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Abstract Orthotopic liver transplantation is the most

common treatment for patients with end-stage liver failure.

However, liver transplantation is greatly limited by a donor

shortage. Liver tissue engineering may offer a promising

strategy to solve this problem by providing transplantable,

bioartificial livers. Diverse types of cells, biomaterials, and

growth factor delivery systems have been tested for

efficient regeneration of liver tissues that possess hepatic

functions comparable to native livers. This article reviews

recent advances in liver tissue engineering and describes

cell sources, biomaterial scaffolds, and growth factor

delivery systems that are currently being used to improve

the regenerative potential of tissue-engineered livers.
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1. Introduction

The liver is an internal organ that plays an essential role in

metabolism [1], detoxification [2], and protein synthesis

[3,4]. The high regenerative capacity of injured hepatic

tissue [5] allows the liver to recover its original mass and

function after a loss of up to 70% of its total mass [6].

Despite this remarkable ability to self-regenerate, whole

liver transplants are still the only treatment option for

patients with end-stage liver cirrhosis, liver cancer, or

chronic liver failure. Unfortunately, this procedure is

limited by a donor shortage, immunological complications

associated with rejection, and the use of immunosuppressive

drugs [6]. Therefore, extracorporeal devices such as artificial

livers and cell transplantation techniques have been developed

to circumvent the limitations of liver transplantation.

More recently, liver tissue engineering has emerged as a

potential technology for the efficient regeneration of liver

tissue. Diverse combinations of cell sources and biomaterials

are being tested in the context of liver tissue engineering.

Growth factor delivery systems that enhance hepatic cell

survival and/or angiogenesis are also being tested in order

to improve the regenerative potential of these tissue-

engineered products. This article reviews recent advances

in liver tissue engineering and describes the various cell

sources, biomaterials, and growth factor delivery systems

currently being used in liver tissue engineering.

2. Cell Sources for Liver Tissue Engineering

Liver cells are typically selected as the cell source for liver

tissue engineering. However, the use of liver cells is limited

by the availability of liver tissue for primary isolation, the

difficulty in maintaining the hepatic phenotype, and an

inability to sufficiently expand the cells [6,7]. Thus, many

researchers have sought alternative cell sources for liver

tissue engineering. Alternative cells include stem cells or

progenitor cells, which have the potential to differentiate

into hepatic lineage cells. In this section, we discuss the

various cell types that have been used in liver tissue

engineering.

2.1. Hepatocytes

Hepatocytes, a principal cell type of the liver, have been

used for cell transplantations and in liver tissue engineering.

Hepatocytes make up 70 ~ 80% of the liver tissue’s

cytoplasmic mass and play a major role in metabolic and
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enzyme functions [7]. The first clinical trial using autologous

hepatocyte transplantation was performed in 1992 [8] and,

since then, hepatocyte transplantation has shown therapeutic

efficacy for the treatment of acute [9] and chronic liver

failure [10,11]. Habibullah et al. reported that intraperitoneal

infusion of fetal hepatocytes to patients with acute liver

failure was able to significantly improve liver function (as

measured by a decrease in plasma ammonia and bilirubin

levels) and patient survival time without any complications

[9]. Transplantation of hepatocytes also improved short-

term liver function and alleviated symptoms in patients

with chronic liver failure resulting from end-stage liver

disease or alcoholic liver cirrhosis [10,11].

However, hepatocytes have practical limitations as a

stable cell source for cell therapy or tissue engineering. A

donor shortage of liver tissue from which hepatocytes are

isolated has become a major limiting factor in using this

cell type. In addition, hepatocytes easily lose the hepatic

phenotype and functional properties in vitro during expansion

and following cryopreservation [7,12]. For instance, a

previous study demonstrated a 30% reduction in hepatocyte

viability after cryopreservation [6,13]. Thus, storage and in

vitro long-term expansion difficulties do not allow for a

sufficient number of functional hepatocytes to be obtained.

This reduces the clinical feasibility of using hepatocytes as

a source for cell therapy or tissue engineering. The large

number of hepatocytes required for transplantation to

produce therapeutic effects in humans [14], makes procuring

alternative cell sources important for clinical applications.

2.2. Stem cells

Stem cells that can differentiate into hepatic lineage cells

are considered a novel cell source of hepatocytes for liver

tissue engineering. Although hepatocytes have been widely

used as a cell source for cell therapy and liver tissue

engineering applications, these cells are not readily

available due to the shortage of human liver donors. Thus,

researchers have established protocols for generating

hepatocytes from a diverse array of stem cells. In fact,

hepatocyte-like cells derived from stem cells can regenerate

hepatic tissues and restore hepatic function in animal

models with liver injury or hepatectomy [7]. Stem cell types

that might be used successfully for hepatocyte generation

include embryonic stem cells (ESCs) and induced pluripotent

stem cells (iPSCs), as well as mesenchymal stem cells

(MSCs) derived from bone marrow or adipose tissue.

