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Abstract
Liver disease is a leading cause of death throughout the world and has seen rising mortality
rates since the 1970s in contrast to other leading causes of death such as cardiovascular
disease and cancer. A quarter of the global population is predicted to have non-alcoholic fatty
liver disease (NAFLD) and are at risk of developing chronic conditions such as fibrosis and
hepatocellular carcinoma (HCC). There currently exist no approved pharmaceutical
therapeutics for the treatment of liver disease and disease management is particularly
complex to negotiate. End-stage liver disease presents a significant threat to life and the only
cure is to replace the chronically damaged liver with a transplant. To ease the burden on liver
disease patients and health workers, it is necessary to find pharmaceutical and regenerative
therapies that can effectively hinder disease progression. Reaching such treatments implies
the use of in-vitro methods to produce liver models for testing target and drug molecules, for
the expansion of cells with regenerative capacity and for bioartificial liver devices. In-vitro
hepatocyte culture methods have progressed in recent decades from standard 2D tissue
culture to 3D organoids and scaffolded cultures which provide a biomimetic environment and
elicit phenotypic responses from hepatocytes in-vitro. This thesis has sought to optimise
electrospun polycaprolactone (PCL) scaffolds for the culture of hepatocytes, with a focus on
morphology and composition, through three methods: 1) assessment of the influence of
electrospun PCL fibre diameter and morphology on hepatocyte culture 2) the inclusion of rat
liver extracellular matrix (rLECM) into hybrid PCL:rLECM scaffolds 3) the inclusion of human
liver ECM (hLECM) into hybrid PCL:hLECM scaffolds with a comparison of donor-to-donor
variance. All fabricated scaffolds were subject to physical and chemical analyses and cultured
with an immortalised hepatic cell line (HepG2) or Primary Mouse Hepatocytes (PMHs). The
biological influence of the scaffolds on cell cultures was assessed through proliferation
analysis, immunohistochemistry and RT-qPCR gene expression analysis of cultured cells. Our
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results show that fibre morphology affects the attachment, morphology and proliferation of
hepatocytes. The architecture of the cells upon the scaffolds also shows to affect cell function
through significant upregulation of key hepatic phenotypic markers on scaffolds with higher
porosity. Incorporation of both rLECM and hLECM into electrospun scaffolds with
morphological consistency has been demonstrated. rLECM at concentrations of 5 w/w% and
10 w/w% shows to significantly increase the proliferative activity of HepG2 cultures. The
incorporation of hLECM at a 1 w/w% concentration demonstrated variable proliferative activity
of HepG2 between tissue donors whilst functional gene expression is maintained across
donors. Biological differences between the immortalised cell line (HepG2) and Primary Mouse
Hepatocytes are reflected in functional response differences observed upon different scaffold
microenvironments. These studies show that the morphology and composition of electrospun
polycaprolactone scaffolds can have a measurable impact on hepatocyte cultures and our
methods hold potential for the development of utile in-vitro hepatic microenvironments.
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Lay Summary
One quarter of the global population have fatty liver disease and are at risk of developing liver
fibrosis and liver cancer. No cures for liver disease currently exist and the disease can
progress towards total liver failure and death, unless a lifesaving liver transplant is acquired.
The drug development industry spends billions of dollars on finding and testing new drug
compounds, however about 90% of all drugs that are tested on humans fail to deliver effective
treatment for disease and do not end up on the market. Therefore, it is apparent that the
technologies used for drug development are not sufficient to produce economically viable
disease treatments.
This thesis investigates how using electrospun scaffolds might improve laboratory cell
cultures to produce accurate artificial liver tissue models for developing and testing new
drugs. Electrospun scaffolds are made up of a mesh of polymer microfibres upon which cells
can be cultured. This fibrous micromesh is like the structures seen in tissues within the body,
and so cells are situated in a more realistic environment.
The experiments in this thesis have sought to explore three ways in which electrospun
scaffolds can be manipulated to produce an environment suitable for liver cell culture. The first
experiment looks at how the size and shape of the fibres affects liver cell behaviour. The
second looks at how the addition of biological components of rat liver tissue affect liver cell
behaviour. The third looks at how biological components from different human livers affects
liver cell behaviour.
The results indicate that electrospun scaffold morphology and composition can affect the
behaviour of liver cells within laboratory cultures. This includes changes to the rates at which
the liver cells divide and multiply and to the genes that they express. The work requires further
understanding of the underlying mechanisms behind the changes observed so that
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appropriate culture environments can be designed in the future in a practical manner. Overall,
the work shows that electrospun scaffolds are a potential method by which controllable liver
tissue models can be produced.
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Aims and Objectives
The aim for this thesis is to test the applicability of ECM containing electrospun
polycaprolactone (PCL) scaffolds to the development of a variable and systematised in-vitro
hepatic microenvironment. This will be tested by the exploration of two editable parameters in
electrospun scaffold fabrication, morphology and composition. These parameters reflect
consequential aspects of the in-vivo hepatic microenvironment and hence present the
potential to model the hepatic microenvironment in-vivo. Three experimental objectives are
proposed as a means to understand the extent to which morphology and composition of
electrospun PCL:dLECM scaffolds can affect the function of hepatocytes in-vitro. These
experimental objectives are as follows:
I.

To expose hepatocytes to different electrospun PCL fibre morphologies and measure
the effects this has on hepatocyte morphology, proliferation and gene expression.

II.

To incorporate rat derived liver ECM (rLECM) into electrospun PCL fibres and measure
the effects this has on hepatocyte morphology, proliferation and gene expression.

III.

To incorporate human derived liver ECM (hLECM) from different donors into
electrospun PCL fibres and measure the effects this has on hepatocyte morphology,
proliferation and gene expression.

The proposed experiments are designed such that one parameter (morphology and ECM
source) is altered across the test groups and compared with an electrospun PCL scaffold
control. Physical analyses including Scanning Electron Microscopy, tensile testing and FTIR
Spectroscopy will be conducted in order to present physicochemical data about the scaffold
materials that are relevant to cell biology. Hepatocyte cultures will be conducted upon each of
the scaffolds developed and analysed by biological assays including cell viability, DNA
quantitation, immunohistochemical staining and RT-qPCR gene expression analyses.
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1.1

Liver Disease

1.1.1

Liver Function and Anatomy

The liver is a glandular organ that is responsible for many critical bodily functions including the
metabolism of drugs and xenobiotics, lipid metabolism, bile production and the synthesis of
albumin and other essential blood plasma proteins. It is a large lobate organ situated at the top
of the abdomen underneath the diaphragm and has four lobes; named the right lobe, left lobe,
caudate lobe and quadrate lobe. Blood enters the lobes of the liver via both the hepatic artery
and the portal vein. The hepatic artery transports oxygenated blood from the celiac artery and
the portal vein transports venous blood from the gastrointestinal tract, pancreas, spleen and
gallbladder. Blood in the portal vein contains the absorbed digestion products from the small
intestine including essential nutrients and any toxic compounds that have been ingested and
absorbed. Oxygenated blood from the hepatic artery (20% volume) and the nutrient rich portal
vein blood (80% volume) drain and converge in the liver parenchyma where the digestion
products are metabolised and de-toxified before drainage into the inferior vena cava en-route
to the heart and brain1,2. The process of metabolism and detoxification of the digestion
products by the parenchymal tissue results in the production of bile which is stored in the
gallbladder and eventually utilised in the small intestine for the digestion of lipids and other
functions1,3,4.
The liver parenchyma is made up of long hexagonal chords called lobules which are
constructed from stacked plates of hepatic cells through which blood is percolated via
sinusoids, a particular capillary type specific to the liver. An overview of the types of vessels
and cells present within the parenchymal tissue can be found in Table.1 and Table.2. The
portal triads are made up of three vessels: the hepatic artery, the portal vein and the
interlobular bile duct. The hepatic artery and portal vein transport blood into the sinusoids of
the lobule where it eventually drains into the central vein en-route to the inferior vena cava. The
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interlobular bile duct receives bile from the bile canaliculi that are situated between the
hepatocytes within the lobule and transports the bile into the main intrahepatic bile ducts
towards the gall bladder.
Vessel Name

Main function

Hepatic artery

Delivers oxygenated blood from the arterial circulation.

Portal vein

Delivers venous blood from the small intestines,
gallbladder, spleen and pancreas. This blood has a
relatively low oxygen concentration and contains
products from the digestion process.

Interlobular bile duct

Receives, transports and processes bile produced by
hepatocytes via the bile canaliculi.

Central vein

Receives processed blood from the sinusoids and
transports it out of the liver towards the inferior vena
cava.

Bile canaliculi

Transports bile from the hepatocytes to the interlobular
bile duct.

Sinusoid

Receives, combines and processes blood from the
hepatic artery and portal vein and drains into the central
vein.

Table 1: Table describing the vessels present within the liver parenchyma and their basic roles in the transport of blood and bile.

The liver sinusoid is a highly specialised blood vessel that lies within the lobules of the liver
between the portal triad and the central vein. It is made up of four cell types: liver sinusoidal
endothelial cells (LSECs), kupffer cells, stellate cells and hepatocytes. Inside the sinusoid is
where the blood meets the Kupffer cells and the plasma is separated from the stream via the
LSEC’s fenestrae and transferred to the the space of disse. Here the plasma is processed by
the hepatocytes alongside the stellate cells and nutrients and potentially toxic xenobiotics
from the portal vein are now metabolised and de-toxified and excreted into the biliary system
or back into the blood stream1.
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Cell Name

Main functions

Hepatocyte

Detoxification and metabolism of
xenobiotics, bile production, lipid
storage and metabolism, excretion of
crucial blood plasma proteins1,3.

Liver sinusoidal endothelial cell (LSEC)

Fenestrated endothelial cell that
facilitates blood plasma filtration. Other
important roles include endocytosis and
immunoregulatory functions5.

Cholangiocyte

Endothelial cell that receives, modifies
and transports bile produced by the
hepatocytes3,6.

Stellate cell

Quiescent cell that uptakes and stores
retinoids (vitamin A) and carries out
immunoregulatory functions7.

Kupffer cell

Liver specific macrophage responsible
for immune protection8.

Table 2: Table showing the main cell types present within the liver lobules and their associated functions

The primary liver functions are all carried out by the hepatocyte which takes up about 80% of
the cells within the liver. Situated along the sinusoid they form a complex membrane system
that filters and processes the blood contents in a spatiotemporal fashion1. As blood travels
through the sinusoid the hepatocytes absorb nutrients (glucose, lipids, iron etc.) and
xenobiotic compounds (drugs, alcohol, toxins etc.) via diffusion and endocytosis. These are
then processed internally by a myriad of different mechanisms that handle the excretion of bile
via the bile canaliculi, the excretion of plasma proteins via the sinusoid and the
biotransformation of xenobiotics and lipids. Much of the biotransformation and metabolism of
xenobiotics is handled by a family of over 1000 enzymes called Cytochrome P450 (CYP)
enzymes. CYP enzymes are known to handle the biotransformation of caffeine, nicotine,
ethanol and morphine amongst most (70-80%) other drugs in clinical use where the
mechanism of action is known9,10.
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Along the length of the sinusoid is a gradient of oxygen concentration and other nutrients, drug
concentration and of signalling molecules secreted by sinusoidal cells. This results in what is
called zonation, in which hepatocytes throughout the liver lobule are spatially heterogeneous in
terms of function and are responsible for different metabolic processes11,12. This is an
essential component of the normal functioning of the liver and recent research utilising singlecell RNA sequencing has demonstrated heterogeneity in most liver cell types resulting from
this metabolic zonation13.
1.1.2

Liver disease pathology

There exist many different pathologies which lead to liver disease and ultimately cause life
threatening conditions such as liver failure or cancer. The chain of events begins with a form
of inflammation or injury within the liver which eventually leads to fibrosis, in which scar tissue
begins to form inside the liver parenchyma. Fibrosis is characterised by excessive levels of
fibrous ECM proteins such as collagen type I and collagen type III, produced after
hepatocellular injury14–16. The process of ECM dysregulation has many routes each related to
different pathologies, however it has been shown that cytokine activation of otherwise
quiescent hepatic stellate cells leads to the development of proliferative and migratory
myofibroblasts which travel throughout the liver lobules and deposit ECM proteins17,18.
Activation of this fibrogenic environment is part of a vast and complex chain of events in
which the endothelial cells, epithelial cells and immune cells are all affected15,19,20. Fibrosis in
the liver increases the overall stiffness of the liver tissue leading to mechanobiological cellular
effects and portal hypertension21. Apart from the vasculature, fibrotic effects are also observed
within the biliary system resulting in biliary conditions such as cholestasis22. Left untreated,
fibrosis can become chronic and advance towards cirrhosis in which heavy and irreversible
scarring greatly increases the risk of liver failure and hepatocellular carcinoma (HCC)23–25.
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1.1.2.1 Alcoholic liver disease
Years of chronic or excessive alcohol consumption can render the liver subject to cirrhosis and
HCC. Alcoholic liver disease (ALD) arises through a cascade of events within the cells of the
liver which disturb the metabolic processes and lead to fibrogenesis. Alcohol is absorbed in
the liver by the hepatocytes and it is primarily metabolised to acetaldehyde by the enzyme
alcohol dehydrogenase (ADH). The resultant acetaldehyde is subsequently metabolised by
acetaldehyde dehydrogenase (ALDH) to produce acetate26. This process of metabolism can
cause a build-up of fat within the liver (steatosis) and lead to alcoholic fatty liver (AFL) and
alcoholic steatohepatitis (ASH)27. Furthermore, excess alcohol consumption can trigger the
induction of the CYP2E1 enzyme which also metabolises alcohol to acetaldehyde. The
catalytic process of CYP2E1 metabolism results in the production of many reactive oxygen
species (ROS) which are a cause of oxidative stress in hepatocytes28. Steatosis and oxidative
stress cause hepatocellular injury and inflammation within the liver and these begin the
cascade towards liver fibrosis.
1.1.2.2 Non-alcoholic fatty liver disease (NAFLD)
NAFLD is a condition in which fat accumulates within the hepatocytes (steatosis) causing
inflammation, oxidative stress and hepatocellular injury29,30. In the case of NAFLD the build-up
of fat is attributed to excessive consumption of fats and carbohydrates, not alcohol
consumption. Associated risk factors for NAFLD include obesity, type 2 diabetes and
metabolic syndrome and it is commonly observed within populations which consume a
‘western’ diet31. Dietary carbohydrates and lipids are both converted within the body to fatty
acids via different mechanisms and end up inside the hepatocytes32. Hepatocytes will either
store these as triglycerides in lipid droplets or remove them via oxidative disposal
mechanisms, including induction of the ROS producer CYP2E128,32. Any remaining free fatty
acids within the cytoplasm exist as lipotoxic lipids and lead to hepatocellular injury and proinflammatory cytokine production32,33. The inflammation, oxidative stress and hepatocellular
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injury each contribute to a pro-fibrotic environment and steatotic livers are at risk of developing
fibrosis, cirrhosis and HCC.
1.1.2.3 Viral hepatitis
There are numerous types of viral hepatitis known of which hepatitis B and C (HBV and HCV)
are the most prevalent and burdensome34. HBV and HCV are primarily contracted by blood
contact such as through needle injection and body piercings35. Upon infection the virus
accumulates within the hepatocytes and the immune system is activated for removal of the
virus infected cells. The immune reaction eventually settles into a peculiar low-level chronic
inflammation mediated by immune regulators such as regulatory T cells (Tregs)36,37. Low-level
inflammation allows for survival of the host (human) however the virus is able to persist within
the liver resulting in a chronic infection38. Over time the chronic inflammation associated with
viral hepatitis leads to fibrosis and patients are at risk of developing cirrhosis and HCC39,40.
1.1.2.4 Drug-induced liver injury (DILI)
Pharmaceutical drugs such as acetaminophen, amoxicillin/clavulanate and non-steroidal antiinflammatories are known to be hepatotoxic and cause hepatic injury41. Injury by hepatotoxic
drugs is dose-dependent and can be prevented in most cases by adequate dosing. There are
however idiosyncratic responses from some patients which can cause unpredictable cases of
DILI with correct usage of common drugs42. It has been suggested that such idiosyncratic
responses are often mediated by the immune system43. DILI has been found responsible for
causing hepatitis, steatosis and cholestasis and increases the risk of fibrosis44.
1.1.3

Epidemiology and mortality

Liver disease is a global problem that places a heavy burden on health systems around the
world. Global deaths attributed to liver cirrhosis totalled 1.32 million in 2017 compared with
899,000 in 199045. Liver cancer is also rising and accounts globally for approximately 787,000
deaths annually, amounting to the second most common form of cancer related mortality
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worldwide behind lung cancer46,47. The epidemiology associated with liver disease is complex
and diverse and the different causalities are known to be highly dependent on geography, race,
gender and socio-economic standings48. Mortality due to viral hepatitis is higher in less
economically developed nations such as those in Central Africa, South East Asia and
Indonesia because of less access to vaccination programs48–50. In more economically
developed regions such as the United States, Europe and China there is increasing mortality
due to metabolic associated liver disease such as NAFLD and AALD. NAFLD is thought to be
the fastest growing liver disease across the globe and current data indicate that a staggering
24% of the global population currently have NAFLD or NASH, leaving approximately 2 billion
people at elevated risk of developing liver fibrosis51–53.
In the England, liver disease and cancer were implicated in 2.5% of deaths that occurred in
202054. A lancet journal commission looking at data from the UK National Office of Statistics
found that liver disease mortality increased 400% over the period between 1970 -201155.
Compared with other leading causes of mortality such as cardiovascular disease and cancer,
it is the only disease type which exhibited increasing mortality over the same time-period.
Hospital admissions due to liver disease have increased between 2011 – 2021 with
admissions in 2021 reaching 124.3 per 100,000 of the population56. Admissions due to
alcoholic liver disease alone increased from 31.3 per 100,000 population to 45.5 per 100,000
population56. Mortality rates associated with hospital admissions due to acute hepatic failure
have been reported to be 35.4%, eight times higher than that for myocardial infarction,
demonstrating the clinical difficulty in handling end stage liver disease57. Alcohol and obesity
are the main drivers of liver disease in the UK and costs related to these issues are estimated
at £8.9 billion for the national health service58. Overall liver disease in the UK presents a
significant, and increasing, burden on the national healthcare system in terms of both clinical
challenges and financial cost.
1.1.4

Treatments for chronic liver disease
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There currently exists no clinically available cure for chronic liver disease. The only method
capable of ensuring survival of patients with cirrhosis or acute liver failure is a transplant,
which is shown in the UK to have 1 and 5-year survival rates of 84.1% and 71.9% respectively59.
However, liver transplants are costly procedures and come with the burden of
immunosuppressive therapy to avoid organ rejection. Organ donation programs are not able to
supply enough transplantable livers to keep up with the increasing demand. Between 2010 –
2019, patients on the UK liver transplant waiting list increased from 371 to 432, peaking at 611
in 201559. This increase in waiting list patients was observed despite improvements in
transplant access facilitated by the National Liver Offering Scheme introduced in 201860. 4% of
patients that were listed on the UK liver transplant waiting list in 2016 were still awaiting a
transplant 2 years later59. With rising cases of liver diseases globally it is vital that treatments
that can stem or reverse the effects of liver disease are found to prevent further increases in
liver failure and mortality due to liver disease.
1.1.4.1 Anti-fibrotic drugs
The first and most logical steps for the treatment of fibrosis would be to eliminate the primary
disease causing the fibrosis such as AALD, NAFLD and viral hepatitis.]Therefore, the search for
pharmacotherapeutic methods to tackle the mechanisms and results of fibrosis is in
progress61,62. Recent reviews in literature summarise several pharmaceutical anti-fibrotic
therapies that are in phase II and III clinical trials, which target different mechanisms of
fibrosis development61,63. These approaches include, reducing stellate cell activation, targeted
stellate cell apoptosis, degradation of fibrotic ECM material, targeting fibrogenesis pathways,
reducing inflammation and immunomodulation61,63. Preventing the production of pro-fibrotic
ECM such as collagen I and manipulating ECM remodelling factors such as matrix
metalloproteinases (MMPs) and tissue inhibitor metalloproteinases (TIMPs) has shown
potential in rejuvenating damaged fibrotic ECM. Lysyl oxidase-like 2 (LOXL2) is an enzyme
associated with collagen crosslinking in the hepatic microenvironment and has been identified
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by researchers as a potential therapeutic agent in hepatic fibrosis64,65. Suppression of LOXL2
via monoclonal antibodies has shown to reduce hepatic collagen deposition by 53.4% and 45%
reduction in histologic collagen area after 4-weeks of recovery in a mouse model of
thioacetamide (TAA) induced hepatic fibrosis66. Another route for tackling fibrosis is to target
and reduce the inflammation present within the liver by manipulation of the immune response.
This has been tested through dual inhibition of the C-C chemokine receptors type 2 (CCR2)
and type 5 (CCR5) which has shown to reduce recruitment of monocytes and lymphocytes in
liver injury and proved to reduce fibrotic area by 41.8% in a mouse model of TAA hepatic
fibrosis 67,68. One of the primary factors responsible for fibrosis development is the activation
of the quiescent hepatic stellate cells to myofibroblasts via cytokine and chemokine mediated
activation18,69. This has driven research into the mechanisms by which this activation can be
attenuated, and several potential therapeutic agents have been recently identified and are
under investigation70–74. Martin-Mateos et al. identified histone methyltransferase inhibitors
GSK-503 and siRNA that could attenuate TGF-b associated stellate cell activation and
significantly reduce collagen I deposition in a carbon tetrachloride (CCL4) treated mouse
hepatic fibrosis model70. Although research has identified potential therapeutic avenues for the
reduction or reversal of fibrosis, it remains an open challenge that requires further
investigation and development.
1.1.4.2 Antioxidant drugs
Oxidative stress is one of the prominent mechanisms through which fibrosis, cirrhosis and
HCC develop75,76. Therefore, the role of antioxidant supplementation has been widely
investigated as a method for stemming the progression towards fibrosis and HCC amongst
patients with known liver pathology. Dietary supplementation of antioxidant compounds has
been considered a key preventative strategy for patients with NAFLD. A prominent dietary
regimen recommended for the prevention of NAFLD development and progression is the
Mediterranean diet which is known to contain multitudes of antioxidant compounds such as
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polyphenols, flavonoids, anthocyanins and phenolic acids77. The high polyphenol content in
extra virgin olive oil makes it a key component of the antioxidant characteristic of the
Mediterranean diet78,79. The intake of antioxidant compounds within the Mediterranean diet
has proven to reduce the status of steatosis in the fatty liver however, there remains a
consensus on the need for more thorough research80,81. Despite liver disease specific mortality
data not being available at present in relation to the Mediterranean diet, meta-analysis of thirty
separate cohort studies has identified a significant inverse correlation between conformity to
the Mediterranean diet and all-cause mortality82.
Pharmaceutical antioxidant supplementation has been used clinically as therapy for NAFLD
and are known to affect the status of steatosis. Vitamin E and resveratrol, two synthetically
available antioxidants, have received particular attention for their hepatoprotective properties.
Eight lipid soluble compounds made up of α-, β-, γ- and δ- tocopherols and tocotrienols which
were found in a variety of plant foods represent the Vitamin E group83. α-tocopherol is the
predominant lipid soluble antioxidant found in the human body and is synthetically available
which has led to supplementation therapies for the reduction of oxidative stress in many
diseases including NAFLD83,84. Clinical trials have shown that Vitamin E supplementation can
improve the histological status of steatosis in the liver and improve biochemical markers of
liver disease progression85. Resveratrol is a polyphenol compound found in the skins of grapes
and hence gives red wine its widely known high polyphenol content86. The antioxidant
properties of resveratrol are widely reported, and it has shown to reduce liver fat in NAFLD and
improve biochemical markers of liver disease through several proposed mechanisms87–90. A
variety of nutritional supplements have been under investigation for liver disease treatment
and no single effective agent has been approved for the treatment of liver disease91,92. Reviews
and meta-analyses in literature conclude the need for more clinical trials with longer term
studies to confirm the efficacy and safety of antioxidant treatments83,85,92–95.
1.1.5

