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A B S T R A C T   

Bioprinting of 3-dimensional (3D) micro-patterned structures could be a promising approach to mimic complex 
organs in vivo. This technique holds promise for generating micro- and macroscale bioengineered structures in 
order to produce a platform which will be closest to the original tissues. However, there are many challenges 
regarding liver tissue engineering, due to the high vascularization of the liver tissue, problems with culturing 
hepatocytes, and the complex microenvironment of the liver. Here, the current challenges in the bioprinting 
technique for the liver tissue and their potential solutions are discussed. The most suitable cell types, different 
bioprinters, and various hydrogels are described.   

1. Introduction 

The liver as the largest internal organ, which plays a vital role in 
different physiological and metabolic functions. Accordingly, any dis
order affecting the liver functions leads to a wide range of pathologies 
[1]. Partial or the whole organ transplantation has arisen as a gold 
standard treatment for patients with liver failure. However, liver 
transplantation faces some limitations such as the shortage of donor 
organs and insufficient engraftment success [2]. Other available solu
tions such as bioartificial liver systems or cell therapy approaches can be 
used as only a temporary support with low therapeutic results [3,4]. In 
this regard, liver tissue engineering has offered an alternative solution 
based on the 3D bioprinting technique, which involves creation of cell 
laden- and scaffold-based constructs with complex geometries to 
manufacture functional units [5]. Merging this technique with printable 
biomaterials, appropriate cells and growth factors allows one to create a 
more developed model for a better understanding of the biological 
complexities at the cellular and molecular levels [6]. Considering the 
recent improvements in 3D bioprinting protocols, it was shown that 

bioprinted liver tissue could overcome the current limitations in liver 
transplantation, liver regeneration and high throughput drug assays 
[7–9]. However, the construction of complex 3D tissues like the liver has 
always been a driving force [10]. 

Over the past few decades, the field of liver bioprinting and tissue 
engineering has been significantly developed with a better under
standing of the cellular phenomenon, liver microstructure and micro
environment, stem cell differentiation technologies, various aspects of 
material science and fabrication and design methodologies [2]. For 
example, while creation of larger 3D constructs can better restore liver 
functions, the size of the engineered tissue is limited to 100–200 μm due 
to diffusion limits of O2 and nutrients [11]. To overcome such limita
tions, sacrificial materials have been introduced in tissue engineering as 
a temporary factor, in order to generate microchannels [12–14] or co
axial nozzles for the formation of blood vessels [15,16]. 

In this perspective, we highlight the current challenges and limita
tions of the 3D bioprinting technique in regard to bioprinters, different 
cell sources, various matrices, and vascularization-related problems. 
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2. Hydrogels as bioinks and their challenges 

In the several past years, many natural and synthetic polymers have 
been introduced for the use as a hydrogel base of a bioink (Fig. 1). 
Among them, natural polymers are the desired choice for bioprinting 
and engineering soft tissues including the liver, which has a stiffness of 
approximately 1.5–2 kPa [17]. In a number of studies, different hydro
gels have been chosen alone or in combination to improve the hepato
cyte functionality, enhance the differentiation rate, generate disease 
modeling, and for other applications related to the liver regeneration. 

Here, we discuss the important criteria that should be considered in 
bioprinting to choose a proper hydrogel. An ideal material for a bioink 
should [1]: be biocompatible without any toxicity and not induce 
immunological reactions [7] have the corresponding mechanical sta
bility of the organ that should be printed [18] have a capacity of 
adhering to cells [9] have acceptable biodegradability [10] recapitulate 
the natural environment related to specifically used cells [19] have the 
ability to support the key cellular activities such as migration, prolifer
ation, differentiation and adhesion [20,21]. 

Biodegradability, as well as the stiffness, are crucial for all types of 
biomaterials related to individual tissues [22,23]. Practically, biode
gradability is associated with the re-establishment of the tissue func
tions, while the stiffness is related to numerous cellular activities such as 
differentiation, proliferation, and tissue regeneration [24,25]. Another 
important property of a hydrogel is biocompatibility. The hydrogel must 
be non-toxic when printed along with cells. Moreover, cytoadherent 
polymers are required to provide the structural support for cell prolif
eration or expansion [26–28]. Another concern for such polymers is 
their printability, which is related to the viscoelastic or rheological 
properties of hydrogels. Different printing methods need different vis
cosity in individual hydrogels. Viscosity acts as a double-edged sword; 
high viscosity results in more stable printed structures, but increases the 
flow resistance of the bioink from the printing nozzle. In this regard, 
more pressure is needed to inject the bioink, which may result in clog
ging the nozzle and impairing the cell membrane [27,29]. In this sec
tion, we discuss the properties of the most commonly used synthetic and 
natural polymers used as bioinks. 

Synthetic polymers including polyethylene glycol (PEG), poly lactic- 
co-glycolic acid (PLGA) and polycaprolactone (PCL), which are more 
common in liner bioprinting, are non-cytoadherent. To overcome this 
drawback, their surfaces can be modified to provide cell adhesion [26]. 
Among them, PEG hydrogels reveal a high water preservation capacity, 
which is similar to that of the liver, and excellent solubility in water, 
while PCL and PLGA are not adequately soluble in water; however, they 
have very flexible mechanical properties that makes them a good choice 

for engineering hard and soft tissues. 
PEG is an FDA-approved biocompatible polymer with non- 

immunogenic properties. However, low viscosity of a PEG solution 
makes it inferior for the use in extrusion-based and inkjet printers [17]. 
PEG hydrogels are widely used as a biocompatible matrix for encapsu
lation of primary hepatocytes to increase their survival rate [30]. To 
improve the survival rate and functionality of hepatic cells encapsulated 
within a PEG hydrogel, some modifications of the polymer chain and 
conjugation of certain bioactive factors were applied with promising 
results [31]. To improve the hepatic differentiation, PEG was used in 3D 
hexagonally arrayed lobular liver tissues. The organization of a hydrogel 
in this format facilitated self-assembly of primary human fetal liver cells 
into a 3D structure and conserved the hepatic functions for at least 5 
months [32]. 

PCL is a nontoxic, biocompatible, very stiff (not suitable for the liver) 
polymer with slow biodegradation. Moreover, the insoluble nature of 
PCL limits its usage for immediate printing of cell-laden structures [33]. 
Interestingly, PCL has been used in a combination with a variety of 
natural polymers [34]. For example, Rhiannon et al. created hybrid 
PCL/extra cellular matrix (ECM) scaffolds, which could preserve hepa
tocytes’ function and growth [35]. Moreover, PCL has been used for 
bio-printing of hepatocytes with some stromal cells such as human 
umbilical vein endothelial cells (HUVECs) and human lung fibroblasts. 
This co-culture resulted in maintained hepatocytes’ functions and 
facilitated formation of the vascular networks [36]. 

