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Abstract 
 
The increasing global burden of end-stage liver disease has increased the need for 
liver transplantation, the definitive cure. However, there is a huge discrepancy 
between the number of available organ donors and the number of patients waiting 
for transplantation, resulting in the deaths of a significant number of patients on the 
waiting list as only 10% of the global need for transplantation is met. Liver tissue 
engineering is a promising alternative solution to this problem, which utilizes 
bioengineering techniques to create an ex vivo microenvironment niche for liver 
cells embedded in a liver-specific extracellular matrix (ECM) for cell growth and 
function. Despite many advances in this field, the scarcity of appropriate ECM-
mimicking biomaterials with good mechanical properties for biofabrication 
technique remains limited. To address this, different biofabrication techniques, such 
as bioprinting and biomaterial scaffolds, are studied to simulate liver 
microarchitecture for different applications. 
 
This thesis presents the development and application of a decellularized liver 
extracellular matrix hydrogel combined with the liver cell line HepG2 (papers 1-3). It 
also focuses on the decellularized whole liver scaffold to differentiate amniotic 
epithelial cells (paper 4). The decellularized liver extracellular matrix (dLM) is a cell-
free scaffold that retains liver-specific components to direct cell growth and 
functions. The dLM can be digested to form hydrogel for 3D bioprinting applications, 
or it can be used as a biomaterial scaffold to seed the cells directly. In paper I, porcine 
dLM hydrogel was modified with gelatin and a PEG-based crosslinker to induce a 
cytocompatible gelation mechanism to generate a robust bioink with a 16-fold 
increment in viscosity and a 32-fold increment in storage modulus as compared to 
unmodified dLM hydrogel. This work established the application of dLM with other 
biofabrication methods, such as Indirect bioprinting, where a sacrificial biopolymer 
is 3D printed, and the scaffold material is subsequently added. In paper II, a 3D-
printed polyvinyl alcohol framework resembling the liver lobules was used as a 
sacrificial scaffold to impart its structure to the dLM hydrogel modified with PEG-
based crosslinker and mushroom tyrosinase. The crosslinked dLM hydrogel with co-
culture of HepG2 and NIH 3T3 fibroblasts cell line retained the structure of PVA to 
create a scaled-up liver-like microarchitecture with lobules. The PVA dissolved with 
cell culture media leaving behind a robust 3D construct of dLM hydrogel. In paper 
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III, cellulose nanofibril-coated HepG2 spheroids incorporating dLM hydrogel were 
studied for tumor modeling. The dLM incorporation affected the spheroid formation 
and growth depending on the time of addition. In paper IV, the functional 
differentiation of amniotic epithelial cells into hepatocyte-like cells was performed 
in a decellularized rat liver scaffold in a perfusion bioreactor with dynamic 
oxygenation and media exchange. This dLM perfusion technology supported the 
maturation and proliferation of amniotic epithelial cells into hepatocyte-like cells. 
This is a preliminary step into developing a liver-like organ model in a laboratory 
setting.  
 
To conclude, this thesis presents different bioengineering approaches, such as 3D 
bioprinting and perfusion decellularization, to study the 3D dLM scaffolds for HepG2 

and amniotic epithelial cell culture. 3D bioprinting technique utilized a robust dLM 
hydrogel to create a scaled-up microarchitecture, whereas perfusion 
decellularization retained the natural 3D architecture of the whole liver ECM and the 
native vascular system for recellularizing the scaffold with stem cells. We 
successfully modified and characterized the dLM hydrogel to enhance its printability 
to develop complex structures such as liver lobules and microchannels. We utilized 
different cell systems, including monoculture, co-culture, and spheroids, to analyze 
the biocompatibility, cell proliferation, and liver-specific functions of the dLM 
scaffold. Ultimately, the advancement of dLM as a biomaterial presented in this 
thesis could improve the application and modification of various decellularized 
tissues to generate larger-scale models for in vitro testing and organ transplantation. 
 
 
 
Keywords: liver decellularization, decellularized liver matrix bioink, bioprinting, 
sacrificial scaffold, viscoelasticity, bioengineering, tumor modeling, stem cell 
differentiation, bioreactor. 
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Populärvetenskaplig sammanfatning 
 
Den global ökningen av skrumplever, eller levercirros, har ökat behovet av 
levertransplantationer, det definitiva botemedlet. Det finns dock en stor skillnad 
mellan antalet organdonatorer och antalet patienter som väntar på transplantation. 
Detta leder till att många patienter på väntelistan dör i väntan på transplantation, 
eftersom endast 10 % behovet tillgodoses. Vävnadsrekonstruktion av levervävnad 
erbjuder en alternativ lösning på detta problem, som använder bioteknik för att 
skapa en rätt mikromiljö för levercellergenom att bädda in dem i en leverspecifik s.k 
extracellulär matris (ECM). Trots många framsteg är tillgången på lämpliga ECM-
liknande biomaterial med goda mekaniska egenskaper för vävnadsrekonstruktion 
fortfarande begränsad. Därför har vi studerat olika biotekniska 
tillverkningsmetoder, t ex bioprinting och ramverk av biomaterial för att simulera 
leverns mikroarkitektur. 
 
Denna avhandling presenterar utvecklingen och tillämpningen av ett gelmaterial 
tillverkat av extracellulär matrix från lever (artikel 1-3) kombinerat med 
levercellinjen HepG2 (artikel 4) eller leverliknande celler, för 
vävnadsrekonstruktion. Efter att levercellerna avlägsnats behåller leverns 
extracellulära matrix (dLM) leverspecifika komponenter som kan styra celltillväxt 
och funktioner. I 3D bioprinting kan en robust dLM-baserad hydrogel användas för 
att skapa en leverliknande mikroarkitektur. Dessutom bibehålls den naturliga 3D-
arkitekturen och kärlstrukturen hos leverns ECM och kan inympas med önskvärda 
celler. I artikel I modifierades dLM-hydrogel från gris med gelatin och en PEG-
baserad tvärbindare för att resultera i ett robust biobläck för 3D utskrifter med en 
goda mekaniska egenskaper, jämfört med omodifierad dLM hydrogel. Detta arbete 
etablerade användningen av dLM för nya tillverkningsmetoder för utskriven vävnad 
t ex Indirekt bioprinting, där en offer-biopolymer 3D-printas och vävnads-
ramverket därefter läggs till. I artikel II användes ett 3D-utskrivet ramverk av 
polyvinylalkohol som tillfällig gjutform för en modifierad dLM-hydrogel. dLM-
hydrogelen stelnade på PVA-strukturen, där lever- och fibroblastceller kunde odlas. 
PVAt löstes upp när cellodlingsmedia tillsattes, och lämnade efter sig en 
rekonstruerad vävnadsstruktur. I artikel III studerades en nanocellulosabelagd 
sfäroidmodell av lever- och tjocktarms celler innehållande dLM för 
läkemedelsscreening. I artikel IV utfördes den funktionella differentiering av  
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stamceller från fostervatten till lever-liknande celler i ett vävnadsramverk från råtta 
i en perfusionsbioreaktor med dynamisk syresättning och mediautbyte. 
 
Sammanfattningsvis presenterar denna avhandling olika biotekniska metoder 
såsom 3D bioprinting och perfusionsdecellularisering, för att studera 3D ramverk 
för vävnadsrekonstruktion av dLM, och odling av celler i dessa. Vi har framgångsrikt 
modifierat och karakteriserat dLM-hydrogelen för att förbättra dess 3D 
utskriftsegenskaper i komplexa strukturer som leverlobuli och mikrokanaler. Vi 
använde olika cellsystem inklusive monokultur, samodling och sfäroider för att 
karakterisera celltillväxt och leverspecifika funktioner i dLM-ramverket. 
Utvecklingen av dLM som biomaterial att kommer att öka förutsättningarna för 
vävnadsrekonstuktion för att skapa uppskalade organmodeller för 
läkemedelstestning och organtransplantation. 
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Preface 
 
The primary aim of this work is to develop decellularized liver extracellular matrix-
based scaffold biomaterial for tissue engineering applications using 3D bioprinting 
and whole organ decellularization. The thesis is divided into five chapters, as 
described below.  
 
Chapter 1 begins with the need for organ transplantation, its associated problems, 
and tissue engineering as a possible solution. Next, it gives an overview of liver tissue 
engineering with the current methods in use and, lastly, state-of-the-art in liver 
tissue engineering. Chapter 2 talks about the cells and biomaterials used in liver 
tissue engineering. It describes the current cell sources, focusing on HepG2 and 
amniotic epithelial cells, followed by the different types of hydrogels available, 
focusing on decellularized liver extracellular matrix hydrogel. Chapter 3 discusses 
two bioengineering approaches in depth: whole organ decellularization and 3D 
bioprinting with the decellularized liver extracellular matrix. Chapter 4 summarizes 
all the methods utilized in this thesis to develop the liver-decellularized extracellular 
matrix scaffold for tissue engineering applications. In the end, chapter 5 talks about 
the conclusions and future outlook of our work. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Stockholm, November 2022 
Vamakshi Khati 
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Chapter 1: Tissue engineering 
 

1.1 Introduction 
 
Cells are the fundamental units of tissues, and tissues are the basic building 

blocks of a body. The human body is comprised of living cells and an extracellular 
matrix assembled into tissues, organs, and systems. Water serves as a solvent in the 
body in the form of extracellular fluids and within cells, thus making up 60% of the 
total weight in the human body [1]. All organs in the human body originate from the 
three germ layers known as endoderm, ectoderm, and mesoderm. Each germ layer 
differentiates into various tissue, organs, and interconnected systems. The ectoderm 
differentiates into the epidermis and nervous system, among other tissues [2]. In the 
middle layer, the mesoderm differentiates into connective tissue and muscle cells 
[3,4]. The endoderm differentiates into many internal organs like the liver, gut, 
lungs, etc. [5]. This process of further development of germ layers into various 
organs is called organogenesis [6–9].  Following their formation, few tissues and 
organs can replace and repair themselves for homeostasis, a condition where all the 
organs and systems maintain their stable internal environment by keeping 
temperature, functions, pH, and other conditions at the right levels to support 
normal life processes [10–12]. However, disruption in homeostasis is becoming 
increasingly common due to various factors that damage the body's regeneration and 
repair, resulting in organ failures, illness, or death [13–16]. Thus, the global demand 
for various medical treatments, healthcare, and drugs is projected to increase. 

 
The modern age of organ transplantation was pioneered in 1954 with 

successful human kidney transplantation, followed by the first human liver 
transplantation (1967) and pancreas transplantation (1968). Other landmarks 
include the hematopoietic cell transplantation in 1957 in cancer patients using bone 
marrow grafting [17]. Despite remaining one of the most consequential and 
spectacular solutions to end-stage diseases and organ failures, some essential 
challenges and limitations present a firm ground for alternative therapies and 
solutions. One of the biggest global challenges is the shortage of organ donors, as the 
demand for donors far exceeds the supply. The number of individuals recorded on 
the waiting list from 1991 to 2019 has increased substantially [18,19]. However, there 
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is a relatively marginal increase in the number of transplants performed, creating a 
disparity in the demand vs. supply situation. Chronic rejection after organ 
transplantation remains problematic, with a decreasing rate of successful 
transplantation [20]. Immunosuppressive drugs and biological modalities can 
counter immune rejection; however, fatal complications like new tumor formation 
[21], infection [22], cardiovascular risk, and malignancy are associated with 
immunosuppression [23]. These caveats and gaps associated with organ 
transplantation have compelled the development of new technologies, a faster drug 
discovery process, and drug screening models mimicking micro physiology to 
improve or extend the overall health of humans.  
 
1.2 Tissue engineering and current practices 

 
Tissue engineering is a part of regenerative medicine concerned with the 

regeneration and replacement of tissues, cells, or whole organs to restore native 
biological functions [24]. Tissue engineering is a multidisciplinary field that has 
evolved to include chemistry, cell biology, material science, medicine, 
nanotechnology, mathematical modeling, and engineering to generate biological 
substitutes [25]. Tissue engineering and regenerative medicine are often used as 
interchangeable terms; however, there are a few differences. Regenerative medicine 
is a broader field that combines tissue engineering and other approaches like cell-
based therapy for inducing tissue regeneration in vivo. Tissue engineering is evolved 
from biomaterials and bioengineering fields to assemble functional structures to 
improve, restore and maintain the damaged organ or tissue. In conclusion, tissue 
engineering has two broad objectives: (1) to develop in vitro models for applications 
like drug screening and disease modeling and (2) to develop tissue substitutes for 
organ transplantation [26].  