Liver models for drug testing
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In order to safely and reliably test potential drugs for efficacy in treatment, toxicity and
pharmacokinetics it is necessary to first have accurate and reliable models of the human liver.
This is essential not only for liver disease treatments but every drug that is intended for oral
delivery, intra-venous delivery or delivery via permeable membranes throughout the body such
as the skin and the eyes. The liver is responsible for xenobiotic metabolism and is hence
vulnerable to injury by exposure to toxic compounds or toxic doses of compounds introduced
into the body. Within the International Council for Harmonisation of Technical Requirements
for Pharmaceuticals for Human Use (ICH) it is stated that in-vitro and in-vivo metabolism
including cytochrome P450 studies are required for drugs to pass preclinical safety testing
regulation96. Thus, it is necessary to have effective models of the liver both for the preclinical
development of drug treatments for liver disease and of drugs for the treatment of diseases
across the board.
1.1.5.1 Animal models
Animal models are an essential component of the preclinical drug pharmacokinetic, safety and
efficacy testing procedures96. Drugs are tested on animals from fish to rodents, in order to
understand the absorption characteristics, distribution of the drug throughout the different
organs of the body, metabolism of the drug in organs such as the liver and excretion
mechanisms for clearance of the drug compound (Absorption, Distribution, Metabolism,
Excretion – ADME)97–99. The characteristics studied in ADME preclinical tests provide data to
drug developers about the potential toxicity of the drug and predictions about safe dosage
amounts that can be carried through to clinical trials with humans. Animals are also utilised to
produce disease models through which drugs and other treatments can be tested for efficacy
as well as provide researchers with a means for understanding disease pathology100–103.
Mouse models have been used extensively for the study of alcoholic and non-alcoholic liver
disease, fibrosis and hepatocellular carcinoma which can be induced through dietary control,
through the delivery of pathology inducing factors or through genetic knockouts104–109.
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Chimeric mouse models with humanized livers can be produced by several methods including
human hepatocyte transplantation and subsequent immunosuppression, viral transgene
targeted ablation of mouse hepatocytes in immune-deficient mice and repopulation with
human hepatocytes, and genetic knockout induced endogenous hepatocyte damage with
subsequent human hepatocyte transplant110. These models have given insight into the
responses of human hepatocytes to drugs within non-clinical in-vivo studies and have been
used for ADME studies and viral hepatitis models111–114.
However, the use of animals in drug development practices is wrapped up in a controversial
debate over ethical integrity115,116. A large proportion of the controversy can be attributed to an
increasing lack in the translational value of data from animal models to the generation of
successful outcomes in clinical trials117–119. The rates of drug attrition in the drug development
process are staggeringly high with over 80% of drugs going into human clinical trials showing
unsuccessful results in efficacy120. Therefore, it is argued that drug testing on animals is not
capable of delivering the necessary results for efficient drug development and hence
constitutes unnecessary cruelty towards animals.
The 3Rs is a program which aims to ensure humane and effective use of animals in scientific
research. The system was first proposed in 1958 by W.M.S Russel and R.L Burch in a
publication entitled The Principles of Humane Experimental Technique. The 3Rs refer to
replacement, reduction and refinement with respect to the use of animals in scientific
research. Replacement is intended to promote replacing animal models with in-vitro or in-silico
models and thereby avoiding the use of animals altogether. Reduction encourages the
whittling down of experiments such that only essential animal use is implemented,
emphasising the need for well thought out experimental design that is guaranteed to provide
informative results. Refinement refers to improving animal experiment techniques such that
any potential animal suffering can be reduced and improving understanding of how animal
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welfare may affect experimental outcomes. These principles have been adopted by many
countries around the world and are continually in development to ensure animal research
maintains integrity and produces robust scientific discovery humanely121.
Nonetheless, animal testing remains a key part in the safety testing of new drug compounds
and is supported by scientists and scientific associations and regulators across the globe96,122.
In the meantime, progressions in the development of in-vitro methods have been hypothesised
to have a prominent role in the future of the drug development process123,124.
1.1.5.2 In-vitro liver models
In-vitro systems are a mainstay of the pre-clinical drug development process and are used to
determine preliminary data on new drug efficacy and safety and assist heavily in drug
discovery programs. The in-vitro environment provides a model on which drugs can be tested
for basic metabolism properties, CYP450 enzyme induction, genotoxicity and carcinogenicity,
according to current international guidelines96. This allows for researchers to quickly eliminate
problematic drug compounds that will not be metabolised efficiently, produce dangerous
metabolites, damage genetic material or cause cancer. In-vitro tissue models also provide a
platform on which initial proof of efficacy can be established by demonstrating the effects of
drug compounds on potential target molecules, protein expression and induction.
Pharmaceutical companies utilise large automated in-vitro culture systems in order to conduct
high-throughput screening (HTS) programs. HTS programs perform large scale testing of
potential drug compounds against target therapeutic molecules and pathways in order to
manage drug discovery in a manner described as ‘brute force’ in literature125. In-vitro methods
for HTS procedures include the use of classic tissue culture microplates with well numbers
from 96-well plates to 1536-well plates providing a very large capacity for parallel
experimentation. HTS programs have developed 3D organoid culture technology in which
individual spheroidal cultures of cells can be cultured in microwells and hanging drop
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configurations126–128. Organoid cultures can induce sustained primary hepatocyte survival and
function with the development of phenotypic behaviours129,130. Developments such as these
have provided improved in-vitro screening for safe and effective drug compounds, however
researchers remain sceptical about the efficiency of HTS culture methods given the resource
intensive protocols and limited impact the brute force methods have had on finding
breakthrough drug compounds.
There are several liver tissue models available to the pharmaceutical industry at current which
focus on co-cultures of primary hepatocytes. InSpheroTM produce HTS compatible liver
microtissue organoids using primary human hepatocytes (PHHs) in conjunction with Kupffer
macrophages and liver endothelial cells131. RNA-Seq and proteomic profiling of these human
liver microtissues showed similar expression of ADME/Tox associated genes compared with
liver tissue and maintained protein expression of these factors through 35 days of culture132.
Hurel Micro Livers provide a self-assembling co-culture of PHHs with the mouse embryonic
3T3-J2 fibroblast cell line, which have demonstrated low variation in 86 liver specific drug
metabolising gene transcripts by RNA-Seq133. BioIVT have produced HEPATOPACâ, a
micropatterned primary hepatocyte (human, rat, dog, monkey) liver model with a supportive
stromal cell line that is quoted to provide stable phenotypic cultures for >4 weeks134. Apart
from normal liver tissues, there are efforts within the industry to provide effective models of
common liver pathologies such as NAFLD/NASH. ExViveä is a PHH based NAFLD/NASH liver
model produced by Organovoâ in a 3D printed configuration utilising primary Kupffer cells,
stellate cells and LSECs co-cultured with the hepatocytes135. Hemoshear Therapeutics have
developed a co-culture of PHHs with primary Kupffer cells and stellate cells to produce a
NASH model through exposure to high lipid levels inducing lipotoxic effects136. This short
analysis of commercially available liver tissue models indicates that the current state of the art
protocols available to the pharmaceutical industry utilise primary hepatocytes co-cultured with
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various combinations of non-parenchymal cell types, commonly liver specific Kupffer, stellate
and endothelial cells.
The gap between data from in-vitro tissue culture screening and results seen in in-vivo preclinical and clinical trials remains an obstacle for the drug development process. Therefore,
current research aims to improve in-vitro culture methods by engineering culture environments
which can re-produce normal and diseased cell phenotypes that can provide accurate data for
drug development purposes137,138.

1.2

3D scaffolds for hepatocyte culture

1.2.1

3D Polymer scaffolds

Adherent mammalian cells are typically cultured in labs as 2D monolayer configurations in
tissue culture microplates and flasks. However, developments in cell culture methods have led
to the production of 3D cell cultures which have a closer similarity to real tissues. 3D cell
cultures offer a biomimetic cellular configuration which have been shown to provide improved
cell survival and phenotypic behaviour which can be attributed to more realistic cell
morphology, cell-cell attachment and hence improved cell-cell signalling139,140. As mentioned
before, spheroidal organoids have become popular in laboratories and provide 3D cellular
constructs that capture the phenotypic traits of in-vivo tissues. Experiments at the beginning
of the millennium showed that hepatocyte spheroids showed spatial organisations of
hepatocyte and biliary epithelial phenotypes141,142. Organoid cultures are formed by coaxing the
cells to aggregate into small micro sized spherical or constructs143. Despite the phenotypic
advantages, organoids are prone to core necrosis when they grow beyond the natural diffusion
limit of 200µm for essential nutrients such as oxygen144. Thus, large 3D cell constructs are not
feasible using organoid technologies and methods for improving nutrient diffusion by media
perfusion/perifusion and capillarisation of tissue constructs are being explored. The formation
of larger and more complex cellular constructs, with more intercellular space for media
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diffusion, has been achieved by supporting cells or organoids upon 3D polymeric structures
called scaffolds. Cell scaffolds are made from both endogenous and exogenous materials
engineered such that cells can attach and proliferate in a controlled fashion145. Scaffolds have
been demonstrated to support cell cultures both in-vitro and in-vivo and provide an intricate
network of pores which allow for improved nutrient diffusion, cell mobility, and thus the
development of vascular type structures, making larger 3D cell cultures feasible146,147. The
general design of scaffold constructs seeks to mimic that of the ECM, which is a fibrous 3D
matrix of collagen and other structural polymers and signalling molecules that supports cells
in-vivo. Cells interact with the ECM both mechanically and chemically within a dynamic 3D
biological environment148,149. The development of methods for tissue engineering is aimed at
re-capitulating this dynamic mechanical-chemical environment for the cells. An overview of the
general method for scaffold construction is depicted in Figure.2. Methods for 3D culture are
now utilised for the culture of hepatocytes by researchers seeking to realise the potential for
creating effective in-vitro liver tissue culture platforms and in-vivo liver regeneration platforms.
In the following section a concise review of recent literature has been conducted in order to
demonstrate the trends in materials and methods used for liver tissue scaffold engineering. A
sample of Liver tissue engineering research articles published between 2016 and 2020 have
been collated (Table. 3) for the purpose of discussing the methods, materials and cell types
that have been demonstrated for the recent production of 3D hepatocyte cell cultures
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Figure 1: Diagram showing a summarisation of the general approach for scaffold fabrication and biomaterial incorporation.
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HUVEC capillary formation within scaffold, increased albumin and urea secretion
in HUVEC+hLF co-culture
Dual pore PDMS structure formed by PVA+Salt crystal sacrificial mold. HepG2
proliferation observed over 12 days culture.
PGSA printed into different hexagonal lobule-like structures. Different
microstructures saw differing cell attachment and proliferation activity.
Manipulation of cryogel contents altered material stiffness from 2.6 - ~50 kPa.
Higher scaffold stiffness increased CYP1A2 activity whilst decreasing CYP3A4
and 2C9.
Human liver tissue decellularised showing Collagen I,II,III & IV preserved with FNs
and Laminins. ECM increased HepG2 Alb and UGT1A1 expression and maintained
albumin and urea expression in primary hepatocyte culture.
Caprine liver tissue decellularised and seeded with HepG2 and HUVECs.
Expression of CYP regulating nuclear proteins PXR and CAR increased 7.2 and 4.3
fold in HepG2 upon ECM scaffolds compared to TCP.
ECM derived from human healthy and cirrhotic liver tissues, showing 173
significantly altered proteins. Epithelial-Mesenchymal transition genes upregulated
2-fold in HepG2 on cirrhotic liver ECM.
Homogenised rat liver ECM conjugated to intact rat liver ECM via EDC/NHS
conjugation. Immunofluorescence showed increased Alb, UTG1A1, CK19 and HGF
expression in HepG2 on conjugated ECM.
Decellularised rat liver showed conserved Col I, Laminin and Reticulin. Whole ECM
structure recellularised and liver specific gene expression CK19, GGT, G6P, and Alb
maintained.
Decellularised whole rat liver reseeded with HepG2 only and UV curable GelMA
HepG2 mixture. Increased Urea, Alb, CYP1A2 and 3A4 expression on GelMA
containing constructs. Improved ammonia detoxification on GelMA.
REDV-ELP conjugated to decellularised liver ECM scaffold. REDV-ELP increased
expression of eNOS, VEGF and VE-Cadherin in endothelial EA hy926 cells.
Porcine liver decellularised showing conservation of Col IV, Fibronectin and
Laminin. Grafted onto liver resection and allowed cholangiocyte and hepatocyte
infiltration.
Rat liver decellularised and perfused with LSECs in 5% Gelatin. Cells adherence
was increased with Gelatin presence and endothelial structures were observed
forming within the liver ECM vasculature.
Rat liver decellularised showing conserved Col I, III, IV and Fibronectin. ECM
functionalised further in Fibronectin solution and formed endothelial structures
from GFP-HUVECs.
Rat liver decellularised and seeded with Human iPSC derived hepatocyte-like cells.
iPSCs expressed relevant hepatic markers Albumin, AFP and CYP3A4 confirmed
by immunofluorescence.
PCL/Chitosan electrospun fibres obtained by blending and chitosan preservation
confirmed by FTIR. Seeded Hepa 1-6 cells showed 89.9% viability after 8 days
culture.
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3D printed gelatin hydrogels formed with differing pore geometries with 90° and
60° struts. 60° struts supported significantly increased Alb secretion and CYPA4
and CYP2C9 expression compared with 90° struts.
Glactose and HGF containing PVA:Gelatin (8:2) scaffolds maintained increased
metabolic secretions over 28 days culture.
PET microfibres functionalised with Galctose or Gelatin. Galactose and Gelatin
similarly increased proliferation of hiHeps. Galactose increased Alb and Urea
secretion (~40%) and CYP1A2 and CYP3A4 activity compared with Gelatin.

ECM deposited onto PCL fibres via 5637 epithelial cells with synthetic Fibronectin
plasmid expression. Synthetic ECM increased expression of Fibronectin and
decreased albumin secretion.
Nanofibres produced from electroconducting HAPG4/G6-Ppy polymer. Fibres
supported HepG2 proliferation over 7 days culture.
Col I and Fibronectin incorporated into PLGA electrospun fibres. Co-presence of
Col I and Fibronectin increased Huh-7.5 proliferation. 3:1 ratio of Col I:Fibronectin
significantly increased expression of Alb, CYP3A4 and CYP3A7.
Col I immobilised onto surface of glutaraldehyde functionalised PVA electrospun
fibres. Col I significantly increased HepG2 proliferation, albumin secretion and
urea secretion.
PLA electrospun fibres functionalised with galactose as a block co-polymer. PLAGal scaffolds allowed for greater infiltration of Huh-7 cells into the interior
scaffold.
Human liver ECM, Fibronectin, Collagen and Laminin introduced into electrospun
PLA fibres. Protein presence altered gene expression profile in THLE-3 cultures.
PCL electrospun fibres supported iPSC hepatic progenitor spheroid cultures.
Larger fibres significantly increased CYP3A4 activity.
Porcine liver ECM blended into electrospun PCL fibres in combination with gelatin.
Porcine/Gelatin combinations significantly increased CYP1A1 activity (7-fold)
whilst decreasing Mitochondrial activity, compared with Col I.
PLGA electrospun scaffold coated with Collagen I or Fibronectin. Col I coated
fibres significantly increased Alb, CYP2C9 and CYP3A4 expression compared with
primary hepatocyte sandwich culture (0 & 14 days).
Genipin crosslinked chitosan/gelatin hydrogel supported increased proliferation of
HepG2 compared with glutaraldhyde crosslinking.
Pullunan-Dextran hydrogels fabricated with different porogens NaCl and Na2CO3.
Na2CO3 generated larger pores of 114µm3 compared with 72µm3 with NaCl.
Scaffolds supported HepG2 cultures with confirmed Alb and CYP3A4 activity.
Hydrogel system formed hepatic plate cord like structures via microfluidic
extrusion. Hepatic plate structures resulted in significantly increased Alb synthesis
and CYP1A2, CYP2D6, GIA, DT and ammonia metabolism.
Mouse liver ECM digested into a hydrogel, maintaining Collagen, GAG and elastin
content. ECM Hydrogel increased hepatocyte proliferation and migration
compared with collagen control. Hydrogel inhibited LX-2 activation in HSCs.
Porous PEG gel of differing pore size conjugated with either Col I, Fibronectin or
Laminin. Albumin synthesis increased on Col I and 100µm pores. Alb, ASGR1,
HNF4a, CYP3A4 and CYP2A9 expression increased in scaffold compared with 2D,
Glycrrhizin mixed into alginate hydrogel system. HepG2 proliferation increased in
gel compared with 2D control. Hydrogels supported significant increases in
CYP1A2, CYP2C9, CYP2C19, CYP2D6 and CYP2E1 expression.
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3D printed modular hollow PCL microscaffolds cultured HepG2 and HUVECs in a
packed bed formation perfusion system. Hollowed microscaffolds facilitated
significantly increased proliferation.
Chitosan fibres coated with solubilised porcine ECM. ECM coated fibres facilitated
significantly increased cell attachment and proliferation.
PAMAM dendrimers conjugated to cellulose paper scaffold via glutaraldehyde.
PAMAM facilitated improved HepG2 attachement and migration.
Immunofluorescence showed recovered CYP3A4 expression.
Silk fibroin and Col I blended into a fibrous gel. 1.5 fold higher albumin production
and 2.8 fold higher CYP2A6 activity in Collagen containing scaffolds. 1.8 fold
higher albumin production and 3.8 fold higher CYP2A6 activity in smaller pores
(73µm) compared with larger pores (235µm).
Silk fibroin sponges formed using NaCl as a porogen and functionalised with
Matrigel-Collagen gel. Significantly increased Albumin secretion over 14 days and
Urea secretion over 9 days. Hepatic gene expression profile significantly increased
compared with 2D control culture.
PLGA sponge scaffolds utilised to analyse 3D Foxa2 overexpressing ADSC
differentiation. 3D PLGA environment significantly increased expression of AFP (4fold), CK18 (2-fold), CD26 (3-fold) and CX32 (28-fold)..

Table 3: Recent publications regarding liver tissue scaffold materials and methods. Showing construct type, materials used and cell types studied.
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1.2.2

Fabrication methods

1.2.2.1 Electrospun fibres
Electrospinning is a polymer fabrication process yielding micro to nano sized fibres
constructed in a non-woven matrix190. The process involves the acceleration of a polymer
solution (or melt) within an electric field of the order of kilovolts (kV) producing a fine jet of
polymer which deposits as a fibre at a collector. An electrospinning apparatus consists of a
syringe used to deliver the polymer solution through a fine needle and a collector, which can be
a stationary plate or rotating mandrel (amongst others). The needle and collector are
connected to a high voltage power supply which creates the strong electric field, the positive
anode on the power supply is connected to the needle and the cathode or ground to the
collector.
Polymer solution that is delivered to the needle is very strongly charged and is attracted to the
collector resulting in a Taylor cone as the polymer exits the tip of the needle. If the charge is
strong enough, a jet of polymer solution will exude from the tip of the Taylor cone. In the
fractions of a second on the way to the collector, the jet of polymer solution dries out and due
to several physical instability phenomena a chaotic whipping effect takes hold before it is
deposited at the collector191. The polymer is thus deposited as a chaotic non-woven web of
fibres at the collector.
The fibrous nature of electrospun materials has characteristics similar to that of the ECM
upon which cells are supported in-vivo. For this reason, electrospinning has been the subject of
tissue engineering experiments which seek to utilise this similarity to create biomimetic cell
culture platforms for many different types of tissues192–197. Table 3 shows that electrospun
scaffolds are prominent in the research and development of liver cell culture platforms and
has been demonstrated using hepatic cell lines, primary cells and induced pluripotent stem
cells (iPSCs). Hassan Rashidi et al showed that electrospun polycaprolactone (PCL) fibres
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supported iPSC derived hepatic progenitor cells in spheroid formation (100 - 200µm diameter)
and found that larger fibres increased CYP3A4 activity172.
The manner of fibre deposition can be controlled via altering the parameters involved in the
electrospinning process which include polymer solution composition, needle bore size,
distance between needle and collector, collector configuration (rotating mandrel, flat plate,
grid, cryogenic). The large array of process parameters allows for a large amount of control
over the resulting fibrous mesh such as control over fibre size, orientation and porosity198–202.
Morphological control of the fibres allows for control over the mechanical environment
delivered to cells and the topography upon which cells can attach and proliferate203–205.
Alteration of the mechanical and morphological environment can drive cell morphology and
behaviour within the fibrous matrix205–208. It is also possible to electrospin composite materials
by creating mixtures of different polymer materials and incorporation of other compounds.
This opens opportunities to affect the mechanical properties of the substrate material
independent of morphology and lends itself to the delivery of bioactive compounds into the
fibrous matrix209–212. Electrospun materials offer an effective method for the control of the cell
microenvironment which has proven to be useful for tissue engineering purposes.
1.2.2.2 Hydrogels
Hydrogels are polymeric matrices that are highly hydrophilic and absorb water in such quantity
that they typically contain a much higher ratio of water to polymeric material213. They are
fabricated via sporadic crosslinking of polymer chains creating a sparse polymer network
which can hold large amounts of water within its pores. Crosslinking is achieved via covalent
chemical bonding or physical phenomena such as ionic/electrostatic interactions,
crystallization and hydrophobic interactions and these are depicted in Figure.1214. Polymer
chains can be linked directly to one another or via intermediary polymer chains and molecules.
The highly porous nature of hydrogels offers cells an artificial 3D polymer matrix which is akin

46

to that of the ECM. As such hydrogels are another popular material choice for liver tissue
engineering research, which can be seen from Table 3, and are regularly used for culture of
hepatic cell lines, primary cells and stem cells.
As polymer fabrication and crosslinking methods vary widely, hydrogel properties can be
modulated in very specific and useful ways. Polymers that have a variable capacity for
crosslinks provide the opportunity to alter the mechanics and morphology of the resulting
hydrogel. Some crosslinking reactions can be controlled in order to obtain partially crosslinked
hydrogels or hydrogels that have fully saturated all available crosslink locations. Generally,
different crosslinking modalities and crosslinking density can be used to control hydrogel
mechanical properties215,216

Figure 2: Diagram showing various polymer crosslinking regimes that connect polymer chains to create highly absorbent hydrogels. Note: this
is a representation and not all crosslink modes are present in all hydrogels.
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It is also possible to control the supramolecular structure of the polymers within hydrogels so
that the branched structure can be manipulated to create mechanically different hydrogels.
For example, Zibhiao Li et al. could control the hyperbranched structure of a Polyethyleneglycol(PEG)-Polycaprolactone(PCL)-Polyurethane block copolymer hydrogel via glycerol to edit
the mechanical properties of the hydrogel217. The type of crosslink bonding and the structural
arrangement of the crosslinked polymers are influential factors on hydrogel stiffness.
Therefore, with control over crosslinking activity, type and organisation, the mechanical
properties of hydrogel scaffolds can be controlled. Another fascinating aspect of some
crosslinking methods is the possibility for crosslink breaking and self-healing. These hydrogels
possess reversible crosslinks which means the crosslinks can be broken under high shear
stresses and then self-heal upon relaxation of the mechanical stresses218. Such properties
mean that hydrogels can be injected through hypodermic needles delivering cells and drugs to
sites of damaged tissues and has potential for 3D printing applications219,220.
Apart from material mechanical properties, it is also possible to alter the morphology and
structure of hydrogel scaffolds. Cryogenic fabrication processes can produce porous sponge
formations, and this is also applicable to directional freezing methods designed to create
aligned pore formations within the hydrogels221. Methacrylated polymers can be crosslinked
via a UV light activated reaction and this is used to make 3D printable hydrogels, which allow
for high fidelity control over the 3D topography of hydrogel scaffolds down to scales in the
order of 10s of micrometres222,223.
Zhidong Zia et al utilised the highly tailorable properties of hydrogel materials to produce an
alginate-dextran based hydrogel that could be fabricated to mimic the hepatic cords of the
liver177. This was attained by extruding the hydrogel laden with C3A hepatocytes through a
microfluidic device. These artificial hepatic cords increased the secretion of albumin and urea
compared with conventional cultures and metabolic enzymes such as CYP1A2 and CYP2D6
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showed significantly increased activity. Furthermore, transcriptomic profiling showed mRNA
expression of hepatocyte polarity markers (Occludin, DPPIV, NTCP and CD147) was
significantly increased in the hepatic cord like structures. Such examples demonstrate the
potential for the use of hydrogels for liver tissue engineering.
1.2.2.3 Decellularised ECM Structures
Aside from the methods which make use of synthetic and biological polymers assembled into
an artificial scaffold structure, another prominent method for 3D scaffolding of hepatocyte
cultures is to utilise the native decellularised ECM (dECM). Tissues can be completely stripped
of their cells by methods such as anisotonic or detergent based cell lysis and enzymatic cellmatrix dissociation leaving only the intact ECM which provides the unique niche in which cells
are supported in-vivo. The details of decellularisation processes and ECM composition are
discussed in more detail in section 1.3. The fibrous platform that is obtained after
decellularisation holds hundreds of specific proteins which provide binding sites and biological
cues that cells would experience in their natural state of function224. This is a highly specific
biological environment that interacts dynamically with attached cells and is known to influence
the differentiation of cells cultured upon it148,149. Hence decellularised tissues hold great
potential in producing scaffolds that can drive cell fate towards a realistic phenotype. dECM
has been employed within in-vitro applications and is the subject of research seeking to
achieve completely re-cellularised and re-vascularised organs as an alternative source for total
organ transplantations225. dECM has been used in many clinically approved tissue
regeneration products, mainly for the treatment of damage to dermal, cardiovascular and
digestive tract tissues226,227. The production of a clinically approved liver dECM to place on the
market remains the endeavour of companies such as EngitixTM and researchers alike154,156.
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1.2.2.4 3D Printing
Emerging alongside the development of tissue engineering strategies has been the
introduction of 3D printing technologies. 3D printers give engineers and designers the ability to
rapidly fabricate 3D objects from computer aided design (CAD) models which can be achieved
via a variety of different methods. Fused Deposition Modelling (FDM) is a technique which
involves the extrusion of polymer melt or hydrogel via a nozzle which is deposited layer-bylayer along paths generated from CAD model slicing software. 3D scaffolds with microscale
grid geometries have been constructed using the FDM method and used for liver tissue
engineering to using different pore geometries and channel structures to encourage
angiogenesis150,151. Another promising method for 3D printing of tissue engineering scaffolds
is the use of Digital Light Processing (DLP) techniques. DLP utilises the ability to project light in
the form of 2D shapes into a vat of light activated resin which polymerises when exposed to
the correct wavelength light. The 2D shapes that are projected into the resin are slices of a
CAD model which is obtained through slicing software. Each layer is polymerised one after the
other and the object is formed on a moving platform which moves the object up on each layer.
Porous geometries at the microscale can be formed with polymers and hydrogels via DLP
methods228. DLP enables high resolution printing and can deliver accurate printing of complex
geometries at smaller scales, which is demonstrated by the production of gyroid structures
and other ordered structures useful for tissue engineering229,230. Both FDM and DLP allow
scaffolds to be printed in tandem with cells so that controlled seeding of the scaffold
structures can be achieved with predetermined distributions of cells throughout the scaffold.
Cells can also be mixed with hydrogels or pre-gel solutions and then extruded or lightpolymerised to form hydrogel scaffolds laden with cells, a process termed 3D bioprinting231–
233