PLGA is also an FDA-approved polymer that can be manipulated to 
adjust the degradation time. Besides, rapid hydrolysis of its ester bonds 
in water can restrict the use of water as a solvent for PLGA, which limits 
printing of cell-laden constructs [37]. However, due to the biocompat
ibility and controlled biodegradability of PLGA, its microspheres have 
been applied as scaffolds comprising cells to improve vascularization in 
engineered constructs [38]. In one of studies, a 3D stacked culture 
method was developed using biodegradable PLGA membranes with 
defined topography. When hepatocytes were cultured with PLGA, the 
cells restored their polarity and showed enhanced liver-specific func
tions, as well as exhibited highly differentiated functions as compared to 
cells cultured in a monolayer [39]. Moreover, more recently, a PLGA 
polymer has been used to construct an absorbable vascular anastomosis 
device. The device was tested in pig liver transplantation tests, and the 
data showed that it was successfully absorbed in 4 months, while the 
anastomosis remained functional [40]. 

The most commonly used natural hydrogels for liver tissue bio
printing are alginate, collagen, gelatin, and decellularized ECM (dECM). 
Alginate is extracted from brown algae and, due to its non-immunogenic 
properties, can be a reliable hydrogel for liver bioprinting [41]. Alginate 

Fig. 1. Schematic representation of different cell sources and common natural and synthetic hydrogels in liver bioprinting. Pluripotent stem cells can be derived from 
both fibroblasts (reprogramming) and blastocysts (inner cell mass). Primary hepatocytes and hepatic cell lines are isolated from healthy and cancerous livers. 

Z. Heydari et al.                                                                                                                                                                                                                                 



Bioprinting 27 (2022) e00208

3

is a water-soluble hydrogel, however, the sol–gel transition occurs at a 
temperature below 0◦C, that restricts physical gelation after printing at 
the physiological or room temperature [33]. Alginate has an excellent 
formability, adequate biocompatibility and is able to encapsulate active 
biomolecules for delivery [41]. One of the major challenges in the cre
ation of satisfying in vitro models is the lack of vascular networks. 
Christensen et al. fabricated vascular-like cellular constructs using a 
liquid support-based inkjet printing method, which employed a calcium 
chloride solution as both a cross-linking agent and a supporting mate
rial. Vascular-like structures were successfully printed and formed ver
tical and horizontal bifurcated features from sodium alginate alone and 
from mouse fibroblast-containing alginate bioinks. The cell viability of 
fibroblasts in printed cellular tubes was 92.4% immediately after 
printing and approximately 90% after 24 h of incubation [42]. More
over, a combination of alginate with other polymers such as gelatin 
methacryloyl (GelMA) has been used for vascular tissue engineering. A 
cell-responsive bioink was designed containing GelMA, sodium alginate, 
and 4-arm poly (ethylene glycol)-tetra-acrylate (PEGTA) for the use with 
a multilayered coaxial extrusion system. To form stable structures, this 
composite bioink should be ionically crosslinked using calcium ions, 
then further stabilized by covalent photo-crosslinking. The designed 
bioink presented many biological and mechanical advantages. These 
properties supported spreading and proliferation of encapsulated 
HUVECs and stem cells in the bioprinted structures [43]. Apart from its 
favorable properties, alginate is non-cytoadherent and its stability in 
post-printed structures mainly depends on the degree of crosslinking by 
the divalent cation. However, alginate-based structures are very sensi
tive to pH that can disturb the ionic interaction between the polymer 
and the ion. Finally, the functionality of structures bioprinted using 
alginate depends on the polymer concentration, degree of crosslinking, 
and cell density [44–46]. 

Another ideal natural polymer for encapsulating hepatic cells is 
collagen, which is the main component of the ECM, and its 19 subtypes 
are responsible for various physiological functions [47]. Although 
collagen is a highly biocompatible and cytoadherent polymer, its me
chanical strength is rather poor that results in a collapse of the created 
scaffolds [26,28]. Collagen supports proliferation, cell adhesion, 
migration and differentiation due to the arginine-glycine-aspartic acid 
(RGD) motif [48]. Lee et al. introduced printing of a 3D cell-laden 
construct using the 3D cell printing technology and a multi-head tis
sue building system. They used PCL as a framework material due to its 
proper mechanical properties. Rat primary hepatocytes, HUVECs, and 
human lung fibroblasts incorporated into collagen were utilized as a 
bioink infused into the PCL canals to induce the formation of 
capillary-like networks and to promote the liver cell growth. Interest
ingly, a vascular system was formed and hepatocytes’ functions such as 
albumin secretion and urea synthesis were reported [49]. 

On the other hand, hydrogels containing only collagen are not 
appropriate for 3D bioprinting because of their uncontrolled gelation 
characteristics, poor mechanical properties, and limited printability. To 
address such obstacles, some studies included development of various 
collagen-based bioinks [50] or specific cross-linkers for liver bioprinting 
[48]. For example, collagen type I is the main structural component in 
the ECM and has been commonly used as a hydrogel, however, due to its 
low viscosity and slow polymerization, it is less appropriate for 3D 
bioprinting applications. In a study by Mazzocchi et al., a collagen type 
I/hyaluronic acid hybrid hydrogel bioink was created, which was 
employed to bioprint 3D liver tissues including primary human hepa
tocytes (PHH) and liver stellate cells. The obtained results showed that 
this formulated printable bioink enabled elongation of stromal cells and 
acted as a supporting hydrogel for incorporation of hepatocytes, which 
were maintained viable for over two weeks and responded to the drug 
treatment [51]. Collagen gelation at a physiological temperature 
(~37 ◦C) takes time (about 30 min) which makes its broad application 
limited [52]. Furthermore, another obstacle that limits the use of 
collagen in bioprinting is its high biodegradability, especially after 

transplantation [53]. 
Another interesting bioink in liver bioprinting is gelatin, which is 