 
The three basic components of a tissue engineering triad are cells, 

scaffold/biomaterial, and soluble factors like growth factors, as shown in Figure 1. 
In a typical tissue engineering model, the cells are combined with the scaffold for 
growth, proliferation, and differentiation in the presence of soluble factors like 
growth media. The scaffold or biomaterial is a biocompatible material that imparts 
a specific structure and a substrate for tissue growth with cells. The biomaterial 
properties like bioactivity, porosity, surface tension, and biodegradability play a very 
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important role in deciding the fate of the cells. The cells are obtained from 
autologous sources for targeting patient-specific therapy or allogenic sources from 
donors [27]. The cells and the soluble components, such as growth factors or 
nutrients with biophysical stimuli, can facilitate tissue formation by directing cell 
proliferation and differentiation  [28].  

 
Figure 1: The three key components of tissue engineering: Cells, Scaffolds, and Soluble factors.  The 
cells are combined and cultured in a biomaterial scaffold with soluble factors to recapitulate the target 
tissue. Created with BioRender.com. 

 
In tissue engineering, there are several strategies for engineering functional 

tissue (Figure 2) [29]. Various cell-based clinical therapies have shown the potential 
to treat some severe diseases. Cells are injected or infused into the damaged tissue 
to accelerate or stimulate the regeneration process. Stem cell therapy utilizes direct 
injections to repair organs like the brain, heart, and liver with either a single injection 
with a high number of cells or multiple smaller injections [30]. This approach aims 
to perform in vivo repair and regeneration. Scaffold-based tissue engineering is 
another approach to support the cells inside a 3D environment using a biomaterial 
scaffold in the form of sponges, hydrogel, films, fibers, or nanoparticles [29]. The 
scaffold material can implement additional biological cues or growth factors specific 
to the target tissue. They can be produced into elegant 3D microarchitectures 
mimicking the microenvironment of the native tissue. Scaffold-free approaches are 
cell-based in vitro therapies to develop 3D tissue-like surrogates. This approach 
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capitalizes upon the inherent ability of cells to generate tissues to avoid the limitation 
associated with scaffolds like rejection and tissue failure. The cell sheet tissue 
engineering approach uses close cell-to-cell and cell-to-ECM interplay aiming for in 
vitro organogenesis. This is performed either in single-layer or multilayer cell sheet 
stacks, depending on the application. A Microtissue is a 3D structure of cell re-
aggregates sized between 100-500 µm in diameter with a microstructure resembling 
a natural tissue [31,32]. Microtissues are generated by preventing cell adhesion of 
the cell re-aggregates to the surface of the culture flask and forcing the cells to reform 
into tissue [33]. They are also called spheroids, and they can be cultured in a hanging 
drop fashion as well [34]. They are well known to create tumor-like 
microenvironments in oncology [35] or in developmental biology mimicking early 
developmental steps in embryoid bodies [36].  

 
Figure 2: Cell-based tissue engineering approaches. Direct injection of cells for in vivo treatment or 
scaffold-based approach with sponge, hydrogel, film, fibers, or nanoparticles. Scaffold-free approach 
with microtissues, single cell, and multilayer sheets. Created with BioRender.com. 
 

To date, different levels of complexity have been attained with these above-
mentioned technologies to position cells and multiscale them from one cell to an 
entire tissue-level architecture. The successful examples of U.S. Food and Drug 
Administration (FDA) approved engineered tissue are artificial skin and cartilage 
with limited patient use [37].  However, more complex organs like the liver remain 
challenging due to their complicated organ functions that depend highly on the 
structural features at the single-cell dimension [38,39]. Moreover, the intricacy 
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associated with the liver microarchitecture, along with limited cell supply, further 
enhances the complexity  [40].  

 
 

1.4 Liver tissue engineering  
 
The liver is the second largest organ in the human body with approximately 

500 functions including vital roles in nutrient storage, surveillance, body 
homeostasis, drug metabolism, and regulation of essential components [40,41]. It is 
a unique visceral organ with 100% regenerative capacity even after a loss of 60% of 
its own weight [42]. Chronic liver diseases are a primary cause of mortality and 
morbidity which accounts for more than a million deaths yearly [43]. In 2017, 1.32 
million deaths were caused by chronic liver diseases, and 844 million people 
reportedly suffered from the same [44,45]. Loss or injury to the normal liver by 
chemical or physical means starts the hepatic regeneration process. The global 
burden of end-stage liver diseases has increased the need for liver transplantation, 
the ultimate definitive cure [46]. However, there is a huge discrepancy between the 
available organ donors and the patients waiting for transplantation, resulting in the 
deaths of a significant number of patients on the waiting list with only 10% of the 
global need for transplantation being met [45,47]. Therefore, apart from improved 
citizen donations and marginal liver utilization, new bioengineering alternatives are 
required to narrow this gap [48].  

 
Liver tissue engineering is a viable alternative for maintaining and mimicking 

hepatic functions and microstructure. It is an excellent outlook on the liver 
regeneration domain, which aims to reproduce a fully functional liver for in-vivo 
applications like transplantation into patients or applications as an extracorporeal 
or in-vitro system [49]. Currently, a liver transplant is the only definite cure for 
chronic liver failure, but an acute donor shortage and lifelong dependency on 
immunosuppression are the major limitations (Figure 3). An alternative therapeutic 
treatment is hepatocyte infusion, where hepatocytes isolated from a healthy donor 
liver are infused either in the portal vein or nearby branches. The infused 
hepatocytes attach rapidly to existing ECM in vivo [49]. This is an established 
technique for targeting acute and chronic liver diseases, and over 100 patients have 
been treated until now [50]. Alternative strategies, such as the 3D implantation of 
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engineered organ or tissue, is also promising and under development. Even though 
promising and less invasive than organ transplantation, hepatocyte transplantation 
has limited clinical benefits due to several limitations, including a limited number of 
donor liver [51], impaired cell viability associated with freeze-thaw damage of 
cryopreserved hepatocytes [52], and poor cell engraftment [53,54]. Thus other cell 
sources for infusion are becoming increasingly popular, like embryonic stem cells 
and induced pluripotent stem cells [55].  

 
Figure 3: Different approaches toward the liver treatment of a damaged liver from a healthy liver. 
Partial liver hepatectomy to treat the diseased liver from a healthy donor liver. Cell isolation from a 
healthy donor liver for hepatocyte infusion for in vivo treatment of a patient and in vitro growth of a 
3D implantable tissue. Created with BioRender.com. 
 

Major improvements in liver functions were demonstrated in phase II clinical 
trials with mesenchymal stem cell injection [56,57]. As of 2021, there were 55 active 
clinical trials with Mesenchymal stem cells (MSC) based therapy as per the data from 
NIH (National Institute of Health) [58]. More recently, efforts toward developing a 
3D scaffold mimicking the cell microenvironment have become prominent in hopes 
of implanting the 3D construct and fulfilling the clinical demand within an 
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appropriate timeframe.  In this approach, hepatic or stem cells are encapsulated in 
a 3D biomaterial scaffold for the development of liver-like tissue before 
implantation. This bioengineered in vitro platform has great potential for studying 
the disease development and the biological impact of the liver by performing drug 
screening studies and supporting liver functions and regeneration [49,59]. The 
overall perspective in liver tissue engineering aspires to substitute organ 
transplantation with in vitro liver tissue constructs considering recent 
developments. 

 
 

1.5 State of the art in liver tissue engineering  
 
 

Current alternatives to orthotropic liver transplantation include a liver 
support system, cell transplantation, and liver tissue engineering. The aim of liver 
tissue engineering is to develop an implantable functional tissue with a similar level 
of complexity as a native human liver. The hepatic ECM is an intricate network of 
macromolecules that provide a natural physical environment for cells and regulate 
cellular functions like differentiation.  Thus, an ideal biomaterial should recreate the 
3D microarchitecture, liver-specific ECM composition, stiffness, and growth factors 
to main cellular growth. The most novel strategies for preparing cells include co-
culture cells, primary cells, stem cells, hepatic cell lines, hepatic-derived cells, 
organoids, and spheroids. The cells can either be seeded over the biomaterial scaffold 
in a top-down approach, or the cells can be embedded in the scaffold and assembled 
into modules in a bottom-up approach [60]. This could be achieved by a variety of 
approaches including biofabrication technologies, microfluidic systems, 3D cultures, 
extracorporeal liver devices, and cell-based technologies, as shown in Figure 4 [61].  
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Figure 4: Current technologies in liver tissue engineering with scaffold-based and scaffold-free 
systems. Reproduced with permission from ref [61] under the terms of the Creative Commons 
Attribution NonCommercial-NoDerivatives License (CC BY-NC-ND 4.0). 

 
All the technologies for liver tissue engineering target different applications. 

3D bioprinting is a biofabrication technique to create layer-by-layer complicated 
microstructures with high resolution and precision. This technique can position 
multiple cells in precise 3D arrangements to generate a tissue closely resembling the 
endogenous tissue (Figure 5A). Due to its important role in fabricating in an 
automated manner, a variety of 3D bioprinting techniques have been developed with 
the aim of high control over the hierarchical architecture and intrinsic designs like 
vasculature. In the last few decades, a tremendous effort has been focused on the 
development of this technology with an increasing number of publications (Figure 
5B). It is a highly reproducible technique used commercially by companies like 
OrganovoTM to create human liver models (ExViveTM) for preclinical drug testing 
[62,63].  
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Figure 5: 3D bioprinting technology. (A) A representation of a 3D bioprinter to create precise 
structures in an automated manner. Created with BioRender.com. (B) Trends in the publication of 3D 
bioprinting articles and reviews for the last 2 decades.  Data extracted from Scopus (Elsevier) and 
reprinted with permission from ref [64] under the terms of the Creative Commons license.  

 
On the other hand, whole organ decellularization is a comparatively new 

strategy to remove the cells and the nuclear components from the native organ 
followed by the addition of specific cells for the application of organ transplantation. 
Decellularized scaffold is a cocktail of ECM components specific to the tissue without 
any cellular content (Figure 6). The cells of choice including primary hepatocytes or 
stem cells are perfused to recellularize the liver scaffold and induce cell specialization 
while maintaining the natural architecture of the organ. The associated devices and 
technologies remain relatively non-standardized and available on a small scale but 
are fast making progress.  In October 2021, the first successful transplantation in a 
large animal using a patented decellularization/recellularization strategy of the 
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whole liver was reported by Micromatrix Medical Inc. The first human trial of 
bioengineered liver transplantation is planned for late 2022 [65] marking a 
tremendous success in this field.   

 

 
Figure 6: Decellularization and recellularization technology of the whole organ. The liver with its native 
ECM and cells is decellularized to remove all the cellular content with only native ECM and its 
architecture remaining. Next, desirable cells from any source or donor have perfused to recellularize 
the liver structure and its ECM. Created with BioRender.com.  

 
 
Hepatic organoids and spheroids are both 3D in vitro functional models but 

may have different structural and functional aspects. Spheroids are cultured as 
aggregates with comparatively low complexity for tumor organization. Spheroids are 
usually used for applications in disease modeling and tumor studies. Researchers 
and companies like Genentech have created liver micro-tissues to predict liver 
toxicity with high precision [66]. Organoids on the other hand are complicated 
organizations of cells grown in 3D to mimic the structural units of the organ, 
structurally and functionally [67]. Companies like InSphero and Epistem have 
created commercial liver microtissues closely reflecting the biology and structure of 
in vivo liver for various in vitro drug efficacy testing [66,68,69]. Co-culture of hepatic 
cells also provides a unique specialized microarchitecture with an optimal ratio of 
different cells for high viability and metabolic activity. Commercial products like 
HEPATOPAC® technology from research provider BioIVT used primary hepatocytes 
with stromal cells to show phase I and phase II metabolic enzymes with other in vivo-
matched functions [70–72].  
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During the last two decades, the advancements in liver tissue engineering in 
research as well as in commercial products have shown a novel direction to repair 
and regenerate the liver. Biofabrication techniques like 3D bioprinting have shown 
promising results in liver tissue engineering but various challenges in this area have 
been recognized. The major limitations remain with the choice of biomaterial or 
bioprintable ink known as ‘bioink’. The choice of appropriate cell culture models like 
spheroids, co-culture, or stem cells also remains challenging. Hence, despite all the 
advances, understanding and the search for suitable scaffolds and cell sources is 
critical [61].  
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Chapter 2: Cells and biomaterials in liver tissue 
engineering 

 
 
The two main components in liver tissue engineering are cell sources and 

scaffolds for cell encapsulation. The presence of native extracellular matrix (ECM) 
components in the scaffold plays a crucial role in liver tissue engineering. Native liver 
ECM is a dynamic structure composed of a range of proteins to provide structural 
support and regular tissue engineering biochemical cues [73]. The important 
structural components of the liver are collagen type I and II and the fibronectin 
[74,75] (Figure 7). Collagen type IV and laminin are present in the basal lamina of 
the bile duct and blood vessels  [75].  Glycosaminoglycans (GAGs) also provide shape 
and structure to the liver tissue, and they have high water retention and thus bind 
growth factors and cytokines [76,77]. Therefore, GAGs are a desirable protein in the 
scaffold material along with collagens and fibronectins in the liver tissue engineering 
[78]. Based on the type of cell source and the scaffold material, several cell culture 
systems can be investigated for tissue engineering applications in the liver. 