ESCs, which are pluripotent cells derived from human

blastocysts, have unlimited proliferation potential and can

differentiate into almost any cell or tissue type, including

hepatic cells [15]. Cai et al. demonstrated efficient hepatic

differentiation of human ESCs [16]. These human ESC-

derived hepatic cells exhibited characteristics of mature

hepatocytes and were successfully engrafted into the liver

of mice with CCl4 injection-induced cirrhosis [16]. Another

study performed by Basma et al. reported that human ESC-

derived hepatocytes expressed hepatocyte-specific markers,

secreted human liver-specific proteins, and had cytochrome

P450 metabolic activity levels similar to primary human

hepatocytes [17]. These human ESC-derived hepatocytes

were engrafted into the livers of immune-deficient mice

with a 50% partial hepatectomy [17] and significant amounts

of human albumin and α1-antitrypsin were detected in the

serum isolated from mice receiving the human ESC-

derived hepatocytes [17]. Human albumin and cytokeratin

18-expressing cells were also observed in the liver tissue

following transplantation.

Human iPSCs were recently highlighted as another

potential cell source of hepatocytes for liver tissue

engineering. Takahashi et al. first derived human iPSCs

from dermal fibroblasts using viral transduction of four

transcription factors [18]. Since then more cell sources and

transcription factor gene delivery strategies have been

tested with the goal of improving the efficiency of iPSC

induction [19]. Human iPSCs generated from autologous

somatic cells by reprogramming could be used as cell

therapeutics without the risk of immunogenicity. Additionally,

the pluripotency of human iPSCs is comparable to that of

human ESCs [19]. Si-Tayeb et al. developed a multistage

procedure for efficient generation of hepatocyte-like cells

from human iPSCs [20]. These cells exhibited liver function

and integrated into the hepatic parenchyma in vivo [20].

Another study reported that iPSCs generated without viral

transduction differentiated into fully mature hepatocytes

with a full range of liver functions [21]. The iPSC-derived

hepatocytes also showed proliferative capabilities similar

to normal hepatocytes and were able to regenerate the liver

after a two-thirds partial hepatectomy in mice with a

fumarylacetoacetate hydrolase deficiency [21]. More recently,

Liu et al. evaluated the ability of human iPSCs produced

from three different germ layer tissues to undergo hepatic

differentiation [22]. These human iPSC lines from different

origins differentiated into hepatic lineage cells with an

efficiency similar to that of human ESCs, irrespective of

their parental epigenetic status [22]. They could also be

successfully engrafted into the liver tissue of mice with

liver cirrhosis [22] and they secreted human-specific liver

proteins into the circulating blood at levels comparable to

human primary hepatocytes [22].

Although pluripotent stem cells may be a suitable

alternative to hepatocytes for liver regeneration, they have

several fundamental limitations due to safety and ethical

issues. For example, controlling differentiation is still

complicated in these cells and requires multiple steps along

with supplementation with various growth factors and
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chemical compounds [19]. On the other hand, human

ESCs obtained by embryo destruction have ethical issues

associated with their use and can produce an immune

response if transplanted. These two issues could be avoided

by using human iPSCs generated from autologous somatic

cells; however, the reprogramming efficiency of iPSC

induction is typically low [19]. In addition, the use of viral

vectors (retrovirus or lentivirus) may evoke an immune

response and mutagenesis [19]. In both pluripotent stem

cell types, teratomaformation originating from uncontrolled

differentiation or contamination of undifferentiated stem

cells is a common concern.

In this regard, adult stem cells such as MSCs may be a

more feasible source of hepatocytes for clinical applications.

Human MSCs can be easily isolated from autologous

sources, such as bone marrow and adipose tissue [6]. In

vitro expansion of human MSCs is relatively easy

compared to pluripotent stem cells [6]. MSCs typically

differentiate into mesenchymal lineage cells, including

osteoblasts, chondrocytes, and adipocytes [23]. However,

they also have the ability to undergo hepatic differentiation

with proper media supplementation [24]. Stock et al.

established a protocol for generating hepatocytes from

MSCs isolated from a variety of animal and human tissues

[25]. These cells were then engrafted into murine liver

tissues [25]. In another study, Li et al. developed a novel

protocol for generating hepatic lineage cells from MSCs

via co-culture without growth factor supplementation [26].

Four weeks after transplantation of these co-cultured MSC-

derived hepatocyte-like cells into the spleens of rats with

liver cirrhosis, fibrosis was remarkably decreased and

significant expression of cytokeratin 18 and 19 was observed

in the injured livers [26]. Several other researchers using

human MSCs derived from bone marrow [27] and adipose

tissue [28] also obtained results consistent with the findings

of these studies. This demonstrates that hepatocytes can be

efficiently generated from MSCs and that functional

integration of the transplanted MSC-derived hepatocyte-

like cells into the liver tissue in these animal models can be

achieved.