derived from collagen by partial hydrolysis. The properties of gelatin, 
including biocompatibility, excellent solubility in water, printability, 
biodegradability, low immunogenicity, and the RGD motif, which is 
important for cell attachment (can support certain cell activities such as 
cell adhesion, migration, and proliferation) make it an excellent candi
date for biomedical applications [54,55]. Moreover, the sol–gel transi
tion temperature of a gelatin solution is approximately 28◦C (25–30◦C) 
that has made it a reliable natural bioink for 3D organ bioprinting [56]. 
GelMA is a photosensitive gelatin with excellent formability and 
biocompatibility [57]. GelMA scaffolds have the desired stiffness and 
high shape reliability when used in liver bioprinting [58]. Ma et al. 
applied GelMA with a stiffness comparable to that of a healthy liver to 
support the cellular functions and behaviors, such as migration and 
proliferation [59]. Furthermore, a combination of glycidyl methacrylate 
hyaluronic acid (GMHA) and GelMA was used to provide a more 
bioactive microenvironment for endothelial cells, in which hyaluronic 
acid promoted proliferation of endothelial cells and facilitated vascu
larization [60]. More recently, a drop-on-demand bioprinting approach 
to produce HepG2 cell suspension droplets on a polyethylene tere
phthalate substrate has been optimized. The substrates carrying droplets 
were placed inside a novel Hanging-drop Culture Chamber (HdCC) and 
incubated to obtain the liver parenchymal microtissues with a size of 
200–300 μm. The microtissues were viable, exhibited an active response 
to insulin stimulation, and expressed polarity markers including multi
drug resistance protein 2 (MRP2) and zonula occludens 1 (ZO1). In 
addition, to preserve the structural integrity and improve their func
tional abilities, the microtissues were sandwiched in the GelMA hydro
gel, and the liver-specific functions were assessed during 2 weeks. The 
results showed that the 3D structure of the microtissues in the GelMA 
sandwich conserved the albumin secretion, urea synthesis, and cyto
chrome P450 activity, compared to microtissues in a suspension [61]. In 
another study, a GelMA hydrogel was applied as a matrix to construct 3D 
lobule-like microtissues containing hepatocytes and fibroblasts. The 
experimental results confirmed that 3D lobule-like microtissues con
structed using GelMA hydrogels showed high cell viability and liver 
function, that revealed a promising potential for liver tissue bioengi
neering and regenerative medicine applications [62]. Nevertheless, 
GelMA-based bioinks have not been yet approved for clinical trials due 
to their cytotoxicity. 

Another promising natural hydrogel is dECM that has recently been 
considered as a proper biomaterial for bioprinting applications. The 
tissue-specific ECM plays an essential role in cellular proliferation, 
anchorage, migration, and signaling [63]. The natural liver ECM ob
tained after a chemical and/or enzymatic process contains a wide range 
of proteins, collagen, proteoglycans, and glycosaminoglycans with 
bioactive molecules. This complex can mimic the in vivo microenviron
ment and support the cellular functions compared to single protein 
hydrogels [64,65]. Gelation in dECM usually occurs at a physiological 
pH and temperature, which makes it an appropriate candidate for the 
use in 3D bioprinting. However, low viscosity, poor shape retention, and 
rapid biodegradation of the dECM hydrogel limit its application in 
bioprinting of large solid organs. Besides, the common dECM source is 
xenogenic, in particular, porcine, which may pose immunogenicity in 
vivo [64]. Nevertheless, application of dECM would be the ideal scenario 
for printed cells to recapitulate the native hepatic structures [66]. A 
technique capable of fabricating the liver and heart microarchitecture 
with high control and appropriate mechanical properties has been 
developed, which uses photocrosslinkable tissue-specific dECM as a 
bioink (heart and liver), dynamic light processing (DLP) as a bioprinter 
and human induced pluripotent stem cell (hiPSC)-derived car
diomyocytes and hepatocytes as cell sources. The dECM bioinks pro
vided a conducive microenvironment to improve maturation and 
maintain the viability of hiPSC-derived cardiomyocytes and hepato
cytes. This micropatterning also directed the cellular self-organization 
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into the pre-designed striated heart and lobular liver assemblies with 
biophysical cues [67]. Due to the low mechanical stability and slow 
gelation mechanism of dECM, the construction of complex structures is 
challenging [68,69]. Therefore, approaches to enhance dECM bioinks’ 
printability are studied, for example, a combination with other 
cross-linkable hydrogels [70,71], adding photo-crosslinkers [72,73], 
and introduction of the methacrylate group [74]. In this regard, Ma et al. 
used a combination of the liver dECM and GelMA to improve a 
photo-crosslinkable dECM-based bioink for DLP-based 3D bioprinting. 
As a result, the dECM crosslinked via the GelMa photocrosslinking 
demonstrated high fidelity, and the printed shape remained stable for 7 
days. The printed scaffolds were able to mimic the mechanical proper
ties of the cirrhotic liver tissue. The growth rate of HepG2 cells encap
sulated in dECM/GelMA scaffolds with the cirrhotic-like stiffness was 
reduced, while the expression of the invasion markers was increased, 
compared to healthy controls [70]. In another study, Kim et al. adjusted 
the optimal ratio of the liver dECM and a gelatin-based mixture (gelatin, 
hyaluronic acid, and fibrinogen) for extrusion-based 3D bioprinting. The 
results showed that the mechanical properties and 3D printability of this 
multicomponent bioink were greatly improved and the liver-specific 
markers were expressed similar to those in the cells encapsulated in 
the liver dECM [75]. 

2.1. Bioprinters and their challenges 

Depending on the particular goal – fabrication of a full-size organ or 
of the liver-on-a-chip – different types of bioprinters or their combina
tions may be applied. At any rate, while bioprinting the liver, first, its 
morphology should be recapitulated, which represents a complex hex
agonal shape with periportal, midzonal, and perivenous areas and 
highly developed vasculature (Fig. 2). 

To construct the main tissue structure, extrusion bioprinting is 
commonly applied, and various bioprinters are commercially available 
(e.g. BioBot, BioX, etc.). Such bioprinters ensure high viability of 
hepatocyte-like cells, which can reach 98% in 2 weeks after bioprinting 
[76,77]. Both single cell suspension or cell spheroids can be used as a 
cell component of a bioink [78]. Compared to other types of bioprinting, 
extrusion bioprinting enables fabrication of highly rigid and stable 
vertically oriented structures. For instance, hepatorganoids with the 
sizes of 10 × 10 × 3 mm were successfully formed and shown to increase 
the survival rate in mice with liver failure [79]. Moreover, new set-ups 
have enabled a higher resolution (up to 1 μm [76]) and the simultaneous 
use of several types of bioinks [78], that provides an opportunity to 
fabricate more complex structures. Particularly, the hepatic lobule-like 
structure was shown to be recapitulated using a pre-set extrusion bio
printing equipment with precursor cartridges containing different 

materials [80]. Nevertheless, the main disadvantages of extrusion-based 
bioprinting in respect to creating liver-like constructs are a relatively 
low printing speed, nozzle clogging, a suboptimal processing tempera
ture, and ultraviolet (UV) exposure required to cross-link a bioink. These 
factors may significantly decrease the cell survival rate (10%) and cause 
structural defects [77,79,81]. 

Inkjet bioprinting is another commonly used option which enables 
higher resolution and speed and, therefore, higher cell survivability than 
extrusion bioprinting does [20]. This method was successfully applied to 
fabricate liver-like constructs for high-throughput drug screening [82]. 
However, inkjet bioprinting usually works with a relatively low cell 
density which does not exceed 107 cells/mL [83,84]. 