 

  
 

Figure 7: Liver ECM components. Reproduced with permission from ref [79] under the terms of the 
Creative Commons Attribution License (CC BY 4.0).  
 

Traditional cell culture techniques used 2D-grown cell monolayers on 
polystyrene flat plastic dishes. However, researchers over time recognized that liver 
cells respond differently to the 3D microenvironment with altered urea and albumin 
secretion, ammonia clearance, and CYP expression due to the inherent plastic nature 
of hepatocytes. Hepatocyte functions are regulated by the ECM surrounding them, 
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signaling molecules, and mechanical influences caused by the 3D 
microenvironment. As a result, over the last 2-3 decades, various approaches like 
bioartificial liver devices [80,81] and cell therapy [82–84] have been explored to 
improve essential metabolic functions [85,86]. These 3D models attempt to 
resemble the in vivo structure or cellular composition of the tissue to mimic cell-
matrix and cell-cell interactions with similar biophysical environments. 3D cell 
culture models drive the cells to form aggregates in hydrogels, microfluidic devices, 
or non-adhesive flasks. They have improved biomimetic morphological and 
functional characteristics with the preservation of cellular phenotypes for long-term 
measurements compared to conventional 2D culture [87–89]. Due to these 
advantages, 3D hepatic models exhibit benefits in the areas of drug 
development/screening, liver transplantation, and disease modeling.   
 
2.1 Assessing cell sources in liver tissue engineering 
 

There are several cell sources being used to study the liver model, its biology, 
and disease development. Many studies attempt to provide an alternative to the 
increasing dearth of donor livers for treating patients. Thus, cell culture study forms 
an important part of this narrative as one of the major issues in liver regeneration is 
obtaining a suitable cell type. Cells can be procured from various sources to create 
liver models in 3D and 2D [90]. It is very critical to select an appropriate cell source 
in liver tissue engineering, considering reproducibility, final application, scalability, 
accessibility, and physiological relevance (Figure 8) [91]. Among the available cell 
sources are primary human and animal hepatocytes, embryonic stem cells, tumor-
derived liver cell lines, immortalized liver cell lines, mesenchymal stem cells, 
induced pluripotent stem cells, fetal hepatoblasts, amniotic epithelial cells and stem 
cell-derived hepatocyte-like cells [92]. The critical functions of all liver cell culture 
systems include their potential to secrete and synthesize liver-specific proteins like 
albumin and metabolize nitrogen-containing compounds to urea. Many studies have 
found the importance of nonparenchymal cells in supporting the functions of liver 
cells and maintaining liver homeostasis like liver sinusoidal endothelial cells, hepatic 
stellate cells, and Kupffer cells. The physiologically relevant liver models with the co-
culture of hepatic cells and nonparenchymal cells acquire a complex cell-to-cell 
contact to study disease progression [93]. With all these options available, the cell 
selectivity is based on the specific research question, as each cell type has its 
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advantages and limitations. To develop the clinically relevant sized liver model, a 
high supply of cells with sustainable cell sources would be required whereas for in 
vitro liver model, cells with a limited supply source can be utilized.  

 

 
Figure 8: Assessment of the source of hepatocytes for disease modeling and regenerative medicine 
in liver tissue engineering. Adapted with permission from ref [91] Copyright © 2020, John Wiley and 
Sons. 

 
Primary human hepatocytes are regarded as the gold standard for developing 

liver models in regenerative medicine as they are considered the closest 
representation of liver physiology in vivo. They are terminally dedifferentiated (in 
2D cultures) as they are procured from whole or partial liver tissue by digesting the 
liver ECM and lose their functions rapidly. 3D cell models for liver regeneration and 
disease models largely focus on hepatocytes that constitute 80% of liver mass and 
are considered the workhouse of metabolism [94]. These cells are donor-dependent 
which limits their application due to cost and availability. These cells vary from 
donor to donor and are therefore exploited for studying disease modeling.  Due to 
the limitations associated with primary human hepatocytes, animal hepatocytes 
from pigs and rodents are utilized in studies, but their translation to human 
physiology is a concern [91].   

 
Major progress has been achieved over these years with stem cell-derived 

models integrated into three-dimensional scaffolds to recapitulate the tissue 
architecture. MSC isolated from various tissues like the placenta [95], amniotic fluid 
[96,97]  and umbilical cord [98–100] have many properties like 
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immunomodulatory, limited self-renewal ability and multi-lineage development, 
that makes them an ideal choice for clinical applications [101]. These cells have been 
utilized in many clinical studies to treat or prevent liver diseases like cirrhosis.  Even 
though many clinical trials with decades of clinical and pre-clinical studies have 
provided affirmative results regarding the efficacy of stem cell therapy, there is still 
no guideline to regulate their clinical applications [102–104]. Embryonic stem cells 
are an alternative prized cell source due to their pluripotency. They can differentiate 
into any tissue and proliferate indefinitely. However, they have several ethical issues 
limiting their use along with limited availability [105,106]. Human-induced 
pluripotent stem cells can alleviate the concerns surrounding embryonic stem cells 
and provide a limitless source of stem cell differentiated hepatocytes [107]. 
Interestingly, unlike other organs, exogenous hepatocytes introduced in the liver 
parenchyma is a simple undertaking, revealing that the liver is highly compliant to 
cell therapy using iPS cells-derived hepatocytes [108]. However, the performance of 
these differentiated hepatocytes is not similar to primary hepatocytes or in vivo cells.  
The protocols associated with stem cells are lengthy, costly, and laborious with 
challenges associated with inappropriate differentiation. Thus, more studies and 
research need to be performed to counter the limitations associated with different 
stem cells for their optimum use [42].  

 
In many applications in liver tissue engineering, sustainable cell sources with 

an abundant supply of cells are required to combat the limitations associated with 
primary human hepatocytes and stem cells. Cell lines offer stable phenotypes and 
unlimited proliferative ability to study proof-of-concept models. For disease 
modeling, hepatoma cell lines like HepG2 are very affordable and readily available to 
study toxic effects in vitro; however, their authenticity as a model for hepatocytes is 
disputed due to the poor expression of some crucial liver proteins [91]. In 
regenerative medicine, hepatoma cell lines have the advantage of availability and 
scalability to create a macroscale 3D organ due to fast proliferation. However, these 
cell lines often develop necrotic cores and lose structural integrity in 3D cultures 
[109]. Thus, establishing an appropriate cell modeling paradigm to improve the drug 
development process and disease study is essential [91]. In this thesis, hepatoma cell 
line HepG2 and Amniotic epithelial cells derived hepatocytes were used to study their 
liver-specific functions under different conditions.  
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2.1.1 HepG2 cells 
 
HepG2 is a human liver cancer cell line that exhibits key hepatocyte-like 

characteristics. They are 10-20 microns in diameter and have epithelial cells-like 
morphology as shown in Figure 9 [110]. It is an adherent cell line with a secretome 
profile and gene expression mirroring fetal hepatocytes [111] and often grows in 
small pointy aggregates at low density. At high density, the cells form large colonies 
and spread across the surface. This cell line is derived from a well-differentiated 
human hepatocellular carcinoma (HCC), and it represents an early stage of HCC. 
HepG2 cells have shown the secretion of albumin, alpha-1 antitrypsin, α-1-acid 
glycoprotein, transferrin, fibrinogen, alpha-fetoprotein, and plasminogen [111,112]. 
It displays more human epigenetic chromatin modifying enzymes like primary 
human hepatocytes compared to the Huh-7 cell line [113–115]. However, contrary to 
the normal hepatocytes, HepG2 cells lack the expression of some crucial proteins 
participating in metabolism like the cytochrome P450 superfamily, which is included 
in phase 1 xenobiotic oxidation in the liver [116].  

 
Figure 9: HepG2 cell morphology from ATCC® imaged at low-density (left) and high-density (right) 
[110]. Copyright image of ATCC®.  
   

Proteomic analysis of HepG2 cells showed deterioration in fatty acid 
oxidation, gluconeogenesis, and more dependency on the metabolism of non-
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oxidative glucose compared to primary human hepatocytes [111,117]. Also, studies 
have shown lower sensitivity of the HepG2 cell line to hepatotoxins compared to the 
primary human hepatocytes, a gold standard for predicting hepatotoxic drugs in 
humans [118–120]. But the application of primary hepatocytes is also complex and 
limited, as studies have shown low viability upon cryopreservation [121] and also in 
some 3D cell cultures [122,123]. Thus, even though the HepG2 cells have limitations 
of decreased enzyme activities in drug studies and genotype instability, it is still used 
due to stable metabolic performance, high proliferation, and availability along with 
abundant well-characterized data available online [124,125].  

 
Currently, this cell line is used to study xenobiotic metabolism and 

hepatotoxicity [126]. It is also frequently used to study insulin-dependent pathways 
[127]. The application of HepG2 cells to investigate the anticancer drug metabolism 
is acceptable due to the similarity in their relative expression of phases I, II, and III 
transporter/drug metabolism proteins in the cells with hepatoblastoma and 
hepatocellular carcinoma. At the same time, CYP proteins exhibit low basal activity 
due to which HepG2 cells can be used to investigate CYP inducers [128]. 3D 
spheroids of HepG2 cells have shown higher metabolic activity with cytochromes 
than the 2D cultured cells, resulting in a more physiologically relevant approach 
[129,130].  

 
Previous studies have exhibited the effect of HepG2 co-culture with fibroblasts 

to show enhancement of liver-specific functions like urea and albumin secretion over 
the monoculture of HepG2 cells [131].  Cui et al. demonstrated slightly higher cell 
viability in microtissues with co-culture of HepG2 and NIH 3T3 cells compared to 
monoculture after 7 days. They also observed three times higher urea secretion and 
enhanced albumin secretion in co-culture groups compared to the monoculture of   
HepG2. He et al. further verified the role of fibroblasts by co-culturing Swiss 3T3, 
HepG2, and human umbilical vein endothelial cells in a bioreactor to form cell 
aggregates with increased proliferation and liver-specific functions as compared to 
the hepatocytes aggregates alone [132]. Thus, fibroblasts play an important role 
when co-cultured with HepG2 cells with better functions and can be used to detect 
toxicity and metabolites [133].  In conclusion, even though the use of HepG2 is 
controversial, it can still be used in divergent research fields due to its availability, 
unique gene expression, and protein profiles. 
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2.1.2 Amniotic epithelial cells-derived hepatocytes 
 
Human amniotic epithelial cells (hAECs) isolated from the term placenta exhibit 
surface markers and gene expression of embryonic stem cells and can differentiate 
into the three germ layers, i.e. including the liver [134–136]. The amniotic layer is 
peeled away from the layer below, chorion as shown in Figure 10 [137]. The placenta 
is a promising, non-controversial, and rich source of cells obtainable in large 
supplies which are usually discarded after child delivery as medical waste [138]. 
Thus, placenta-derived cells are an excellent choice for cell therapy.  
 

 
Figure 10: Isolation of amniotic epithelial cells from a full term placenta. (A) Layers in a human 
placenta. (B) Removal of thin, transparent amnion membrane. Reproduced with permission from ref 
[137] under the terms of the Creative Commons Attribution License (CC BY 4.0). Copyright © 2014 
Tahan and Tahan. 
 