2.3. Liver progenitor cells

Liver progenitor cells are another alternative cell source for

liver tissue engineering. Liver progenitor cells, generally

known as oval cells, are activated for the regeneration of

hepatic tissues in response to acute or chronic liver injury

[29]. Oval cells express various hepatic lineage markers,

such as α-fetoprotein (an early hepatic lineage marker) and

albumin (a mature hepatocyte marker) [30,31]. Thus, oval

cells may be able to differentiate into mature hepatocytes.

In a previous study, transplanted oval cells were shown to

have a high proliferative ability and high engraftment

capacity in animal models with liver injury, in which 90%

of the hepatocytes in the recipient livers were replaced by

transplanted oval cells [32].

Hepatic progenitor cells isolated from human fetal livers

can differentiate into hepatocytes and repopulate the liver.

Human fetal liver serves as a rich source of hepatic

progenitor cells [33]. Hepatic progenitor cells contained in

human fetal livers are highly proliferative, minimally

immunogenic, and resistant to ischemic injury, all of which

are considered major advantages to using these cells for

liver tissue regeneration [33]. In fact, several groups have

already demonstrated the therapeutic potential of human

fetal liver-derived progenitor cells in preclinical studies

using animals with a hepatectomy [34,35]. More recently,

Khan et al. demonstrated the efficacy and safety of human

fetal liver-derived progenitor cell therapy in patients with

end-stage liver cirrhosis [33]. After human fetal liver-

derived progenitor cells were infused into 25 patients with

liver cirrhosis via the hepatic artery, remarkable clinical

improvement was observed in all patients who received the

progenitor cells 6 months after cell transplantation [33].

3. Biomaterials for Liver Tissue Engineering

The regenerative potential of hepatocytes, hepatic progenitor

cells, and stem cells could be improved by using the

appropriate biomaterial scaffolds for transplantation into

injured regions of the liver. Hepatocytes or hepatic lineage

cells easily lose their specific characteristics and exhibit

poor viability in traditional 2D culture systems [7].

However, 3D scaffolds fabricated from biocompatible and

biodegradable polymers have been shown to enhance cell

survival and engraftment by creating a three dimensional

extracellular matrix (ECM)-like microenvironment that

mimics in vivo conditions was shown to promotes cell

adherence and growth [7]. Fabrication of biomaterials with

the proper mechanical strength and containing various

bioactive molecules could allow for the modulation of

biochemical and mechanical cues that promote cell

proliferation, differentiation, and function of hepatic cells.

This could significantly facilitate regeneration of liver

tissues. These fabricated scaffolds may also serve to protect

the transplanted cells from unfavorable in vivo micro

environments (e.g., hypoxia or inflammation) in the injured

tissues [7]. In this section, the types of biomaterials used

in liver tissue engineering will be reviewed, including

synthetic/natural polymeric scaffolds, decellularized matrices,

and hydrogels (Table 1).

3.1. Synthetic polymer scaffolds

Three-dimensional synthetic polymer scaffolds with porous
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structures could facilitate liver tissue regeneration. Several

types of biocompatible and biodegradable polymers,

including poly(lactic-co-glycolic acid) (PLGA), poly(L-

lactic acid) (PLLA), poly(glycolic acid) (PGA), and

poly(ε-caprolactone) (PCL) have been used to fabricate 3D

scaffolds [36,37]. Importantly, these synthetic polymers

have been approved by the Food and Drug Administration

for specific applications in the human body [36]. Because

these polymers contain ester bonds that are susceptible to

hydrolysis, they degrade by non-enzymatic hydrolysis [36].

As a scaffold, they may provide a temporary micro-

environment to guide new tissue growth and organization

prior to complete degradation. The degradation rate of

these polymers can be tailored by altering their molecular

weights or the copolymer ratio, and the degradation

products of these polymers are eliminated from the body

via the respiratory route [36]. The thermoplastic properties

of these polymers allow them to be easily processed into

desired shapes by various fabrication techniques, such as

molding, extrusion, and solvent casting [38-40].

Several studies have found that 3D microporous scaffolds

made of PLGA [41,42] or PLLA [43] promote adhesion,

proliferation, and maturation of primary hepatocytes.

Nonwoven scaffolds composed of PLLA and PGA have

also been shown to facilitate hepatic differentiation of

mouse ESCs [44]. Using a stepwise addition of growth

factors and hormones required for hepatic differentiation,

embryoid body-derived cells were able to differentiate into

hepatocyte-like cells. The differentiated hepatocyte-like

cells on 3D scaffolds expressed liver-specific markers and

proteins, and exhibited hepatic functions including albumin

secretion and glycogen storage [44].