Other techniques such as laser-assisted or photocuring-based bio
printing can be recommended to recapitulate the particular structures in 
the liver tissue (including the bile duct, the space of Disse, and the 
vasculature) in more detail and can be efficiently coupled with micro
fluidics [85]. Compared to those mentioned above, these types of bio
printers provide the highest resolution [86]. Laser-assisted bioprinting 
can apply bioinks with the highest cell density (up to 1 × 108–1 × 109 

cells/mL [87]) or spheroids [88], that ensures the formation of 
well-organized liver-like units [89]. Nevertheless, this method has low 
scalability, and the fabrication of the whole organ can be hardly ach
ieved. Photocuring-based bioprinters are presented by stereo
lithography (STL), DLP, and holographic printers [90] and were shown 
to allow the formation of finely defined structures like the vasculature 
[91] and hexagonal lobule-like blocks with a thickness of 200 μm [18]. 
However, photocuring-based bioprinting has many disadvantages 
among which is the exposure to UV light and potential toxicity of pho
tocuring agents (light absorbers and photoinitiators) [92,93]. These 
factors cause relatively low post-printing cell survivability, which usu
ally does not exceed 85% [91,94,95]. Moreover, the high cell density 
can decrease the photopolymerization efficiency and cause defects in the 
formed structure [91]. 

To increase the similarity between the original and printed liver, 
other techniques were also developed, e.g. coaxial bioprinting [96], 
chaotic flow printing [97], 4D printing [98], etc. Coaxial bioprinting 
was reported to facilitate mimicking the anisotropic morphology by 
enabling the in vivo-like cell growth [96]. Acoustophoretic bioprinting 
can ensure the formation of a complex structure and help to avoid the 
shear, thermal, and UV stress [99]. Chaotic flow printing enables 
achieving a high printing speed with a resolution of 10 μm at an area of 
up to 10 cm2 [100]. It was shown to be an efficient tool to fabricate a 3D 
microvascular network [101]. Moreover, complex liver structural pat
terns can be formed via 4D printing using smart (stimuli-responsive) 
materials, and the possibility to produce 3D hexagonal-like constructs 
has already been reported [101–104]. (Table 1). 

Fig. 2. An overview of the 3D bioprinting process. Stages (from the left to the right): computer-assisted designing, pre-printing (including cell selection, hydrogel 
synthesis, and bioink blending), bioprinting. 
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Thus, to recapitulate the liver morphology as close as possible, the 
use of one printing technique cannot be sufficient. From our point of 
view, bioprinting of the liver requires designing a special platform which 
does not harm liver tissue cells sensitive to any stress and ensures rapid 
fabrication of the main tissue via extrusion-based bioprinting with the 
precise deposition of minor cell populations in accordance with the 
complex tissue-specific patterns by laser-assisted, photocuring-based, or 
4D printing. 

3. Cell sources and their challenges 

The liver is composed of parenchymal cells, namely, hepatocytes and 
cholangiocytes, and non-parenchymal cells, i.e., hepatic stellate cells, 
Kupffer cells, and endothelial cells. Hepatocytes are associated with the 
major functions of the liver, and non-parenchymal cells support the liver 
parenchymal cells [122]. In this section, we discuss the potential sources 
of hepatocytes used in liver bioprinting and their challenges. 

Despite the recent advances in the cell culture protocols, employing 
the best hepatic cell type for bioprinting is still a major challenge due to 
the limitations of in vitro expansion, sustaining primary hepatocytes’ 
functionality for long periods of time, the insufficient differentiation rate 
in hepatic-like cells (HLCs) and so on [123,124]. Primary hepatocytes 
(human or animal) isolated from a healthy liver, are known as a gold 
standard cell source for hepatic bioprinting because of their high 
metabolic activities [125]. Due to the increasing number of patients who 
suffer from end-stage liver disease and the lack of donors for liver 
transplantation, many studies focus on alternative treatments, such as 
primary hepatocyte implantation. In this case, the required number of 
primary hepatocytes can be obtained from a single donor, that enables 
the treatment of several patients. Moreover, isolated cells can be cry
opreserved and stored for future applications [126,127]. To predict the 
hepatotoxicity of new medicinal components in the liver tissue, PHH are 

a gold standard owing to their ability to preserve their metabolic profile 
[65]. However, due to the limited access to primary hepatocytes and 
their rapid dedifferentiation, cultivation of primary hepatocytes is still 
challenging. This happens because of the deprivation of primary hepa
tocytes of their natural microenvironment with a cell-cell contact with 
stromal cells [128]. To reproduce this natural environment, the recent 
studies have reported co-culturing primary hepatocytes with supportive 
cells, and also different matrices in a 3D culture [65,124,129]. To ach
ieve and recover the native microenvironment, liver tissue engineering, 
especially 3D bioprinting, has been developed in the recent years 
(Table 2, Fig. 3). In one of the studies, a 3D construct was fabricated 
using 3D cell printing technology, a collagen solution filled with hepa
tocytes, human lung fibroblasts and HUVECs being used as a bioink and 
PCL as a framework. The authors confirmed the concept that a co-culture 
of hepatocytes with non-parenchymal cells was essential for their 
maintenance and for increasing their survival rate compared to a single 
culture. A 3D cell-printed construct comprising a network of capillaries 
improved the protein secretion and metabolism of primary hepatocytes 
[49]. In the field of cell-based therapy and transplantation using primary 
hepatocytes, another study demonstrated that the 3D bioprinting 
method combined with a microneedle array system for fabricating a 
liver-like tissue, composed of primary hepatocytes, mesenchymal stem 
cells (MSCs) and HUVECs, could generate hundreds of liver bud-like 
spheroids [130]. Some drug toxicity studies used patient-derived pri
mary hepatocytes combined with 3D bioprinting as a model to demon
strate the drug response [78]. Furthermore, in some studies the 
bioprinting technology was applied for creating a liver model composed 
of primary hepatocytes, human hepatic stellate cells, and other 
non-parenchymal cells, to model a liver injury leading to fibrosis [131, 
132]. 

In summary, although human hepatocytes represent a gold standard 
for studies of hepatotoxicity and transplantation, hepatocytes’ culture 

Table 1 
Characteristics of different bioprinting set-ups.  

Examples Resolution Sizes Printing 
speed 

Cell viability Cell density Drawbacks Ref. 