. 3D bioprinting methods are being utilised to create biomimetic structures with controlled

cell placement in order to artificially replicate the hierarchical cell structures seen within
organs such as the separation of endothelia and parenchyma. Thus, it has opened

50

opportunities for the fabrication of cellularised vasculature like structures which has been a
particular challenge for tissue engineers seeking to recapitulate tissue structures234,235.
1.2.3

Materials

1.2.3.1 Structural Polymers
All scaffold polymers must be biocompatible in order to be utilised for the support of cells.
Biocompatible polymers are non-toxic to cells and facilitate the survival and proliferation of
cells cultured upon them without negative consequences such as immunogenic or
carcinogenic responses.
Synthetic polymers are used in ubiquity for a large variety of engineering solutions due to the
vast array of physical and chemical properties they can possess and the relatively simple
methods of obtaining them. As can be seen from Table.3 electrospun scaffolds for liver tissue
scaffolds are predominantly fabricated from polymers that are relatively common and
widespread in their application such as Polycaprolactone (PCL), Poly-lactic acid (PLA), and
Polyvinyl alcohol (PVA). These polymers can be found in bicycle parts, craft glues and 3D
printed models, but have also shown to be biocompatible and some (such as PCL, PLA and
poly(lactic-co-glycolic acid)(PLGA)) are approved by the FDA for clinical use236. The
convenience of such polymers is that there is already an established manufacturing process in
place making them relatively cheap and accessible for use. Synthetic polymers have been
applied as structural polymers in the majority of studies shown in Table.3, predominantly in
hydrogel manufacture and electrospun scaffold manufacture. Some scaffold polymers have
been applied in multiple scaffold micro-fabrication processes, as it can be seen in Table.3 that
PVA and PLGA are used to fabricate both hydrogels and electrospun scaffolds. The high
availability, versatility and tunability of synthetic polymers make them excellent candidates for
introducing control into the scaffold micro-environment and developments in scaffold polymer
science are continually finding applications for liver tissue engineering approaches.
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Nature itself has provided many materials that have been found to be useful for the production
of scaffold structures. Alginate hydrogels are derived from the protective gel secretions of sea
algae and have been developed into effective scaffolding materials. Solubilised ECM proteins
that have been extracted from de-cellularised tissues can also be reformed into hydrogels via
natural ionic and hydrogen bond crosslinking mechanisms237. ECM components such as
gelatin not only readily form self-assembled hydrogels but can be methacrylated in order to
create 3D printed hydrogel structures allowing for controlled structuring of natural ECM
components238. Intact dECM can also in fact be utilised as-is to provide the scaffold structure
containing many of the intact native proteins225. Natural materials and proteins provide a
biologically sourced platform which can deliver appropriate biological cues to cells and this
can be achieved with similar precision and control as seen in synthetic polymers. Many of
these natural biomaterials are approved for clinical use by the FDA, mammalian proteins being
sourced from animals236. However, it remains that some natural materials intended for
scaffold structures, particularly dECM for example, are difficult to produce in sufficient
quantity and consistency.
Different structural polymers hold different physical and chemical properties that present
significant design choices to scaffold engineers. For example, PCL and PLA have different
water solubility and bio-resorption rates, which may be crucial for certain applications such as
scaffolds for controlled drug release systems. Scaffold degradation is also an important
consideration if it is intended that the scaffold eventually be replaced by cell produced ECM.
Therefore, structural polymers are selected for their water solubility and potential for
enzymatic decomposition in-vivo in order to have control over scaffold degradation rates239.
PCL is notoriously hydrophobic and as such cells are less likely to attach to the surface and
modifications such as plasma coating may be required for the preparation of the scaffold, PLA
on the other hand is relatively hydrophilic. Another notable aspect for consideration is the
mechanical behaviour of the polymer. Each polymer will exhibit different elastic properties
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owing to polymer molecular weight, crystallinity and crosslinking within the molecular
structure215,217,240. Polymers with different mechanical properties will deliver distinct local
mechanical microenvironments which will alter the attachment and morphology of resident
cells. Cells have intrinsic mechanical sensory mechanisms, termed mechanotransduction
pathways, and when cultured upon mechanically different substrates this will induce different
gene expression profiles and responses within cells241,242.
The choice of structural scaffold material has functional consequences which can be finetuned towards recapitulating the in-vivo environment and eliciting phenotypic responses from
cells.
1.2.3.2 Endogenous Bioactive Components
The healthy cell niche is a dynamic system in which cells are receiving and excreting profiles
of communicatory agents, which is a maintenance of the ordinary function and thus
phenotype of the tissue. These communicatory agents take the form of proteins such as
enzymes, growth factors and ECM components. Incorporating these components into
scaffolds for controlled release or as cell attachment substrates is employed in order to recapitulate these dynamic in-vivo biochemical events artificially within scaffolds. Table.3
indicates that a large proportion of liver tissue engineering studies have been focused on the
incorporation of ECM protein components. This is either in the form of complete dECM,
individual extracted components (Collagen, Fibronectin, Laminin etc.) or as synthetically
induced cell borne components.
dECM provides a complex mix of proteins, enzymes and growth factors that provide
mechanical and biological support to the inhabitant cells. This environment has been extracted
from liver tissues and has shown to enhance liver specific function. Tarun Agarwal et al tested
HepG2 cultures upon a porcine liver ECM and showed the upregulation of two nuclear protein
receptors PXR (7.2 fold) and CAR (4.3 fold) which are associated with the regulation of
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cytochrome P450 (CYP) expression155. Human ECM extracted by Mazza et al showed to
upregulate expression of albumin and UGT1A1 (responsible for bilirubin, steroid and hormone
metabolism) in HepG2 cultures154. The dECM contents depend on the donor species (human,
bovine, porcine etc.) and if the growth environment of the donor is controlled or
uncontrolled243,244. These differences can influence hepatocyte cultures, as demonstrated by
Mazza et al, who showed that Cirrhotic liver ECM upregulates genes associated with the
Epithelial to Mesenchymal transition in primary hepatocytes compared with healthy liver
ECM156. Thus, dECM carries an inherent uncontrollability as the growth environment itself is
not sufficient to ensure total consistency, however this can be used for disease modelling
purposes.
Utilisation of individual proteins that are predominant within ECM provides some of the
advantages of dECM scaffolds in that they provide a high fraction of natural cell attachment
sites and invoke higher levels of scaffold-cell integration245. The inclusion of Collagen I within
liver tissue scaffolds (Table 3) invariably supported higher proliferation rates, increased cell
motility and increased metabolic activity within cultured hepatocytes169,174,187. However, such
specific interactions fail to encompass the entire complexity of cell-matrix interactions
observed in complete ECM systems171. For example, when Prativa Das et al combined
fibronectin with collagen I in a specific 3:1 ratio, albumin, CYP3A4 and CYP3A7 were
consistently upregulated compared with other ratios (1:0, 0:1, 1:1 and 9:1)168, demonstrating
the complexity of cell:matrix interactions. It is also a resource intensive and expensive process
to extract ECM proteins with high purity, although moves are being made to produce such
proteins synthetically via recombinant protein production methods246,247. An emerging
technology, demonstrated by Grant et al, attempted to attach cell laden ECM to scaffold
structures has potential to overcome the issues of complexity and control by controlling cells
via genetic engineering to lay down complex genetically controlled ECM onto scaffolds166.
These methods are relatively novel and it is not clear how much control these methods can
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supply and whether it will be possible to match the complexity of native ECM, but they hold
potential for the synthetic production of biorealistic scaffolds.
1.2.3.3 Exogenous Bioactive Components
Another way to create scaffolds that maintain a dynamic relationship with the cells is to
incorporate xenobiotic compounds such as drugs, peptide sequences or other natural proteins
not produced within mammals into the scaffold.
Natural proteins can be used as structural components as demonstrated in alginate hydrogels
or as additive active biochemical components. Chitosan is a natural protein derived from chitin
which is found in abundance within the shells of crustaceans, a waste product from the
seafood production lines248,249. Chitosan is used to present functional groups within the
scaffolds that can promote cell attachment and influence proliferation behaviours and has
been demonstrated for the purposes of liver tissue engineering165. An alternative approach to
provide cell attachment promoting functional groups on scaffolds is to synthesise the specific
protein peptide sequences artificially and incorporate them into the scaffold. An example of
this is the application of arginine-glycine-aspartic acid tripeptide (RGD) which has gathered a
large amount of attention because the RGD peptide is present at the cell attachment sites of
many ECM proteins and interacts with integrins at the cell surface250–253. Table.3 provides
some examples of peptide use for liver tissue engineering which follow a similar principle. Julie
Devaliere et al. employed cell attachment motif REDV with Elastin-like Peptide (ELP) to recover
endothelial cell binding sites within a decellularised liver, increasing the expression of key
endothelial markers, eNOS, VEGF and VE-Cadherin160. A monosaccharide called galactose is
employed within liver tissue scaffolds in order to activate the asiaglycoprotein (ASGPR)
receptors that are highly expressed on hepatocytes and can promote hepatocyte function
upon activation254. Wei liu et al showed ASGPR specific binding via galactose functionalised
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PET fibres increased metabolic secretions of albumin and urea and expression of CYP3A4 and
CYP1A2 in hiHeps compared with generic gelatin binding.
The incorporation of drug compounds into scaffold materials can be employed to expose cells
to controlled releases of drugs that can affect the microenvironment and thus the function and
behaviour of cells. For example, the use of Glycyrrhizin is shown Table.3 which has been used
to create a hepatoprotective environment by inhibiting pro-inflammatory and oxidative stress
related activities180. Many different anti-inflammatory and anti-oxidant compounds including
polyphenols are under investigation for the same protective qualities that can reduce oxidative
and pro-inflammatory processes and facilitate tissue regeneration within scaffolds255–260.
Similar developments have seen the inclusion of immunomodulatory components which are
often biologic (not strictly belonging to the exogenous list of components) antigens, peptides,
ECM proteins and nucleic acid sequences261,262. These interact with specific immune receptors
and can be used to control the immune-system response within a specific environment. These
immunomodulatory scaffolds have potential in avoiding detrimental immune activities that
can prevent the successful integration of cells upon implantation for regenerative therapies.

1.3

Decellularised ECM for hepatocyte culture

1.3.1

Components and function of the liver extracellular matrix

In 2014 Naba et al. conducted a proteomic study which details components of the ECM in
colon cancer and its metastases within the liver224. Proteomics is an analytical method that
utilises mass-spectroscopy to identify individual components within protein mixtures with a
high level of specificity263. The study captured multiple ECM compositions including that of a
normal functioning liver. Shao et al. have since collaborated with Naba et al. and other research
projects to collate an online database of proteomic data for ECM in tissues throughout the
body called MatrisomeDB, this data has been used to produce the Heatmaps seen in Figure.3.
188 different components are identified within normal liver ECM and categorised as:
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-

Core matrisome: ECM glycoproteins, Collagens, Proteoglycans,

-

Associated matrisome: ECM regulators, ECM affiliated proteins and secreted factors

The following section is to provide a brief introduction to some of the main components of the
liver ECM. To this end the core matrisome components Collagen, Fibronectin and Laminin are
introduced as well as a brief detail on some of the main associated matrisome factors.
1.3.1.1 Collagen
There are 20 different types of collagens that have been identified within the ECM of normal
liver tissue and make up most ECM components224. The dominant molecular structure in all
collagens is the triple-helix structure of which different collagen types have varying degrees,
characterised by the amount of triple-helix interruptions and other structural differences.
Whereas collagen types are divided according to the molecular structures, these types can be
divided into subfamilies which are grouped according to their supramolecular structure264. The
subfamilies of collagen types are:
I.

Fibril forming collagens

II.

Fibril associated collagens (FACITs)

III.

Network forming collagens

Fibril forming collagens present within the normal liver are comprised of collagen I, II, III, V and
XXIV224,265. These collagens make up the main structural component of ECM having long
uninterrupted triple-helix regions that coalesce to form strong hierarchical fibrillary
macrostructures.
Fibril associated collagens have interrupted triple-helix structures and are attached to the
surface of collagen fibrils displaying a non-collagenous region at their ends which protrudes
from the fibril and interacts with the interfibrillar space, thus affecting the surface properties of
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the collagen fibril. Collagens XII and XIV are FACITs that are present within the liver
matrisome224,265.

Figure 3: Heatmaps displaying log(confidence score) for ECM components of normal liver tissue and Hepatitis C induced fibrotic liver tissue.
Data adapted from the online MatrisomeDB proteomic database and divided into core and associated ECM components.

Collagen IV is a unique but highly abundant form of collagen which forms chain-link structured
networks of collagen molecules. It is found predominantly in a particular type of ECM called
the basement membrane. The basement membrane is a specific ECM which separates
regions of tissues forming dynamic barriers such as the endothelium-epithelium barrier and
epithelium-connective tissue barrier266,267.
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1.3.1.2 Fibronectin
Fibronectin is a ubiquitous glycoprotein component of the ECM. Glycoproteins are protein
chains that are paired with oligosaccharide chains which are bound to one of several bonding
sites upon the protein backbone. The molecular chains that make up fibronectin can form
fibrils and mesh networks that bind to ECM components such as collagen and has a specific
binding affinity for integrins present on the surface of cells268. Thereby facilitating cell-matrix
interactions in a significant manner. An overexpression and build-up of fibronectin is
associated with the excessive fibrogenesis during liver disease and fibrosis269,270.
1.3.1.3 Laminin

Another major glycoprotein component of the normal liver ECM is Laminin224. Constructed
from three glycosylated peptide chains (alpha, beta and gamma) it is found predominantly but
not exclusively within the basement membrane, together with collagen IV271,272. Laminin binds
to and interacts with integrins on the surface of cells and can direct cell function and
differentiation272–274. The co-distribution of Laminin alongside collagen IV within the liver
serves as a histochemical biomarker for the development of fibrosis in liver disease275.
1.3.1.4 ECM-associated factors
ECM associated factors are not core components of the ECM however they still play specific
roles in maintaining the phenotype of the tissue276. Secreted factors such as paracrine
signalling agents and known growth factors can travel through the ECM binding to specific
ECM proteins eventually interacting with cell surface proteins or are consumed within the cell
membrane influencing gene expressions and cell function. Some of these components are
excreted by cells as exosomes and reside within decellularised ECM as nanovesicles which
also contain microRNA and have shown specifically to be a key component of the
differentiation potential of dECM scaffolds277. Another key component of the ECM associated
factors are the ECM regulators. These are generally secreted enzymes such as matrix
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metalloproteinases (MMPs) and Tissue Inhibitors of Metalloproteinases (TIMPs) which work
together to regulate the maintenance and remodelling of ECM contents278.
1.3.2

Tissue decellularisation methods

Obtaining dECM suitable for scaffold incorporation can be achieved via multiple different
methods. The basic principle is to detach and lyse resident cells and remove the cellular and
genetic material from the ECM network. Different decellularisation protocols employed on
different tissues end up with varying degrees of cellular material removal and ECM
preservation. There are two modes for achieving decellularised tissue that are utilised
depending on tissue availability and the intended outcome of the decellularisation. One way is
to take the entire organ and decellularise it by perfusion of decellularisation media through its
vasculature via a cannula279. This is termed whole organ perfusion decellularisation and has
been utilised for the purposes of repopulating the decellularised organ with cells with the aim
of producing transplantable recellularised whole organs280. Other methods of decellularisation
do not require the entire organ but only a section of the organ tissue that can be subjected to
decellularisation processes without direct vascular perfusion. Both modes of decellularisation
rely on a method or sequence of methods by which cells are detached, lysed and removed.
These methods are detailed in the following section which will briefly introduce some of the
main decellularisation methods described in literature. Tables are provided in each section to
collate the methods, and references to the studies included in Table 3 are included to show
which methods have been applied in the decellularisation of liver tissues within those studies.
1.3.2.1 Chemical Methods
Removal of cellular material from tissues is widely achieved through chemical treatment
which lyses the cells and transports soluble proteins away from the ECM. There are many
methods by which to do this, and each comes with a set of pros and cons, which are
summarised in Table 4. Detergent based decellularisation protocols are effective methods for
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the removing cellular material from tissues and literature abounds with successful
decellularisations and recellularisations of detergent decellularised ECM. However, ECM
proteins are prone to damage from exposure to detergents which after long exposures, or
exposures to high concentrations, of detergent can denature collagen fibrils and other fibrillary
structures281.
Analysis of decellularisation methods seen in Table 3 shows that liver tissues are more
commonly decellularised by using SDS and Triton X-100. A comparative study of
decellularisation methods for pancreatic tissues showed that Triton X-100 was more effective
in preserving basement membrane and matricellular proteins (regulatory factors) compared
with SDS282. However, use of SDS has shown to increase DNA removal and GAG retention
compared with Triton X-100282–284. There is also a concern regarding the ability to totally
remove residual detergent within dECM scaffolds and the detrimental effects this can have on
the integrity of cells cultured upon them285,286. Therefore, decellularisation with detergents is a
balancing act which is yet to find a complete consensus amongst researchers because the
complexity currently obscures complete analyses.
1.3.2.2 Biological Methods
Tissues ECMs and resident cells are maintained and regulated by a variety of enzymatic
processes which involve breakdowns of ECM proteins, detachments of cell membrane
proteins from ECM proteins and the breakdown of nucleic acids. Some of these enzymatic
processes have been appropriated for use in decellularisation protocols because of their
naturally efficient and targeted function. As can be seen from Table 5 enzymatic methods are
not common in liver decellularisation and are usually applied alongside other decellularisation
methods. The most common enzymatic treatment is trypsin, used to break cell-cell and cellmatrix attachments, after which the cellular material is washed from the ECM using non-ionic
detergents such as Triton X-100163,164,185. Zhao et al showed removal of 97.74% DNA from
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porcine liver tissue with slight reductions in Collagen I (27.3%,)& III (16.2%), GAGs (23.8%) and
Elastin (44.0%) using this method185. The application of nucleases such as DNase and RNase
is used to clear the decellularised ECM of residual DNA and RNA material288. However, the use
of nucleases may increase the process time for decellularisation and hence promote the
degradation of ECM constituents289. Overall the use of nucleases can enhance removal of
certain elements within the ECM but it is not used as the primary decellularisation method.
Chemical Type

Examples

Description

Ionic detergents

SDS
Triton X-200
Sodium deoxycholate

> Excellent removal of nucleic
acids and cytoplasmic
material
> Less residual GAGs and
growth factors
> Disrupts ECM protein
suprastructures

Liver Scaffolds
Mazza et al.

156

Debnath et al.
Wu et al.

Devalliere et al.
Shimoda et al.
Grant et al.

Triton X-100

> Less interference with ECM
protein structures
> Not as effective as Ionic
detergents in removal of
nucleic acids and cytoplasmic
material

161

178

Agarwal et al.
Mazza et al.
Saleh et al.

160

171

Hussein et al.

Non-ionic detergents

158

159

186

156

157

Debnath et al.

158

Shimoda et al.
Meng et al.

161

169

Watanabe et al.
Minami et al.
Bual et al.

CHAPS
Sulfobetaine-10
Sulfobetaine-16

> Share characteristics of ionic
and non-ionic detergents

Alcohols

Glycerol
Methanol

> Dehydrates and lyses cells
effectively
> Crosslinks and precipitates
ECM proteins

Acids and Bases

Acetic acid
Peracetic acid
Hydrochloric acid
Sodium Hydroxide
Ammonium Hydroxide

> Lyses cells and solubilises
cellular materials
> Denatures proteins and
harms GAGs, growth factors
and collagen

164

173

Zhao et al.

Bipolar detergents

163

185

Shimoda et al.

Saleh et al.

157

Meng et al.

169

Minami et al.
Zhao et al.

161

164

185
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Hypertonic/Hypotonic
solutions

Sodium Chloride

> Lyses cells effectively
> Preserves protein integrity
> Not effective for removal of
cellular material

Table 4: Table showing chemical methods used for tissue decellularisation and those that have been utilised for liver tissue engineering
purposes. Methods and corresponding descriptions are derived and adapted from reviews published in literature227,287

Enzyme

Function

Effects

Reference

Trypsin

Protease that cleaves cside peptide bonds on
arginine and lysine – used
generally for cell
detachment

> Destruction and removal
of major ECM
components such as
collagen I, fibronectin and
GAGs with prolonged
exposure
> Possible immune
response if transplanted
> Binds well to ECM
proteins and so is difficult
to fully remove from ECM

Watanabe et al163.

Dnase/Rnase

Nuclease that performs
hydrolysis of DNA and
RNA chains

Dispase

Protease that cleaves
fibronectin and collagen
IV – used generally for
primary cell detachment

Minami et al164.
Zhao et al185.

Wu et al159.

> Destruction and removal
of fibronectin and
collagen IV with
prolonged exposure

Table 5: Enzymes used for decellularisation purposes and the corresponding studies in which the enzymes have been used for liver tissue
decellularisation. Methods and descriptions are derived and adapted from literature publication227.

1.3.2.3 Physical Methods
Physical decellularisation methods can have either a core role in the removal of cells and
cellular material or are used to assist the primary chemical or enzymatic decellularisation
method. Table 6 shows the physical methods that can be used for tissue decellularisation and
those that have been used in the liver ECM based studies that were detailed in Table 3. The
two physical methods applied to liver tissue decellularisation are immersion/agitation in
detergent or perfusion of detergent through the vasculature and intercellular space. Most
perfusion liver decellularisations have utilised whole organ perfusion because it is canulation
allows the natural vasculature to be perfused and retains the organ structure and vasculature
for recellularisation. Tissue perfusion is not limited to whole organs however as Grant et al
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developed a Poisson pipe system in which sectioned liver tissue could be perfused whilst
controlling the hydrostatic pressure within the system171. Detergent perfusion allows for a
more efficient delivery/removal of detergent /cellular material and typically involves shorter
decellularisation protocols than immersion/agitation techniques. However, Mazza et al
developed a high 45g-force harmonic agitation protocol that reduced the decellularisation
process from 8-days to 3-hours for a small section of liver tissue154.
Method

Function

Effects

Reference

Immersion agitation

> Tissue is immersed in
decellularisation agents
and agitated to encourage
diffusion processes and
remove cellular material
from the ECM

> Used as an assistive
mechanism for cellular
material removal with
chemical and biological
agents
> Long period of
decellularisation
necessary
> Relatively high residual
cellular material
> Used as an assistive
mechanism for cellular
material removal with
chemical and biological
agents

Mazza et al.154

Perfusion

> Decellularisation agents
are perfused through the
vasculature of the tissue
or organ

Agarwal et al.155
Mazza et al.156
Bual et al.173
Zhao et al.185

Saleh et al.*157
Debnath et al.*158
Wu et al.*159
Devalliere et al.*160
Shimoda et al.*161
Meng et al.*169
Watanabe et al.*163
Minami et al.*164
Grant et al.171
Hussein et al.*178

Mechanical
loading/hydrostatic
pressure

Ultrasonication

Thermal shock

> High pressure jets (order
of 100s of MPa) can
rupture cells and allow for
effective removal of
cellular material
> Tissue is immersed and
exposed to high power
ultrasonic waves which
mechanically ruptures cell
walls and detaches cells
from ECM
> Freeze-thaw cycles. Ice
crystals rupture cell walls
and thawing allows for
removal of cellular
material

> Decellularisation can be
achieved quickly
> Mechanical integrity can
be degraded
> Ultrasonic waves can
heat tissues and damage
ECM
> Difficult to avoid
cavitation effects inflict
heavy damage to ECM
proteins
> Useful for lysing of cells
in dense tissues
> Ice crystals can disrupt
ECM proteins and
mechanical integrity
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Supercritical fluid

Electroporation

> Supercritical fluid,
usually CO2, rapidly
dissolves cellular
components and
efficiently removes them
from the ECM
> Pulsing voltages across
tissues can produce holes
within cell membranes
and with prolonged
pulsing eventually lead to
cell death

> Addition of EtOH
necessary for removal of
polar phospolipids
> High pressures can
disrupt ECM proteins
> ECM is well preserved
with temperature controls
> Procedure performed invivo

Table 6: Physical methods used for the decellularisation of tissues. Methods and descriptions are derived from existing reputable reviews in
literature227,290. * indicates whole organ decellularisation.

1.4

Summary

This review has explored some of the recent scaffolding methodologies adopted by
researchers seeking to construct functionally enhanced 3D hepatocyte cultures in-vitro. Recent
published literature showed that dLECM is regularly utilised as a biologic scaffold for
hepatocyte culture because it captures the material complexity of the in-vivo environment. It is
apparent that synthetic polymers combined with bioactive components provide
morphologically and mechanically controllable platforms that can successfully facilitate
hepatocyte culture and modulate hepatocyte function. As such this thesis seeks to investigate
combining PCL electrospun scaffolds with dLECM to further explore the opportunities, with
respect to control and complexity, in hybrid dLECM scaffolds for hepatocyte culture.
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Chapter 2 - Methods
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2.1

Introduction

The following chapter will describe many of the fabrication and experimental methods used
across each of the experimental chapters within this thesis. Chapter specific methods and
additional parameters will be described within the chapters themselves. Relevant theoretical
information has been explained to appropriate detail where necessary. Each of the
experiments detailed within the experimental chapters hold a similar form which entails
scaffold fabrication, scaffold physicochemical analyses, scaffold cell culture and cell culture
analyses.