Recent studies have focused on using nanofibrous scaffolds

to enhance hepatocyte proliferation and differentiation

through topographical alterations. Electrospinning is a

technique that uses an electrical charge to draw fine fibers

out of a polymer solution, and it is typically used to

fabricate 3D scaffolds with nanofibrous structures. Three-

dimensional nanofibrous scaffolds can facilitate hepatic

differentiation of a variety of stem cells [45-48]. For instance,

bone marrow-derived MSCs cultured on nanofibrous

scaffolds composed of PCL, collagen, and polyethersulfone

Table 1. Biomaterials and cells for liver tissue engineering

Biomaterials Cells Models References

Synthetic 
polymer 
scaffold

PLGA disk Hepatocyte In vitro [41]

PLGA disk Hepatocyte & nonparenchymal liver cell In vitro [42]

PLLA scaffold Hepatocyte In vitro [43]

PLLA/PGA scaffold Embryonic stem cell In vitro [44]

Polyamide nanofiber Bone marrow-derived mesenchymal stem cell In vivo (hepatic fibrosis) [46]

Polyamide nanofiber Embryonic stem cell In vitro [47]

PCL nanofiber Cord blood-derived unrestricted somatic 
stem cell

In vitro [48]

Natural 
polymer 
scaffold

Alginate scaffold Hepatocyte In vitro [51]

Alginate scaffold Hepatocyte & liver progenitor cell In vitro [52]

Alginate scaffold Bone marrow-derived mesenchymal stem cell In vitro [53]

Hyaluronate scaffold Fetal liver cell In vivo (Wilson’s 
disease)

[56]

Hyaluronate scaffold Hepatocyte In vivo (subdermal 
implantation)

[57]

Fructose-modified chitosan scaffold Hepatocyte In vitro [58]

Galactosylated chitosan nanofiber Hepatocyte In vitro [59]

Decellularized 
matrix

Decellularized liver matrix Hepatocyte In vivo (auxiliary liver 
graft transplantation)

[70]

Decellularized liver matrix Hepatocyte In vitro [72]

Decellularized liver matrix Fetal liver cell & endothelial cell In vivo (intra-abdominal 
ectopic transplantation)

[71]

Decellularized liver matrix HepG2 or hepatocyte In vitro [73]

Decellularized liver matrix Hepatic stem cell In vitro [74]

Hydrogel

PEG hydrogel Liver progenitor cell In vitro [75]

PEG hydrogel Hepatocyte In vitro [76]

PEG hydrogel Hepatocyte & fibroblast In vivo (intra-peritoneal 
implantation)

[77]

Peptide hydrogel Hepatocyte In vitro [78,79]
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that were fabricated by electrospinning expressed hepatocyte

specific markers, including albumin, α-fetoprotein, cyto-

keratin-18, cytokeratin-19, and cytochrome P450 [45]. The

density of albumin-positive cells was much higher on the

nanofibrous scaffolds when compared with cells in 2D

culture [45]. Piryaei et al. also used electrospun nanofibrous

scaffolds made of polyamide for the hepatic differentiation

of bone marrow-derived MSCs [46]. Urea production,

albumin secretion, and metabolic activity of the cytochrome

P450 enzymes were significantly increased in differentiated

hepatic-like cells cultured on electrospun nanofibrous

scaffolds during long-term culture (up to 36 days after

seeding) [46]. Upon intravenous transplantation in mice

with liver fibrosis, MSC-derived hepatic-like cells obtained

from culture with nanofibrous scaffolds were able to

differentiate into functional hepatocytes and reduce liver

fibrosis [46]. Other stem cell types including human ESCs

[47] and cord blood-derived stem cells [48] demonstrated

enhanced hepatic differentiation and function when cultured

on 3D nanofibrous polymer scaffolds. These results

demonstrate that the nano-scale porous, aligned structures

of nanofibrous scaffolds mimic in vivo topographical

microenvironments and may be appropriate scaffolding

systems for hepatic lineage cells.

Synthetic polymer scaffolds manufactured and reproducibly

fabricated as mentioned earlier would lack endogenous

factors that modulate cellular behavior [49]. Thus, these

materials may not provide binding sites that activate

integrins and other cell surface receptors [49]. Modification

with ECM proteins or peptides (e.g., Arg-Gly-Asp; RGD)

may improve cell function on the synthetic polymer

scaffolds. Additionally, synthetic polymers have some

disadvantages, including potential toxicity from acidic

degradation products and a lack of functional groups

available for covalent modification, which may limit their

usefulness in biomedical applications [36].

3.2. Natural polymer scaffolds

Three-dimensional scaffolds fabricated with naturally derived

polymers could enhance hepatic lineage cellular activity

and function. Because natural polymers contain numerous

integrin-binding sites and growth factors, scaffolds composed

of natural polymers may stimulate signaling cascades

involved in cell proliferation and/or differentiation [49].

Polymers prepared from natural sources and used for liver

tissue engineering include alginate, hyaluronate, and chitosan.

Alginate, which is an anionic polysaccharide extracted

from brown algae, is one of the most widely used natural

biomaterials for tissue engineering and drug delivery.