Extrusion bioprinting 
Allevi extrusion printer 100–200 

μm 
7 × 7 × 2 mm – ~100% (4h 

AP) 
Medium  • UV light exposure 

•Pressure 
•Low temperature 
•Nozzle clogging 
•Hypoxic areas in spheroids’ cores 

[81] 

Pneumatic extrusion printer – 10 × 10 × 1 mm – – 7 × 106 cells/ 
ml 

[105] 

SPP1603 – 10 × 10 × 3 mm 150 mm3/ 
min 

up to 90% (IM 
AP) 

1 × 106 cells/ 
ml 

[106, 
107] 

BIOX 1 μm 3 × 3 × 2 mm – 99% (1 d AP) 
98% (14 d AP) 

3 × 107 cells/ 
ml 

[108] 

INKREDIBLE+ 100 μm – – 80% (18 d AP) 1 × 107 cells/ 
ml 

[109] 

Inkjet bioprinting 
Custom-made inkjet printer 80 μm 9 × 9 × 5 mm 30 mm/s – Medium •Low mechanical properties 

•Shear stress 
•Thermal stress 
•Clogging 

[110, 
111] 

Piezo-electronic inkjet printer 25 μm 1 mm (⌀) – ~100% up to 1 × 107 

cells/ml 
[112] 

Lab-on-a-printer inkjet dispenser 150 μm 18 × 26 mm 1.2–1.7 
mm/s 

– Medium [113] 

Laser-assisted bioprinting 
LIFT experimental setup 25–100 μm – High ~100% High •Only low and medium viscous 

bioinks can be applied 
•Possible contamination with metal 
particles 
•Difficult process scalability 

[114, 
115] 

LIFT experimental setup 50 μm – 200 mm/s High 1 × 108 cells/ 
ml 

[116] 

LIFT experimental setup High 200–300 μm (⌀) High ~80% (3 h AP; 
iPSC) 

1 × 109 cells/ 
ml 

[117] 

Photocuring-based bioprinting 
Custom-made projection 

stereolithography set-up 
5 μm 530 × 740 × 360 μm 

(1 block) 
– 70% (1 d AP) up to 1 × 107 

cells/ml 
•UV light exposure 
•Difficult to print more than 1 
material 
•Toxic photocuring agents 

[118] 

High-resolution stereolithography 
set-up 

50 μm 1.5 × 1.5 × 2.4 cm 0.56 mm2/ 
min 

85% (5 d AP) Medium [119] 

Perfactory® 3 Mini 30 μm 5 × 5 × 5 mm 5 μm/s 70% (21 d AP) 5 × 106 cell/ml [120] 
Custom-made digital micromirror 

device (DMD) 
– 3 × 3 × 0.2 mm – ~70% (1 d AP) 

~60% (7 d AP) 
4 × 107 cells/ 
ml 

[121] 

Abbreviations. AP – after printing, IM – immediately, LIFT– laser-induced forward transfer, iPSC – induced pluripotent stem cells. 
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Table 2 
Summary of studies using various types of bioprinters and bioinks for liver tissue models.  

Bioprinting strategy Bioink Outcomes Ref. 

Cells Hydrogel materials 

Extrusion Primary human 
hepatocytes/Liver stellate 
cells(LX2)/aHSC 

Methacrylate collagen type I/Thiolated 
hyaluronic acid 

The bioink acted as a support hydrogel for hepatocytes and the cells 
could stay viable and secret albumin and urea for more than 2 
weeks, as well as responded to drug intervention. 

[50] 

Extrusion PMHs Porcine liver-derived dECM The effect of different decellularization methods on the 
functionality of 3D bioprinted liver construct were investigated. 

[158] 

Extrusion HepG2, HUVEC, MSCs 
and HFF cells 

Gelatin (sacrificial material)/GelMA –Fibrin 
(Cell- laden) 

The liver’s nutrients and oxygen were efficiently fulfilled by 3D- 
printed capillary structures. 

[159] 

Extrusion HepG2 GelXA lamininK521 (gelatin, alginate, 
xanthan gum and laminin a5b2y1) 

The hexagonal liver microstructure bioprinted for developing in 
vitro models with the long-term cell growth.  

Extrusion HepG2-laden in shell 
bioink/NIH 3T3-laden in 
core bioink 

algMC + Matrigel/algMC, algMC + fibrin or 
algMC + plasma 

The liver core–shell bioprinting model containing hepatocytes and 
fibroblasts was established that showed the production of 
hepatocyte markers such as albumin. 

[160] 

Extrusion Primary 
HCC cells 

Gelatin/Alginate A 3D-HCC model with a patient’s cells showed the long-term 
survival and maintenance of a patient-specific genetic profile. 

[161] 

DLP hiHep cells GelMA/porcine liver dECM The constructed model can be utilized in the regeneration of the 
liver and restoration of liver functions. 

[68] 

Extrusion HepaRG cells Gelatin and Alginate In animal models, this functional liver microstructure-tissue 
demonstrated the normal liver functioning for up to 7 days after 
transplantation. In addition, the combination of the ink and printed 
cells may enhance the vascular structure in the transplanted 
structure. 

[106] 

Extrusion HepG2/NIH/3T3 GelMA/135ACG hybrid (Alginate-Cellulose 
nanocrystal-GelMA) 

Printing of hepG2 and NIH/3T3 cells in the 135ACG and GelMA 
matrix showed advancement of fibroblast cells in the 135ACG 
matrix, whereas hepG2 produced exclusively spheroids with high 
albumin secretion, higher functionality and interaction with other 
cells. 

[162] 

Microfluidic- based 
bioprinting 

HepG2/3T3-J2 PEG Direct 3D printing of HepG2 and 3T3-J2 cells onto an established 
fibroblast layer in the novel microfluidic method led to their gene 
expression and albumin secretion being nearly twice as high as that 
in the 2D conditions. 

[163] 

Extrusion HepG2/C3A + ECs Collagen/Alginate It was revealed that each cell type in the bioink with spatial cell 
patterning accelerated cellular organization, which may preserve 
the structural integrity while increasing the cellular activity. 

[164] 

Inkjet NIH3T3/HUVEC Porcine Liver dECM 
/Gelatin 

The cells in this construct were viable, surviving in the printed ink 
at a rate of 93%. 

[75] 

Extrusion ICC Gelatin/alginate/Matrigel TM The expression of cancer markers in patient-derived cells, 
functional markers of liver cells, and proteins associated with 
metastasis and invasion were important features of this structure. 
Furthermore, the response of these cells to drug therapy and drug 
resistance was comparable to that in vivo. 

[165] 

Stereolithography ( HepG2/NIH/3T3 
fibroblast 

GelMA 3D microtissues provided long-term co-culture of hepatocytes and 
fibroblasts with excellent cell viability and an improved albumin 
secretion function in vitro. 

[62] 

Extrusion iPS- derived hepatocyte- 
like cells spheroids/MSC/ 
ECs 

Alginate/Pluronic F127 blend bioink 18-day-long 3D printing of iPS-derived hepatocyte cells in 
combination with other cells such as mesenchymal stem cells and 
endothelial cells (spheroids) as support cells improved the cell 
survival, metabolic activity stability, and hepatocyte phenotypic 
preservation 

[109] 

Stereolithography hiPSC-derived 
hepatocytes 

Liver dECM Microstructure patterning facilitated spontaneous cellular 
rearrangement into the predesigned lobular liver structures via 
biophysical signals. 