The use of hAEC for managing liver diseases or in-vitro studies has different 
approaches as shown in Figure 11 [139]. They can be transplanted as undifferentiated 
cells or administered as soluble factors secreted by amniotic cells to modulate the 
immune response and the inflammation to promote regeneration and remodeling in 
the liver. On the other hand, the hAECs can be differentiated in vitro into various 
liver cells to create an in vitro tissue model or to repopulate the damaged tissue or 
cell type.  
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Figure 11: Potential strategies for treating liver diseases using amnion-derived cells by direct 
transplantation of undifferentiated cells or transplantation of in vitro differentiated liver cells. Reprinted 
with permission from ref [139]. Copyright 2017, Elsevier Ltd. 
 
hAECs have been used in many animal models as experimental liver failure 
treatment [140–143]. Previous reports have mentioned the differentiation of hAECs 
into hepatocyte-like cells based on a multi-stage differentiation with the addition of 
supplements like epidermal growth factors (EGF) [134,144], hepatocytes growth 
factor (HGF), basic fibroblast growth factor 2 (FGF-2) and basic fibroblast growth 
factor with less than 20ng/ml concentration [139,144–146]. However, the hAECs 
only differentiated into hepatocytes in the medium supplemented with HGF, FGF-2, 
and EGF in vitro. More studies are also reporting the role of the liver 
microenvironment by using the co-culture of hepatocytes or liver extracellular 
matrix as a substrate for a sandwich culture system [147]. One study has 
demonstrated the differentiation of AEC in vitro into hepatocytes with similar 
characteristics to fetal hepatocytes and in vivo differentiation into hepatocytes with 
similar gene expression characteristics to adult hepatocytes [144].  
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Thus, their characteristic properties of low immunogenicity, lack of ethical issues, 
and pluripotency make AEC an excellent cell source for developing advanced liver 
tissue models [137,148,149].   
 

All the above-mentioned cells have shown promise in remodeling and 
repairing liver tissue for various applications. Liver tissue engineering benefits from 
the co-culture of liver cells with nonparenchymal cells to mimic the in-vivo 
physiology and develop advanced cell models. The choice of cell type and the source 
is an important criterion in hepatic tissue engineering, as it decides the fate of the 
final model. However, to mimic the native liver microenvironment, an appropriate 
scaffold or matrix material is essential to incorporate appropriate 3D characteristics 
depending on the intended application. Employing a scaffold or matrix in tissue 
engineering permits the manipulation of the structural integrity and the 
experimental method to construct a 3D assembly for in vivo-like conditions.  

 
 
2.2 Biomaterials in liver Tissue engineering 

 
The ultimate aim of liver tissue engineering is to create a completely 

functional liver for transplantation into a patient or use it as a device for different 
studies. Since liver cells like hepatocytes are anchorage-dependent cells whose 
survival and functions are largely ECM-dependent, various biomaterials have been 
studied in the past to obtain successful cultures, as shown in Figure 12. The timeline 
for culture with liver cells started with a collagen sandwich structure followed by 
microencapsulation and progressed to the 2D hydrogel scaffolds. Around the same 
time, advancements were made in 3D polymer hydrogel scaffolds which lead to the 
realization of applying the decellularized liver extracellular matrix scaffolds in the 
last decade [150].   
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Figure 12: Timeline of the evolution of scaffold materials for hepatocyte culture starting with collagen 
and evolving to the application of nanomaterials for cell growth and function. Reprinted with 
permission from ref [151]. Copyright © 2020 Elsevier Inc. All rights reserved. 

  
Currently, most liver models incorporate scaffold biomaterial to provide a site 

for cell attachment with increased surface area and support structure for a larger cell 
mass [152]. The scaffold required for this purpose should be bioactive, 
biodegradable, and biocompatible with liver-specific growth factors. Apart from 
biological properties, it should exhibit good physiochemical properties like 
mechanical stability, elasticity, and high interconnected porosity for growth factor 
diffusion as well as gas and nutrient exchange (Figure 13A) [153–155]. Physical 
parameters like matrix stiffness induce hepatocyte proliferation and preservation of 
their functions [79]. Hepatocytes can consume between 5-fold to 10-fold more 
oxygen than other cells; thus pore size is a key factor in supporting cell growth and 
functions efficiently [156]. An ideal scaffold material degrades gradually and at the 
same time gets replaced by the regenerated tissue ECM secreted by the cells, 
minimizing the inflammatory response [153]. Moreover, the biodegradation 
products must be biocompatible as they leach out of the cell-scaffold matrix. Also, 
the scaffold must have a controllable pore size to allow pre-vascularization or 
angiogenesis, and it should have enough surface area for cell colonies to expand and 
proliferate in all directions [155]. There are different types of biomaterials classified 
into three broad categories natural (gelatin, collagen, silk, etc.), synthetic 
(polyethylene glycol, pluronic, etc.), and decellularized tissue-based as shown in 
Figure 13B. Natural biomaterials are obtained from living organisms and exhibit 
non-toxicity, biocompatibility, and no inflammatory response [157]. Synthetic 
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biomaterials are highly tailorable according to the application, reproducible, and 
highly robust [158]. Decellularized tissue is a sub-category of natural biomaterials, 
but it has become a field of study on its own due to rapid developments in the last 
few years. All these biomaterials can be transformed into various topographies like 
coatings, films, sponges, nanofibers, or hydrogels depending upon the application. 
However, hydrogels are regarded as the most suitable biomaterial topography in 
tissue engineering due to various cell-friendly and mechanical properties [159].   

 

 
Figure 13: Biomaterial for liver tissue engineering. (A) Important biomaterial properties for hepatic 
tissue engineering. (B) Types of biomaterials used in liver tissue engineering. Created with 
BioRender.com. 
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Hydrogels are a network of hydrophilic molecules arranged in 3D to absorb 
and retain water to create an aqueous microenvironment. The high swelling ratio in 
the hydrogel mimics the natural ECM environment for encompassing cells. They can 
be easily optimized for their mechanical properties, biodegradability, and 
biocompatibility. They can be crosslinked for biofabrication technologies like 3D 
bioprinting to enhance the rigidity and viscosity to create a scaled-up 3D structure 
[160]. These hydrogel materials are further explained below into different 
classifications. 

 
2.2.1 Natural hydrogels 

 
Hydrogels as scaffolds provide key mechanical properties in developing the 

liver model by supplying constant structural support to create a cell-friendly yet 
appropriate 3D environment to dictate the liver regeneration [161]. Hydrogels from 
naturally derived polymers are suitable for cell interaction, and they are based on 
naturally derived biopolymers. Collagen is the largest native protein of any tissue 
constituting the ECM. It constitutes 25-30% weight of the overall protein content in 
mammals and provides support and structure in vivo. In the liver, collagen types I 
and III are the most abundant as mentioned previously [162]. Therefore, collagen is 
one of the most commonly used biomaterials for scaffolding as it contains cell-
binding motifs, like in the liver for the growth of liver cells [163,164]. Collagen from 
various sources contains 19 amino acids including hydroxyproline and 
hydroxylysine, which are exclusive to collagen protein only.  Collagen contains a 
repeating sequence of three different amino acids, (Gly-X-Y)n where X is proline and 
Y is hydroxyproline frequently, connected to each other with peptide bonds and 
various hydrogen bond donors and acceptors that balance the helical conformation 
enabling load-bearing [165]. For in vitro hepatocytes study, the commonly used 
techniques are seeding of cells over crosslinked collagen hydrogel and cell growth in 
between crosslinked collagen sandwich [166,167]. Usually, collagen type I is used as 
the scaffold material in the other form of coatings, microspheres, and 3D matrices 
[168] as well. The collagen hydrogel can crosslink by self-assembly initiated by the 
physiological temperature [169]. Crosslinking of collagen type I improves the 
mechanical properties by stabilizing the amino acid side chains. This increases the 
stability and stiffness of the fibers by inhibiting the sliding of rod-like long collagen 
molecules against each other under stress [170,171]. Previous studies have utilized 
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collagen for developing hepatic units with vascularization [164] and differentiation 
of bone marrow cells into hepatic lineage [172,173].  Even with numerous advantages 
like low antigenicity; collagen faces challenges in 3D cultures due to low mechanical 
strength along with high cost and fast degradation [174,175].    
 

Gelatin is a protein derived from the hydrolysis of collagen under heat as 
shown in Figure 14 [176]. Both collagen and gelatin contain polypeptide chains that 
are held together by hydrogen bonds placed between adjacent amino acid chains. 
During hydrolysis, the triple helix chains unwind, and the structural conformation 
is lost partially. The gelatin solution formed is denatured collagen with a sol-gel 
transition temperature. When it is cooled below the transition temperature, the 
polypeptide chains aggregate to regain their original structural conformation of 
triple helices using non-specific bonds. But gelatin only partially reforms to regions 
with helical conformation called junction zones. This gelation process is thermos-
reversible since non-specific hydrogen or electrostatic bonds can be broken easily by 
heat. Thus, the gelation of gelatin by cooling is considered an imperfect reassembly 
of collagen chains.  Unlike collagen, gelatin is water soluble and can swell up to 5-10 
times its original volume [177]. Gelatin can trap high amounts of water in its gel state 
which imparts structural integrity.   

 
Figure 14: Formation of gelatin through acid/base hydrolysis of collagen with heat. During the sol-gel 
transition at 35 °C, the water molecules are trapped in the gelatin solution during the rearrangement 
of the gelatin chains forming a gel. Reproduced with permission from ref [176] licensed under Creative 
Commons Attribution 4.0 international license (CC BY 4.0). 
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Gelatin exhibits superior biological properties and forms strong gels and 
transparent films.  Gelatin is already commercially used in biomedical applications 
like Gelfoam® a gelatin-based wound dressing. Gelatin has been used to prepare 
hydrogels to explore biocompatibility and biodegradation for long culture durations. 
In a long-term study of two months, gelatin hydrogel was combined with hepatocytes 
for 30 layers or more to show viability and biological functions [178]. Gelatin 
scaffolds show faster degradation than hybrid scaffolds [179].  Thus, it is usually 
mixed with another biomaterial into a hybrid hydrogel to impart high structural 
retention and slow down its degradation rate. Gelatin methacrylate (GelMA) 
hydrogel is a hybrid of the gelatin and methacrylic group. GelMA has been previously 
used in liver tissue engineering by embedding bioprinted liver spheroids to show 
long-term functionality with the stable secretion of albumin, alpha-1 trypsin, 
ceruloplasmin, and transferrin [180]. In another study, a bioengineered whole liver 
was attempted using gelatin and polyurethane with controlled interconnectivity and 
pore size for the liver tissue engineering [181].  
 

Silk is a highly tensile and tough biomaterial that is FDA approved for 
applications as sutures and other biomedical areas for years. Silk fibroin is derived 
from silkworms and spiders, and it has outstanding properties like biodegradability, 
biocompatibility, tunable mechanical properties, and minimum immunogenicity 
[182,183]. Due to its excellent mechanical properties, silk fibroin has been used to 
create load-bearing 3D constructs. However, silk lacks cell binding motifs and is 
considered biologically inactive. Thus, it is usually used with supplementary 
biomaterial containing the Arg-Gly-Asp (RGD) motifs to attach cells and sustain 
their growth [184]. In a recent study, primary human hepatocytes were assessed for 
their functional behavior in porous collagen-incorporated silk sponges. The study 
showed a 5-fold increase in hepatocytes functions when co-cultured with fibroblasts 
displaying the importance of co-culture in the liver tissue engineering [185]. 

 
Natural biomaterials exhibit weak mechanical properties but a superior cell 

response for tissue engineering. They can closely mimic the ECM of liver tissue, thus 
inducing liver-specific functions. 
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2.2.2 Synthetic hydrogels 
 
Synthetic hydrogels are artificial polymers prepared using a polymerization 

technique to control the final properties and functionality of hydrogel. The 
important factors that determine the final properties of synthetic hydrogels are 
molecular weight, molecular structure, stereochemistry architecture, and 
composition. The molecular weight affects the rheology, viscosity, and mechanical 
properties of the hydrogel. Architecture including linear or branched chains affects 
the physical properties and stereochemistry influences the crystallinity [186]. 
Synthetic hydrogels have a fixed composition and structure, and they are less 
complex than natural hydrogels. Thus, they have well-controlled mechanical 
properties and less animal origination, making it relatively easy for FDA-approval 
[79]. 