Alginate has several advantages as a biomaterial for tissue

engineering applications, including biocompatibility, low

toxicity, low cost, and simple gelation with divalent cations

(Ca2+and Mg2+) [50]. Dvir-Ginzberg et al. examined the

hepatocyte seeding efficiency and proliferation within

porous alginate scaffolds [51]. This work revealed that

hepatocyte functions, such as albumin and urea secretion,

and detoxification by cytochrome P450 and phase II

conjugating enzyme activities, were maintained during a 1-

week culture period [51]. They also used alginate scaffolds

to culture cells isolated from newborn rat liver, a

heterogeneous population of hepatocytes and progenitors

[52]. Within 3 days, the cells seeded onto the alginate

scaffolds formed compact spheroids. These spheroids

developed into functional hepatic tissues with mature

hepatocytes after 6 weeks in culture [52]. Alginate scaffolds

were also tested for their ability to induce hepatic

differentiation of bone marrow stem cells. Lin et al. cultured

bone marrow stem cells in alginate scaffolds in the presence

of specific growth factors, including hepatocyte growth

factor (HGF), epidermal growth factor, and fibroblast

growth factor-4 [53]. Bone marrow stem cells in alginate

scaffolds differentiated into hepatocyte-like cells, which

was assessed based on the expression of liver-specific

markers (α-fetoprotein, albumin, and cytokeratin 18) and

newly acquired hepatic functions (albumin/urea production

and glycogen storage) [53].

Hyaluronate is a glycosaminoglycan component of the

ECM that is distributed widely throughout connective,

epithelial, and neural tissues [50]. Hyaluronate contributes

significantly to cell proliferation and migration, and plays

a significant role in wound healing [50,54]. Hyaluronate is

degraded by hyaluronidase, which is an enzyme found in

cells and serum. Given that hepatocytes contain intracellular-

specific binding sites for hyaluronate [55], this natural

polymer may promote the hepatocellular function of liver

cells via signaling pathways initiated by cell binding to

surface receptors. In fact, several studies have demonstrated

the benefits of using hyaluronate scaffolds in liver tissue

engineering [56,57]. Katsuda et al. transplanted fetal liver-

derived cells in hyaluronate sponge scaffolds into a rat

model of Wilson’s disease, a genetic disorder in which

copper accumulates in tissues resulting in liver disease

[56]. This approach prevented jaundice and significantly

reduced blood copper concentrations. Accordingly, a

decrease in total serum bilirubin and an increase in albumin

production were observed in animals that recieved the liver

cell-seeded constructs [56]. Another study demonstrated

the usefulness of hyaluronate scaffolds for long-term culture

and in vivo transplantation of hepatocytes [57]. In this study,

hyaluronate scaffolds enriched with ECM components

allowed for long-term maintenance of hepatocyte function

(albumin secretion) in vitro, and efficient generation/

organization of hepatic aggregates in vivo [57].

Chitosan is a linear polysaccharide composed of randomly
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distributed β-(1-4)-linked D-glucosamine and N-acetyl-D-

glucosamine residues [50]. Chitosan is usually produced by

N-deacetylation of chitin, which is the structural element in

the exoskeleton of crustaceans and in the cell walls of fungi

[50]. Due to its biocompatibility, low toxicity, and structural

similarity to natural glycosaminoglycans, chitosan has been

used in a number of biomedical applications, including

tissue engineering [50]. The enzymes chitosanase and

lysozyme degrade chitosan. The modification of chitosan

with polysaccharide residues (fructose and galactose) that

bind to receptors on liver cells may enhance cell behavior

on chitosan scaffolds, which would be important to liver

tissue engineering applications. In fact, Li et al. showed

that fructose-modified chitosan scaffolds enhanced the

metabolic activity of rat hepatocytes (albumin secretion

and urea synthesis) when compared with unmodified

chitosan scaffolds [58]. Similarly, primary rat hepatocytes

cultured on electrospun nanofibrous scaffolds fabricated

from galactosylated chitosan exhibited superior liver-specific

function in terms of albumin secretion, urea synthesis, and

cytochrome P450 enzyme activity [59].

Scaffolds made of naturally derived polymers were able

to enhance the cellular activity required for hepatic tissue

regeneration. However, controlling the rate and mode of

degradation is difficult in natural polymeric scaffolds when

compared with synthetic polymer scaffolds [50]. Additionally,

natural polymeric scaffolds do not have the desired

mechanical properties of hepatic tissues and the mechanical

properties of these scaffolds need to be improved in order

to make naturally derived polymers a viable option for

liver tissue engineering applications.

3.3. Decellularized matrices

Hepatocytes and hepatic linage cells require 3D scaffolds

with perfect ECM structures in order to maintain their

hepatic stability and liver-specific functions. These scaffolds

also require specific mechanical properties. Therefore,

mimicking the architecture and mechanical properties of

the native liver is critical in the fabrication of liver tissue

engineered scaffolds. Despite the many advantages of

synthetic and natural polymer-based scaffolds, the production

of transplantable and functional liver tissue using these

materials still remains a challenge.