[166] 

Extrusion Primary human 
hepatocytes/HSCs/ECs/ 
KCs 

NovoGel 2.0 Hydrogel TGF-b1 and methotrexate (MTX) therapy for 28 days resulted in the 
identification of hepatic injury and increasing fibrosis as evidenced 
by the production of fibrillary collagens in patterns, reduced 
albumin synthesis, which was consistent with the previously 
observed LDH and miR-122 responses. 

[167] 

Extrusion HepG2/C3A Pluronic F127/Alginate hydrogel Following the acetaminophen treatment, the 3D printed structure 
demonstrated improved hepatic functions and sensitivity, 
indicating more physiologically key features for in vitro drug 
research using 3D hepatic systems. 

[168] 

DLP HepG2 cells Liver dECM Liver photocrosslinkable dECM utilizing the DLP method 
manifested itself as an appropriate platform in the form of liver 
lobule architectures to explore the influence of cirrhosis and 
healthy liver matrices on the cell behavior such as invasion and 
survival. 

[169] 

Extrusion HepaRG Alginate/Gelatin/hLdECM Cyclophilin silencing as a target gene of adenovirus 5 verified the 
effectiveness of the manufactured model in transduction and future 
antiviral drug testing. 

[170] 

(SLA) laser-based 
direct-writing 

HepG2 Gelatin-(transglutaminase)TG hydrogel(cell 
laden hydrogel)/PLA(support structure)+
PVA(Sacrificial templet) 

A 3D structure with four arm branch network was designed for 
growing vascular tumor model. 

[171] 

Extrusion Mice primary 
hepatocytes/UCB-MSC 

Alginate [172] 

(continued on next page) 
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Table 2 (continued ) 

Bioprinting strategy Bioink Outcomes Ref. 

Cells Hydrogel materials 

Both the 3D bio-printing method and paracrine chemicals 
produced by MSCs allowed for the long-term hepatocyte viability 
for 1 week without morphological alterations. 

Stereolithography 
(DLP) 

HepaRG/Human HSCs GelMA/PEG The 3D-printed liver exhibited enhanced metabolic activity as 
compared to a monolayer HepaRG culture. The overall 
metabolism, as well as the liver-specific bile transporter and MRP2, 
were shown to be stable. 

[173] 

Extrusion Huh7 Gelatin In terms of the albumin secretion, cytochrome p450 oxidase 
activity, and bile salt transport activity, the 3D structure with a 60◦

geometry is preferable and could improve these activities when 
compared to a 2D model. 

[174] 

Inkjet PMHs GA A GA-gel biocompatible hydrogel that interacts with hepatocytes 
via the ASGPR can be used as an advantageous 3D culture system 
for engineering of the liver tissues, maintaining the cellular 
polarity and adhesion and studying cellular responses. 

[110] 

Extrusion HepG2 Alginate HepG2 cells labeled with the mCherry red fluorescent protein to 
efficiently track their location and detect their proliferative ability 
were significantly positive for the hepatic indicators including 
albumin and AFP production. After 21 days, a 3D-printed scaffold 
allows HepG2 cells to repopulate without losing their hepatic 
identity. 

[175] 

Extrusion BMMSCs/HepG2 cells Porcine liver dECM, PCL, collagen The liver dECM bioink for 3D-hepatocyte printing was shown to 
create a suitable microenvironment with the desired biochemical 
and biomechanical properties, that significantly improved stem 
cell differentiation and liver cell functions over the available 
collagen bioink. 

[176] 

Extrusion miHeps Alginate MiHeps were printed using an alginate bioink, grown in vitro for a 
week, and then implanted in vivo in a mouse with a liver injury 
model. The gene expression data for albumin, ASGR1 and HNF4a 
and the immunofluorescence assay after 4 weeks showed the 
restored liver functions. 

[177] 

Extrusion HepG2/C3A/HUVECs GelMA The presence of a HUVEC layer causes the increased viability and 
metabolic activity of HepG2/C3A cells within a 3D-printed liver. 

[178] 

Extrusion Human hepatoma cells/ 
Fibroblasts 

Alginate/CNCs The fabrication of a 3D liver-mimetic honeycomb construct 
incorporating alginate and CNC as a hybrid ink demonstrated good 
shear thinning and printable properties, as well as low hepatoma 
and fibroblast cell mortality. 

[179] 

Extrusion hASCs/derived AHLCs Collagen Cell translocation from the construct to rats’ hepatic portal veins 
observed after biofabrication of hepatic blocks in 3D printed 
structures containing hASCs, AHLCs, and collagen, followed by 
implantation in SD rats after 4 weeks. The analysis of liver-specific 
parameters revealed that this 3D liver model aids in the treatment 
of rat liver failure. 

[180] 

Extrusion (organ-on- 
a-chip) 

HepG2/HUVEC PCL microfluidic channel/Collagen/gelatin The inclusion of a variety of cell types in this proposed approach, 
including the co-culture of HepG2 with HUVEC cells, can increase 
the performance of the created liver model. 

[181] 

Extrusion, 
microfluidics 

HepG2/C3A GelMA/ECM The viability and drug toxicity screening was performed on hepatic 
spheroids embedded in an ECM-based hydrogel scaffoldand placed 
in a microfluidic device. 

[182] 

Extrusion Primary human 
hepatocyte/HSC/HUVEC 
cell 

NovoGel 2.0 Hydrogel Trovafloxacin utilized to assess the hepatocyte toxicity in 3D- 
microscale liver cells in order to replicate the tissue-level DILI. 

[8] 

Inkjet/Microfluidic 
chip 

HepG2/U-251 cell 
(human glioblastoma cell 
line) 

Alginate sodium/PDMS Microchip-based assessment of the drug metabolism and diffusion 
in microscale constructs fabricated using co-printed HepG2 and U- 
251 cells, where cell printing was spatially regulated. 

[183] 

(Photocuring- based) 
DLP 

hiPSC-HPCs/HUVECs/ 
ADSCs 

GelMA, GMHA The 3D built model offered an environment for hiPSC-HPCs that 
increased not only their anabolic and catabolic activities, but also 
the critical CYP expression levels, mature gene expression profiles, 
and drug metabolism capability. 

[121] 

Extrusion Primary rat hepatocytes/ 
HUVECs/HLFs 

Collagen (cells laden hydrogel)/PCL 
(framework material) 

The printing of three types of cells in natural hydrogels, including 
hepatocytes, HUVEC cells, and HLF cells, and the use of PCL as a 
framework material, resulted in the development of a 3D structure 
with good mechanical characteristics and capillary networks. 