Poly(ethylene glycol) or PEG is a water-soluble, transparent, nontoxic, 
nonimmunogenic, colorless, and viscous hydrogel. It can easily be modified to 
improve the mechanical properties making it applicable to certain technologies like 
3D bioprinting. PEG hydrogels are used in liver tissue engineering as a 
biocompatible matrix for the encapsulation of primary hepatocytes and their 
survival studies. Due to its hydrophilic nature, PEG is used as a modifying agent with 
other proteins to improve their long-term stability and decrease immunogenicity. 
This process is called PEGylation, which is used in tissue engineering for conjugating 
two polymers. PEGylation can be used for drug delivery, cancer-targeting proteins 
or peptides, or gene therapy of cells as well [187]. PEG is biocompatible however it 
is not biodegradable. Thus, its applications must be monitored to benefit from long-
term stability without toxicity. Photopolymerized PEG hydrogel has been utilized to 
create complex architectures with hepatic cells, and in another study, the 
undegradable PEG hydrogel was used to create microtissues with co-cultured 
hepatocytes for stable hepatic functions [79].  In a recent study, PEG-based hydrogel 
was developed in hexagonally arrayed  3D liver lobules with primary fetal liver cells 
to show their advanced differentiation [188] for over 5 months. Thus, studies 
focussing on the scalability and biocompatibility of PEG-based hydrogels are ideal 
for future therapeutic strategies. 
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Poly(vinyl alcohol) or PVA is a water-soluble biomaterial with 
biodegradability and excellent biocompatibility which has been previously used with 
different types of tissues such as cartilage, bone, skin, and artificial cornea. PVA has 
potential application as a base matrix to provide a structural integrity [79]. They are 
utilized to generate hybrid hydrogels as they lack cell adhesion properties.   Mohanty 
et al. developed a hybrid scaffold with a 3D-printed PVA mold with PDMS casting 
(Figure 15). The water-soluble PVA acted as a scalable sacrificial mold for PDMS. 
The PDMS mold was applied for hepatocyte culture in vitro for 12 days to show 
biocompatibility and cell growth all over the structure [189].   

 

 
Figure 15: Development of PDMS mold from 3D printed PVA support. The 3D printed PVA is 
submerged in PDMS solution and crosslinked. The PVA is dissolved leaving behind PDMS coated 
with HepG2 cells. Reproduced with permission from ref [189] licensed under Creative Commons 
Attribution-NonCommercial-NoDerivatives 4.0 international license (CC BY-NC-ND 4.0). 
 

 
Other synthetic hydrogels like polycaprolactone, poly(lactide), and 

poly(lactide-co-glycolide) acid are also very frequently used in liver tissue models 
due to their biocompatibility [79]. All the synthetic hydrogels can be reproduced with 
molecular weight manipulation, block structures, and degradable linkages to dictate 
their chemical and mechanical properties. In contrast, natural hydrogels have 
superior biomedical applications due to their bioactivity, nontoxicity, and presence 



 30 

of ECM components but they lack mechanical strength and reproducibility [190]. 
For this reason, hybrid hydrogels are widely used to counter the limitations 
associated with natural and synthetic hydrogels as mentioned in some studies 
previously in this section.   

 
 

2.3 Decellularized liver hydrogel 
 

Decellularization is a process of removing cells and cell debris from tissue to 
obtain a cell-free scaffold containing only ECM components specific to that tissue. 
The decellularized organ as a source of the scaffold has found increasing interest in 
recapitulating the native and complex cell microenvironment in tissue engineering. 
The decellularization process aims to rid the ECM of the inhabiting cells and genetic 
material like Deoxyribonucleic acid (DNA). The decellularized ECM can be used in 
two ways, as a hydrogel or as a whole organ. The whole organ after decellularization 
can be repopulated with the desirable cells through the vasculature used for 
decellularization (Figure 16) [191]. However, to use the decellularized organ as a 
hydrogel, it is digested by the enzymes to develop a free-flowing solution [192]. One 
of the earliest works with liver decellularization was performed by Lin et al in 2004 
to show its potential for hepatocytes survival [193].  Another study was performed 
later by Uygun et al. in 2010 with rat livers utilizing the decellularization protocols 
from other tissues [194]. Since then, huge progress has been made in refining and 
characterizing the decellularization protocol for liver tissue.  
 
 



 31 

 
Figure 16: Schematic of the process of decellularization of the liver. The liver can be decellularized 
as a whole organ or as chopped pieces for hydrogel preparation. The whole decellularized liver can 
be recellularized with patient-specific cells aiming for implantation, or the decellularized liver hydrogel 
can be recellularized with the patient-specific cells aiming for implantation. Copyright © Kellaway 
(2021). Reproduced with permission from ref [191] under the terms of Creative Commons Attribution-
NonCommercial 4.0 International (CC BY-NC 4.0) Licence. 

 
2.3.1 Decellularization process 

 
The whole process of decellularization requires the utilization of several 

detergents that can lyse the cells in the tissue. This process is usually detrimental to 
the tissue due to the harsh nature of the detergents. Thus, a balance is struck between 
the efficient removal of antigenic material while achieving the highest retention of 
ECM components and biological factors like growth factors. Decellularization can be 
performed using three different types of methods: chemical, physical, and 
enzymatic. They are often used in combination to achieve optimum removal of cells 
and maximum preservation of ECM. The choice of decellularizing protocol is very 
tissue-specific as each organ has a different origin, cell density, and protein density, 
and this affects the final concentration of decellularized ECM components [191]. 

  
The physical method of decellularization is a non-chemical process and is 

usually applied together with either chemical or enzymatic decellularizing agents. 
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This includes the application of pressure, temperature, and force on the tissue. The 
application of freeze/thaw cycles is another way of cell lysing, where ice forms 
around the cell plasma membrane.  This technique is well handled by thicker tissues 
like the liver as their structure cannot be disrupted easily [195]. A single freeze-thaw 
cycle is usually combined as a first step with other decellularization methods to limit 
the concentration of chemical reagents [46]. The Sonication method uses an 
ultrasonic bath with acoustic power sent into the solvent containing the tissue to 
damage and lyse the cell membrane.  However, the strong shockwaves sent to shear 
the cells can also harm the tissue structure. Immersing tissues in chemical or 
enzymatic detergents is frequently used with agitation. Hence, all physical 
decellularization methods are minimally used to complement the chemical and 
enzymatic decellularizing agents. 

 
The most used strategy for decellularization of the liver is with chemical 

detergents. Sodium dodecyl sulfate (SDS) is an ionic detergent commonly used for 
solubilizing cell membranes and protein denaturation [196]. SDS effectively disrupts 
cell-ECM and cell-cell interactions, but it can also destroy all structural and signaling 
ECM proteins, especially GAGs. However, it is not as harmful to collagen [192]. 
Triton X-100 is another non-ionic detergent that targets lipid-protein, lipid-lipid, 
and DNA-protein cellular interactions. Both detergents are used extensively for liver 
decellularization at different concentrations, but they can adversely affect the ECM 
components. Even though SDS is harmful to glycosaminoglycans (GAGs) and 
elastin, it is considered efficient in the optimum removal of cellular components due 
to its deep penetration in thick tissues like the liver [195]. Thus, the exposure time 
and concentration of detergents are usually optimized to avoid prolonged contact 
with tissues. Moreover, after the decellularization process with detergents, the 
tissues are washed extensively to remove all the cellular and detergent residues from 
the decellularized tissue [46,195].  

 
Trypsin and nucleases are the most common enzymes utilized in liver 

decellularization. They are used after the treatment with chemical decellularizing 
agents to improve the removal of cellular components and the efficacy of the 
chemical agents used. Hence, a combination of all the aforementioned methods 
provides the best result with the least disruption to the microstructure. All the 
decellularization protocols end with flushing away remnant reagents with washing 
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and sterilization of the decellularized tissue. In most liver decellularization 
protocols, the freeze/thaw cycle is followed by chemical and enzymatic reagents [46].  

 
2.3.2 Characterization of the decellularized tissue 

 
With the main goal of the complete removal of cells, the decellularized tissue 

is evaluated to determine the efficacy of the decellularization process. 
Decellularization can affect the remodeling and cell response of biological scaffolds, 
so it is important to fulfill all the requirement or guidelines that quantitatively and 
qualitatively confirms decellularization. The degree of decellularization is exhibited 
by the amount of residual DNA in decellularized tissue. The generally accepted 
criteria are that the DNA content should be less than 50ng/mg of the dry weight of 
the decellularized tissue along with the lack of nuclear material visibly [197].  Low 
DNA concentration reduces the immunogenicity of the decellularized tissue to avoid 
inflammation and antigenicity after implantation in a patient [192]. DNA 
quantification assay is commonly used to evaluate the DNA content in the native and 
decellularized tissue for comparison. Hematoxylin and eosin (H&E) histological 
staining of the tissue also confirms the optimum decellularization by staining the 
remnant nuclei of the cells in purple-blue and the cytoplasm with ECM in pink [197]. 
Other immunohistochemistry analyses like Gordon and Sweet’s reticulin staining, 
Periodic Acid-Schiff, or Masson’s trichrome staining are also used to highlight the 
location of key liver proteins before and after decellularization [198].  

 
The morphological analysis after decellularization can also be performed with 

scanning electron microscopy (SEM) to evaluate the porosity, microscopic anatomy, 
and 3D structures. Proteomic analysis with mass spectrometry provides a 
comprehensive overview of the different proteins and low-abundance molecules 
possibly influencing the performance of decellularized tissue. In addition, 
quantitative assessment of ECM proteins also provides comparative data to 
characterize the decellularized tissue for driving cell physiology. Since collagen is the 
most common ECM protein of the liver, its quantification can help to predict cellular 
behavior [199]. All these morphological and molecular assessments of the 
decellularized liver are performed to closely resemble the native tissue components 
and establish in vivo-like microenvironment for encapsulated liver cells.  After 



 34 

establishing successful decellularization, the tissue can be digested to form a 
hydrogel. 

 
2.3.3 dECM hydrogel 

 
The completely acellular dECM behaves as a reservoir with growth factors and 

molecular components to mimic the in vivo conditions. The applications of 
decellularized tissue were diversified to generate hydrogels, coatings, and bioink for 
3D bioprinting.  Freytes et al. developed a protocol in 2008 to develop a free-flowing 
semi-gel from a lyophilized decellularized urinary bladder in the presence of pepsin 
enzyme and hydrochloric acid [200]. This process is called the digestion of the tissue 
which transforms it into a gel-like state. This digestion protocol has been modified 
since then accommodating different tissue types. Decellularized liver tissue can be 
digested using pepsin in an acidic environment to develop any desirable 
concentration of the gel. Usually, a concentration between 10-50 mg/ml of dry tissue 
in an acidic solution [201–203] is used depending on the application. A coating for 
cell growth can be performed with a low concentration of dECM, but the 
development of a 3D structure requires a high concentration to maintain structural 
integrity. Digestion of decellularized liver can be performed with pepsin and an 
acidic solution like acetic acid or hydrochloric acid at low concentrations to activate 
the pepsin enzyme. The whole process takes about 48 h under constant stirring or 
shaking to develop a free-flowing solution with a pH of around 2-3 [197]. This 
solution is not responsive to temperature changes, but when the pH is adjusted to 
physiological pH of value 7, the resulting solution becomes temperature sensitive. 
Thus, the whole process of pH adjustment is carried out at a temperature lower than 
15 °C with sodium hydroxide. After pH adjustment at low temperature, the dECM is 
crosslinked at 37 °C for 20-30 min to form a stiff hydrogel (Figure 17).  

 
Most dECM hydrogels after crosslinking still lack structural properties to be 

used with bioengineering techniques. Thus, additional support structures and 
formulation enhancers are utilized to improve the stability of the dECM hydrogels. 
These hydrogels can be further investigated for their permeability to show the 
diffusion of aqueous media, solutes, and oxygenation.  This study can also be applied 
to study drug diffusion and clearance through a certain thickness of the hydrogel to 
create a tissue model for drug testing. Porcine dECM hydrogel has been used in 
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biofabrication techniques like 3D bioprinting to show the printability and 
differentiation of bone marrow-derived mesenchymal stem cells [199]. Studies have 
shown improvement in liver functions in organoids generated in sheep dECM 
hydrogels over collagen type I (rat tail) [203].  

 
 

 
Figure 17: Chopped liver tissue decellularization by lyophilizing the decellularized tissue into a 
powder. Further digestion of dECM powder into a free-flowing pre-gel at low temperature and after 
crosslinking at 37 °C. Reproduced with permission from ref [196] under the terms of Creative 
Commons Attribution-NonCommercial 4.0 License. Copyright © 2021, SAGE publications. 