Decellularization is an attractive technique for preparing

scaffolds in tissue engineering applications. Decellularized

materials are biological matrices prepared from native

organs or tissues through a process that removes cellular

components. Decellularized matrices can be prepared by

using ionic or nonionic detergents, such as Triton X-100

and sodium dodecyl sulfate, or by enzymatic treatment

with DNase, RNase, trypsin, and/or collagenase [60]. The

cells are eliminated from the organ by the decellularization

process; however, the ECMs and other structural molecules

remain. Thus, decellularized matrices potentially retain the

architecture of the original tissue, including the native

microvasculature [60]. Decellularized matrices facilitate cell

attachment, migration, and differentiation, which ultimately

leads to functional regeneration of the organs. The mecha-

nical properties of decellularized matrices are similar to

those of native tissues [60,61]. The immunogenicity of

decellularized tissue matrices is low because cellular

antigens that evoke an immune response are removed from

the tissues [60,62]. Decellularized matrices show potential

in many areas of tissue engineering and have been used for

regeneration of many tissues, including the heart [63], bladder

[64], arteries [65-67], cartilage [68], and trachea [69].

The 3D ECM architecture of the liver along with a

functional microvascular networks can be preserved in

these decellularized matrices. Preservation of these structures

may provide crucial cues for the engraftment, survival, and

long-term function of hepatocytes. Several recent studies

that created decellularized liver matrices have reported a

subsequent recellularization strategy for liver tissue

engineering. Uygun et al. developed a whole-liver decellula-

rization technique by portal perfusion with sodium dodecyl

sulfate to remove cellular components followed by perfusion-

seeding and culture techniques for the preparation of

recellularized liver matrix for transplantation [70]. The

decellularization process employed in this study preserved

major liver-specific ECM components in the matrices,

including collagen I and IV, fibronectin, and laminin [70].

Most importantly, the decellularization procedure preserved

the structural and functional characteristics of the original

microvascular network, which allowed for efficient

recellularization of the liver matrix with adult hepatocytes

via perfusion for in vitro culture [70].

Considering that the construction of a functional vascular

network has been a key issue in the development of

functional tissue-engineered livers, decellularized liver

matrices with intact vascular networks could be used as

scaffolding platforms for efficiently delivering a supply of

nutrients and oxygen to the seeded hepatocytes [70]. This

may result in enhanced engraftment, long-term survival,

and hepatic function of hepatocytes. In fact, recellularized

liver matrices have been shown to support hepatic function,

including albumin secretion, urea synthesis, and cytochrome

P450 expression at levels comparable to a normal liver in

vitro [70]. Retention of vascular structures allowed for

efficient transplantation of recellularized liver grafts in rats,

and post-transplantation analysis demonstrated hepatocyte

survival and function with minimal ischemic damage [70].

Other studies have also demonstrated the advantages of

using decellularized whole liver matrices in liver tissue

engineering. Recently, Baptista et al. developed a similar
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decellularization procedure using detergent perfusion to

selectively remove the cellular components of the tissue

while preserving the ECM components and the intact

vascular network [71]. Human fetal liver cells and

endothelial cells were repopulated within the decellularized

liver matrices and expressed typical endothelial, hepatic,

and biliary epithelial markers in the matrices, indicating

that liver-like tissue was generated by the constructs in

vitro [71]. Soto-Gutierrez et al. used a combination of

enzymatic, detergent, and mechanical treatment to remove

all cellular components from rat livers [72]. They evaluated

the effects of the three different methods on hepatocyte

seeding in the decellularized liver matrices to maximize

cell survival and function (direct parenchymal injection,

multistep infusion, and continuous perfusion).The multistep

infusion method generated ~90% hepatocyte engraftment

and supported liver-specific functions of the engrafted

hepatocytes, including albumin production, urea metabolism,

and cytochrome P450 induction [72].

Decellularized liver matrices induce rapid and efficient

hepatic lineage differentiation of stem cells. A previous

study demonstrated that liver tissue-derived ECMs may

provide the optimal substrate for hepatocyte culture,

indicating that tissue-specific ECM compositions can

modulate cellular interactions in a lineage-specific manner

[73]. Thus, lineage-specific differentiation of stem cells

might be directed by tissue-specific ECM components. In

fact, Wang et al. applied this strategy in order to efficiently

differentiate human hepatic stem cells [74]. They prepared

decellularized liver matrices using a novel perfusion protocol

with phospholipase A2, nucleases (DNase and RNase), and

a mild detergent (sodium deoxycholate) [74]. The resulting

scaffolds retained the native vasculature, liver-specific

architecture, many matrix components (collagen, laminin,

fibronectin, elastin, proteoglycans, and nidogen/entactin),

as well as physiological levels of matrix-bound growth

factors and cytokines [74]. These liver-specific matrix

components and matrix bound factors facilitated human

hepatic stem cell differentiation into mature, functional

parenchymal cells, and maintained a stable phenotype for

more than 8 weeks [74].