[36] 

Inkjet/microfluidic HepG2/C3A GelMA The results demonstrated similarity of a 3D organ-on-a-chip 
structure’s function with those of in vivo and other in vitro systems. 

[184] 

Extrusion HepG2 Alginate/Gelatin/Fibrinogen The microscopic assay demonstrated high viability of cells loaded 
in an alginate/gelatin/fibrinogen hydrogel. The effect of 
chemotherapy drugs such as 5-Fluorouracil, mitomycin and their 
combination on hepatoma cells could be investigated and showed a 
significant change compared to a 2D model. 

[185] 

Extrusion hiPSC- HLCs/HESC Alginate The development of embryonic stem cells and hiPSC into 
hepatocyte-like cells was studied using a valve-based bioprinted 
construct. 

[186] 

CRMS ADSCs/hepatocytes Fibrin/PLGA [187] 

(continued on next page) 

Z. Heydari et al.                                                                                                                                                                                                                                 



Bioprinting 27 (2022) e00208

8

and access to a donor are major challenging subjects. To overcome such 
obstacles, PHH can be replaced by other candidates, such as hepatic 
lines or stem cell-derived hepatocyte-like cells. However, these alter
natives have both advantages and disadvantages compared to PHHs 
[133]. 

Different studies have revealed that some hepatoma cell lines such as 
Huh7 [134], HepG2 [58,135,136] and HepaRG [79,137,138] are able to 
perform many PHH functions. These similarities result in a broad 
application of these cells in bioprinting. As a drawback, the metabolic 
activity of these hepatoma cells is not comparable to PHH [139,140], 
although some approaches to improve their metabolic activity have 
been described [133,141,142]. The only exception reported is HepaRG 
cells, which show high metabolic activity [143]. However, some re
searchers are still skeptical about the HepaRG applicability for drug 
toxicity screening. This cell line showed a lower sensitivity in response 
to liver toxic drugs when compared to HepG2 cells [144]. 

Taken together, HepaRG cells, known as hepatic progenitor cells, 
could be the most promising cell line in liver bioprinting because of their 
ability to differentiate into functional hepatocytes and express phase I 
and II metabolic enzymes. Also, these cells can generate the bile 
canaliculi structures. Moreover, bioprinted HepaRG cells were able to 
function in vivo and improve the survival rate after transplantation into 
mice, that presumes their great potential in the liver regeneration [79]. 

Stem cell technology has shown great promise in the development of 
drug screening, personalized medicine, and disease modeling 
[145–147]. Hepatocytes can be derived from multiple stem cell types, 
including embryonic stem cells (ESCs), iPSCs, MSCs, fetal liver cells, and 
human adult liver SCs/hepatic liver stem cells(41). Among these cell 
sources, hepatocytes derived from ESC, iPSC and adipose-MSC have 
been successfully used in 3D bioprinting [18,67,136,148,149]. 

Some practical advantages of iPSC compared to ESC make them a 
promising source in the field of tissue engineering, including the ability 
to self-renewal in the long term and large-scale setting. They can 
differentiate to all cell types and can be generated from fully differen
tiated cells from healthy donors. Hence, unlike ESC, iPSC can overcome 
the immune rejection issues, and there are no ethical issues in their 
clinical application [150]. In the study [18], the authors printed 
hiPSC-hepatic progenitor cells and supportive cells embedded in GMHA 
and GelMA, using a valve-based bioprinting technique. The hepatic 
lobule structure was recapitulated, and the obtained data demonstrated 

its advanced morphological organization, increased liver-specific gene 
expression levels, and the metabolic product secretion in bioprinted 
hiPSC- derived hepatic progenitor cells (hiPSC-HPCs), compared to a 2D 
culture and a 3D HPC-only model (with no supporting cells) [18]. 

However, the current methods face many challenges, such as het
erogeneity in differentiated cells and inadequate functionality of HLCs. 
The current developments in differentiation methods have resolved 
many problems in this field, including those related to 3D culturing 
conditions, co-culture with non-parenchymal cells, tissue micro
fabrication, micro-fluid flow systems, defined media and cell encapsu
lation approaches [151]. For example, microfluidic systems and 
microchips are the best devices to mimic the in vivo cell environment, 
they also contain a blood flow equivalent, which transports oxygen and 
nutrients and excrete waste materials. This approach was used for hiPSC 
differentiation and demonstrated that microfluidic biochips were 
promising in providing the required microenvironment for hepatocyte 
differentiation [152]. Another approach to improve iPSCs differentia
tion is fabrication of 3D structures, specifically organoids, which repeat 
some of the in vivo functions and mimic many cellular interactions in an 
organ. Merging co-culture systems with the 3D-culture approach has 
improved the maturation of HLCs [153]. 

Then, application of small molecules also enhanced the differentia
tion efficiency. The most important examples are CHIR99021 which 
induces the WNT/β-catenin pathway and Ly294002, which is synergized 
with the Activin/Nodal pathway during the initial days of differentiation 
[154–156]. During the endoderm specification, retinoic acid can 
enhance differentiation of stem cells into the hepatic lineage [157]. 

4. Vascularization challenges in liver bioprinting 

Liver tissue engineering aims at developing tissue-specific composi
tions consisting of the ECM, parenchymal and non-parenchymal cells, as 
well as the organ microarchitecture including the vascular system, bile 
ducts and interconnected channels [189,190]. The vascular network 
formation is one of crucial challenges in tissue engineering. Engineered 
3D tissue constructs must be small with low diameters, about 100–200 
μm, for the oxygen and nutrient supply and to avoid formation of a 
necrotic core [12,191]. Many researchers have used the bioprinting 
technique for patterning the vasculature, including microchannel 
embedding [12,192], application of angiogenic growth factors or 

Table 2 (continued ) 

Bioprinting strategy Bioink Outcomes Ref. 

Cells Hydrogel materials 

The construct transplantation to nude mice for the in vivo 
evaluation of the liver function revealed that ADSC/hepatocyte 
mixes had significantly increased ALB and TP secretion abilities. 
Furthermore, ADSCs could successfully differentiate to endothelial 
cells after the influence of hepatic growth factors produced by 
hepatocytes. 

Extrusion HepG2/NIH3T3 GelMA Direct-write bioprinted HepG2 cells in a GelMA hydrogel with 
adequate mechanical characteristics remained viable for more than 
a week. 

[188] 

Inkjet/microfluidics HepG2/HUVEC Fibronectin-gelatin The metabolic and protein secretory function of hepatocytes in a 
hierarchical co-culture was assessed, and the cell toxicity with 
troglitazone was measured using a live/dead assay during the 
fabrication of multilayered micro-tissues. 