 
To conclude, the inclusion of other liver components in hydrogels, in addition 

to collagen, will most likely dictate the remodeling and regenerative capabilities of 
the tissue models. Liver dECM can be a more suitable alternative to conventional 
hydrogels like collagen which has been widely used for the hepatocyte culture [199].  
The prospect of liver dECM is rapidly evolving towards bioengineering approaches 
like 3D bioprinting to include different cell types and geometries with increased 
complexity for the liver regeneration [196].  
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Chapter 3: Bioengineering approaches with decellularized 
liver 

 
3.1 Perfusion decellularization 

 
A novel approach to liver tissue engineering involves developing 3D organs 

with the decellularized liver. The decellularization approach can either be used to 
develop hydrogels or a whole organ scaffold using perfusion. The ultimate goal of the 
whole liver decellularization strategy is to use donor livers that are unsuitable for 
transplants or xenogenic livers to create an organ scaffold. These livers are 
repopulated with desirable cells to develop new livers for creating transplantable 
grafts [46].  The advantage of this method is the preservation of native architecture 
and vasculature with complex matrix composition. Perfusion via the hepatic artery 
and portal vein is a preferred method to introduce the reagents into the vasculature 
to ensure maximum integrity of the liver ECM structure with lower DNA. The 
decellularizing reagents are perfused with a peristaltic pump with SDS, Triton X-
100, and other chemicals to decellularize the tissue followed by washing. A study 
performed by Uygun et al. [194] used perfusion to decellularize ischemic rat livers at 
a constant flow rate and transplanted the recellularized grafts in rats to analyze post-
transplantation preservation of the functions and structure of hepatocytes (Figure 
18). This was one of the first studies to generate auxiliary liver grafts.  

 
The duration and flow rate of perfused reagents can vary depending on the 

type of liver source. Mazza et al. [195] decellularized the whole human liver with a 
flow rate of 0.2–0.3 ml/min/g of the liver initially, with an increasing rate at a later 
stage of decellularization to compensate for reduced resistance. The main goal of 
optimizing the flow rate and concentration of reagents is to generate a robust 
decellularized structure with minimum loss of ECM. Different protocols have been 
adopted for the decellularization/recellularization method of liver tissue, but none 
of the methods has yet been proven perfect for repopulating hepatocytes. Moreover, 
obtaining the whole organ is still time consuming and challenging process depending 
on the source. This is a developing method that requires a large number of cells to 
repopulate a whole organ. The advancement in this field requires collaboration 
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between different experts to combine advanced whole organ decellularization, 
transplantation, and material modification with a precise clinical target [42].  
 

 
Figure 18: Rat liver decellularization from portal vein at different time points (a-e). Comparison of 
ECM components in (f) native (top) and decellularized (bottom) liver scaffold. Reproduced with 
permission from ref [194]. Copyright © 2010, Nature Publishing Group 

 
 

3.2 3D bioprinting 
 

3D bioprinting is a well-established additive manufacturing technology used 
worldwide to print medicines, biomaterials, cells, and other biomedical products. 
This technique functions on the principle of layer-by-layer deposition of material 
with high resolution in a desirable pattern obtained from a computer-aided design 
(CAD) file. The printable material or hydrogel is called bioink due to its biological 
compatibility with cells. The goal of 3D bioprinting technology is biomimicry, 
autonomous self-assembly, and the development of a 3D tissue model [160]. Today, 
bioprinters are capable of printing large scaled tissue models. The technology is 
advanced to print multiple bioinks containing multiple cell types in a single structure 
to precisely position each element of the CAD file. The bioprinter consists of a 
printing head (Figure 19) with a syringe attached to a nozzle and a printing bed with 
temperature control. The whole process is performed under sterile conditions in a 
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biological hood. The cells are usually mixed in the bioink prior to printing and loaded 
in a syringe connected to the bioprinter. The temperature-controlled jacket around 
the syringe can maintain any temperature to prepare the bioink for the printing 
process. The nozzle is attached to the syringe to force the bioink out using pneumatic 
pressure or mechanical tools. The size of the nozzle usually varies from 0.1 mm to 1 
mm in diameter, depending on the application. The bioink from the nozzle is in the 
form of a filament or extruded strands to create 3D structures, and this process is 
called direct extrusion bioprinting, which is one of the most commonly used printing 
methods with bioinks as it can work with a high density of cells, different bioink 
viscosities, and crosslinking methods [204].   

 
Figure 19: Schematic of a 3D extrusion-based bioprinter with a print head containing (A) heater jacket 
around the syringe to maintain temperature. Nozzle extracts the bioink on a print bed. (B) A nozzle 
with bioink containing cells to print with the layer-by-layer assembly of filaments. Created with 
BioRender.com. 

 
Other methods like inkjet-based bioprinting, laser-assisted bioprinting, 

acoustic bioprinting, stereolithography, and droplet-based bioprinter are also used 
for specific applications [204]. Indirect bioprinting or indirect extrusion bioprinting 
is a method of printing a sacrificial base material as a framework for another cell-
laden bioink (Figure 20). The bioink solidifies over the framework, and during post-
printing processing, the framework is removed by chemical or thermal extraction.  
The final structure retains the shape of the base material and can be further 
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crosslinked for long-term stability. This method has been used by integrating 
sacrificial material in extrusion bioprinting to create 3D structures with 
microvascular channels for efficient transport of nutrients and oxygenation. In a 
recent study to develop a liver sinusoid model [205], gelatin was mixed as a 
sacrificial material in bioink containing collagen and fibrinogen and 3D printed with 
human endothelial cells as a core compartment with pre-vascular structures. When 
the mixture was incubated at 37 °C, the gelatin liquified due to its inherent free-
flowing behavior at higher temperatures leaving behind a crosslinked structure of 
collagen and fibrinogen.  

 

 
Figure 20: Indirect 3D bioprinting technique with the support of a sacrificial filament. The bioink with 
cells is coated around the filament and crosslinked. The sacrificial filament is extracted at the end 
leaving behind a hollow channel. Created with BioRender.com. 

 
The bioprinting process consists of 3 steps: pre-printing, bioprinting, and 

post-printing. The pre-printing is a pre-processing step where a CAD model is 
designed such as a liver lobule with a certain line width and space between adjacent 
extruded strands. Bioprinting is the processing step where bioinks with cells are 
placed in the syringe for 3D bioprinting in a continuous layer-by-layer manner. The 
last step is the post-printing step where the printed structure can be further modified 
with secondary crosslinking to enhance the mechanical strength. This step can also 
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involve bioreactors to place the printed structure inside a dynamic environment with 
the convective transport of nutrients. 

 
3.2.1 Bioink 
 

Bioinks are printable hydrogels that are the most important element of 
bioprinting. Bioinks play a big role in deciding the fate of the cells, as extrusion 
bioprinting generates pressure to force the bioink to pass through a nozzle. The 
initial screening process before bioprinting checks the printability of the bioink. The 
most important property of a bioink is its viscoelasticity which displays viscous and 
elastic behavior during deformation. The storage modulus and loss modulus of a 
viscoelastic material are measurements of stored energy in the elastic portion and 
viscous portions respectively. If the storage modulus is higher than the loss modulus, 
the bioink is capable of elastic shape recovery and demonstrates solid-like behavior. 
The loss modulus shows the fluid-like nature of the bioink that helps in extrusion 
and cell mixing. The modulus of a bioink changes under different conditions (stress, 
shear rate, and temperature). Thus, a higher storage modulus and low loss modulus 
are desirable rheological properties of an ideal bioink [206, 207].   

 
There are certain rheological evaluations to assess the printability of a bioink.  

If the bioink is dispensing at minimum pressure with stable filament formation 
rather than the droplet, it will be able to stack layers without merging. This is an 
initial screening evaluation to establish the nature of bioink (Figure 21A). Next, the 
rheological characterization can provide a detailed overview of the ink properties 
that can affect printability. An ideal bioink should have some specific rheological 
properties to facilitate the bioprinting process without harming the cell structure and 
phenotype. Biologically, the bioink should be highly shear thinning and exhibit non-
newtonian behavior (Figure 21B). A shear-thinning bioink shows decreasing 
viscosity with increasing stress. This property enables mixing cells in bioink and 
helps reduce the shear stress on the cells while flowing through the small diameter 
of the nozzle during bioprinting. If the bioink exhibits a yield stress point, it should 
be analyzed, as all rheological measurements should be carried out in the linear 
viscoelastic region. In the linear viscoelastic region, the stress applied is not 
sufficient to cause a structural breakdown in the bioink. The yield stress is the point 
of maximum stress after which a bioink would be permanently deformed and would 
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start to flow. Thus, it is the boundary of the bioprinting window, and all the 
measurements should be carried out within this stress limit. Lastly, the post-printing 
recovery property is very crucial to check if the 3D structure will sustain the weight 
of the 3D structure after printing. As soon as the bioink flows out of the nozzle 
diameter, the pressure is reduced, and the bioink should return to its original 
viscosity with higher storage modulus to support the continuous deposition of layers. 
Thus, shear recovery is an essential characteristic of a bioink to maintain the 
structural integrity of the bioprinted 3D construct [206].  

 

 
Figure 21: Rheological screening of the bioink. (a) The initial screening process is to check the 
formation of filament. (b) Rheological measurements to select the most printable and printable bioink. 
Created with BioRender.com. 

 
Usually, the bioink has overlapping requirements in terms of mechanical and 

biological characteristics. For instance, an ideal bioink should be low viscosity to 
avoid cell death and damage, however, such a bioink would not be optimal for 
printing. Moreover, the cells can start to sediment or form aggregates in low viscosity 
bioinks. On the other hand, a viscous bioink would be highly printable with 
homogenous cell distribution, but it might result in cell damage due to higher 
viscosity. Hence, rheological measurements and optimization are the most 
important part of the bioink characterization [207].  
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3.2.2 Liver dECM bioink 
 

Liver dECM is a naturally derived hydrogel with weak mechanical properties 
and poor printability. Previous studies with other decellularized tissue bioinks have 
shown that dECM bioinks cannot sustain 3D printed structures and require the 
support of a crosslinker or a formulation enhancer [197] to increase the viscosity and 
other viscoelastic properties of dECM bioink.   There haven’t been many attempts to 
develop a 3D structure with liver dECM bioink utilizing extrusion bioprinting. A 
study in 2015 [208] attempted to print the liver dECM bioink modified with PEGDA 
and another PEG-based crosslinker to print a layer of 7 × 7 mm structure as shown 
in Figure 22. The final bioprintable formulation with liver dECM mixed with 8% 
PEGDA and 8% PEG-based crosslinker was validated for use with the growth of liver 
spheroids. However, this bioink was heavily modified with PEGDA and PEG-based 
crosslinker containing a small portion of the liver dECM bioink.  

 
Figure 22: Printing attempt to print (A) a 7×7 mm pattern. (B) PEGDA and PEG-based crosslinker 
initial formulation (C) Initial formulation modified with hyaluronic acid and gelatin and (D) final 
formulation with liver dECM containing 8% PEGDA and 8% PEG-based crosslinker. Reproduced with 
permission from ref [208]. Copyright © 2015 Acta Materialia Inc. Published by Elsevier Ltd.  
 
 

In another study in 2017, Lee et al. attempted to print a 2D and a 3D structure 
with an unmodified 3% concentration of liver dECM bioink with stem cells and 
HepG2 liver cell line (Figure 23) [209]. Their 3% bioink concentration mimicked the 
modulus of the native liver. They characterized the printing parameters by varying 
printing speed, nozzle diameter, and feed rate. The 2D printing was performed to 
assess the uniform printability of the bioink by optimizing the strut dimensions. To 
create a 3D structure, they used a support structure of polycaprolactone (PCL) to 
scale up the liver dECM bioink. The PCL framework was printed simultaneously with 
the dECM bioink to form a hybrid structure, similar to the printing method used by 
Pati et al. [197]. The study concluded the high biocompatibility of the liver dECM 
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bioink for stem cell differentiation by providing high biochemical and biomechanical 
properties similar to the native liver. Many other studies with decellularized ECM 
hydrogels of different tissues utilized a secondary support structure due to the weak 
mechanical properties associated with dECM bioinks [197]. Even with its weak 
mechanical properties, dECM is a very tissue-specific bioink, thus it is very desirable 
to find ways to improve its robustness to enhance its application in various 
biofabrication techniques. 