3.4. Hydrogels

Injectable hydrogels may be useful for efficient and minimally

invasive cell transplantation, especially for defects that are

irregular in shape because of their in situ polymerization.

Various types of hydrogel systems have been prepared

from synthetic or natural polymers and applied as scaffold

platforms for hepatocyte culture and transplantation.

The poly(ethylene glycol) (PEG) hydrogel is a widely

used synthetic hydrogel for tissue engineering applications

because of its tunable mechanical properties and efficient

modification of bioactive molecules, such as peptides [75].

PEG-based hydrogels can be cross-linked via a photo-

polymerization process that will efficiently encapsulate

the cells for transplantation [75]. Several studies have

demonstrated the utility of PEG hydrogels as 3D scaffolds

for liver tissue engineering. Underhill et al. used photo-

polymerizable PEG hydrogels for 3D encapsulation of

mouse embryonic liver cells to maintain the survival and

hepatocellular function of liver cells [75]. Changing the

hydrogel characteristics, including PEG molecular weight

and PEG chain length, could control the phenotype and

function of the encapsulated liver cells [75]. Interestingly,

conjugating adhesive peptides (RGD) to the hydrogel

network further improved the hepatic function of liver

cells within PEG hydrogels [75]. RGD-conjugated PEG

hydrogels maintained long-term enhancement of functional

characteristics, including albumin secretion and urea synthesis,

in liver cells, highlighting the importance of adhesive

peptide-mediated interactions in hepatocyte stability within

a 3D construct [75]. Itle et al. also examined the effects of

PEG hydrogel composition on albumin and fibronectin

production by hepatocytes [76]. They revealed that the

addition of RGD to PEG hydrogels significantly enhanced

the production of these proteins [76]. In a more recent

study, in vivo tissue-engineered bioartificial livers were

developed by encapsulating hepatocytes and fibroblasts

(supportive stromal cells) using PEG hydrogels with RGD

peptides [77].

Peptide-derived hydrogels are promising materials for

hepatocyte encapsulation. Many groups have tested self-

assembling peptide hydrogels, which provide stable, highly

organized nanofibrous scaffolds, as synthetic ECMs for

tissue engineering scaffolds. Self-assembling peptides

typically consist of ionic, self-complementary sequences

with alternating hydrophobic and hydrophilic domains

[78]. The geometry of the resulting peptide scaffolds can

be manipulated by modulating the spacing of charged and

hydrophobic residues in the amino acid sequence [78]. Cell

adhesive sequences, such as RGD, can also be introduced

into the peptide hydrogels to enhance cell attachment and

migration. Wang et al. demonstrated the utility of a self-

assembling peptide hydrogel, named “PuraMatrix”, for

culturing primary hepatocytes [78]. The peptide sequence

in PuraMatrix was shown to facilitate cell attachment and

migration, which enabled the rapid formation of cell-cell

contacts [78]. This hydrogel quickly generated primary

hepatocyte spheroids within 3 days of seeding [78]. Albumin

and urea secretion, and cytochrome P450 activity of the

hepatocytes cultured with PuraMatrix were maintained at

high levels throughout the culture period [78]. Another

study demonstrated that self-assembling peptide hydrogels

functionalized with laminin receptor ligands enhanced the
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gene expression of albumin, hepatocyte nuclear factor 4α,

and tyrosine aminotransferase [79].

4. Growth Factor Delivery for Liver Tissue
Engineering

Despite advances in liver tissue engineering by using

diverse types of cells and scaffolds, engineering approaches

are often limited by poor engraftment of the engineered

hepatic tissues due to insufficient vascularization. Delivery

of growth factors that promote angiogenesis and hepatic

cell proliferation could provide a strategy to overcome this

limitation. Conjugation or encapsulation of growth factors

into 3D scaffolds should mediate sustained and controlled

delivery of growth factors. Delivery systems for growth

factors to improve liver tissue engineering will be discussed

in this section (Table 2).

4.1. Delivery of angiogenic growth factors

The delivery of angiogenic growth factors, such as vascular

endothelial growth factor (VEGF) or basic fibroblast

growth factor (bFGF), using biodegradable polymer scaffolds

has been shown to improve angiogenesis and hepatocyte

engraftment. Several studies demonstrated controlled and

sustained delivery of VEGF, one of the most potent growth

factors in stimulating angiogenic pathways, during hepatocyte

transplantation. Kedem et al. proposed a strategy of pre-

vascularization using VEGF delivery prior to hepatocyte

transplantation [80]. Biodegradable PLGA microspheres

loaded with human VEGF were incorporated in porous

alginate scaffolds and then implanted into the liver lobes of

rats. Hepatocytes were transplanted into the regions

containing the implanted scaffolds 1 week following pre-

vascularization. Pre-implantation of VEGF-releasing scaffolds

greatly increased the blood vessel density at the implantation

sites and consequently improved hepatocyte engraftment

when compared with control scaffolds lacking VEGF [80].

