and donor grafts extracted from iPSCs could potentially provide

suitable organs for liver transplants .

2.5. Endothelial Progenitor Cells (EPCs)

Endothelial progenitor cells are categorised as immature endothelial cells that are located within bone marrow and

peripheral blood vessels. These cells manifest from hemangioblasts and are responsible for the neovascularisation

of damaged tissue in the body. However, Kwak et al., 2018 emphasises that EPCs are likely to be derived from

several cell lineages, which is proven by their various surface markers . According to an animal study conducted

by Nakumura et al., 2007, transplantation of EPCs resulted in the intervention of liver fibrosis by successfully

suppressing the activation of HSCs. These EPCs were also exhibited to stimulate hepatocyte proliferation and

greater matrix metalloproteinase activity, in addition to increased secretion of growth factors . Rautou, 2012

states that, in vitro, EPCs are identified by their capability to produce adherent cell populations that differentiate

and multiply into endothelial lineage. When in vivo, EPCs contribute to the dynamic process of angiogenesis in

ischemic sites or assist with vascular repair following damage to vessel walls . Accumulating data display that

these characteristics of EPCs detect a heterogeneous cluster of cells with respect to their origin, differentiation and

functional properties.

SCBT has been deemed an alternative treatment for liver diseases since promising results have been found via

clinical and experimental research. A range of stem cells (including HSCs, MSCs, iPSCs, EPCs, ESCs) have been

explored to investigate their clinical potential and viability. Extensive research has been carried out with MSCs,

which results in a broader understanding of the potential regenerative liver treatments available. Long-term efficacy

is still unproven and experimental trials do not have standardized protocols, which is disadvantageous. However

innovative technologies of the future are likely to resolve the current issues associated with SCBT . Table 2

summarizes the derivation of stem cells that have been derived from their respective locations and additional

information.

Table 2. Summary of derivations and key facts for; stem cells including hematopoietic stem cell therapy,

mesenchymal stem cells, embryonic stem cells, induced pluripotent stem cells and endothelial progenitor cells.

[42]
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Derivation of Stem of Stem Cells
Stem Cell

Type Derivation Key Facts

HSC Cytokine mobilised

blood

Umbilical blood

Can transform into progenitor cells via differentiation

Self-renewal potential

Can undergo cell apoptosis
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Derivation of Stem of Stem Cells
Stem Cell

Type Derivation Key Facts

Difficult to identify as their morphology is similar to white blood

cells in culture

MSC

Adipose tissue

Umbilical cord blood

Bone marrow

Fallopian tube

Foetal liver and lung

Multipotent stromal cells

Differentiation potential

High immunoregulatory potential

Crucial for repairing cartilage, bone and skeletal tissue

ESC
Blastocyst Stage

Embryos

High degree differentiation

Unlimited potential for self-renewal

Greatly versatile and durable

Can be used in testing drug safety and effectiveness

iPSC
Somatic cells

Can be reprogrammed from somatic cells through use of

pluripotency factors

Avoids destruction of embryos

High pluripotency

Can be used for personalised treatment as they are derived

from autologous cells

Avoid immunological incompatibility

EPC Bone marrow

Peripheral blood

vessels

Responsible for neovascularization of damaged tissue

Potential to hinder liver fibrosis by suppressing activation of

HSCs
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