2.2

Electrospinning

All electrospinning was conducted using an IME EC-DIG Electrospinning Apparatus which
features a rotating mandrel collector, power supply capable of +25 kV needle voltage/-4 kV
collector voltage, needle translation device and a syringe pump. The process entails the
extrusion of a polymer solution through a needle (bore diameter 0.3 – 0.8 mm) supplied with a
high positive voltage. The highly positively charged needle and solution is positioned a set
distance (< 25 cm) away from a rotating mandrel collector connected to a neutral or negative
voltage. The charge potential difference between the solution and the collector generates an
attractive force between solution and collector and if the solution surface tension is overcome
it forms a Taylor-cone and a jet of polymer solution accelerates towards the collector. With a
sufficient voltage and flow rate the jet can be maintained with a stable Taylor-cone at the tip of
the needle. As the polymer solution accelerates towards the collector, the evaporation of
solvents and instabilities in molecular charges create an unstable whipping effect and the jet is
chaotically deposited as a dry polymer fibre at the collector. Fibre deposition is controlled by
the movement of the needle and the rotation of the mandrel collector, these and all other
electrospinning parameters are detailed in the methods sections for each chapter.
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2.3

Scanning Electron Microscopy (SEM)

SEM images were taken to observe and analyse the morphology of electrospun scaffolds.
Control of scaffold morphology is a major component of the fabrication and experimental
process and so use of appropriate imaging tools such as SEM is crucial for accurate analysis
of the microstructures and nanostructures in electrospun materials. SEM is a specialised form
of microscopy that utilises electrons rather than photons (used in traditional microscopy) to
obtain a high-resolution magnified image of the sample. Using electrons provides a higher
resolution image (<1 nm) than traditional visible light-based optics (>200 nm) due to much
smaller wavelengths achievable with high energy electron beams. SEM works by scanning a
high energy beam of 10 – 100 keV electrons, focused using an electromagnetic lensing
system, across the sample surface. Image information is then obtained sequentially from
detection of backscattering of the incident electrons reflected off atomic nuclei or the
emission of secondary electrons from the sample which have in effect been knocked out of
the sample by the incident electrons. Each of these detection modes require separate
detection apparatus and produce images with different information that describe the
topography and morphology of the sample.
Imaging of electrospun scaffold samples was conducted using a Hitachi TM4000+ Benchtop
SEM system. Before analysis samples were sputter coated with a thin layer of gold for 30
seconds. This was to create a conducting surface on the material to avoid charging of the nonconducting sample, sputter coating also improves the signal to noise ratio and is employed
regularly for SEM analysis of non-conducting materials. Gold coated samples were then
placed within the chamber of the SEM and exposed to a 15 keV electron beam. Recording of
image information was done via a combined detector system mixing the backscatter and
secondary electron signals.
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2.4

Tensile testing

Understanding the mechanical properties of scaffold materials is necessary for two prominent
reasons: understanding cell-scaffold interactions and assessing the biomechanics required for
use cases in which mechanical loading is crucial (bones, skeletal muscles and cardiovascular
tissue, for example). Scaffold material stiffness is understood to affect the behaviour and
function of cells due to the influence of cell substrate stiffness on the cytoskeletal
mechanotransduction pathways that can control gene expression patterns. Thus, the
mechanical stiffness and deformation behaviour of the electrospun fibres was assessed to
make comparisons between materials and relate these to results obtained through cell culture
studies.
The mechanical properties were assessed by tensile testing analyses using an Instron 3367
(Instron) mechanical testing apparatus. For all samples, a 5 cm x 1 cm rectangle of
electrospun fibre material was cut using a scalpel and loaded with tape onto a cardboard jig 1
cm at each end. The jig was used to place the sample into pneumatic clamps on the Instron
set to 4 bar. The sample being clamped 1 cm at each end meant that the gauge length of the
material was 3 cm. Once clamped the sample was then extended by 15 mm/min (50%
strain/min) and the load force was recorded using a load cell rated for 50 N connected to the
upper clamp.
Tensile testing relates material stress to the deformation of a material upon tensile loading of
the material, from this relation can be derived the Youngs modulus E, otherwise known as the
elastic modulus, and is the ratio between stress and strain. The Youngs modulus is
determined by Equation 1, where F is the tensile load in Newtons, A is the cross-sectional area
of the unloaded sample, L is the length of the unloaded sample (gauge length) and d is the
extension of the loaded sample. The Youngs modulus describes the relationship between
stress and strain within a material within a region called the linear elastic region in which a
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linear relationship between stress and strain is exhibited upon material extension and
deformation is elastic (will return to original extension). Typically, beyond the linear elastic
region the material deforms plastically and displays a non-linear relationship between stress
and strain until material failure.
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Eq. 1

In many cases a true linear elastic relationship cannot be observed exactly, and non-linearity
can dominate the stress strain behaviour of a material. This is particularly true for elastomeric
polymers such as rubber and is also seen in the deformation of fibrous materials such as
electrospun scaffolds. The macroscopic deformation of fibrous materials creates complex
internal deformations of the microstructure networks which continually change with
deformation and thus continually influence the deformation behaviour. Therefore, it is
necessary in such non-linear cases to approximate the Youngs modulus at incremental
regions of strain in order to understand the stiffness characteristics of the material.
Approximation of the Youngs modulus has been carried out by regression of the obtained
stress-strain curves between incremental strain regions, which is demonstrated in Figure 4
showing the stress strain curve and the strain band regressions from which Youngs moduli
have been calculated. The data analyses for the calculation of the Youngs moduli were carried
out using a custom script written using MATLAB software.
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Figure 4: Graph displaying tensile test data (purple dotted line) and the regressions for Youngs modulus calculations (solid lines) showing
how the incremental Youngs moduli are approximated for non-linear stress-strain relationships.

2.5

Water contact angle measurement

Assessment of water contact angle on a material is a measure of material wettability and can
be related to the hydrophobicity/hydrophilicity of a material. This is important for scaffold
materials as it is necessary for the scaffold to absorb aqueous solutions into its pores which
will allow for cell infiltration and nutrient diffusion.
Contact angle measurements were conducted by placing a 5 µL droplet of dH2O onto the
surface of the scaffold with a P200 pipette. Sequential images of the process were taken using
a DMK 41AU02 (ImagingSource) camera every 0.2 seconds to capture the wetting and
absorbance characteristics of the scaffold. Once captured, the images were analysed on
ImageJ using the LMBSDA plugin to measure the angle between the incident water droplet
and the scaffold surface
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2.6

Fourier Transform Infra-Red Spectroscopy (FTIR)

In any material system that involves many different chemical components it is often important
to determine the chemical makeup of the material for comparison and analysis. Biological
systems often display heterogeneous, though similar, proteomes between individual
organisms due to variation in environmental factors and other genetic or epigenetic factors
that alter protein expression and nutrient balances. Due to the comparative nature of the study
detailed in Chapter 5, it is crucial to obtain data which can display differences between
different biological systems. Also, upon incorporation of protein mixtures, drugs or any
functional chemical additive into scaffold material it is necessary to find evidence of its
incorporation and survival through the incorporation process.
FTIR provides a method by which the presence of certain organic chemical bonds and
functional groups can be detected by the absorbance of infra-red (IR) electromagnetic
radiation at different wavelengths. Atoms within molecules vibrate in 3-dimensions as well as
rotationally and the mode of vibration is related to the bond type, location within a molecule
(and in relation to others) and the elements involved. These vibrations are described as
stretching vibrations, bending vibrations and rotational vibrations. Molecular vibrations are
subject to influence by incident electromagnetic radiation (photons) which can increase the
energy level of bond vibrations within molecules. Due to the quantum nature of photon-matter
interactions molecular vibrations will only absorb photons that hold a particular energy, and
thus frequency, in order to be excited to a higher discrete vibrational level. The frequencies
with which most molecular vibrations can be excited from their normal vibrational mode lie
within the IR spectral frequency range. This means that upon exposure to incremental IR
frequencies, typically represented by wavenumber (cm-1) between 4000 – 450 cm-1, the
absorbance at different wavenumbers represents specific molecular bonds and structures. An
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absorbance spectrum can then be generated that shows peaks which indicate the presence of
specific functional groups and molecular structures within a sample. Peaks with
wavenumbers 4000 – 1350 cm-1 are termed group frequencies which represent chemical
functional groups typically containing 2 – 3 atoms. Peaks within the 1300 – 900 cm-1 band
represent low energy vibrations and the region represents a molecular fingerprint, this region is
termed the fingerprint region. While techniques exist to produce quantitative results through
FTIR analyses, it has been utilised largely within this thesis as a qualitative technique for the
detection of functional groups within molecules. FTIR can also be used to determine the
presence of functional groups and molecules within poly-molecular substances which lends
itself to analyses of biological materials which are often mixtures of many different
components.
There are many sampling methods that are available for obtaining FTIR absorbance spectra,
here FTIR absorbance spectra were obtained through use of an Attenuated Total Reflection
(ATR) sampling method. ATR sampling is a fast measurement methodology and can provide
absorbance spectra for solids and gases with minimal pre-processing procedures. In ATR
spectroscopy the IR radiation beam is directed at an angle into a diamond crystal or other
crystal with a high refractive index. Solid samples are clamped tightly to the surface of the
diamond and liquid samples applied as a drop covering the surface of the diamond. The angle
of the beam is such that total internal reflection of the beam occurs at the interface between
the diamond and the sample. A property of total internal reflection is the occurrence of an
evanescent wave at the reflection boundary which is transmitted through the first few
micrometres of the sample next to the boundary. This transmission of the evanescent IR
radiation allows for an absorbance spectrum to be measured from the reflected beam.
FTIR absorbance spectra for all samples were collected on a Nicolet si10 FTIR spectrometer
(Thermo Fischer Scientific) with an ATR sampling platform. The beam chamber was purged
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with compressed air before use for 30 minutes. Background measurements were obtained by
sampling spectra with the sample clamp fully open and the ATR diamond exposed to the air,
these background spectra were then subtracted from following sample measurements by the
OMNICTM Specta software used to control the spectrometer and obtain the absorbance
spectra. The samples measured were all solids (powders and fibres) and thus were clamped
down onto the surface of the STR diamond crystal to be measured. Absorbance spectra data
were exported from OMNICTM and further processed in MATLAB for plotting.

2.7

Scaffold preparation

Once a sheet of electrospun fibres had been fabricated, the next steps were to prepare
scaffolds that were suitable for cell culture experiments. Firstly, 10 mm disks were punched
using a leather wad punch and mallet from the sheet of fibres whilst the fibres were still
attached to the sheet of aluminium upon which they were fabricated. To remove the fibres
from the aluminium foil the scaffolds were transferred to a biosafety cabinet and submerged
in 70% ethanol which released the fibres from the aluminium foil. Then, using sterilised
forceps, the scaffolds were transferred to a multiwell plate (one scaffold per well) and washed
twice for 10 minutes in 70% ethanol. At this point, if necessary, the steps for plasma coating
would be undertaken (see chapter 3). After the ethanol washing steps, the scaffolds were
allowed to dry completely then washed three times in Phosphate Buffered Saline (PBS). The
scaffolds were then stored at 4 °C for a short period (1 – 2 days) in PBS containing 1% AntiAnti (Gibco) prior to seeding with cells.

2.8

Cell culture and scaffold seeding

Cell culture experiments each consisted of three main steps: expansion or isolation of cells,
scaffold seeding and then a prescribed scaffold culture period. Here the basic principles by
which cell culture was conducted will be explained and some other details of the cultures and
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timepoints will be left to individual experimental chapters. A brief explanation of the cell types
used and why they have been chosen for study will also be given.
2.8.1

Immortalised cell line: HepG2

The HepG2 cell line is an immortalised HCC cell line derived from the hepatic tumor of a 15year-old boy. As a cancer cell line HepG2s are highly proliferative in-vitro and they are easy to
handle and culture in a laboratory. They also display properties that are unique to or play
important roles within hepatocyte biology, such as lipid and drug metabolism and serum
protein secretion. Therefore, HepG2s have been used extensively in the field of hepatic
research in the context of both HCC, normal hepatocyte and general cell function. Despite
widespread use of the HepG2 cell line, researchers have cautioned against the continued use
of HepG2s as liver models due to large discrepancies between the transcriptional behaviours
of HepG2 and primary hepatocytes291. However continuing research has demonstrated that
environmental conditions within in-vitro cell cultures can be further manipulated to drive the
development of in-vivo phenotype within hepatic carcinoma cell lines such as HepG2292,293.
Thus, and as demonstrated in Table.3 HepG2 continue to be investigated in the context of
creating liver models and are used often in the assessment of new biomaterials for liver
models and regenerative medicine platforms169,294–297. Considering this, HepG2 have been
utilised for this thesis as an analytical tool through which we could study the biological
influence of our developed platforms on hepatic function and have a solid comparative set of
data throughout the thesis.
2.8.1.1 HepG2 expansion and banking
Cryopreserved HepG2 (Sigma) were raised at P3 and seeded into T75 flasks at 1x106 cells per
flask. The cells were allowed to attach and cultured in an incubator at 37 °C and 5% CO2 in 12
mL complete media, consisting of Eagles Minimum Essential Media (EMEM) (Gibco)
supplemented with 2 mM L-Glutamine (Gibco), 100 U/mL Penicillin-Streptomycin (Gibco), 5%
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Non-essential Amino Acids (NEAA) (Sigma) and 10% Foetal Bovine Serum (FBS) (Cytiva). At 3
days of culture the cells were detached from the flask by a 5 minute incubation in 4 mL of
Trypsin EDTA (Sigma), a proteolytic enzyme dissociation reagent that cleaves proteins at
lysine and arginine residues. To avoid damage to the cells by proteolytic activity the trypsin
was quenched after 5 minutes by the addition of 10 mL of complete media. A 100µL sample
was then taken and the viable cells counted using the trypan blue exclusion method on a
haemocytometer. Now in suspension, the cells were then centrifuged at 120 G for 5 minutes
before aspiration of the media and resuspension in fresh media. Three T75 flasks were then
seeded with 1X106 cells and topped up with complete media for a total volume of 12 mL. The
remaining cells were prepared for cryopreservation by centrifuging at 120 G for 5 minutes,
aspiration of the complete media and resuspension in FBS at 2x106 cells/mL. 500 µL of the
FBS cell solution was then placed into cryopreservation vials and then topped up with a
solution of 20% Dimethyl Sulfoxide (DMSO) in FBS for a final concentration of 10% DMSO in
FBS. DMSO is used as a cryoprotectant that prevents the formation of intracellular ice crystals
and preserves the membranes of the cells. The cryopreservation vials were then placed into a
Mr. FrostyTM and placed into a -80 °C freezer achieving a cooling rate of -1 °C per minute. After
24 hrs the cryopreserved cells were then placed into liquid nitrogen for prolonged storage (195.8 °C). The cells that were split and seeded into T75 flasks were cultured for a further 3
days and the same process repeated until a sufficient cryopreserved bank had been created.
Prior to scaffold seeding cryopreserved HepG2s were raised at P6 and cultured for three days
in complete media before splitting into two T75 flasks. The cells were then cultured for a
further 3 days in complete media before seeding at P8 for each study.
2.8.2

Primary cell: Mouse Primary Hepatocytes

Studies were also conducted with Primary Mouse Hepatocytes (PMHs) because they are a
valuable source of highly differentiated hepatocytes in which hepatocyte specific functions are
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well conserved, at least within short term culture. This gave the opportunity to test the
influence of our scaffold platforms on cells which express many features of the in-vivo
hepatocyte phenotype. PMHs are one of the gold standard sources for testing hepatocyte
metabolism mechanisms in-vitro and PMHs have shown to have unique metabolic profiles
when compared with common hepatoma cell lines298. Although they have excellent properties
for the study of hepatocyte function in-vitro, PMHs are notoriously tricky to culture and readily
proceed towards apoptosis after isolation from the liver. However, researchers have identified
methods for organoid cultures which have shown to sustain long term culture of PMHs,
proving that environmental factors are crucial for survival in culture299–301. With the feasibility
of PMH culture proven for the development of liver models and regenerative platforms it is
important to have data from such cells when developing platforms for hepatocyte culture.
2.8.2.1 Primary Mouse Hepatocyte isolation
Primary Mouse Hepatocytes were isolated following the standard two-step collagenase
perfusion technique302. Briefly, mice received a terminal dose of anaesthetic and underwent
laparotomy. The portal vein was cannulated and then perfused with 50 mL Liver Perfusion
Medium (Gibco) followed by 50 mL Liver Digest Medium (Gibco) pre-warmed to 37 °C. The
liver was removed and then hepatocytes were mechanically disassociated and released from
the Glisson capsule, filtered through a 70 µm filter and purified with a density gradient
centrifugation. The cells were then ready to seed onto scaffolds.
All experiments with animals were approved by the University of Edinburgh Animal Welfare
and Ethical Review Body and the UK Home Office. All experiments with animals took place at
the Centre for Regenerative Medicine, Edinburgh and were performed according to procedural
guidelines and severity protocols from the UK Home Office Animals Scientific Procedures Act.
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2.8.3

Scaffold seeding and culture

Once cells had been either expanded or isolated, they were suspended in complete media at
the seeding concentration (details in chapters). The 1% Anti-Anti in PBS storage medium was
then aspirated from the scaffolds leaving the scaffolds in the bottom of the well (note
scaffolds experiments were carried out in 48 well plates). 50 µL of cell suspension was then
placed onto the scaffolds and allowed to sit under incubation for 2 hours to allow the cells to
attach. Once the cells had been allowed to attach the wells were then topped up with media to
300 µL which was the culture volume used for all experiments in 48 well plates. Scaffolds were
then placed into an incubator at 37 °C and 5% CO2 for the entire culture period until collection
for analyses and the media was exchanged for fresh media every 3 days (HepG2s) or 1 day
(PMHs).

2.9

Cell viability

Throughout the cell culture at the set timepoints, cell viability was measured using the CelltiterBlue© assay (Promega). Cell titer blue is a form of widely used metabolic assay which proves
cell viability through the reduction of resazurin to resorufin. In viable cells, non-fluorescent
resazurin is reduced to the fluorescent compound resorufin in the presence of Nicotinamide
adenine dinucleotide (NADH) or NAD phosphate (NADPH) by the enzymes NADH
dehydrogenase or NADPH dehydrogenase in the mitochondria303. Resazurin is soluble in
physiological buffer solutions and permeable to cell membranes and so is supplemented into
culture media and the amount of converted resorufin over time can be measured by
fluorescence upon exposure to green light303. The assay can be used to count cells when a
standard ladder is created however it is a metabolic assay and as such the conversion to
resorufin can be influenced by metabolic rate, thus for cell proliferation tracking one must
utilise other measurements in tandem for accurate counting. Nonetheless it is a very simple
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and effective assay for determining the viability of cell cultures and in this thesis has been
used as a comparative measure of the activity of cells upon different scaffold materials.
Cell viability of scaffold bound cells was measured by first making a 5:1 solution of complete
media and Cell-titre blue reagent and distributing this into tissue culture wells (For scaffolds
and negative controls). Each scaffold was then removed from culture and placed immediately
into the media:reagent mix. The well plate containing both the scaffolds and negative controls
was then covered in foil and placed into an incubator at 37 °C and 5% CO2 for 1 – 4 hours (time
dependent on study but kept constant across timepoints). After incubation 100 µL of the
media:reagent was removed from each of the wells (scaffolds and negative controls) and
placed into a 96-well black fluorescent measurement plate. The fluorescence was then
measured at 560 (ex)/590 (em). The measured fluorescence values were then normalised to
the negative controls and results are given as relative fluorescence values.

2.10

DNA quantitation

Quantifying the amount of dsDNA within samples (tissues or cell cultures) provides
information about the amount of nuclear material present within the sample. Here dsDNA is
quantified using the Quant-IT Picogreen assay. Picogreen reagent is a dye that increases in
fluorescence > 1000 fold upon binding to nucleic acids304. Under standard assay conditions
the contribution to the double stranded DNA (dsDNA) fluorescence signal of single stranded
nucleic acids such as ssDNA and RNA is negligible, thus the assay is highly specific to dsDNA
and can be used for highly sensitive quantitation of dsDNA from 10µg/mL to 10 ng/mL 304.
Measurement of the dsDNA quantity present on scaffolds throughout the cell culture
experiments gives supporting information about the attachment and proliferation of the cells
in conjunction with cell viability data. The assay is also used to measure the levels of dsDNA in
tissues and decellularised ECM to confirm removal of cellular material from the ECM.
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The Picogreen assay can only be used to measure dsDNA in solution and thus nuclear DNA
present within scaffold or tissue bound cells must be released for quantitation. In order to do
so the samples were enzymatically digested using Papain which is an enzyme derived from
the Papaya fruit. Papain is a proteolytic enzyme that cleaves proteins and polypeptides and in
doing so can dismantle the extracellular matrix and cellular material releasing the nuclear
dsDNA from the nuclear envelope and the histone-based chromatin packing structures with
which it is stored within the nucleus. After papain digestion the dsDNA is in solution and can
be quantified by dying with the Picogreen reagent and measuring the fluorescence.
To carry out the Picogreen assay samples were initially frozen in a -80 °C freezer and then
lyophilised. Here the weight of the samples was measured if a dsDNA per dry mass was
required. Once lyophilised the samples were placed into 500 µL of papain digest solution
containing 2.5 U/mL Papain, 5 mM Cysteine hydrochloride and 5 mM
Ethylenediaminetetraacetic acid (EDTA) in Ultrapure distilled water and incubated at 65 °C
overnight. After incubation in papain digest the samples were dissolved and were diluted
tenfold in TE buffer in a 96 well fluorescence measurement plate alongside a ladder of 0, 1, 10,
100 and 1000 ng/mL of dsDNA standard solution. Picogreen reagent was then added to the
wells and incubated for 5 minutes before measuring fluorescence at 483 (ex)/530 (em). The
amount of dsDNA present in the samples was calculated from the standard ladder considering
the dilutions throughout the process.

2.11

Albumin quantitation

Hepatocytes are the main producers of albumin in the body which is a serum protein that
regulates the oncotic pressure between blood and tissues. It is also responsible for binding
many physiologically important ligands such as essential ions, bilirubin, fatty acids and many
drug compounds and in doing so acts as a transporter for these ligands into interstitial
spaces305. With such wide ranging and critical function, it is important to quantify albumin
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production in hepatocytes as a marker of normal physiological function. Thus, albumin within
the culture media was quantified throughout cultures. Albumin quantitation was conducted
using the Bromocresol green (BCG) assay reagent which is a triphenylmethane dye that binds
albumin and commonly used for the detection of serum albumin levels in the body306,307. When
the dye is applied to serum or culture media the dye binds albumin and changes colour from
green to blue. The colour change can be quantified by absorbance measurement at 530 nm
and correlated with a standard curve to show the albumin quantity within samples. It has been
shown that there is potential for BCG to over-estimate albumin levels compared with other
methods such as Bromocresol purple and capillary-zone electrophoresis due to non-specific
binding to globular proteins and other ligands306,307. However, it remains a widely employed
assay for the estimation of albumin concentration in culture media and sera.
Testing the albumin concentration in media samples was conducted in a 96-well colorimetric
measurement plate. 24 hrs before media collection the media on the cultures was changed to
ensure a 24-hr secretion measurement. Media was then collected and stored at -80 °C. To
carry out the measurement 5 µL of sample was added to 100 µL of BCG reagent and
incubated at room temperature for 5 minutes. The absorbance at 530 nm was then measured
for all samples alongside a ladder of standard solutions. Absorbance values were correlated
with the standard curve to quantify the albumin content within the media.