Heparin-conjugated hydrogels or nanoparticles provide

efficient platforms for sustained delivery of growth factors

that have heparin-binding affinity (e.g., VEGF, bFGF, and

HGF). Jeon et al. reported that the addition of heparin to a

fibrin gel could retard the release of bFGF from the fibrin

gel through specific interactions between heparin, bFGF,

and fibrin [81]. Almost all of the bFGF was released from

the fibrin gels lacking heparin within the first 4 days;

however, the release of bFGF from the fibrin gels

containing heparin was sustained for up to 7 days in vitro

[81]. The authors of this work also demonstrated that

heparin-conjugated PLGA nanoparticles could be used to

control bFGF delivery [82]. The release of bFGF from

heparin-conjugated PLGA nanoparticles was sustained for

3 weeks without an initial burst release. The bFGF release

was further extended to more than 4 weeks by suspending

the heparin-conjugated PLGA nanoparticles in a fibrin gel

[82]. When these bFGF delivery systems were applied

along with stem cell therapy (cord blood stem cells and

adipose-derived stem cells) for ischemic disease treatment,

they significantly improved angiogenesis and the in vivo

survival of transplanted stem cells, thereby improving the

therapeutic efficacy of treating the hindlimb [83,84] or

myocardial ischemia [85]. In a liver tissue engineering

application, Hou et al. utilized a heparin-immobilized

collagen gel system as a pre-vascularization strategy with

VEGF delivery [86]. VEGF with a heparin-binding domain

was efficiently entrapped in collagen gels by binding to

heparin molecules, and was released in a controlled and

sustained manner from the gels [86]. The in vivo viability of

hepatocytes was significantly improved by pre-vascularization

using this heparin-gel system loaded with VEGF [86].

Biodegradable polymer scaffolds with incorporated bFGF

have also been used for hepatocyte transplantation. Lee et

al. examined the effect of local bFGF delivery on

angiogenesis and hepatocyte engraftment within tissue-

engineered liver constructs [87]. Porous PLLA sponges

were fabricated and coated with bFGF, sucralfate, and

Hydron [87]. In this system, sucralfate binds to bFGF and

protects it from degradation. The Hydron can be used as a

delivery vehicle for the mixture of sucralfate-bFGF. The

bFGF-coated PLLA scaffolds seeded with primary rat

hepatocytes were implanted into the small bowel mesentery

of rats. Two weeks after implantation, microvessel density

and hepatocyte engraftment were substantially increased in

the bFGF-coated scaffold group when compared with the

control scaffold group without the bFGF coating [87].

4.2. Delivery of hepatocyte growth factor (HGF)

HGF is involved in a wide range of signal transduction

Table 2. Growth factor delivery systems for liver tissue engineering

Delivery systems Growth factors Models References

PLGA microsphere & alginate scaffold VEGF In vivo (implantation into liver lobes) [80]

Heparin-immobilized collagen gel VEGF In vivo (subcutaneous implantation) [86]

PLLA sponge bFGF In vivo (implantation into small bowel mesentery) [87]

Heparin-immobilized collagen film or gel HGF In vitro (hepatocyte culture) [88]

Heparin-conjugated PEG hydrogel HGF In vitro (hepatocyte culture) [89]
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events including mitogenesis and morphogenesis [88]. In

particular, HGF is a potent mitogen for hepatocytes, and is

a hepatotropic factor for liver regeneration [88]. Recently,

Hou et al. developed a sustained HGF delivery system for

liver tissue engineering applications [88]. They developed

a HGF/heparin-immobilized collagen film or gel system

for hepatocyte culture in vitro. HGF was immobilized to

collagen via its high binding affinity for heparin. Hepatocytes

in the HGF/heparin-immobilized collagen systems exhibited

high levels of albumin synthesis in both 2D film culture

and in 3D gel culture and these levels were sustained for

more than 2 weeks [88].

In another study, Kim et al. described using a heparin-

conjugated PEG hydrogel for primary hepatocyte culture

[89]. The heparin-conjugated PEG hydrogel resulted in

high levels of albumin and urea synthesis by primary

hepatocytes for up to 3 weeks in culture [89]. The authors

introduced HGF into the heparin-PEG hydrogel system to

further improve hepatocellular functions. This system

allowed for the controlled release of 40% of the loaded HGF

for up to 30 days in culture [89]. Importantly, hepatocytes

cultured in HGF-loaded PEG hydrogels maintained

significantly higher levels of albumin and urea synthesis

than hepatocytes in the PEG hydrogels without HGF [89].

5. Conclusion

In summary, the regenerative capacity of tissue-engineered

livers can be improved by the proper combination of cells,

biomaterials, and growth factor delivery systems. Functional

tissue-engineered livers may be used as transplantable

bioartificial livers, which could solve the donor shortage

problem. Engineered liver tissues with hepatic functionality

may also provide useful surrogates to native livers or

hepatocytes in drug screening, drug metabolism, and

toxicology studies.
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