 
 

 
Figure 23: Evaluation of printing with (A and B) 2D printing attempt and (C and D) 3D printing attempt 
with polycaprolactone. (E) Bone marrow-derived mesenchymal stem cells and (F) HepG2 cell viability 
(green) on day 7. (Scale bar 200 µm). Reprinted (adapted) with permission from [209]. Copyright © 
2017, American Chemical Society.  
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Chapter 4: Present investigation 
 

4.1 Paper 1: 3D bioprinting of multi-material decellularized liver 
matrix hydrogel at physiological temperature 
 

Paper 1 presents the development and optimization of a novel bioprintable 
decellularized liver extracellular matrix bioink (dLM) modified with gelatin and a 
PEG-based crosslinker x-PEG-x (x: succinimidyl valerate) at 37 °C. In this work, the 
porcine liver was decellularized to develop a hydrogel (pH-adjusted dLM-sol) with 
gelatin as a viscosity enhancer and x-PEG-x as a crosslinker (Figure 4.1).  This is a 
novel approach where both the amine groups present in dLM bioink and support 
material (gelatin) participate in crosslinking with x-PEG-x to create a homogenous 
printable ink (dLM-G-PEG) at a physiological temperature. During the printing 
process, the cells are away from their biological environment, and this can cause 
damage or other alterations to cell functionality during long printing procedures. 
Thus, maintaining physiological temperature is crucial to facilitate a cell-friendly 
environment.  

 
A four-layer 3D structure was printed with HepG2 cells. A secondary 

crosslinker mushroom tyrosinase was added to improve the long-term stability of 
the 3D structure (dLM-G-PEG-T). Different acellular formulations of the dLM were 
characterized to analyze their rheology and degree of crosslinking. dLM-PEG-T 
exhibited the highest robustness and degree of crosslinking (with the lowest free 
amines) compared to the other formulations (Figure 4.2a and b).  It also displayed 
the highest viscosity indicating a thicker hydrogel (Figure 4.2c and d). The gelation 
kinetics revealed rapid crosslinking within 30 min with x-PEG-x in the bioink 
(Figure 4.2e). Both dLM-G-PEG and dLM-G-PEG-T showed a linear viscoelastic 
range with a yield stress point and higher storage modulus; thus, all the rheological 
measurements were conducted before this limit (Figure 4.2f and g). These 
experiments validated the highly robust nature of dLM-G-PEG-T and a 
comparatively softer nature of dLM-G-PEG, which makes it favorable for bioprinting 
with cells.  

 
The 3D-printed structure showed volume increment from its CAD model as 

the measured dimensions were higher than the original CAD grid model (Figure 4.3a 
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and b). The bioprinted structure was robust with 11 × 11 mm dimensions and 3.3 mm 
height (Figure 4.3c and d). The base layer sustained the weight of the structure and 
displayed a line spacing between 0.9 mm and 1.3 mm between the two adjacent 
filaments (Figure 4.3e). The modified dLM bioink was validated for its 
biocompatibility and liver-specific functions by embedding HepG2 cells in the bioink 
prior to crosslinking (Figure 4.4a). The gelation mechanism of the dLM bioink was 
cytocompatible and the 3D-printed structure displayed increasing cell viability and 
proliferation for a period of 7 days (Figure 4.4b). The albumin secretion was 
measured to show increasing liver-specific functions with a 12-fold increment from 
day 1 to day 7 (Figure 4.4c). This study exhibited the development of a modified dLM 
bioink with improved printability and rheological properties. The pre-printing 
processing with gelatin and x-PEG-x improved the printing process by optimizing 
mechanical properties and the post-printing processing with tyrosinase enhanced 
the robustness and stability of the dLM bioink. From a biological perspective, the 3D 
structure embedded with HepG2 cells showed an increment in some hepatic 
functions with cell proliferation over the period of the study. The optimization with 
the dLM bioink in this work to improve viscoelastic properties helped to further 
develop this bioink for some more advanced applications. 
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Figure 4.1 Schematic diagram of the dLM-G-PEG construct development followed by post-printing 
processing of the structure with tyrosinase crosslinker. The liver is decellularized and digested to 
generate pH-adjusted dLM-sol. Gelatin and x-PEG-x crosslinker crosslinks the dLM-sol at 37 °C with 
cells embedded to the 3D printed structure and incubated at 37 °C for 1 h in the cell incubator. A 
highly crosslinked robust 3D structure is formed with possible applications in different fields. 
Reproduced with permission from ref  [210] under the terms of Creative Commons Attribution License.   
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Figure 4.2 dLM formulations and their characterization. (a) Different formulations at 37 °C and (b) 
their decreasing concentration of available amines in TNBS assay compared to dLM-sol (p<0.0001). 
Rheological properties with (c) viscosity of different formulations and (d) their comparison at 25 s–1. 
(e) Gelation kinetics at 37 °C with dLM-G-PEG bioink and dLM-G-PEG-T. Estimation of the yield 
stress and linear viscoelastic range with storage (G’) and loss (G’’) modulus for (f) dLM-G-PEG and 
(g) dLM-G-PEG-T. Reproduced with permission from ref [210] under the terms of the Creative 
Commons Attribution License. 
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Figure 4.3 3D printed grid structure. (a) A CAD representation showing line width and line spacing 
compared to the (b) printed structure with the top view of dLM-G-PEG and (c) dLM-G-PEG-T (scale 
bar, 5 mm). (d) Side view with height. (e) The microscopic image with the bottom layer represents the 
line spacing and width (scale bar, 1 mm). Reproduced with permission from ref [210] under the terms 
of the Creative Commons Attribution License.   



 49 

          
Figure 4.4 (a) An increasing number of live HepG2 cells embedded in dLM-G-PEG-T for a period of 
7 days with (b) increasing cell proliferation measured by fluorescence intensity in AlamarBlueTM 
assay. (c) Albumin secretion at various time points (n=3). Error bars show the standard error of the 
mean (***p<0.001). Reproduced with permission from ref [210] under the terms of Creative Commons 
Attribution License.   
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4.2 Paper 2: Indirect 3D Bioprinting of a Robust Trilobular 
Hepatic Construct with Decellularized Liver Matrix Hydrogel 

 
The development of dLM bioink in the first paper advanced the application of 

bioink to create more liver-specific scaled-up structures. Paper 2 used the 
unmodified dLM bioink from paper 1 with x-PEG-x and tyrosinase to create a 
trilobular hepatic structure containing microchannels and embedding a co-culture 
of HepG2 liver cells and NIH 3T3 fibroblasts cell line (Figure 4.5). This work served 
two purposes, firstly, to create a highly scaled-up construct mimicking the lobular 
structure of the liver and secondly, to observe the improvements in liver-specific 
functions in this dLM system with co-culture compared to the monoculture of HepG2 
cells. To create a trilobular hepatic structure, an Indirect 3D bioprinting technique 
was utilized where a sacrificial scaffold of poly(vinyl alcohol) (PVA) was 3D printed, 
and the cell embedding dLM bioink was dispersed on top of the PVA structure. The 
bioink crosslinked over the PVA, and when the whole construct was submerged in 
the cell culture media, the PVA dissolved, leaving behind empty microchannels in 
the dLM-PEG-T construct.  

 
To check the functionality and biocompatibility, HepG2 cells were co-cultured 

with a fibroblast cell line to observe their viability and proliferation within the dLM-
PEG-T construct (Figure 4.6A). Both cell lines were homogeneously distributed in 
the structure on day 3 with more HepG2 cells than NIH 3T3 (Figure 4.6B). The 
Live/Dead assay showed the viable cells on days 1, 3, and 7, along with their location 
in the dLM-PEG-T structure (Figure 4.6C). The co-culture showed a higher number 
of cells on day 7 than the monoculture of HepG2 cells. The images show the integrity 
of the whole structure and the cell distribution towards day 7. The cell viability was 
calculated for the co-culture and monoculture groups from the number of live and 
dead cells to show a small drop in both groups towards day 7 (Figure 4.6D). Thus, 
they maintained high cell viability of around 89.9% to 90.4%. The cell proliferation 
assay with AlamarBlueTM displayed a higher proliferation for the co-culture group 
than the monoculture group (Figure 4.6E). This could be attributed to the higher 
number of cells in the co-culture as it contains 2 cell types. Interestingly, both the 
groups showed an increase in cell proliferation till day 7, exhibiting increasing cell 
number and biocompatibility of the dLM-PEG-T formed over PVA.  

 
Next, the albumin secretion showed a 1.7-fold increment from day 1 to day 7 

in co-culture compared to a 1.2-fold increment in monoculture of HepG2 (Figure 
4.7A). This result is similar to our observation in the previous work that shows the 
increase in albumin secretion by day 7 due to rapid growth in cell number. The gene 
expression analysis revealed a clear increase in all four liver-specific genes in co-
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culture from day 1 to day 7 (Figure 4.7B), but the HepG2 embedded system showed 
an increase in only albumin (ALB) and keratin 19 (KRT19) genes and a clear decrease 
in alpha-Fetoprotein (AFP) and Marker of Proliferation Ki-67 (MKI67) (Figure 
4.7C). The overall improved functions in the co-culture group can be attributed to 
the influence of fibroblasts on HepG2 cells that improves their liver-specific 
functions. This 3D-printed system can be further advanced to create miniaturized 
liver lobules with vasculature to develop in-vitro liver models. 

 
 

 
Figure 4.5 Schematic of the development of the dLM-PEG-T hepatic trilobular construct with 3D 
printed PVA and decellularized liver matrix hydrogel combined to form a stable 3D cell culture model 
with HepG2 and NIH 3T3 cells. Reproduced with permission from ref [211] under the terms of Creative 
Commons Attribution License.   
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Figure 4.6 Biocompatibility studies with (A) representation of HepG2 in green and NIH 3T3 in red in 
the dLM-PEG-T structure (B) Day 3 of the culture with the distribution of cells at various 
magnifications. (C) Live/Dead assay performed at days 1, 3, and 7 with the whole structure on day 7. 
(D) Cell viability and (E) cell proliferation by AlamarBlueTM assay of co-culture of HepG2/NIH 3T3 with 
HepG2 cells. (n = 3, * p < 0.05 and *** p < 0.001) Error bars represent the standard error of the mean. 
Reproduced with permission from ref [211] under the terms of the Creative Commons Attribution 
License.  
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Figure 4.7 (A) Albumin secretion, with gene expression analysis of (B) HepG2/NIH 3T3 cells (C) and 
HepG2 cells with AFP, ALB, KRT19, and MKI67. (n = 3, * p < 0.05, ** p < 0.01, *** p < 0.001 and **** 
p < 0.0001). Error bars represent the standard error of the mean. Reproduced with permission from 
ref [211] under the terms of the Creative Commons Attribution License (CC BY4.0). 
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4.3 Paper 3: Layer-by-Layer cellulose nanofibril coating for 
spheroid formation combined with decellularized extracellular 
matrix for 3D tumor modeling 
 
In this work, spheroids were formed utilizing a 5-layer-by-layer (LbL) assembly of 
cellulose nanofibrils (CNF) with HepG2 cells. The spheroids generated on CNF LbL 
coating were embedded with dLM hydrogel to mimic the in vivo ECM environment 
(Figure 4.8). The HepG2 cell line was cultured on the LbL surface to fabricate 
spheroids, and unmodified dLM was added to them at different time points to 
analyze their shape and functionality. The decellularized liver tissue was 
characterized by Masson’s trichrome staining to observe the collagen (stained in 
blue) and cytoplasm (stained in pink) remaining after decellularization (Figure 
4.9A). The native tissue was cytoplasm-rich tissue-stained pink with cells. Gordon 
and Sweet’s reticulin stain demonstrated reticulin fibers (usually collagen type III) 
stained in black before and after decellularization. Only traces of reticulin fibers were 
observed as the structural integrity is lost in decellularized tissue compared to native 
tissue. The 3% concentration of dLM was used to coat the spheroids (Figure 4.9B). 
The crosslinking of the dLM hydrogel was performed at 37 °C, and it was 
characterized to show an increase in viscosity from 4 °C to 37 °C (crosslinked) 
(Figure 4.9C). The flow behavior of dLM at temperatures below 15 °C mimics the 
condition for coating the spheroids. Both uncrosslinked dLM and crosslinked dLM 
showed shear thinning and non-Newtonian behavior. Non-crosslinked formulations 
had the lowest viscosity, and crosslinked formulations had higher viscosity, implying 
that crosslinking enhances the thickness of the formulations.  The diffusion study 
showed the time-dependent permeability of drugs through 300 µm thickness of 
hydrogel that was used in the study (Figure 4.9D).  The weight loss data displayed a 
reduction of almost 50% of the weight of crosslinked dLM hydrogel by day 21 (Figure 
4.9E).  
 