2.12

Immunohistochemical (IHC) and fluorescence staining

IHC staining (also termed immunostaining) and fluorescent staining are techniques that
enable specific targeting of proteins with a coloured or a fluorescent tag. This allows for
specific proteins to be identified under a microscope revealing the micro and nano structures
and the distributions of proteins within cells and tissues. Fluorescence staining utilises
fluorescent chemical compounds that bind to specific biomolecules to tag and visualise
proteins and immunostaining involves fluorescent tagged immunoglobulin (IgG, antibodies)
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which bind to their specific antigens. Whilst each method involves different binding properties,
they require almost the same process by which the staining is achieved, which is split into
three main steps: fixation, permeabilisation/blocking and staining.
2.12.1 Fixation

Tissue and cell fixation is a process in which the chemical processes and reactions happening
within a cell are stopped and ‘fixed’ in time. There are multiple methods that biologists have
found in order to do this with varying degrees of preservation quality but here we shall focus
on formalin fixation. One of the most common ways to fix cells and tissues is to expose them
to an aqueous solution of formaldehyde which is called formalin. Formaldehyde is a simple
aldehyde with the formula CH2O that crosslinks proteins at the lysine residues. This means
that the proteins within cells and tissues become attached to each other by their lysine
residues and attachment to the cytoskeletal protein elements fixes everything in space.
Fixation by formalin allows for dye-based staining and immunofluorescence staining so long
as the fixation period, and thus crosslinking extent, is not so excessive as to block out access
to the antigens or target molecules.
2.12.2 Permeabilisation and Blocking

In order to stain intracellular proteins, it is necessary to permeabilise the cell membrane to
allow access to the dyes or the antibodies. Cell membranes do not allow access to large
molecules such as antibodies and some dyes and thus it needs to be broken down to provide
spaces through which the molecules can pass. Fixed tissue sections already have the
intracellular environment exposed by the microtome slicing and so do not require a
permeabilisation step, it is only necessary to use permeabilisation when dealing with whole
fixed cells. Cell membrane permeabilisation is carried out predominantly by exposure to a
surfactant, commonly Triton X-100. Triton X-100 is an uncharged detergent molecule that can
insert into the membrane lipid bilayer and eventually dissolve the lipids creating large holes in
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the membrane. Although it is useful for the dissolution of the lipid bilayer, it is also possible
that Triton X-100 can dissolve and remove proteins from the cells also. In our experiments
exposure of cells to 0.2% Triton X-100 in PBS for 10 minutes was sufficient for allowing
antibody stains through the membrane.
Blocking is used in order to prevent non-specific binding of the dye molecule or antibody to
other parts of the cell or tissue. Whilst dyes and antibodies are highly specific in their binding
properties there remains the possibility of loose binding to other protein peptide sequences or
molecules through low energy electrostatic interactions which results in false positive staining.
It is also necessary to prevent binding of stains to the sample substrates and containers.
Therefore, to tackle this issue it is necessary to impede the binding activity of dyes and
antibodies in order to ensure that only the highest binding affinities are successful in staining
and prevent non-specific interactions. To do this the samples are exposed to a buffer
containing small protein molecules such as albumin which essentially covers the surface of
the sample in a layer of loosely bound proteins. Now, upon exposure to dyes and antibodies
there is a lower likelihood of non-specific binding and the appearance of false positives within
the sample. Here, blocking was implemented by exposure to a solution of 1% Bovine Serum
Albumin (BSA) in PBS and 0.2% TWEEN (PBST) for 10 minutes prior to staining.
2.12.3 Staining

The staining procedure for dye-based staining and immunostaining is slightly different
because immunostaining will require two steps. Firstly, dye-based stains are simply
implemented by exposure of the sample to a solution containing an appropriate concentration
of the dye compound. For DAPI staining in this thesis a 300 nM solution in PBST was used.
Antibody stains however require two steps due to the use of a primary antibody that binds to
the target and a secondary antibody that is conjugated to a dye or fluorophore and binds to the
primary antibody. The primary antibody binds to specific antigens on the target sample which
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is sourced from a particular species (e.g., Human or Mouse) but the primary antibody itself
must be sourced from a different species (e.g., Rabbit). The secondary antibody, which is
conjugated to a fluorophore, is then sourced from a different species (e.g., Goat) and targets
specific antigens presented on the antibodies of the primary antibody species. Therefore, an
antigen that binds a primary antibody is visualised by the addition of the conjugated secondary
antibody that binds to the primary antibody. This is implemented by exposure of the sample
first to a solution of primary antibody and then to a solution of the secondary antibody after
washing.

2.13

Epifluorescence Microscopy

After staining with a fluorescent dye or antibody the samples were imaged using an
Epifluorescence microscope (Zeiss AxioImager 2) which utilises the fluorescence properties of
a fluorophore to detect the presence of stained proteins. Fluorophores are molecules that
when exposed to a specific wavelength of light the electrons within the fluorophore absorb the
energy of the photon and are excited to a higher energy level. After excitation the electrons
within the fluorophore eventually return to their original energy state by emission of a photon,
importantly of a lower wavelength to the one absorbed, in a process called fluorescence. The
fact that the emitted photon holds a lower wavelength is exploited in epifluorescence
microscopy in order obtain images of only the fluorescent signal and filter out the light used
for the excitation. To do this a dichroic mirror is placed before the light source which reflects
shorter wavelengths but allows lower wavelengths to pass through. Thus, if the excitation
wavelength and fluorescence wavelengths are split between the stopband (reflected
wavelengths) and passband (passed wavelengths) of the dichroic mirror, the fluorescence
signal can be viewed separately from the original light source. Bandpass filters are placed
before the light source (excitation) and eyepiece or camera (emission) in order to filter out
unnecessary wavelengths which are reflected and passed by the dichroic mirror. So that the
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image at the eyepiece/camera clearly represents the fluorescent stained proteins within the
sample.
Fluorescence images within this thesis were taken on a Zeiss AxioImager 2 with a
Hamamatsu Orca II CCD digital camera. Samples were prepared by placing on a glass
microscope slide, adding 2 drops of mounting medium (either PBS or 90% Glycerol:PBS) and
then covering with a glass cover slip. The edges of the coverslip were then sealed with clear
nail-polish to fix it in place and prevent drying of the samples.

2.14

RT-qPCR gene expression analysis

Gene expression, or more specifically messenger RNA (mRNA) expression, forms part of the
central dogma which describes how genetic information in the genome is translated into
function through proteins or other functional RNAs. Genes are expressed through a process
called transcription in which RNA polymerases latch onto genes within the chromosomal DNA
and produce RNA copies of the nucleotide sequence that makes up the gene. This transcribed
RNA is then processed by a series of folding and cleaving events before being transported out
from the nucleus as mRNA and into the cytoplasm where it is translated into protein by
ribosomes, the protein factories of cells. Cells respond to internal and environmental cues by
triggering protein mechanisms that ultimately lead to transcription events mediated by a
myriad of proteins called transcription factors. These events can be the initiation of
transcription of a group of genes or the increasing or decreasing of transcription rate of a
group of genes. mRNA transcription is a central process between intracellular/extracellular
events and the response or action the cell makes, and so the levels and patterns of mRNA
transcription gives an indication of how a cell is responding to the environment.
Measuring the levels of specific mRNA sequences within a cell is managed through three
steps: mRNA extraction, fabrication of a complementary DNA strand (cDNA) and then a
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quantitative Polymerase Chain Reaction to measure the levels of specific cDNA sequences
(qPCR).
2.14.1 Trizol RNA extraction

Samples (N=5) were placed into 500 µL of Trizol (Life Sciences) immediately after removal
from the culture media and stored at -80°C. All steps were carried out with samples on ice.
Separation of the nucleic acids from the protein material was initiated by thawing out the
samples, adding 200 µL Chloroform and mixing thoroughly. Mixed Trizol/Chloroform/sample
solutions were then centrifuged at 12,000 g for 10 minutes, and the clear RNA containing
supernatant transferred to a new Eppendorf containing 70% ethanol. The RNA:Ethanol mixture
was then passed into an RNA extraction spin-column (Promega) and centrifuged at 12,000 g
for 30 seconds to bind the RNA to the spin-column membrane. The membrane RNA was then
washed twice with 500 µL of RNA wash buffer (Promega), once with 200 µL Column wash
buffer (Promega) and then a final time with 500 µL RNA wash buffer all at 12,000 g for 30
seconds. The column was then dried by spinning the samples at 21,500 g for 1 minute to
remove all residual wash buffer on the membrane. RNA was then eluted by adding 25 µL DEPC
treated DNase/RNase free water (Sigma) to the membrane and centrifuging at 12,000 g for 2
minutes. The concentration of RNA was determined using a Nanodrop 1000 (Thermofisher)
UV spectrometer, and all samples were ensured to be above 10 ng/mL for effective
downstream cDNA production. RNA solutions were stored at -80°C until cDNA synthesis.
2.14.2 cDNA preparation

The RNA must be translated to cDNA because DNA molecules are central to the qPCR
process, which will be explained in the next section. So that the RNA extracted and purified
from the cell cultures was constructed into cDNA molecules by a Reverse Transcriptase (RT)
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reaction. RTases are enzymes that make double-stranded cDNA molecules from RNA
templates.
RNA samples were first diluted to have matching concentrations across all groups and
timepoints so that any results obtained in the qPCR process are not skewed by differences in
concentrations. This is to account for variation in RNA yields due to differences in cell
numbers and the Trizol RNA extraction process itself holds multiple causes for human error.
Once the RNA sample concentrations were equalised the cDNA synthesis could commence.
There are two steps involved in the synthesis of cDNA: primer annealing and reverse
transcription. First random hexamer and Oligo(dT) primers were mixed at a 1:1 ratio. A 1 µL
volume of primer mixture was then added to 12.3 µL of RNA sample volume. Annealing of the
primers to RNA molecules requires an activation energy and so the mixture of Oligo(dT)s,
random hexamers and sample RNA was incubated at 95 °C for 2 minutes, then reduced to 25
°C for 45 minutes before cooling and storing at 4 °C on a thermocycler. Once the primers were
annealed to the RNA templates the RNA was primed for transcription to cDNA.
Reverse transcription of RNA to cDNA was carried out by the RT enzyme on a Proflex PCR
System (Applied Biosciences). All cDNA reactions were conducted using the Promega Improm
II Reverse Transcription kit according to the manufacturer’s instructions. Per reaction, 4 µL 5X
Reaction Buffer (Promega), 1 µL free dNTPs (Promega) and 2.7 µL MgCl2 solution (Promega)
were added making a final reaction volume of 20 µL. RT can transcribe cDNA in a broad range
of conditions but has an optimal function in the presence of deoxyribonucleotide
triphosphates (dNTPs), MgCl (2-3.0 mM), KCl (0 – 100 mM) and at pH 8.3308. Transcription
yields can vary from below 50% to 100% and are highly dependent on the RNA concentration
and purity, the source of the RT enzyme, the types of primers used and the reaction mixture309.
The transcription process was executed by incubation of the RNA in the RT reaction buffer at
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42 °C for 1 hour, followed by heat deactivation of the RT at 72 °C for 15 minutes on a
thermocycler and the resultant cDNA was ready for qPCR analysis.
2.14.3 Real-time qPCR

To measure and understand the relative levels of expression of mRNA molecules within the
transcriptome of the cells several real-time quantitative Polymerase Chain Reactions (qPCR)
were executed. PCR uses replication of DNA molecules by a DNA polymerase enzyme, capable
of creating new dsDNA strands from an initial ssDNA template. This replication is executed
cyclically in thermally controlled cycles called thermocycles. One cycle represents a replication
event and consists of three main steps: Denaturation, Annealing and Elongation.
PCR reactions were set-up using the Go-Taq qPCR system (Promega). Primers were diluted in
DEPC treated DNase/RNase free water to a concentration of 10 mM and . PCR primers were
designed on PrimerBLAST and synthesised (Sigma) or obtained from bioinformatically verified
sources (Quiagen), see Tables 7 and 8 for primer sequences and codes. 1 µL of both forward
and reverse primer solution was added to 10 µL of Go-Taq reaction buffer (Promega) and 6 µL
of DECP treated DNase/RNase free water (Sigma) to produce the master mix (18 µL per
reaction). In a white PCR reaction plate (Roche) 2 µL of sample cDNA was added to the 18 µL
of master mix. The PCR reaction plates were sealed and placed into an LC480 Lightcycler
(Roche) for quantitative PCR. Each cycle within the LC480 featured a 30 second 95°C
denaturation stage, a 30 second 42°C annealing stage and a 1 minute 72°C elongation stage
and cycles were repeated 45 times.
The quantitative nature of real-time qPCR arises from the cyclic DNA amplification along with
the addition of a dsDNA binding fluorophore (commonly SYBR Green I) into the reaction
mixture with the cDNA, primers and DNA polymerase. With the addition of a dsDNA
fluorophore, throughout each cycle of PCR DNA replication fluorescence measurements can
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be made to determine any increase in DNA molecules present within the reaction. Because the
amplification of target DNA is exponential in nature, the curve of fluorescence measurements
emerge in a temporal fashion according with the thermocycles and this is dependent on the
initial conditions (i.e. the amount of target DNA present in the sample). A threshold
fluorescence was set on the LC480 as a factor of 3 times the signal-to-noise ratio of the
measuring device. The time at which this threshold was met was recorded as a proportion of
the cycle numbers called the cycle threshold (Ct). This Ct value finally allowed for comparisons
of the expression of certain genes between different samples, so long as the appropriate
normalisations and controls have been put in place.
It is essential to normalise the Ct of a target gene to the Ct of a reference gene for the same
sample. This is to offset any differences in overall RNA amount in the samples and any
differences incurred through the RNA extraction and cDNA synthesis steps. The reference
gene was chosen as GAPDH. Normalisation of the target Ct to GAPDH Ct allowed for
comparison between the samples. Further normalisation to the target Ct of a control group
was then conducted so that results can be presented relative to a control group. The results
have been graphed as 2-ΔΔCt where ΔΔCt is the result of the two normalisations explained
previously. This way of representing the information acquired from the qPCR process is
named the 2-ΔΔCt method and shows the fold change difference in the expression of target
genes between different samples.
As is clear from the many steps involved in extracting and quantifying mRNA within cell
samples, there are plenty of sources for error involved with qPCR and it is important to
consider and report all the factors that could contribute. The list is exhaustive and has been
diligently compiled into a published document called the MIQE guidelines (minimum
information for publication of quantitative real-time PCR experiments) that aims to standardise
the way qPCR is executed and reported310. qPCR is a widely used technique for the reporting of
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gene expression in biological experiments and so it is paramount that results are reported with
clarity.

GAPDH
AFP-1
HNF4A
CYP1A2
CYP2E1
COL1A1
COL3A1
FN1
CYP3A4
ALB

QT00199388
QT00174020
QT00144739
QT00100674
QT00112539
QT02589482
QT02331301
QT00135758
QT00140147
QT00115570

Table 7: qPCR primer codes for the primers used to analyse Primary Mouse Hepatocyte genes, supplied by Qiagen

GAPDH
ALBUMIN
CYP1A2
CYP3A4
FN1
COL1A1

For – GTCTCCTCTGACTTCAACAG, Rev - GTTGTCATACCAGGAAATGAG
For - CCTGTTGCCAAAGCTCGATG, Rev - GAAATCTCTGGCTCAGGCGA
For - CTTCGCTACCTGCCTAACCC, Rev - GTCCCGGACACTGTTCTTGT
For- TTTTTGGATCCATTCTTTCTCTCAA, Rev- TCCACTCGGTGCTTTTGTGT
For - GGACACAGAGGTTTCAGTGGT, Rev - GCACCATCATTTCCACGAGC
For - GAACAAACACTAATGTTAATTGCCC, Rev - TCTTGGCAGAGAGACATGCTT

Table 8: qPCR primer sequences for the primers used to analyse HepG2 gene expression, supplied by Sigma. For = Forward, Rev = Reverse.
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Chapter 3 - The effects of electrospun
PCL fibre morphology on HepG2 and
Primary Mouse Hepatocytes
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3.1

Introduction

Recent decades have seen alarming rises in the rates of chronic liver diseases and
hepatocellular carcinoma311–313. The breadth of liver related pathologies is large, and the
associated epidemiology is highly complex48,314. Liver transplantation is currently the only
feasible cure to end-stage liver disease, but it is costly and donor supply satisfies only 10% of
demand48. Several strategies are being employed to try to tackle these issues and the search
for novel and effective treatments is underway315. Finding therapeutic targets for drug-based
treatment of pre-cirrhotic liver disease is of high importance to effect an economical solution
to this problem315. Other research is focused on regenerative therapies through the use of
stem cells or macrophages and extra-cellular matrix (ECM) scaffolding technologies to
remove or reverse the currently irreversible results of liver cirrhosis161,172,316–318. These methods
imply the utilisation of in-vitro methods which are in need of redevelopment and reengineering
to match in-vivo biological complexity and deliver effective platforms for expansion of
regenerative cells and in-vitro drug testing models172,319,320.
In-vitro culture of hepatocytes has developed from standard culture methods to collagen
sandwich cultures, organoid cultures and microfluidic organ-on-a chip cultures321,322. While
each of these methods carries their limitations, the scope for further options has been
expanded by research into novel scaffold technologies. Scaffolds take the form of biocompatible porous hydrogels or polymer microstructures, and supply cells with a bio-mimetic
extracellular structure upon which to attach323. Amongst the various available methods, recent
research has identified electrospun polymer scaffolds as a potential avenue for the production
of effective in-vitro liver tissue models166,171,324–326.
Electrospinning is a polymer fabrication technique that yields fibres from the nano to micro
scale that can mimic the structure of the native ECM327. Electrospun bio-compatible polymers
have been used in the production of 3D cell cultures for various tissues and for various
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applications197,205,328–331. It is a reliable and tailorable technique giving a high degree of freedom
in altering the dimensional aspects of the fibrous matrix. Fibre size, morphology and
connectivity can be easily manipulated, which has contributed to the method’s popularity
among tissue engineering researchers327,332–334. There are plenty of examples in literature of
these attributes being exploited, such as to produce artificial conduits for nerve grafts and in
finding optimal fibre characteristics for in-vitro kidney tissue models197,335. The ability to alter
the fibre characteristics provides the opportunity to investigate the effects of fibre
characteristics on cellular function.
The mechanical properties of cell culture substrates can have a direct influence on cellular
behaviour and function through a process termed mechanotransduction336. It is known that
this influence affects the morphology of adherent cells, the cytokinesis process, cellular
migration and differentiation337. These effects have been demonstrated through studies
focused on stem cells and are known to translate over to fully differentiated somatic cell types.
Microenvironment stiffness has been utilised as a tool for directing differentiation of hepatic
stem cells/progenitors within in-vitro hydrogel models338,339. It has also been shown that
substrate stiffness can be used to regulate the function of primary hepatocytes from rats and
humans340,341. Thus, consideration of the mechanical properties of 3D scaffold technologies
and how this regulates cell function is essential to the design of in-vitro systems.
Herein is reported the in-vitro effects of electrospun PCL fibre morphology on the hepg2 cell
line and isolated primary mouse hepatocytes (MPH). Six groups of scaffolds have been
constructed with different morphologies and fibre sizes by altering electrospinning
parameters. The morphological categories include random fibres, aligned fibres and higher
porosity cryogenic fibres. Each morphological category has been produced with a small fibre
size (1-2 µm) and a large fibre size (4-5 µm). This provides an array of different mechanical
microenvironments which allows us to understand the extent to which electrospun fibre
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mechanics and morphology influences hepatic cell cultures and apply this information to the
design of in-vitro hepatocyte culture systems.

3.2

Methods

3.2.1

Electrospinning

Electrospun PCL scaffolds of differing morphology were produced using a previously
described methods205. The scaffolds were fabricated by solution electrospinning on an IME
Technologies electrospinning apparatus with a rotating mandrel attachment. To produce the
six different architectures a variety of electrospinning parameters were used shown in
Figure.5. PCL was dissolved in different solvent systems Chloroform:Methanol 5:1,
Chloroform:Methanol 3:1 and Hexafluoroisopropanol (HFIP) to achieve different fibre sizes, an
approach demonstrated in literature205,342,343. For each scaffold, 4 mL of solution was used to
spin a 100 mm wide sheet of electrospun material from which 10 mm discs were punched
out. These discs were stored at room temperature awaiting plasma treatment and seeding.
3.2.2

Scanning Electron Microscopy

Samples were sputter coated with gold in an EmScope 5000 sputter coater for 30 s before
imaging. Post sputter coating, SEM images of the samples were taken at 15 kV accelerating
voltage using a Hitachi TM4000 Plus benchtop scanning electron microscope.
3.2.3

Fibre Diameter

Fibre diameter was measured on ImageJ software using the DiameterJ plugin344. SEM images
were segmented and analysed to find the average fibre diameter for each scaffold.
3.2.4

Porosity Measurement

50 x 10 mm (N=3) sections of scaffold material were cut using a scalpel. The samples were
measured for thickness using a DMK 41AU02 (ImagingSource) camera and weighed. With
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knowledge of the scaffold weight and dimensions and the density of the PCL (Sigma) the
porosity was calculated using the following equation:

1 = 21 −

5!"#
5$%&''()*

6 × 100

where p is porosity, VPCL the volume of PCL calculated from the weight and density (1.145
g/mL) and VScaffold the volume of the scaffold.

Figure 5: A) Diagram depicting the electrospinning process for random, aligned and cryogenic fibres (top to bottom respectively). B) Table
showing electrospinning parameters for each scaffold group. (CFM:Meth = Cloroform:Methanol)
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3.2.5

Mechanical Testing

Electrospun material was subject to tensile testing using the Instron 3367 universal testing
system. Briefly, 10 x 50 mm samples were cut using a scalpel and mounted 10 mm at each
end in pneumatic clamps giving a gauge length of 30 mm. The samples (N=5) were then
elongated parallel to the mandrel rotation direction at 50% strain per minute (15 mm/m), strain
was measured as longitudinal elongation as a proportion of gauge length. For the aligned
fibres the tensile test was conducted both parallel and perpendicular to the mandrel rotation
direction to capture the anisotropic properties of the fibres. Sample load was measured using
a 50 N rated Instron 2530-50N load cell. Sample thickness was measured using a DMK
41AU02 (ImagingSource) camera. The camera was mounted perpendicular to the scaffold and
pictures taken with a scale. Thickness measurements were then taken digitally using ImageJ
software. After data collection Youngs’ Moduli for each scaffold were calculated on MATLAB
for different strain ranges by taking a regression of the stress-strain data between 0-5 %, 5-10
%, 10 – 15 % and 15 – 20 % strain.
3.2.6

Contact Angle Measurement

5 µL of dH2O were pipetted on to the surface of each scaffold and images were taken at 5 Hz
using a DMK 41AU02 (ImagingSource) camera. Contact angles for both non-plasma treated
scaffolds and plasma treated scaffolds were subsequently measured using LBADSA plugin
with ImageJ345.
3.2.7

Plasma Treatment

To improve the hydrophilicity of the PCL surface, the scaffolds were oxygen plasma treated
(Harrick Plasma) prior to seeding. Briefly, the scaffolds were sterilised in 70% Ethanol for 20
minutes before being freeze dried for 24 hrs. The sterile scaffolds were then exposed to
oxygen plasma at 500mTorr at medium RF power (20 W) for 30 seconds. Once plasma treated
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the scaffolds were immediately placed into 1% Anti-Anti solution in PBS, preventing
hydrophobic recovery.
3.2.8

Immortalised cell line culture - HepG2

1.0x106 hepG2 cells (Sigma) were raised at P6 in 3 T75 tissue culture flasks until 80%
confluency in complete media, containing EMEM (Gibco) supplemented with 10% Fetal Bovine
Serum (GE healthcare), 5% Non-essential amino acids (Gibco), 5% L-Glutamine (Gibco) and 5
mL 10,000 U/mL Penicillin-Streptomycin (Gibco). Cells were then trypsinised using standard
methods and counted with a haemocytometer. The cells were re-suspended in complete
media and seeded onto the scaffolds at a concentration of 1.0 x 105 cells/scaffold. The
seeded cells were incubated for 2.5 hours at 37 °C and 5% CO2 to allow for cell attachment.
300 µL complete media was subsequently added and the cells incubated at 37 °C and 5% CO2
for 14 days, changing media every 2-3 days.
3.2.9

Primary Mouse Hepatocyte Isolation and Culture

Primary Mouse Hepatocytes were isolated following the standard two-step collagenase
perfusion technique302. Briefly, mice received a terminal dose of anaesthetic and underwent
laparotomy. The portal vein was cannulated and then perfused with 50 mL Liver Perfusion
Medium (Gibco) followed by 50 mL Liver Digest Medium (Gibco) pre-warmed to 37 °C. The
liver was removed and then hepatocytes were mechanically disassociated and released from
the Glisson capsule, filtered through 70 uM filter and purified with a density gradient
centrifugation. The cells were seeded at a concentration of 5 x 104 cells/scaffold.
All experiments with animals were approved by the University of Edinburgh Animal Welfare
and Ethical Review Body and the UK Home Office. All experiments with animals took place at
the Centre for Regenerative Medicine, Edinburgh and were performed according to procedural
guidelines and severity protocols from the UK Home Office Animals Scientific Procedures Act.
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3.2.10 Cell Viability

Cell viability was assessed using the Cell Titre Blue assay (Promega). The assay was
conducted according to the manufacturer’s instructions. Briefly, cell laden scaffolds were
incubated at 37°C and 5% CO2 in a 5:1 ratio of complete media and Cell Titre Blue reagent for
4 hrs. 100µL of the resulting media solution was then measured for fluorescence at ex. 525nm
em. 580-640nm on a Modulus II Microplate reader.
3.2.11

DNA Quantitation

The amount of dsDNA present on each scaffold was measured using the Quant-IT Picogreen
assay (Thermo-Fischer). Scaffolds were washed three times in PBS before being lyophilised.
The lyophilised scaffolds were then placed in a Papain digest solution consisting of 2.5U/mL
Papain, 5mM Cysteine HCl, 100mM EDTA and 100mM Sodium Acetate. Scaffolds were
incubated at 65°C in 1mL of Papain digest solution for 24 hrs. Samples were then combined
with Picogreen reagent as per manufacturer’s instructions. Sample fluorescence was read at
ex 490nm em 510-570nm on a Modulus II Microplate reader.
3.2.12 Albumin Quantitation

Albumin secretion over 24 hrs was quantified using the Bromocresol Green (BCG) reagent
(Sigma) Media samples were removed from the scaffolds and stored at -80 °C before
measurement. Samples were spun down at 200 g for 5 mins and 5 µL added to the BCG
reagent. Absorbance was measured at 620 nm and normalised to a standard curve.
3.2.13 Cell Imaging

Samples were washed 3 times in PBS before fixation in 10% formalin (Sigma) for 15 minutes,
after fixation scaffolds were washed 3 times in PBS and stored at 4 °C before staining.
Samples were stained with 300nM 4′,6-diamidino-2-phenylindole (DAPI, Thermo-Fischer) in
PBS and Phalloidin 514 nm conjugate (Sigma) in 1% BSA PBS solution for nucleic and f-actin
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visualisation respectively. Briefly, samples were washed 3 times in PBS, exposed to DAPI
solution for 10 minutes, washed 3 times in PBS, exposed to Phalloidin solution for 30 minutes
and finally washed 3 times in PBS. Samples were imaged on a Zeiss AxxioImager
epifluorescence microscope with 40X objective.
3.2.14 Gene Expression

Samples were placed directly into 1 mL Trizol and 200 µL of chloroform added, samples were
spun down at 10,000 g for 15 minutes and the mRNA containing supernatant was removed
and placed into 400 µL of 70 % ethanol. The ethanol and supernatant mRNA mixture was
subsequently purified using Qiagen RNEasy Spin columns following the manufacturer’s
instructions. After purification, 100 ng of mRNA was translated to cDNA using the Improm II
Reverse Transcription kit (Promega) as per the manufacturer’s instructions. qPCR was then
carried out with SYBR Green (Qiagen) using a Lightcycler 480 (Roche). Primers for hepG2 were
designed in a previous study and sequences are detailed in supplementary information. For
the MPHs primers are listed in the supplementary information. Controls for gene expression
analysis were the respective cells cultured on tissue culture plastic over 24 hrs. Results are
expressed as fold-change values derived through the 2-ΔΔCt method.
3.2.15 Statistical Analysis

All numerical data were subjected to one-way ANOVA and Tukey’s HSD post hoc testing.
Statistical differences are displayed as: * = p < 0.05, ** = p < 0.01 and *** = p < 0.001.
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3.3

Results

3.3.1

Scaffold Properties

The scaffold fabrication methods used in this study produced three distinct PCL scaffold
morphologies, as shown in Figure.6.A, with large (4-5 µm) and small (1-2 µm) fibres. Control of
fibre size was implemented through alteration of polymer concentration, solvent choice and
electrospinning parameters. The morphology of the deposited fibres was controlled by varying
mandrel speed and temperature. Figure.6.B shows the effect that fibre size and morphology
have on the mechanical properties of the resulting scaffolds. Morphological characteristics
have a stronger effect on the mechanical properties, however it is clear that fibre size also has
influence.