[112] 

Abbreviations. aHSC – activated hepatic stellate cells, PMHs – primary mouse hepatocytes, dECM – decellularized extracellular matrix, HUVEC – human umbilical 
vein endothelial cells, MSCs - mesenchymal stem cells, HFF- human foreskin fibroblast, algMC - alginate and methylcellulose, HCC – hepatocellular carcinoma, DLP – 
digital light processing, hiHep – human-induced hepatocytes, GelMA – gelatin methacryloyl, PEG – polyethylene glycol, ECs – endothelial cells, ICC - intrahepatic 
cholangiocarcinoma, hiPSC – human induced pluripotent stem cell, HSCs – hepatic stellate cells, KCs – kupffer cells, hLdECM – human Lung decellularized ECM, SLA – 
stereolithography, TG hydrogel - transglutaminase hydrogel, PLA - poly(lactic acid), PVA – Poly(vinyl alcohol), UCB-MSC – Umbilical cord blood-MSC, GA – gal
actosylated alginate, ASGPR – asialoglycoprotein receptor, BMMSCs – bone marrow-derived mesenchymal stem cells, PCL – polycaprolactone, miHeps – mouse- 
induced hepatocyte-like cells, CNCs – cellulose nanocrystals, hASCs – human adipose derived Stem cells, PDMS –polydimethylsiloxane, hiPSC-HPCs - hiPSC- 
derived hepatic progenitor cells, ADSCs - adipose derived-stem cells, GMHA – glycidal methacrylate-hyaluronic acid, HLFs – human lung fibroblasts, hiPSC- HLCs 
– human induced pluripotent stem cell – derived hepatocyte like cells, HESC – human embryonic stem cell, CRMS – combined rotational mold system, ADSCs –adipose- 
derived stem cells. 
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endothelial cells [193], sacrificial polymers to fabricate the micro
channel networks [194], and bioprinting of the vascular system using 
direct cell patterning [195]. 

It has been revealed that the construction of cell-laden constructs via 
designed microchannels can increase the cell viability and differentia
tion capacity compared to the constructs without microchannels [12]. 
One of important challenges that must be considered is the small size of 
capillaries for printing. An elaborate predefined design is needed for the 
interconnection of microchannels through the angiogenesis [196]. 
Hence, to generate living constructs in a larger size, microchannels 
embedding and a predefined design are required [197]. 

5. Conclusions 

3D bioprinting can be used as a developing tool to improve a bio
logical substitute. The bioprinted organs should demonstrate the phys
iological functions, biomechanical properties, and vascular networks 
comparable to those of the natural organ. To better mimic these prop
erties, application of more consistent cells, materials and precise bio- 

bioprinters can be considered as three sides of a triangle in the devel
opment of a bioprinting technology (Fig. 4). However, since bioprinting 
is an evolving technology, there are standards and adjusted materials, 
cells and bioprinters which are still not globally accepted. 

In the case of bioprinters, the 4D bioprinting technology has been 
developed as a powerful platform, which added the “time value” to 3D 
bioprinting. This technique uses stimuli-response (smart) biomaterials 
which are capable of changing the shape of a construct over time, that 
results in engineering more complex constructs. The 4D bioprinting 
approach may result in designing more satisfactory microenvironments 
compared to conventional 3D bioprinting systems. In terms of the cell 
sources, stem cell-derived HLCs, rather than primary hepatocytes, are 
promising for the construction of 3D structures. However, some issues 
need to be considered when these cells are used for 3D bioprinting, such 
as optimization of the cellular microenvironment and its mechanical 
stability, in order to recapitulate the in vivo environment. Moreover, 3D 
printed liver structures with individual cells have limitations due to the 
inability to mimic the natural liver cell density and functional proper
ties. To address this challenge, bioprinting of spheroids has been applied 

Fig. 3. Examples of recent achievements in the liver tissue bioprinting: 
A – Hexagonal HepG2-based bioprinted construct: I – scheme; II –morphology; III – bioprinted hepatic construct (cytokeratin 18 (green) and albumin (red), scale bar 
= 250 μm). The images were adapted and changed from Ref. [76] according to http://creativecommons.org/licenses/by/4.0/. B – Microfluidic bioprinting of the 
HepG2-and 3T3-containing construct: I –principle; II –model: III –construct 24h after printing (fibroblasts (blue), HepG2 (red)). The images were adapted and 
changed from Ref. [163] according to http://creativecommons.org/licenses/by/4.0/. C – Vascularized liver construct fabricated using bioprinting and microfluidics: 
I – scheme; II – cross-section of the 15 d tissue construct (nuclei (blue), cellular membrane (green) and F-actin (red), scale bar = 2 mm); III – morphology of the 15 
d perfused HepG2 spheroids (nuclei (blue), cellular membrane (green) and F-actin (red)). The images were adapted and changed from Ref. [171] according to http 
://creativecommons.org/licenses/by/4.0/. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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in many studies. The most important element for efficient bioprinting is 
bioinks. Bioinks should meet several basic requirements, such as the 
mechanical, biological, and rheological factors. Furthermore, an 
appropriate stiffness is required to maintain the entire structure over a 
long period of time. Balancing between the bio-printability and bio- 
functionality of bioinks ought to be considered in new research pro
jects. On the other hand, using single biomaterials cannot provide the 
high printability and biological functionality at the same time. A 
comprehensive understanding of the liver ECM is necessary to compose 
multicomponent bioinks similar to the liver ECM structure. In this case, 
many liver ECM components are involved in the morphology, behavior, 
and function of cells through the direct interactions with liver cells. 
However, it is difficult to recapitulate the interactions of such a dynamic 
in vivo complex between the liver ECM and cells via a single natural 
biomaterial. Many studies have considered multicomponent bioinks in 
combination with the liver dECM. It is necessary to propose and validate 
a standard decellularization protocol that can completely remove the 
cellular components and preserve the ECM elements. Furthermore, 
using novel crosslinking approaches in order to rapidly prepare 
biocompatible printable multicomponent bioinks is essential. For 
example, the photo-crosslinking method is widely used in tissue engi
neering, as it is rapid, controllable, and valid in many printing tech
niques. To avoid any undesirable impact on cells, it is essential to utilize 
the photo-crosslinking method that employs visible (not UV) light. 

In conclusion, although the 3D bioprinting technique is still in its 
infancy, it has a great potential to overcome the many challenges related 

to the construction of complex tissues in order to mimic the natural 
conditions in a human body. Bioinks composed of new biomaterials in 
combination with dECM could be ideal bioinks for the bioprinting 
strategies. Furthermore, using a 3D structure as a substitute for a 
monolayer culture can address the limitations in liver tissue 
engineering. 
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[100] C. Chávez-Madero, M.D. de León-Derby, M. Samandari, C.F. Ceballos-González, E. 
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