In this study, the dLM was added to the CNF LbL-generated spheroids at different 
time points and observed for their drug efficacy. The dLM added in the early days of 
the spheroid formation such as day 1 resulted in more proliferation of spheroids into 
the dLM with a smaller diameter of the spheroid (Figure 4.10A). Spheroids on day 
3rd lack a necrotic core since they have not grown enough (Figure 4.10B), but the 
addition of dLM could preserve their shape. The addition of dLM on the 5th day of 
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spheroid formation showed invasion and migration of the cells from the tumor rim 
(Figure 4.10C). Since the spheroids are solid with a necrotic core, the migration of 
the cells from the edges could lead to larger spheroids. More uniformity and stability 
in spheroid size are also visible on days 5 and 7. Embedding the spheroids in dLM 
on the 7th day resulted in preserving the solid shape of the spheroids (Figure 4.10D). 
This shows the effect of dLM to help the spheroid maintain its shape at different time 
points. After treating the spheroids/dLM system with Doxorubicin anti-tumor drug, 
the viability of all samples decreased showing the effectiveness of the antitumor drug 
on the formed tumor spheroids (Figure 4.11). The metabolic activity of the embedded 
spheroids in both dLM and collagen is lower (B, C, and D); revealing the fact that 
dLM (higher viscosity) and collagen (lower concentration) allow effective diffusion 
of the anti-tumor drug. Day 1 did not provide reliable data (Figure 4.11 A). Hence, 
this study revealed the formation of a stable tumor with necrotic cores on the later 
days of tumor growth with dLM, such as day 7 of spheroid formation. The embedding 
of spheroids at earlier times of spheroid formation such as day 3 and day 5, could be 
appropriate times for tumor invasion studies in which the spheroids could migrate 
in the dLM. This study is a novel approach with the potential to further improve the 
stability of the CNF LbL spheroids with dLM coating for studying drug screening. 

 
Figure 4.8 Layer-by-layer (LbL) buildup of cellulose nanofibrils (CNF) and electrolytes on the surfaces 
for spheroid formation followed by dLM-coating and anti-tumor drug studies. The final system 
contained LbL coating with spheroid covered with dLM. 
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Figure 4.9 (A) Histological staining of the native liver tissue before and after decellularization with 
two staining methods, Masson’s Trichrome and Gordon and Sweet’s silver staining. (B) flow 
characteristics of the crosslinked hydrogel at 4 °C and 37 °C, (C) characterization of rheological 
properties with the viscosity measurements of dLM at 4 °C and 37 °C, (D) Relative fluorescence unit 
(RFU) of FITC-Dextran diffusion test in the crosslinked hydrogel, and (E) degradation test of the dLM 
crosslinked hydrogel at different time points. (n = 3, ** p < 0.01, *** p < 0.001 and **** p < 0.0001) 
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Figure 4.10 Bright-field images of HepG2 spheroid on CNF-LbL coated surface with dLM addition on 
the (A) 1st, (B) 3rd, (C) 5th, and (D) 7th day of spheroid formation (Images taken after 7 days). 

 
 

 
Figure 4.11 Doxorubicin drug treatment on HepG2 spheroids formed on CNF-LbL coated surfaces 
with the addition of dLM and Col on (A) 1st day, (B) 3rd day, (C) 5th day and (D) 7th day. (n=3) 

A C 

B D 
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4.4 Paper 4: Liver extracellular matrix and perfusion bioreactor 
culture promoting human amnion epithelial cell differentiation 
towards hepatocyte-like cells  
 
In paper 4, the whole liver decellularized scaffold was combined with amniotic 
epithelial cells (AEC) to evaluate their cell proliferation and maturation toward 
hepatocyte-like cells. The whole study was performed in a custom bioreactor to 
compare their liver-specific functions with static culture. Rat livers were 
decellularized by perfusing detergents followed by the measurement of residual DNA 
in the scaffold (Figure 4.12a and b). The liver turned partially white from red after 
decellularization with low DNA content (Figure 4.12c). The successful 
decellularization was further confirmed by hematoxylin and eosin staining of the 
native and decellularized liver to display the removal of all cell nuclei (Figure 4.12d).  
The images of AECs seeded scaffold at different time points shows increasing 
browning of the initially white scaffold by day 42 (Figure 4.13). At the end of the 
study, the perfusion system was removed, and the scaffold was analyzed for liver-
specific functions compared to static culture.  
 
The bioreactor culture had a strong metabolic impact on the activity and 
functionality of AECs as higher cell density was exhibited by Hematoxylin and Eosin 
(H&E) staining at the end of static and bioreactor studies at day 42 (Figure 4.14). 
The urea secretion was substantially higher on days 15 and 30 in the bioreactor than 
in static culture (Figure 4.15). Albumin quantification exhibited somewhat similar 
secretion of albumin initially but increased towards the later stage on days 21 and 30 
The gene expression analysis at days 15 and 30 for static and bioreactor cultures for 
AFP and ALB genes showed higher expression with bioreactor cultures on day 30 
(Figure 4.16). The mRNA expression of both genes decreased for static cultures from 
day 15 to day 30. To conclude, a considerable improvement in AEC differentiation 
and functions was observed in bioreactor culture with the decellularized liver 
scaffold. This paper shows that AECs are attractive cell sources due to pluripotency 
and lack of ethical concerns. Their application with the dLM scaffold can be further 
studied for in-depth analysis of differentiated hepatocyte-like cells.  
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Figure 4.12 Whole liver decellularization with (a) native liver initially and after (b) decellularization. 
(c) DNA quantification of fresh and decellularized scaffold (*** p < 0.001, t-test, N=6) (d) H&E staining 
of the native (left) and decellularized liver scaffold (right) 

d) 
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Figure 4.13 Whole liver decellularization representation at different time points of culture with (a) 
showing the appearance of the scaffold at the mid-time point, day 28. (b) and (c) illustrate the scaffold 
on the same day after cutting the right middle lobe. d) shows the scaffold on day 30 of differentiation 
(day 42, endpoint). e) cannula removed from the liver, and the left lateral lobe (LLL) and right lateral 
lobe (RLL) processed for further analysis (scale bar = 2cm). 
 
 

 
Figure 4.14 H&E staining of AEC seeded and cultured (42 days) in static and bioreactor conditions 
in the scaffold. Scale bar 50 μm. 
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Figure 4.15 Graphs showing the quantification of urea (a) and albumin (b) production in the culture 
at different time points. (* = p < 0.05, t-test, N=6). 
 
 
 

                                                         
Figure 4.16 Graphs showing mRNA expression of ALB and AFP in static and bioreactor cultures on 
days 15 and 30.  
 
 



 62 

Chapter 5: Conclusion and outlook 
 

 
This thesis describes different bioengineering techniques used with 

decellularized liver extracellular matrix (dLM) in tissue engineering. Bioprinting is 
a current trend in bioengineering that circumvents various discrepancies related to 
tissue engineering strategies with its highly precise and automated platform to 
generate various patterns. Alternatively, whole organ decellularization and 
recellularization are attractive techniques to achieve a structurally intact scaffold 
with the native vasculature. Decellularized extracellular matrix hydrogel had 
previously displayed tissue-specific functions, but their poor printability has 
hampered their application in developing 3D structures for tissue engineering. Thus, 
there is a definite need to upgrade the development around decellularized scaffolds 
to improve their application in generating in vitro models and potential tissue 
substitutes.  

 
Paper I in this thesis contributed to the development of a robust and 

biocompatible dLM bioink printable at 37 °C. This was a result of a novel attempt to 
modify the dLM to incorporate printability under actual physiological conditions. 
Achieving this is an important feature for bioprinting since long printing duration in 
non-physiological conditions can harm the cells by damaging them or changing their 
phenotype and functions. Printing at physiological temperature would play an 
important role when generating advanced structures with multiple cells in the 
future. The optimization of dLM bioink in this work revealed the challenges and 
potential associated with developing a scaled-up dLM structure.  

 
In paper II, we used indirect 3D bioprinting to create a temporary 

framework of trilobular hepatic structure with PVA to impart its geometry to the 
dLM bioink. By improving the rheological properties with a high concentration of 
PEG-based crosslinker and additional support of PVA, the dLM bioink was able to 
maintain its 3D architecture. This strategy was further used to create a hollow 
tubular dLM scaffold and a microfluidic chip with a micro-channel in a dLM pool. 
This is an important step toward the clinical translation of a tissue model, as a stable, 
interconnected vascular network is a prerequisite for perfusion through a thick-
engineered construct. We also showed the importance of co-culture over 
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monoculture with the HepG2 liver cell line and NIH 3T3 fibroblasts cell line with 
improved liver functions like albumin and urea secretion with a consistent mRNA 
expression of four liver-specific genes. This study exhibited the vast potential of 
indirect bioprinting to develop complicated structures with bioinks, such as dLM, to 
provide a native tissue-like environment. This study opened doors towards advanced 
tissue models with parenchymal and nonparenchymal cells of the liver with an 
intrinsic vasculature to incorporate a dynamic environment.  

 
Paper III presented a tumor model to study the interaction between the 

HepG2 spheroids developed over cellulose nanofibrils coating with dLM for tumor 
invasion and anti-tumor drug studies. The results indicated the improvement in 
spheroid shape and maintenance with dLM incorporation in the later days of tumor 
growth, such as day 7. Contrary, the dLM addition on spheroids in their initial days 
of formation showed migration of spheroids inside the dLM, which is suitable for 
tumor invasion studies. The anti-tumor drug diffused successfully into the dLM 
system, showing efficient permeability of the dLM and lower metabolic activity of 
spheroids. This study provided an analysis of the development of tumor spheroids 
with dLM, as traditional tumor models lack the native ECM environment, and dLM 
hydrogel could enhance the efficacy of the tumor models by mimicking the in vivo 
conditions.  
 

Hepatocytes reciprocate to a dynamic flow of media as it recapitulates the in 
vivo environment. This was investigated in Paper IV, where a bioreactor system 
provided constant media perfusion and oxygenation. This study successfully utilized 
decellularized liver scaffold in a bioreactor to differentiate amniotic epithelial cells 
into functional hepatocyte-like cells. The most notable aspect of this work was the 
difference in the liver-specific functions in static cultures studied alongside the 
bioreactor cultures. Both cultures with the dLM scaffold displayed a significant 
difference in the expression of hepatic markers, with the static cultures expressing a 
lower amount of urea and albumin than the bioreactor cultures. Moreover, the 
differentiated hepatocytes in the bioreactor expressed markers similar to a mature 
liver which is an improvement over previous studies that showed AEC-derived 
hepatocytes expressing fetal liver-like markers. This technique can be used to 
advance the differentiation of pluripotent stem cells into functional hepatocytes. 
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In a nutshell, this thesis provides an overview of the bioengineering 
techniques and various cell culture models combined to move toward an advanced 
and complex 3D dLM scaffold. Here we show the improvement of different liver-
specific functions of cells in co-culture and bioreactor systems. Future directions in 
liver tissue engineering would involve efforts to mimic the native microenvironment 
by inducing dynamic media flow to modulate the biophysical aspects with multiple 
cell types for a prolonged time. In vivo, the liver provides gradient-dependent 
oxygenation and biological molecules to hepatocytes creating three different zones 
with different metabolic functions. The work in this thesis has the potential to 
advance the in vitro zonation-based liver model by combining 3D printed dLM 
bioink for cell growth with PVA-generated vasculature in a bioreactor assembly for 
long-term culture. Generating such a model would require a high number of cells 
(scalable cell source) in an in vivo-like functional state, which is still challenging. In 
this regard, developing an efficient and dense vascular network is a very important 
feature in creating endothelial vascular lining around the island of hepatocytes. This 
in vitro model can be used to predict the toxicological and pharmacological effects of 
the drugs. 

 
As a concluding point, the dLM alleviates the intricacy associated with 

synthetic and natural biomaterials by mimicking the morphology and biochemical 
factors of native tissue that can potentially generate models for applications, 
including transplantation, in vitro studies and drug screening. The dLM scaffolds 
developed in this thesis are robust platforms for manipulating liver cell behavior. 
The application of such a scaffold can be facilitated by developing approaches to fine-
tune the temporal and spatial distribution of multiple cell types in a controlled 
manner using techniques like bioprinting. Based on the studies performed here, 
dLM scaffolds hold biological relevance with the need to improve and standardize 
their application with other cell sources. Even though there are several challenges in 
translating the application of dLM clinically, I envision that the current state of the 
art around dLM would benefit greatly from interdisciplinary approaches such as 
fabrication methodologies and stem cell technology to control and vary different 
parameters in creating an efficient in vitro 3D model.  
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