Figure 6: A) SEM images of scaffold fibres for each group. B) Fibre diameter measurements from Diameter J plugin, Tensile mechanical
stiffness for each scaffold group (N = 5 presented as mean ± SD), Contact angle measurements for each scaffold group (0 indicates droplet
completely absorbed) before and after plasma treatment and porosity measurements.
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3.3.2

Cell Morphology

The morphological effects of each scaffold on hepg2s and MPHs is displayed in Figure.7. Cells
adopt a more rounded morphology on the random scaffolds and are significantly elongated on
the aligned fibres. The morphology of cells that have attached to fibres in the cryogenic
scaffolds adheres to the morphology of the fibre. However, the cryogenic scaffolds also show
indications of cellular infiltration and trapping of unattached cells within the large pores.

Figure 7: DAPI and Phalloidin fluorescence images showing cellular morphology upon scaffolds at 48 hrs A) Hepg2, B) MPHs. Images taken
with 40x magnification objective.
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3.3.3

Cell Viability

Cell titre blue results in Figure.8.A showed hepg2 cells exhibited increased cell viability over the
14 day culture period. Due to the highly proliferative nature of the hepg2s this is likely due to
increases in the cell number upon the scaffold. Larger fibres tended to increase level of
viability measured, however no statistically significant differences were observed between the
groups.

Figure 8: Cell titre blue fluorescence results for A) hepg2 over 14 days and B) MPHs over 3 days. N=5, Error bars = SD and * = p < 0.05, ** = p <
0.01 and *** = p < 0.001.
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In contrast to the hepg2s the MPHs exhibited a steady decline in cell viability over a 3 day
culture period, shown in Figure.8.B. This is largely due to cell death within the culture of MPHs,
which is common amongst primary hepatocyte cultures 346. Again, larger fibres tended to
increase the viability levels with the exception of the SM-RA group. Statistically significant
differences were observed between the SM-CR scaffold and each of the LG-RA and LG-AL
scaffold groups at 48 hrs (p < 0.05). Interestingly, significantly increased fluorescence was
observed on the LG-CR scaffold in comparison to the SM-CR scaffold (p < 0.05), which
suggests higher attachment on the larger fibres.
3.3.4

DNA

dsDNA levels have been quantified in order to understand cell attachment and proliferation
behaviour. This can also confirm if cell viability changes are characterised by changes in cell
number or cell metabolism. Measured dsDNA levels in the hepg2 cultures (Figure.9.A) showed
consistent increases across the 14 day culture period. Cryogenic scaffold groups showed
higher rates of increase with statistically significant increases from 24-hrs to 14-days (p <
0.001).
The capacity for MPHs attachment was similar between scaffolds as evidenced by consistent
levels of dsDNA at 24 hours (Figure.9.B). In contrast to HepG2, MPHs exhibited consistent
decreases in the dsDNA levels over the 3 day culture period, displayed in (Figure.9.B). The LGCR scaffolds held significantly higher levels of dsDNA at 24 and 48 hrs compared with each of
the SM scaffold groups (p < 0.05 – 0.001) and the LG-RA group (p < 0.05).

103

Figure 9: Picogreen dsDNA measurements for A) hepg2 over 14 days and B) MPHs over 3 days. N=5, Error bars = SD and * = p < 0.05, ** = p <
0.01 and *** = p < 0.001.

3.3.5

Albumin secretion

Albumin secretion displayed in Figure.10.A, measured by bromocresol green assay, showed
hepg2 secreted between 0.2 and 0.3 g/dL over a 24 hr period at all timepoints. At 14 days
hepg2s on the LG-CR scaffold showed significantly increased secretion over 24 hrs compared
with all other groups except LG-AL (p < 0.05 – 0.001). Figure.10.B shows that MPHs exhibited
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0.02 – 0.05 g/dL albumin secretion over a 24 hr period for all timepoints. No significant
differences in albumin secretion were observed between groups.

Figure 10: Bromocresol green 24 hr albumin secretion measurements for A) hepg2 over 14 days (N=5) and B) MPHs over 3 days (N=3). Error
bars = SD and * = p < 0.05, ** = p < 0.01 and *** = p < 0.001.

3.3.6

Gene Expression
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Gene expression analysis for hepg2 cells shown in Figure.11 confirms the expression of
COL1A1, FN1, ALB, CYP3A4 and CYP1A2. Relative expression of genes between groups
showed no significant differences. CYP3A4 and ALB exhibited increases in expression over the
14 day culture period, whilst decreases were observed in COL1A1, FN1 and CYP1A2.

Figure 11: RT-qPCR gene expression results showing fold change of COL1A1, FN1, CYP1A2, CYP3A4 and ALB for hepg2 over 14 days. Results
normalised to hepg2 on SM.RA at 24 hrs. N≤5, Error bars = SD and * = p < 0.05, ** = p < 0.01 and *** = p < 0.001.
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MPHs were confirmed to show expression of COL1A1, COL3A1, AFP1, HNF4a, CYP1A2 and
CYP2E1, seen in Figure.12. COL1A1, COL3A1 and AFP1 were seen to increase over the 3 day
culture period, and HNF4a, CYP1A2 and CYP2E1 were seen to decrease. Significant increases
in the expression of CYP1A2 between the cryogenic groups and all of the other groups were
observed after 48 hrs of culture time (p < 0.05 – 0.001, these are provided in the
supplementary information).

Figure 12: RT-qPCR gene expression results showing fold change of COL1A1, COL3A1, AFP1, HNF4a, CYP1A2 and CYP2E1 for MPHs over 3
days. Results normalised to MPHs on SM.RA at 24 hrs. N≤5, Error bars = SD and * = p < 0.05, ** = p < 0.01 and *** = p < 0.001. P-values for
CYP1A2 are recorded in the supplementary information Table.9.
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3.4

Discussion

The mechanical properties of the scaffolds are a result of the combination of fibre bending
stiffness and the mode of fibre connectivity within the fibrous matrix347. Depending on these
two parameters, under load each scaffold will exhibit either bending dominant or stretching
dominant deformation which has a large impact on the macro-mechanical behaviour of the
fibrous material348. Apart from mechanical considerations, the morphological changes
between each scaffold type can be observed at the cell scale. Therefore, it was reasonable to
assume that these structural characteristics would have an influence on the morphology of
attached cells. The scaffolds produced thus displayed properties that would make them a
useful platform on which to test the mechanical and morphological influence of electrospun
fibres on hepatocyte cultures. This is important in order to develop in-vitro platforms that can
induce mechanically and morphologically relevant cultures and produce effective culture
environments for cell therapy and drug testing workflows. The analysis was conducted such
that standard tissue culture plastic (TCP) controls were omitted in order to focus the analysis
on the morphological factors, previous reports in literature have explored comparisons
between 3D scaffold cultures and 2D TCP culture349–351.
Cellular attachment of hepg2 was observed on all scaffolds and each scaffold is shown to
have facilitated an equal measure of attachment, as shown by levels of DNA at 24 hours in
Figure.9. The hepg2 were then allowed to proliferate over 14 days to understand if the
electrospun scaffolds exert influence across the short term and the long term. No significant
differences were exhibited between the scaffold groups throughout the entire culture period.
Although trends in the DNA and viability results indicate that larger pores in the scaffolds
promote higher rates of proliferative activity. It is widely understood that scaffold porosity and
pore size can act on the migration and proliferation behaviours of cells within scaffolds352,353.
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MPHs were seen also to attach PCL fibres successfully and were observed upon the scaffolds
for three days. DNA results shown in Figure.9.B indicated significantly higher levels of cellular
attachment in the LG-CR group, this was also reflected in the overall improved viability on large
scaffolds seen in Figure.8.B. It was thought this is likely due to more cells becoming trapped in
the larger pores of the scaffold. Over the course of three days the MPHs were seen to decline
in population on the scaffolds, it was expected that this was to happen with MPHs, which are
notoriously non-proliferative in-vitro and rapidly progress to apoptosis346. The SM-CR group
showed reduced levels of viability compared to the LG-RA and LG-AL groups at 48 hrs. As this
was not reflected in the levels of DNA it is possible that the smaller fibres and reduced
connectivity of the SM-CR scaffold has an inhibitory effect on metabolic activity, however
more rigorous analysis of metabolic activity would be necessary to confirm such effects.
Albumin secretion was confirmed for both cell types upon the electrospun PCL scaffolds, seen
in Figure.10. Albumin is a physiologically important molecule secreted by hepatocytes which
regulates colloidal osmotic pressure and the transportation of molecules throughout the body,
amongst other important physiological processes354,355. The production of albumin in-vitro is
thus essential for an effective model of hepatocyte function. No major differences in albumin
secretion were observed between groups, apart from the hepg2 on the LG-CR scaffold at 14
days. This is not supported by evidence of significantly increased cell population, therefore
scaffold porosity may drive albumin secretion through more extensive 3D cell agglomeration,
which has been shown to augment albumin production in hepatic cell lines356.
Gene expression was analysed for Albumin, CYP1A2 and CYP3A4 genes to show expression
of hepatic functional markers for hepg2. Expression of COL1A1 and FN1 were also analysed to
observe the effects on ECM production. Scaffold morphology was not highly influential on the
expression of genes analysed, as confirmed in Figure.11 Hepg2 cells showed fairly consistent
expression profiles for all genes between scaffold groups. There were trends noted in the
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expression of COL1A1 where expression after 14 days was seen to be reduced with fibre size
and particularly on the LG-CR group.
In accordance with hepg2, MPHs also exhibited a largely unaffected expression of functional
markers (AFP, HNF4a and CYP2E1) and ECM genes (COL1A1 and COL3A1) across the
morphological categories. This is with the exception of CYP1A2, in which a statistically
significant increase in expression was observed on the cryogenic scaffolds SM-CR and LG-CR
after 48 hrs of culture, which can be seen in Figure.12. CYP1A2 is a cytochrome P450 protein
primarily associated with the metabolism of caffeine, drugs and other xenobiotics357–359. The
cryogenic scaffolds share higher porosity in comparison to the other morphological categories
shown by the porosity data in Figure.6. A higher porosity allows for deeper scaffold infiltration
and facilitates a higher degree of 3-D agglomeration of the cells within the scaffold,
constructing a more organoidal arrangement. CYP1A2 expression and activity has been found
to be increased in 3D culture conditions in comparison to 2D methods360,361. Accordingly, it is
proposed that the 3D structural arrangements driven by the higher porosity in cryogenic
electrospun scaffolds may influence CYP1A2 expression. This supports evidence in literature
that suggests scaffold pore size and geometry can have a significant impact on hepatic cell
morphology, albumin secretion and CYP3A4/2C9 mRNA expression181,343. It should be noted
that the gene expression panels in Figure.11 and Figure.12 are not for the same genes due to
the known differences in gene expression profiles between hepG2 and primary hepatocytes362–
365

.

HepG2 and MPHs are two distinctly different types of cell, one an immortalised cell line and
one a primary isolate. As such there are differences in the analysis including different timepoints and different analysis of gene expression. HepG2 survive and proliferate very effectively,
which makes them applicable to long term cultures. MPHs cultured using our methods
showed steady declines in viability and as such cultures were limited to 3-days. HepG2
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cultures were held at 2-weeks in order to understand the long term potential of the scaffold
materials. Differences were observed between gene expression within each type of cell and
certain genes did not show in measurable quantities for RT-qPCR, therefore the panels show
different genes for different cell types. Alternative genes were chosen from a similar group of
hepatic markers, for example, the Cytochrome P450 family. Given the differences between
each of the cell types and their analyses, it is not possible to draw direct comparisons between
each of the cell types upon the different scaffold architectures.
Electrospun PCL scaffold morphology has a direct impact on the morphology of hepg2 and
MPH cell cultures which, in turn, show to produce significant biological responses. This is
confirmed by results showing altered scaffold-cell attachment, proliferation rates and changes
to the expression of major hepatocyte functional markers, such as CYP1A2. The results imply
that fibre size and porosity both have measurable influence on the cultures. In particular, the
higher occurrences of 3-dimensional cell-cell interactions in scaffolds with higher porosity
show to consistently affect cell function in a significant manner. This study opens questions
about how electrospun scaffold morphology should be utilised to harness bio-realistic in-vitro
cultures of hepatocellular-carcinoma and primary mouse hepatocytes.
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3.6

Supplementary Information

SMRA
SMAL
SMCR
LGRA
LGAL
LGCR

SMRA
SMAL
SMCR
LGRA
LGAL
LGCR

24 HRS – P VALUES
SMRA SMAL
SMCR
LGRA
0.069437
1 0.762641
0.132764 0.999565
0.889078

48 HRS – P VALUES
SMRA SMAL
SMCR
LGRA
0.999958 0.008462 0.998271
0.0003
1
9.09E-05

LGAL
0.970236
0.919029
0.994607
1

LGCR
0.874283
8.97E-05
0.731439
0.014851
0.050909

LGAL
LGCR
0.857776 0.000909
0.999802 2.51E-05
5.30E-06
1
0.999999 7.61E-06
1.02E-06

72 HRS – P VALUES
SMRA
SMAL
SMCR
LGRA
LGAL
LGCR

SMRA SMAL
SMCR
LGRA
LGAL
LGCR
0.793185 0.050909 0.998329 0.583004 0.001638
3.14E-05 0.999987
1 1.08E-06
0.000852 9.41E-06 0.999764
0.999178 1.43E-05
8.01E-07

Table 9: ANOVA p-values for the comparisons between gene expression values of CYP1A2 in Primary Mouse Hepatocytes, shown in Figure
12.
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Chapter 4 - The effects of whole organ
decellularised rat liver ECM on HepG2 in
electrospun PCL scaffolds
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4.1

Introduction

The burden of liver disease on people and health systems is increasing globally year on year
and estimates now state that approximately 25% of the global population will be showing
signs of onset or fully fledged NAFLD48,53,366. This puts a quarter of the world at risk of fibrosis
and hepatocellular carcinoma. There are currently no approved pharmaceutical treatments for
any stage of liver disease and the eventuality of liver failure brings death if without a transplant
liver. Thus, alternative strategies must be explored for the progression of drug development
methodologies and other potential treatment methodologies for liver disease. Progressions in
3D cell culture methods have delivered more realistic models of liver tissues in-vitro, both
structurally and functionally367. Culturing cells within a 3D matrix that recapitulates complex invivo cell-cell and cell-matrix interactions allows for more accurate modelling of in-vivo cell
behaviours.
Electrospun scaffolds provide a fibrous polymeric matrix similar to that of the in-vivo extracellular matrix (ECM) upon which cells can be attached in-vitro368. This realistic biomechanical
environment entails a simple fabrication process and research has proven its potential in the
culture of hepatic cell types for in-vitro models and regenerative cell therapy
purposes165,166,171,172,326,369. The morphology of electrospun fibres can be tailored to alter the
local mechanical environment upon which cells attach and this has shown the affect the
behaviour and function of hepatocytes on electrospun polycaprolactone (PCL) scaffolds370.
Moreover, many studies have shown that the local mechanics of cell attachment substrates is
proven to direct differentiation of both hepatocytes and stem cells339,371–373. The bulk of many
electrospun scaffolds is generally fabricated from biocompatible synthetic or natural
polymers. Whilst these materials can provide a consistent structure with cell attachment
motifs, these systems lack the specific biochemical niche that is present within the in-vivo
ECM.
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Hepatocytes rely on a dynamic relationship with a particular set of ECM proteins which
governs the function of hepatocytes in-vivo and facilitates communication between
neighbouring cells and the immune system374,375. ECM proteins such as Collagen, Laminin and
Fibronectin can be incorporated into electrospun polymer scaffolds, introducing cell-matrix
interactions that improve cell attachment and even direct cell function and
differentiation369,376,377. However, this does not capture the complexity present within native
ECM which is composed of hundreds of different components categorised as Collagens, ECM
glycoproteins, Proteoglycans, ECM regulators, ECM affiliated proteins and secreted factors.
Introducing this complexity into hepatocyte scaffolds can be achieved by stripping cells from
dissected liver tissues and incorporating the decellularised liver ECM (dLECM) into scaffold
structures378. Introduction of the complex combination of ECM proteins into liver scaffolds has
proven to drive altered functional responses from hepatocytes171.
Many studies have explored the possibilities of using dLECM for the culture of hepatocytes
and have shown that dLECM from caprine, murine, porcine and human sources can support
hepatocytes in-vitro155,156,379–382. Removal of cells and residual cytoplasmic and nucleic
materials can be achieved through different chemical and biological methods including
detergent exposure, hypertonic-hypotonic processes, acids and bases and enzymatic
treatments such as with trypsin and nucleases383. These methods can be complemented by
mechanical removal of the cytoplasmic and nucleic materials such as by mechanical agitation
or by perfusion methods. Whole organ perfusion methods have been established in order to
retain the entire ECM structure of whole organs in view of repopulating this structure with cells
and producing transplantable organs in-vitro384,385. Whole organ perfusion methods have been
optimised for cellular material removal and ECM protein preservation in detergent based
decellularisation of renal tissues386,387. Thus, dLECM obtained via whole organ perfusion
presents a valuable potential resource to explore for the development of dLECM enhanced
electrospun scaffolds.
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Herein is reported the fabrication of rat-dLECM (rLECM):PCL electrospun scaffolds for the
culture of hepatocytes in-vitro. Harvested rat livers have been decellularised by vascular
perfusion of sodium dodecyl sulphate (SDS) solution. rLECM:PCL scaffolds containing 5 and
10 w/w% rLECM are produced by electrospinning, maintaining morphological consistency
between each of the scaffolds. The HepG2 human hepatic carcinoma cell line has been
cultured upon the scaffolds and analysed for cell viability, DNA quantitation,
immunohistochemistry, albumin secretion and RT-qPCR gene expression analysis of key
hepatic functional and ECM markers.

4.2

Methods

4.2.1

Rat liver harvesting and decellularisation

Rat livers were harvested from 4-week-old male Sprague Dawley rats immediately after
cervical dislocation. Dissected livers were cannulated via the inferior vena cava and perfused
initially with 30 mL sodium nitroprusside solution to dilate the blood vessels. The liver was
then washed by perfusion with 50 mL phosphate buffered saline (PBS) solution.
Decellularisation was initiated by connecting the cannula in-line with a peristaltic pump and the
liver submerged in and perfused with 400 mL of 0.5% SDS solution at a flow rate of 10
mL/min, see Figure.13.A for a diagrammatical explanation. After 4 hours the SDS solution was
changed to a fresh solution and perfusion continued for 16 hrs before washing with distilled
water by perfusion for the same time periods as SDS. Decellularised and washed liver ECM
was then stored at -80 °C until lyophilisation using a Labconco freeze-drying apparatus. After
lyophilisation the rLECM was chopped using a scalpel and ball milled to a powder using a
Retsch planetary ball mill in 4-minute cycles. The chamber was cooled with dry ice for 10
minutes in between a total of 8 cycles.
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4.2.2

Electrospinning and scaffold preparation

Electrospinning solutions were prepared with polycaprolactone Avg. MW = 80,000 (Sigma),
hexafluoroisopropanol (HFIP, Manchester Organics) and rLECM. Three scaffold groups were
prepared containing 0 w/w% (Control group), 5 w/w% and 10 w/w% rLECM:PCL. rLECM
scaffolds were prepared by dissolving 40 mg (5 w/w%) and 80 mg (10 w/w%) of rLECM
powder in 10 mL of HFIP. After a brief agitation, 0.8 g of PCL was added to the rLECM:HFIP
mixture and the solution was left to fully dissolve on a roller overnight. The solutions were then
loaded into a syringe and electrospun as 10 cm wide sheets onto a rotating mandrel with an
IME EC-DIG Electrospinning apparatus. The parameters for electrospinning were as follows:
needle diameter = 0.4 mm, flow rate = 1.5 mL/hr, needle-mandrel distance = 15 cm, mandrel
rotation = 250 RPM, transverse needle movement: 10 cm width at 5 cm/s. Once electrospun,
12 mm round scaffolds were punched from the sheet material and stored at 4 °C until seeding
with cells. Prior to seeding the scaffolds were washed in 70% Ethanol and lyophilised in order
to sterilise the scaffolds. Post sterilisation the scaffolds were submerged in PBS with 1% AntiAnti (Gibco) to maintain sterility before seeding.
4.2.3

Scanning electron microscopy

Scaffolds were imaged using a Hitachi HT4000 Plus Scanning Electron Microscope with an
accelerating voltage of 15 kV using the mixed sensor mode combining back-scatter and
secondary electron sensors.
4.2.4

Mechanical testing

Tensile properties of the electrospun fibre materials were assessed using an Instron 3367
tensile testing apparatus. 5 by 1 cm samples were cut from the electrospun sheets using a
scalpel. The samples were clamped 1 cm at each end within the tensile testing apparatus
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giving a gauge length of 3 cm for each sample. Samples were extended at a rate of 15
mm/min (50% strain/min) until failure. Tests were repeated N=5 times.
4.2.5

Cell culture and scaffold seeding

Cryopreserved HepG2 (Sigma) were raised at P6 in T75 flasks (greiner) in complete media
containing Minimum Essential Media (MEM, Gibco) with 10% Foetal Bovine Serum (FBS, GE
Healthcare), 5% L-Glutamine 200 mM (Gibco), 5% Non-essential Amino Acids (NEAA, Sigma)
and 5% Penicillin-Streptomycin 10,000 U/mL (Gibco). The cells were expanded in T75 flasks in
preparation for seeding the scaffolds, the cells were tryspinised via standard methods and
suspended in complete media. Once ready for seeding the cells were counted using a
haemocytometer and the cell concentration within the suspension adjusted accordingly by
addition of complete media. 50,000 cells within 50µL of complete media was seeded on each
scaffold at P8 and the cell left to attach in an incubator at 37°C and 5% CO2 for 2 hours. After
cell attachment, 300µL of complete media was added to the well and media was changed
every 3 days for the duration of the study.
4.2.6

Cell viability analysis

Cell viability for N=5 samples per group was assessed using the Cell-titre blue assay
(Promega) which relies on the conversion of resazurin to resorufin within the cell. The assay
was conducted according to the manufacturer’s instructions and the fluorescence values were
measured on a Modulus II Microplate reader at ex 525 nm / em 580 – 620 nm.
4.2.7

DNA quantitation

All scaffold groups (N=5), 5 mg of lyophilised tissue and 5 mg of rLECM were placed in Papain
digest solution containing 2.5 U Papain, 5 mM Cysteine-hydrochloride (Sigma) and 5 mM
Ethylenediaminetetraacetic acid (EDTA) in ultrapure distilled DNAse/RNase free water
(ThermoFischer). The samples were incubated at 65°C in papain solution overnight. After
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successful digestion in papain, the samples were analysed for dsDNA content using the Quant
IT Picogreen assay (Thermo-Scientific) as per the manufacturer’s instructions. Fluorescence
values were measured at ex 490 nm/em 510 – 570 using a Modulus II Microplate reader.
4.2.8

Albumin secretion

Secreted albumin was quantified using the Bromocresol Green Assay (BCG, Sigma). Media
was changed on scaffolds 24 hours prior, and media preserved at -80°C before measurement.
The assay was conducted with N=5 samples as per manufacturer’s instruction and
absorbance at 570 nm was measured on a Modulus II Microplate Reader.
4.2.9

Immunohistochemical staining

4′,6-diamidino-2-phenylindole (DAPI) and fluorescent conjugated Phalloidin-514 staining was
conducted to visualise the nuclei and f-actin cytoskeletal filaments respectively. Briefly,
scaffolds were washed three times before permeabilisation with 0.2% Triton X-100 in PBS.
After permeabilisation the scaffolds were then washed three times in PBS and stained with
300 nM DAPI solution in PBS for 10 minutes. After washing three times in PBS the scaffolds
were stained with Phalloidin-514 solution in PBS with 1% bovine serum albumin (BSA) for 30
minutes. The stained scaffolds were then washed 3 times and stored in PBS at 4°C awaiting
imaging with a Zeiss Axio Imager II confocal epifluorescence microscope.
4.2.10 RT-qPCR Gene expression analysis

Scaffold bound cells (N=5) were lysed immediately by placing entire scaffolds into Trizol
reagent and stored at -80°C prior to RNA extraction. RNA extraction was conducted by
addition of chloroform and centrifugation at 14,000 g for 15 minutes. The clear RNA
containing supernatant was extracted and washed on a Reliaprep Miniprep Spin Column
(Promega) before elution with DEPC treated water. Yield RNA concentration was determined
using a Nanodrop UV/Vis Spectrophotometer and concentrations were adjusted with DEPC
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water in preparation for cDNA production, samples were stored at -80°C. cDNA preparation
was conducted using the Improm-II Reverse Transcription kit (Promega) and stored at -20°C.
qPCR was conducted on cDNA samples using the SYBR green dye reagent (Qiagen) with a
Lightcycler 480 (Roche). Forward and reverse primer sequences used are available in the
supplementary information.

4.3

Results

4.3.1

Rat liver decellularization

Figure 13: A) Schematic diagram of the perfusion decellularisation process. B) Images showing each stage of the rLECM processing featuring
decellularisation, lyophilisation, chopping and ball milling. C) Graph showing the dsDNA contents of lyophilised tissue and rLECM. N=3, Error
bars = SD, One-way ANOVA results shown with Tukey’s post-hoc test, ** p < 0.01.
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Whole organ decellularisation by vascular perfusion was achieved in 32 hours with the liver
undergoing a complete colour change from opaque brown to translucent white as seen in
Figure.13.B. Decellularisation was confirmed, shown in Figure.13.C by a 96 % drop in dsDNA
content from 397.9 ± 86.7 ng/mg in tissue to 16.6 ± 2.5 ng/mg in rLECM, dry weight.
4.3.2

Scaffold fabrication

Fibres were fabricated by electrospinning, shown in Figure.14, and display similar randomly
oriented fibre morphologies between each of the PCL, 5% rLECM and 10% rLECM groups.
Measurements of fibre diameters using the DiameterJ software showed the average fibre
diameters to be 1.07 ± 0.52 µm for PCL only, 1.45 ± 0.57 µm for 5% rLECM and 1.19 ± 0.49 µm
for 10% rLECM. The spread of the histograms shown in Figure.14 show that the fibre size
distributions had similar characteristics between each of the groups. A speckled appearance is
seen on the rLECM containing scaffolds where large rLECM particles have drawn drops of
polymer solution.
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Figure 14: Top-row) Gross images of the electrospun scaffolds. Middle-row) SEM images of the scaffold fibres. Bottom-row) DiameterJ fibre
diameter histograms.

4.3.3

Scaffold mechanical properties

Analysis of the tensile properties of each of the scaffold materials (Figure.15) between 0 – 5%
strain revealed the 10% rLECM group to have a significantly reduced Young’s Modulus in
comparison to the PCL and 5% rLECM groups by 2.66 MPa and 2.30 MPa respectively.
Notably, upon further extension, material stiffness dropped more sharply in the PCL only
scaffold in comparison to the rLECM containing groups, as a result the Youngs modulus of
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PCL at 10 – 15% strain is 1.45 MPa and 1.31 MPa less than the 5% rLECM and 10% rLECM
groups respectively.

Figure 15: Graph showing the incremental Young's moduli for each scaffold at strain increments 0 - 5%, 5 - 10%, 10 -1.5% N=5, Error bars =
SD, One-way ANOVA results with Tukey's Post-hoc test shown. * p < 0.05, ** p < 0.01 and *** p < 0.001.

4.3.4

Scaffold water contact angle

Scaffold wettability was indicated by contact angle measurements of a 5µL droplet upon the
surface of the scaffold after 1 second. The results shown in Table.10 display decreased
contact angles upon the rLECM containing scaffolds, indicating increased wettability on the
rLECM containing fibres.

PCL

5% rLECM

10% rLECM

Contact angle º

133.612°

123.969°

122.278°

Fibre Diameter µm

1.07 ± 0.52

1.45 ± 0.57

1.19 ± 0.49

Table 10: Top row: Contact angle measurements of a 5µL droplet of dH2O after 1 second upon the PCL, 5% rLECM and 10% rLECM scaffolds.
Bottom-row: Average fibre diameters of each of the electrospun scaffolds.
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4.3.5

Scaffold FTIR Analysis

FTIR absorbance spectra were obtained for rLECM powder, PCL fibres, 5% rLECM:PCL fibres
and 10% rLECM:PCL fibres. The spectra, seen in Figure.16 show the Amide I characteristic
vibrational band (1642 cm-1)388 present in the rLECM, 5% rLECM fibres and 10% rLECM fibres.
The peak at 1642 cm-1 is absent in the absorbance spectra for PCL and the peaks for PCL are
visible in the 5% rLECM fibres and 10% rLECM fibres.

Figure 16: Graph showing FTIR absorbance spectra of rLECM, PCL, 5% rLECM:PCL and 10% rLECM:PCL. Dashed line marker at 1642 cm-1
shows the amide I vibrational characteristic band.
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4.3.6

HepG2 attachment and proliferation

HepG2 cells attached to all scaffold groups and the morphology of the scaffold bound cells
can be observed in Figure.17. Over 14 days of culture cell viability increases on all scaffolds in
accordance with normal proliferative behaviour of HepG2 cells, shown in Figure.18. At 7 and
14 days cell viability is significantly higher in both the 5% rLECM and 10% rLECM scaffolds
compared with PCL only (p < 0.001 at 7 days and p < 0.01 at 14 days).

Figure 17: Images showing nuclei (DAPI) and f-actin filaments (Phalloidin) of HepG2 cells upon the PCL, 5% rLECM:PCL and 10% rLECM:PCL
scaffolds at 48 hrs culture. Images taken with a 40X objective. DAPI = Blue, Phalloidin = Green.

Similar increasing trends were observed in the dsDNA content upon all the scaffolds over 14
days, seen in Figure.19. After 7 days the mean dsDNA on the PCL only scaffold increased by a
factor of 1.6 whilst on the 5% rLECM and the 10% rLECM scaffolds the mean dsDNA increase
was 17.9 and 27.9-fold respectively, presenting a significant increase in proliferation rates on
rLECM containing scaffolds. After 14 days the maximum dsDNA was held on the 10% rLECM
scaffold with 145.3 ng followed by 5% rLECM at 121.4 ng and the PCL only scaffold with 89.0
ng.
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Figure 18: Graph showing cell viability data for HepG2 culture on each of the scaffolds at 24 hrs, 7 days and 14 days. N=5, Error bars = SD,
One-way ANOVA results with Tukey's Post-hoc test shown. * p < 0.05, ** p < 0.01 and *** p < 0.001.

Figure 19: Graph showing the amounts of dsDNA in each of the HepG2 scaffold cultures at 24 hrs, 7 days and 14 days. N=5, Error bars = SD,
One-way ANOVA results with Tukey's Post-hoc test shown. * p < 0.05, ** p < 0.01 and *** p < 0.001.

4.3.7

Albumin secretion

Albumin levels within the culture media, shown in Figure.20, showed an increasing trend on the
PCL only scaffold over 14 days. In the rLECM containing scaffolds there is an increasing
concentration over the initial 7 days of culture, however at 14 days the albumin concentration
on the 5% rLECM and 10% rLECM scaffolds reduces by 0.01 g/dL and 0.04 g/dL respectively.
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Figure 20: Bromocresol green results showing albumin concentration in the culture media after 24 hrs of HepG2 culture at 24 hrs, 7 days and
14 days. N=5, Error bars = SD.

4.3.8

Gene expression

RT-qPCR analysis obtained relative gene expression data for the hepatic marker Albumin (ALB)
and the ECM genes COL1A1 (Collagen I) and FN1 (Fibronectin), shown in Figure.21. Albumin
expression was seen to increase upon each scaffold over 14 days. A more rapid increase in
albumin expression was observed upon the PCL only scaffold with a 14.6 fold change in
expression over 14 days, compared with 3.9 and 4.3 on the 5% rLECM and the 10% rLECM
scaffolds respectively. Notably, albumin expression was significantly higher at 14 days on the
PCL only scaffold in comparison to the 5% rLECM containing scaffold (p < 0.05 PCL vs. 5%
rLECM), a similar trend is observed on the 10% rLECM scaffold.
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Figure 21: RT-qPCR results showing Albumin, COL1A1 and FN1 gene expression in HepG2s on each of the scaffolds over a 14-day culture
period. Results normalised to reference gene GAPDH and expression of target on PCL at 24 hours. N=5, Error bars = SD, One-way ANOVA
results with Tukey's Post-hoc test shown. * p < 0.05, ** p < 0.01 and *** p < 0.001.

COL1A1 expression follows a similar trend between each of the scaffold groups, with a more
pronounced pattern demonstrated on the PCL only scaffold. Over 7 days COL1A1 expression
increases 6.1 fold on the PCL only scaffold compared with 1.6 and 2.1 on the 5% rLECM and
the 10% rLECM scaffolds respectively. From 7 to 14 days the decrease in COL1A1 expression
is 29.2 fold on the PCL only scaffold and on the 5% rLECM and 10% rLECM scaffolds it is 9.5
and 6.9 fold respectively. FN1 expression exhibited an increasing trend upon each scaffold
group, with expression marginally higher upon rLECM containing scaffolds. At 14 days FN1
expression is 1.8 and 1.4 fold higher on the 5% rLECM and 10% rLECM scaffolds respectively,
compared to the PCL only scaffold.
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4.4

Discussion

This study has demonstrated the utilisation of rat liver ECM, obtained by whole organ vascular
perfusion decellularisation, within electrospun PCL scaffolds. Our results suggest that the
inclusion of rLECM establishes bioactive interactions between HepG2 cells and the scaffold,
confirming the potential of using a controllable LECM source to introduce the hepatic
microenvironment into electrospun PCL scaffolds.
Decellularisation of the entire rat liver was achieved over a 20-hour time period resulting in a
whitish translucent material retaining the shape of the original liver tissue and showing an
intact vasculature (see Figure.13.B). Whilst some methods in literature have reported up to 72hour decellularisation protocols, others report complete decellularisation at <5 hours389–393. It
is likely that the relatively high time period (> 5 hours) required for complete decellularisation
was due to canulation of the inferior vena cava. Most of the rat decellularisation protocols call
for canulation of the hepatic artery or portal vein which provide well distributed flow through
the vasculature by antegrade perfusion. To improve perfusate distribution in retrograde
perfusion, the flow rate was increased to 10 mL/hr in comparison to 5mL/hr commonly
reported for antegrade perfusions389–392. Picogreen analysis of dsDNA content showed a
reduction of 96% of the rat liver dsDNA by our decellularisation protocol, confirming successful
removal of the majority of cellular components from the liver. A perfusate concentration of
0.1% SDS was chosen as it is known to effectively decellularise rat livers and has been shown
also to preserve the integrity of collagens, glycosaminoglycans (GAGs) and other growth
factor components of the decellularised ECM387,389,391–393.
The powdered rLECM obtained after ball milling was incorporated into 8% PCL:HFIP solutions
at a ratio of 5 w/w% and 10 w/w% with respect to the PCL. The solutions were electrospun
into scaffolds that were morphologically similar, with 1.45 ± 0.57 µm for the 5% rLECM and
1.19 ± 0.49 µm for the 10% rLECM scaffolds. This, and morphological consistency with the
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PCL only control, allowed for the effects of rLECM to be assessed independent of
morphological differences. As can be seen in Figure.17, the attached HepG2 cultures were
morphologically similar between each of the scaffolds. The FTIR analysis confirmed that the
incorporated protein material was present within the scaffolds and so this showed our method
can successfully incorporate rLECM into electrospun scaffolds at different concentrations
whilst maintaining morphological consistency of the fibres. In Figure.14 it can be seen,
particularly on the 10% rLECM, that a speckling of the material has formed during the
electrospinning process. This was most probably due to large insoluble particles of the rLECM
powder carrying a surrounding droplet of the polymer solution towards the collector. Though
these defects are visible at a macroscale, the fibres observed within the speckles are not
affected due to an overlay of fibres after the particle deposition. Reducing the likelihood of
such defects forming would necessitate first an analysis of the particle sizes of the rLECM
after ball milling in order to confirm the hypothesis of large particles as the causative factor.
Increases in cell viability and dsDNA content of the HepG2 cultures over 14 days indicated
highly proliferative activity in accordance with normal HepG2 characteristics. Significantly
different levels of cell viability and dsDNA were present on the rLECM containing scaffolds
after 7 days and increasing with concentration of the rLECM. This is clear evidence that the
incorporation of rLECM into the scaffolds has increased the rate of proliferation of the HepG2.
The proliferative activity shows an inverse correlation with the tensile elastic modulus of the
scaffold material. The 10% rLECM scaffold shows a significant reduction in the Youngs’
modulus which could be driving the differences seen in the proliferative activity of the HepG2.
Reports in literature show that HepG2 proliferation tends to increase with increasing matrix
stiffness, due to upregulation of cell cycle related proteins cyclin-D1 and b-catenin by
mechanotransduction pathways394,395. The stiffness range of the substrates used in these
experiments however did not cover the range observed between the scaffolds in our
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experiment. Thus, increased HepG2 proliferation upon the rLECM scaffolds cannot be
conclusively attributed to the tensile mechanical properties.
Discrepancies between the proliferation on the rLECM scaffolds compared with the PCL
control also implies the possibility of retained functional cell attachment motifs and growth
factor ligands within the scaffold material. It is known that ECM proteins can influence
proliferation of HepG2 cells396. For example, Collagen I promotes HepG2 proliferation via
regulation of the Integrin b1/FAK signalling pathways397. Decorin, another prominent ECM
component, is understood to inhibit HepG2 proliferation by upregulation of TGF-b1, which also
has specific binding sites within the ECM for latent action398,399. However, HFIP is a solvent
which has a high propensity for forming hydrogen bonds and so can disrupt and transform the
secondary and tertiary structures of proteins400,401. HFIP has been used extensively to
electrospin Collagens, though it is argued that HFIP may partially transform the collagens
towards gelatin like structures402,403. Thus, it is likely that the rLECM proteins within the
electrospun scaffolds are structurally denatured to some degree by exposure to the HFIP.
However, the 16.8-fold DNA increase between the 10% rLECM scaffold and the control PCL
scaffold indicates that these structural protein damages do not totally impair the bioactive
potential of the proteins. Further investigation into the interactions between cell surface
receptors and the scaffold would be necessary to confirm if the preservation of protein
functionality within the scaffolds is affecting the proliferative activity of the HepG2.
There are clear trends indicating that the rLECM content within the scaffolds have influenced
the expression of genes within the HepG2 culture. As can be seen from Figure.21 Albumin
expression is significantly increased upon the PCL control compared with the rLECM
containing scaffolds at 14 days. Furthermore, expression patterns of ECM genes and
COL1A1and FN1 are distinct from the PCL control, though statistically significant differences
were not observed. It has been shown that rLECM can alter the gene expression in HepG2,
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with Hussein et al showing increased AFP expression and decreased p53, p21 and p27
expression in response to methotrexate upon decellularised rat liver ECM393. Apart from
rLECM content the significantly different cell numbers arising from the proliferation rates must
be considered where cell number is known to affect the expression of certain proteins such as
albumin from HepG2 cells404. However, it cannot be deduced from the given data whether cell
number is the driver of the differences observed between scaffolds or if it is due interactions
with the rLECM content of the scaffolds.
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Chapter 5 - The effects of human liver
ECM from different donors on HepG2
and Primary Mouse Hepatocytes in
electrospun PCL scaffolds
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5.1

Introduction

Reports on the prevalence of liver disease predict that about 25% of the global population have
some form of Non-alcoholic Fatty Liver Disease (NAFLD)405. This puts a quarter of the world at
increased risk of liver related morbities such as fibrosis and hepatocellular carcinoma366. For
all these conditions there are currently no pharmaceutical therapies available, and the disease
can progress to liver failure for which only a transplant can redeem liver function. Demand for
transplants exceed supply and so the means for clinicians to help every one of their patients
with liver failure is greatly limited406. The liver is a crucial organ for metabolism of lipids, drugs,
toxins and other xenobiotics and is also the sole producer of bile and serum proteins for
homeostasis and nutrient transport. The realities behind this complex and diverse range of
functions and pathologies are still being uncovered today and thus it has been notoriously
difficult to find effective therapeutic pathways for the treatment of liver diseases407–409. In-vitro
culture methods are an indispensable resource for biological research and recent
progressions in the engineering of environments for liver cell cultures have presented
promising avenues for the future of liver research.
The introduction of 3D organoid methods into in-vitro hepatocyte culture practice has
demonstrated that dimensionality is a crucial determinant of hepatocyte fate and 3D culture
ensures biomimetic cell-cell interactions that improve hepatocyte survival and organisation
compared with traditional 2D methods410,411. 3D polymer scaffolds can be engineered such
that hepatocytes or hepatic organoids can be organised into relatively large 3D structures
upon a biomaterial substrate, particularly in the designs of bio-artificial liver devices (BALs)412.
These biomaterial substrates range from synthetic to natural polymers fabricated by many
methods and incorporate drugs, proteins and other chemical ligands which influence cell
behaviour and function413. Micro to nano fibrous polymer structures fabricated by
electrospinning have been explored in recent efforts to engineer biomimetic hepatocyte culture
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environments. This research has established the potential for electrospun polymer scaffolds
to support hepatocyte culture and demonstrated that manipulation of electrospun scaffold
morphology and composition can influence and direct hepatocyte behaviour and
function171,174,326,370,414. Electrospun scaffolds thus present an opportunity to control and
enhance hepatocyte culture environments.
A great deal of focus has been turned towards the use of the extracellular matrix (ECM) and its
constituent proteins in tissue engineering415,416. This is because the specific interactions that
cell receptors have with the various peptides and ligands in the ECM are crucial to proper
phenotypic cell function. The ECM is an essential component in tissue homeostasis and
development and a wide body of research in this field has shown that the ECM interacts
dynamically with cells in both developing and fully developed tissues and can drive the fate of
differentiating stem cells417–421. With such a vital role in tissue function and development, liver
tissue engineers have sought to extract this cellular niche from liver tissues for use in
hepatocyte cultures and regenerative platforms422. Decellularised liver ECM (dLECM) can be
obtained by exposure to decellularisation agents, commonly detergents such as sodium
dodecyl sulphate (SDS) and Triton X-100, along with mechanical forces and enzymatic
treatments which work to remove the cellular material from the intact ECM423. These
decellularisation methods can be applied to tissue sections or whole organs and the resulting
ECM can either be directly recellularised or incorporated into a scaffold gel or polymer system.
Use of dLECM from murine, caprine and porcine sources is regularly reported in literature and
this shows potential for a highly controlled and consistent ECM product such as that achieved
with the Small Intestine Submucosa (SIS), Urinary Bladder Matrix (UBM) and various dermis
derived ECMs (AlloDerm)423–425. These highly controlled ECM sources have passed regulatory
requirements and are commercially available for tissue regeneration purposes.
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Human dLECM (hLECM) contains human specific ECM proteins and is considered rightly as
the gold standard for dLECM scaffold materials. The composition of hLECM is however
variable and highly dependent on environmental factors such as diet and toxin exposure and
disease states are often associated with highly altered ECM environments426,427. This variability
has introduced problematic heterogeneity in hLECM products from whole organ decellularized
human livers428. However, a wide range of realistic cell niches are theoretically extractable
from hLECM sources and could be utilised for engineered in-vitro culture environments for liver
models. Thereby it would be possible to culture hepatocytes in a range of human specific
conditions from normal to pathogenic and understand how the matrix interacts with and
influences hepatocyte functions. Recent reports by Mazza et al. have explored this through the
culture of hepatocytes on sections of hLECM and shown that cells on cirrhotic hLECM showed
an up-regulation in epithelial to mesenchymal transition associated genes and increased
TGFβ1 signalling in comparison to healthy tissue hLECM156. Thus, it is evident that
decellularised hLECM has potential to be an effective resource for producing insightful in-vitro
culture platforms.
Grant et al. have pioneered a method for perfusion 136decellularising hLECM and
incorporating it into hybrid electrospun hLECM:polymer scaffolds. This work has
demonstrated that hepatocytes respond to hLECM doped scaffolds in a unique manner when
compared with individual ECM proteins Collagen I, Fibronectin and Laminin171. It is therefore
established that the complexity of the hLECM niche can be delivered to cell cultures in an
efficient, controlled and scalable manner through hybridised ECM:Polymer scaffolds. The work
detailed herein is an exploration of the donor-to-donor variability within hybrid
hLECM:Polycaprolactone (PCL) electrospun scaffolds. It is not possible to control the
composition of donor tissues and so a process must be established by which this valuable
resource can be effectively classified for use. Understanding to what extent donor-to-donor
variability is translated into variability in cell function in these hybridised scaffold systems will
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give an indication of the extent to which donor hLECM, and the resulting hybrid hLECM
scaffolds, should be classified. In light of this we have produced five sets of hybrid hLECM:PCL
scaffolds with five different donor hLECMs. To understand the effects of each scaffold on
hepatocytes we cultured HepG2 and Mouse Primary Hepatocytes (MPHs) on the scaffolds in
two separate cultures. Biological, physical and chemical analyses were conducted on the
hLECM and the scaffolds to assess hLECM differences and the retention of ECM material
through the manufacturing process. The biological influence of each scaffold on the cell
cultures was assessed by attachment and proliferation analyses, immunohistochemical
staining and gene expression analysis (qPCR) for key hepatic functional markers.

5.2

Methods

5.2.1

Tissue retrieval and storage

Upon retrieval donor tissues were immediately sliced into 5 mm sections using a circular meat
slicing apparatus. The resulting slices were placed into separate polythene zip-lock bags and
placed into storage at -80 °C.
5.2.2

Tissue decellularisation

Tissues were decellularised using a perfusion decellularisation device designed in-house, as
depicted in Figure.22. Prior to decellularisation, 35 mm diameter tissue discs were cut from the
frozen tissue sections using a circular pastry cutter. The frozen tissue disc was then allowed
to thaw completely and placed into the decellularisation apparatus. 0.5% SDS (Sigma) solution
was then pumped into the decellularisation chamber using a Watson-Marlow peristaltic pump.
The pressure of the SDS perfusate in front of the tissue disc was controlled by a Poisson pipe
system and held at 20-30 mmHg (accounting for pressure dropping with removal of cellular
material). SDS perfusion was conducted with 1 litre of perfusate for 4 hours before
replenishing the SDS solution and continuing perfusion for 16 hours. The hLECM was then
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washed by perfusion of dH2O in an equivalent cycle of perfusion as the SDS solution. After
decellularisation and washing was completed the hLECM was stored immediately at -80 °C.

Figure 22: Schematic of the perfusion decellularisation system used.

5.2.3

hLECM pulverisation

Frozen hLECM discs were first lyophilised for 24 hours using a Labconco freeze drying
apparatus. The lyophilised hLECM discs were then cut into sub 2 mm particles using a scalpel.
These particles were then placed into a stainless steel planetary ball mill chamber (Retsch)
along with 30 mL of 2 mm diameter stainless steel mill balls. The hLECM was then milled to a
powder through 8 x 4 minute cycles of milling at 500 RPM, the chamber was removed after
each cycle and cooled using dry ice. The powdered hLECM was extracted from the ball mill by
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suspension in 100 mL dH2O and frozen at -80 °C prior to a second lyophilisation for 72 hours
to obtain a dried hLECM powder.
5.2.4

Fourier-Transform Infra-Red Spectroscopy

Fourier-Transform Infra-Red (FTIR) analysis was conducted on hLECM samples using a
Nicolet I10 FTIR apparatus (Thermo) with an Attenuated Total Internal Reflection (ATR) stage.
Briefly, small sections of the hLECM samples were cut using a scalpel. After measuring the
atmosphere for a blank measurement, sample sections were then loaded onto the ATR stage
and clamped into place, ensuring coverage of the stage. Absorbance measurements were
then taken at sequential wavenumbers from 4000 cm-1 to 500 cm-1.
5.2.5

hLECM Triglyceride quantification

Triglyceride content of the samples was conducted using a Triglyceride quantification kit
(MAK266, Sigma) that relies on the release of glycerol from triglyceride cleaved by lipase. The
assay was conducted according to the manufacturer’s instructions. Briefly, 30 mg of
powdered hLECM was placed into 1 mL of 5% Nonidet P 40 substitute (Sigma) and incubated
at 90 ºC for 5 minutes before vortexing, allowing to return to room temperature and repeated
once until the lipids were non-visible. Samples and were diluted 10-fold and then the samples
and standard solutions were incubated with lipase solution for 20 minutes at room
temperature. After lipase incubation, the samples and standard solutions were incubated for
60 minutes at room temperature with the assay master mix. Colorimetric absorbance levels at
570 nm were then measured using a Clariostar (BMG) microplate reader to measure the
triglyceride contents.
5.2.6

Scaffold fabrication

1% w/w hLECM:PCL scaffolds were fabricated for each donor hLECM. Thus 8 mg of hLECM
powder and 8 g of PCL (Sigma) was added to 10 mL of HFIP resulting in an 8% PCL:HFIP
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solution doped with hLECM. The solution was left to mix on a roller at room temperature
overnight. The solution was then electrospun onto a rotating mandrel to obtain sheets of
microfibrous hLECM:PCL. The electrospinning parameters used for scaffold fabrication are
detailed in TABLE. After electrospinning 10 mm discs were cut from the fibre sheet and stored
at 4 °C until further characterisation or cell culture experiments.
5.2.7

Mechanical testing

Tensile testing of the hLECM:PCL fibres was conducted using an Instron 3367 tensile testing
apparatus. Briefly, 5 x 1 cm strips of material were cut using a scalpel and loaded into
pneumatic grips 1 cm at each end, leaving a gauge length of 3 cm. The samples were then
elongated at 15 mm/m (50% strain per minute) until failure. Force measurements were
recorded using a 50 N load cell and the force and extension data were analysed using
MATLAB to understand the Young’s modulus at incremental strain regions. Measurement of
the scaffold thickness was conducted using a DM camera and image analysis using ImageJ.
Measurements were repeated for a total of N=5 for each sample group.
5.2.8

Water contact angle measurement

To test the hydrophilicity of the scaffold materials the scaffolds were subject to water contact
angle testing. First, the scaffolds were soaked in 70% ethanol and mounted onto a glass slide
on which the material adhered upon drying completely. After the scaffolds were dried the glass
slide was mounted onto the testing platform of a Cellscale microsquisher apparatus, in view of
the DC camera. The camera was set to record images of the scaffold surface at 5 Hz and then
a 5 µL droplet of dH2O was dispensed onto the scaffold surface. Contact angle measurments
were taken after 1 second of the droplet contacting the surface using the LMBDSA plugin on
ImageJ.
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5.2.9

Scanning electron microscopy

To characterise the scaffold fibre morphology scanning electron microscopy (SEM) images
were taken using a Hitachi TM4000 Plus benchtop SEM. Prior to analysis scaffolds were
sputter coated with a gold cathode filament for one minute using an Emscope sputter coating
device. After sputter coating the samples were then imaged in the SEM at an accelerating
voltage of 15 kV and the images recorded using a mix of back-scatter and secondary electron
sensors.
5.2.10 Scaffold preparation

In preparation for cell culture the scaffolds were washed and sterilised. First the scaffolds
were submerged in 70% ethanol and transferred to a sterile bio-safety cabinet. The scaffolds
were then placed into a sterile 48-well suspension culture plate and then washed three times in
70% ethanol to sterilise and remove any contaminating material. The ethanol was then
removed from the wells and the scaffolds were washed three times in phosphate buffered
saline. The scaffolds were then left in 1 mL of PBS at 4 °C overnight prior to seeding with cells,
ensuring adequate time for diffusion of any residual ethanol.
5.2.11

Cell culture

5.2.11.1

HepG2 expansion and seeding

Cryopreserved HepG2 (Sigma) were raised at P6 and expanded in complete media consisting
of Eagle’s Minimum Essential Media (EMEM, Gibco) supplemented with 10% Fetal Bovine
Serum (FBS, Cytiva), 5 mM L-Glutamine (Gibco), 5 mM Non-essential amino acids (NEAA,
Sigma) and 100 U/mL Penicillin-Streptomycin (Pen-strep, Gibco). Cells were expanded in T75
tissue culture flasks under incubation at 37 °C and 5% CO2, with spent media exchanged with
fresh media every 3 days.
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After expansion the cells were then tryspinised using standard methods and resuspended in
complete media for seeding onto scaffolds. 5.0 x 104 cells were seeded at P8 onto the
scaffolds in 50 µL of cell suspension. The seeded cells were then incubated at 37 °C and 5%
CO2 for 2.5 hours to allow the cells to attach to the scaffold, checking to ensure that the media
does not dry. Once the cells had been allowed to attach, the media was topped up with 300 µL
of complete media ensuring complete submergence of the scaffolds. The seeded cells were
then incubated at 37 °C and 5% CO2 for the rest of the culture period with media exchanged
every 3 days.
5.2.11.2

Mouse Primary Hepatocyte isolation and seeding

Primary Mouse Hepatocytes were isolated following the standard two-step collagenase
perfusion technique REF. Briefly, mice received a terminal dose of anaesthetic and underwent
laparotomy. The portal vein was cannulated and then perfused with 50 mL Liver Perfusion
Medium (Gibco) followed by 50 mL Liver Digest Medium (Gibco) pre-warmed to 37 °C. The
liver was removed and then hepatocytes were mechanically disassociated and released from
the Glisson capsule, filtered through a 70 µm filter and purified with a density gradient
centrifugation. The cells were then resuspended in complete media and 5 x104 cells were
seeded onto each scaffold in the same manner as described above.
All experiments with animals were approved by the University of Edinburgh Animal Welfare
and Ethical Review Body and the UK Home Office. All experiments with animals took place at
the Centre for Regenerative Medicine, Edinburgh and were performed according to procedural
guidelines and severity protocols from the UK Home Office Animals Scientific Procedures Act.
5.2.12 Cell viability analysis

To assess the metabolic viability of the cells upon the scaffolds the samples were subjected to
the Cell-titer blue assay (Promega). The assay was conducted according to the manufacturer’s
instructions. Briefly, complete media was combined with the assay reagent at a ratio of 5:1
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and 300 µL was placed into a new 48-well suspension culture plate. N=5 scaffolds were then
transferred to the media:reagent mixture and incubated at 37 °C and 5% CO2 for a
predetermined amount of time (1.5 hours for HepG2 and 3 hours for MPHs). After incubation
100 µL of the media:reagent mixture was transferred to a 96-well black microplate and
fluorescence was measured at 545-20 (ex)/600-40 (em).
5.2.13 DNA Quantification

The amount of dsDNA upon the scaffolds was measured using the Quant-IT Picogreen assay
(Invitrogen). First the scaffolds (N=5) were lyophilised for 24 hours using a Labconco freeze
drying apparatus. Then the scaffolds were digested in a solution of Papain digest overnight at
65 °C. 10 µL of digest solution was diluted in 90 µL TE buffer and combined with 100 µL of
picogreen reagent in a 96-well black microplate. After 5 minutes of incubation at room
temperature, fluorescence was measured at 483-15 (ex)/530-30 (em).
5.2.14 Immunohistochemical staining

5.2.14.1

DAPI/Phalloidin staining

Cell samples were washed three times in PBS before fixation in 10% formalin for 30 minutes.
After fixation the samples were washed three times in PBS before storage in 1 mL of PBS at 4
°C. At the time of staining the samples were removed from storage and first permeabilised in
0.2% Triton X-100 in PBS. After permeabilization the samples were washed three times in PBS
before staining in a solution of 300 nM 4′,6-diamidino-2-phenylindole (DAPI, brand) in PBS for
10 minutes. The samples were again washed three times in PBS before a secondary staining
in 100 µM Phalloidin-594 conjugate (brand) in PBS with 1% Bovine Serum Albumin (BSA,
Sigma). After staining the samples were washed three times in PBS and stored in PBS at 4 °C
protected from light. Samples were mounted onto glass slides in PBS and imaged on a Zeiss
Axio-imager epifluorescence microscope using a 40X objective.
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5.2.14.2

Immunofluorescence staining

Scaffolds were first washed in 70% ethanol and allowed to dry completely. After washing the
scaffolds were submerged in blocking buffer consisting of 0.2% TWEEN in PBS (PBST)
containing 1% BSA. After blocking, the scaffolds were washed three times in PBS and 10
µg/mL of the primary antibody in PBST with 1% BSA was applied to the scaffold and incubated
for 1 hour at room temperature. The scaffolds were then washed three times in PBS before the
addition of 10 µg/mL of secondary antibody in PBST with 1% BSA. The samples were
incubated with the secondary antibody at 4 °C overnight in a humidified chamber. After
incubation of the secondary antibody the samples were washed three times in PBS and
mounted onto glass slides in a solution of 9:1 Glycerol:PBS. Samples were imaged on a Zeiss
Axio-imager epifluorescence microscope using a 100X oil-immersion objective with a constant
exposure time of 4 seconds for each sample.
5.2.15 RT-qPCR Gene expression analysis

Scaffolds (N=5) were placed into 500 µL of TRI-reagent (Sigma) immediately after culture and
stored at -80 °C. All processes were conducted on ice. RNA extraction from thawed TRIreagent samples was initiated by addition of 200 µL chloroform and centrifugation at 12,000g
for 15 minutes, isolating the RNA in the aqueous phase of the solution. The aqueous RNA
supernatant was removed and placed into 400 µL 70% ethanol. The RNA/ethanol solution was
then purified on an RNA spin column (Promega) according to the manufacturer’s instructions
and eluted in 25 µL of RNase/DNase free water. RNA concentrations were measured using a
Nanodrop spectrophotometer (Thermo) and stored at -80 °C. The RNA concentrations were
balanced before being converted to cDNA on a thermocycler (Life Sciences) using the ImpromII Reverse Transcription kit (Promega) according to the manufacturer’s instructions. cDNA
samples were then stored at -20 °C. Relative expression was analysed using the GoTaq PCR
kit (Promega) on a Lightcycler 480 (Roche). GoTaq master mixes were made according to the
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manufacturer’s instructions and the primer sequences and codes can be found in the
supplementary information.
5.2.16 Statistical analyses

Sample data (N ³ 3) was subjected to a One-way ANOVA and a Tukey’s post-hoc test applied
to the results. P-values below 0.05 were statistically significant and are presented in figures as
* p £ 0.05, ** p £ 0.01 and *** p £ 0.001.

5.3

Results

5.3.1

Tissue characteristics and decellularization

Each of the liver tissues displayed visually significant differences before decellularization, and
after perfusion decellularization in 1% SDS solution the resulting hLECM samples were also
visually very different in character from each other as can be seen from the gross images in
Figure.23. The main observable differences were seen in the colours of the hLECM, ranging
from off-white through to brown, and the level of shrinkage from the original 35 mm disk size.
It was clear that in some samples, particularly Lambda, there was a significant oily residue
within the hLECM which was predicted to be due to a high lipid content in the tissue for which
the SDS solution was not sufficient to remove. H&E staining, shown in Figure.23, has
demonstrated significant variability in the amount of lipid vesicles within the tissue samples. It
can be seen that the Lambda sample has the highest density of lipid vesicles, indicated by the
high presence of white discs within the tissue section. Lambda, Theta and Zeta all show
evidence of lipid vesicles, which differ significantly in size and amount. Iota and Kappa do not
display any evidence of lipid vesicles. In the Kappa sample can be seen high amounts of light
pink stained fibrous material within the interstitial space, which indicates a significant
accumulation of fibrous Collagen and ECM protein. This is reflected in the Kappa ECM section
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which shows significant amounts of dense pink staining compared with the other four
samples.

Figure 23: Gross images and H&E stained sections of the five liver tissue samples before and after decellularisation with 1% SDS, . The liver
tissues are on the top two rows with the corresponding hLECM in the bottom two rows..

The extent of decellularisation was analysed by H&E staining and quantified by analysis of the
dsDNA content of the original tissue and the resultant hLECM. H&E staining showed the
removal of visible nuclei from each of the tissues after decellularisation. Each tissue showed
significantly varied levels of dsDNA per mg of tissue dry weight, which can be explained by
varying amounts of high-density lipids within some of the tissues. Zeta shows the highest
amount of dsDNA per mg at 697.4 ng/mg and Lambda the lowest at 180.3 ng/mg, supporting
evidence of high lipid contents in Lambda. After the decellularisation process each of the
hLECM samples contained less than or equal to 101.3 ng/mg of dsDNA. The percentage drop
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of dsDNA content varied between each donor tissue. The largest percentage drop was seen in
Theta with an 95.6% decrease in dsDNA, and the least percentage drop was seen in Iota with a
71.8% drop in dsDNA content.

Figure 24: Graph showing the amounts of dsDNA per mg dry weight in the human liver tissues and the corresponding hLECM.

5.3.2

hLECM FTIR Analysis

To understand what characterised the differences observed in the hLECM samples, FTIR
spectroscopic analysis was performed on each of the samples. The spectra, seen in Figure.25,
clearly show the amide I (1610–1695 cm-1), amide II (1480–1575 cm-1) and amide A (∼3300
cm-1) vibrational characteristic bands in every sample spectrum confirming the presence of
peptide bonds, albeit at varying intensity429. The major discrepancies between samples are
observed at the vibrational characteristic bands for the C=O stretching mode of lipid molecules
(1742 cm-1) and the asymmetric CH2 stretching of lipid acyl chains (2922 cm-1 and 2852 cm1 388

)

. These peaks confirm the presence of fatty acid like molecules within the Iota, Lambda,

Theta and Zeta hLECM samples, the highest peak intensity seen in Lambda confirmed the
significant amounts of visible oily residue seen in the sample and the high density of lipid
vesicles shown in the H&E staining. The fatty acid associated peaks were significantly
decreased in Kappa, as it can be seen the peak at 1742 cm-1 was not present and the peaks at
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2922 cm-1 and 2852 cm-1 were greatly reduced. This indicated a lack of fatty acid content in
Kappa, which was in contrast with the other hLECM samples.

Figure 25: FTIR spectra of the decellularised and lyophilised hLECM samples showing the prescence of amide bonds and lipid associated
functional groups.

5.3.3

hLECM Triglyceride analysis

With FTIR data that indicated some residual fatty acid content within the hLECM samples, a
further assessment of triglyceride content was carried out by analysis of lipase hydrolysis
products. Assessment of triglyceride was decided because the stored form of fatty acids in
the liver is predominantly as triglycerides, and this is exaggerated during NAFLD430. Figure.26
shows the results of the assay which display a significantly lower level of triglycerides in the
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Kappa sample. The high intensity peak for lambda seen in the FTIR data was not reflected in
the assay results.

Figure 26: Bar-plot displaying the results of triglyceride analysis (ng/mg dry weight) by lipase catalysed hydrolysis of triglyceride. Error bars =
SD, N=3. Results of One-way ANOVA with Tukey's post-hoc test displayed with * p < 0.05, ** p < 0.01 and *** p < 0.001.

5.3.4

Fibre properties

Electrospinning of the PCL:hLECM solutions yielded scaffolds with similar morphological
characteristics. The fibre diameters varied within a range of 0.4 µm dependent on the hLECM,
the largest fibres were fabricated with the Zeta hLECM (1.31 ± 0.4 µm) and the smallest with
Kappa (0.99 ± 0.3 µm), seen in Table.11. The spread of the fibre diameters, shown in the
histograms in Figure.27.A, display similar characteristic distributions across each of the
scaffold groups.

PCL
Fibre diameter µm

Water contact angle

Iota

Kappa

Lambda

Theta

Zeta

1.22 ± 0.3 1.11 ± 0.3 0.99 ± 0.3 1.21 ± 0.4 1.29 ± 0.6 1.31 ± 0.4
131.28°

127.72°

126.50°

132.79°

126.62°

127.36°

Table 11: Table showing the fibre diameters (Mean ± SD) and the water contact angles for each scaffold material
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Figure 27: A) SEM micrographs of each of the scaffold materials with a histogram displaying the distribution of fibre diameters. B) Graph
showing the Young’s Modulus for each of the scaffold materials at incremental strain regions. C) Graph showing the residual dsDNA within
the scaffold materials after incorporation of the hLECM.

The tensile mechanical properties of the scaffold materials are significantly varied depending
on the donor hLECM. Between 0 – 5% strain Iota displays the highest Young’s Modulus at 10.8
MPa and Kappa the lowest at 6.8 MPa. The PCL control group has a Young’s Modulus of 10.2
MPa and in most cases the addition of hLECM has decreased the stiffness of the material,
except for Iota. Differences in fibre diameter do not correlate with differences seen in the
tensile mechanical properties of the scaffold materials. Water contact angles displayed in
Table.11 show that the addition of hLECM tended to increase the wettability of the PCL
substrate except for Lambda, in which the water contact angle increases.
5.3.5

Fibre immunostaining

Immunostaining for Collagen I, Fibronectin and Laminin showed in Figure.28 the presence of
protein material at the surface of the scaffold fibres. Individual particles of hLECM powder are
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seen distributed piecewise along the lengths of the fibres. Collagen I displays the highest
intensity of staining in comparison with Fibronectin and Laminin. Between hLECM samples
there is a notable variability in protein presence, for example staining for Laminin in Lambda is
clearly more pronounced than the other groups. PCL fibres showed perceptible levels of
autofluorescence at 594 nm but lacked the speckled nature of the stains observed on the
hLECM scaffolds.

Figure 28: Immunofluorescence images of the scaffold fibres showing Collagen I (COL1), Fibronectin (FN1) and Laminin (LAM) primary
antibodies with Alexa-fluor 594 secondary staining. Images were taken on a Zeiss AxioImager epifluorescence microscope with a 100X oil
immersion objective.

5.3.6

DAPI/Phalloidin imaging

Cell imaging in Figure.29 shows the cells attached to the fibres of the scaffolds after 24 hours
of culture. The HepG2 show a consistently clustered arrangement on the scaffold whereas
with the PMHs the cell clustering is not as prevalent. The electrospun fibres prove to interact
more with the PMH morphology than the HepG2, as visible protrusions can be seen in the
PMHs where cells have made attachments to surrounding fibres.
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Figure 29: DAPI (Blue) and Phalloidin (Green) images showing HepG2s (top row) and Primary Mouse Hepatocytes (Bottom row) upon each of
the scaffold groups. Images were taken on a Zeiss AxioImager epifluorescence microscope with a 40X objective.

5.3.7

Cell attachment and proliferation

Cell viability and Picogreen dsDNA quantification assays were used to understand the
attachment and proliferation behaviour of the cells. HepG2, being a carcinoma cell line, were
highly proliferative in culture and Figure.30 shows the increase in viability and dsDNA quantity
over 14 days of culture. On the other hand, the PMHs did not prove to be proliferative, this is
largely due to the non-proliferative nature of primary hepatocytes. Primary hepatocytes readily
proceed to apoptosis when in in-vitro culture which explains the drops in viability and dsDNA
over 72 hours of culture. The Zeta and Theta scaffold groups show reduced rates of HepG2
proliferation, and the rates are significantly lower in the Zeta group scaffold at both 7 days (p <
0.001 vs PCL and Lambda, p < 0.01 vs Kappa, p < 0.05 vs Iota) and 14 days (p < 0.05 vs PCL,
Kappa and Lambda).
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Figure 30: Cell viability (top row) and Picogreen (bottom row) data showing attachment and proliferative activity of HepG2s (left) and PMHs
(right) upon each fibre scaffold. Error bars = SD, N=5. One-way ANOVA with Tukey's post-hoc test results displayed as * p < 0.05, ** p < 0.01
and *** p < 0.001.

5.3.8

RT-qPCR Gene expression

Analysis of ECM genes encoding Collagen I (COL1A1) and Fibronectin I (FN1) genes was
conducted along with the hepatic functional markers Albumin (ALB), Cytochrome P450-1A2
(CYP1A2) and Cytochrome P450-3A4 (CYP3A4). These genes were analysed in both HepG2
and PMHs with the results for each detailed in Figure.31 and Figure.32 respectively.
5.3.8.1

HepG2 Gene expression

ECM genes were influenced by the addition of hLECM into the scaffolds. A trend of increased
COL1A1 expression is visible on the hLECM scaffolds compared with the PCL only controls at
7 days of culture. Fibronectin shows variable expression between each of the hLECM scaffold
groups, with significantly increased expression on the Zeta scaffold with respect to Iota and
Kappa at 14 days (p < 0.01 and p < 0.05 respectively). On all scaffolds, functional hepatic

153

markers ALB, CYP1A2 and CYP3A4 were maintained in accordance with the PCL only controls
showing no major trends.

Figure 31: RT-qPCR HepG2 relative gene expression results for COL1A1, FN1, ALB, CYP1A2 and CYP3A4. Data normalised to GAPDH
expression and 24 Hr PCL only scaffold culture. Error bars = SD, N=5. One-way ANOVA with Tukey's post-hoc test results displayed as * p <
0.05, ** p < 0.01 and *** p < 0.001.

5.3.8.2

Primary Mouse Hepatocyte Gene expression

In PMHs each of the ECM genes and functional marker genes analysed showed expression in
all hLECM groups in accordance with the PCL controls. No significant influence was had on
the expression of these genes by the addition of hLECM, in comparison with the PCL control
and between the hLECM donor groups. ECM genes COL1A1 and FN1 both exhibited an
increasing expression upon all scaffolds over 72 hours culture. In contrast the cytochrome
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P450 enzymes CYP1A2 and CYP3A4 showed a decreasing trend, however some recovery was
seen in CYP1A2 expression from 48 to 72 hours. Transcription factor HNF4a showed
decreasing expression over 72 hours although at visibly different rates, for instance HNF4a
expression was relatively consistent upon Kappa compared with the rest of the sample
groups.

Figure 32: RT-qPCR PMH relative gene expression results for COL1A1, FN1, ALB, HNF4a, CYP1A2, CYP3A4 and CYP2E1. Data normalised to
GAPDH expression and 24 Hr PCL only scaffold culture (for COL1A1 at 48 hrs). Error bars = SD, N=5. One-way ANOVA with Tukey's post-hoc
test results displayed as * p < 0.05, ** p < 0.01 and *** p < 0.001. (COL1A1 was undetected at 24 Hrs culture, results are normalised to 48 Hrs
on the PCL only scaffold).
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5.4

Discussion

This experiment has demonstrated the incorporation of five different donor human liver ECMs
into morphologically consistent electrospun hLECM:PCL scaffolds in order to test for donor-todonor variances in the scaffold physical properties and bioactivity. The results further illustrate
the potential for decellularised human liver tissue to be utilised in blended electrospinning
systems for the development of bioactive scaffolds for in-vitro liver tissue models.
The human liver tissues have been decellularised using a perfusion system which allows for
control of the pressure of the SDS solution passing through slices of liver tissues, utilising high
fluid shear stresses caused by the flow to assist in cellular material removal. Quantification of
the residual dsDNA within the hLECM samples showed the percentage removal of dsDNA by
the decellularisation process to vary between 71.8% and 95.6%. Because the decellularisation
process was controlled and consistent, this significant variation is likely to be accounted for by
the differing contents of the tissues between donors. dsDNA has been quantified in terms of
dry weight of the tissues and hLECM, thus the relevant densities of the ECM proteins, stored
materials such as lipids and cellular density, will factor into the measured values. The residual
dsDNA ranged from 101.3 ± 0.2 ng/mg (dry weight) to 21.7 ± 0.3 ng/mg (dry weight).
Decellularised hLECM reported in literature showed residual DNA at 5.8 ± 3.8 ng/mg (wet
weight)431, 47.91 ± 5.82 ng/mg (wet weight)382 and other decellularised hLECM scaffolds have
also been presented with DNA content above the threshold of 50 ng/mg154 specified by Crapo
et al.227 . When considering that the hLECM obtained in this study contains a maximum of
101.3 ± 0.2 ng/mg (dry weight) and that the hLECM makes up 1% of the final scaffold material,
all the final scaffold materials fall safely below the given immunogenic threshold of 50 ng/mg.
This is confirmed by analysis of the dsDNA content of the scaffold materials shown in
Figure.27.C.
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Attempts were made to analyse, either qualitatively or quantitatively, the differences observed
in the liver tissues and corresponding decellularised hLECM. The initial analysis, FTIR
absorbance analysis, showed the decellularised hLECM samples contained the relevant
characteristic vibrational bands for amide bonds present in all protein molecules. The largest
discrepancies were seen in the vibrational characteristic bands of moieties associated with
lipid molecules which displayed tall peaks for the Lambda sample and these peaks were
lacking in the Kappa sample. This corresponded with the previous visual inspection and H&E
staining of the tissues and hLECM samples in which Lambda had a high density of lipid
vesicles and showed large quantities of a yellow oily substance, but this was not present in
Kappa. Oily residues were detectable in the other hLECM samples also. It was thus postulated
that some lipid molecules stored within the liver tissues remained in the hLECM after the
decellularisation process.
Because the primary lipid storage mechanism in hepatocytes is by triglyceride synthesis, the
results of the FTIR spectra were tested by analysis of the Triglyceride contents of the hLECM
samples430. The results showed the residual triglycerides to be up to 602.2 ± 15.5 ng/mg of the
hLECM (dry weight), over 50% of the hLECM mass. Kappa showed significantly lower levels of
Triglyceride content (p < 0.001) compared with all other samples, corresponding with the FTIR
spectra. However, when comparing the triglyceride levels in Iota, Lambda, Theta and Zeta
samples with the heights of the lipid indicating FTIR absorbance peaks there is no correlation.
In particular, the amount of triglyceride in the Lambda sample, which showed large amounts of
yellow oily residue and large lipid associated peaks in the FTIR spectra, did not measure
significantly larger than the other hLECM samples. Thus, further characterisation of the
residues found within the lipid containing hLECM samples is necessary to conclude on the
contents and understand discrepancies between groups with regards to the decellularisation
process.
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Reports of decellularised liver tissue scaffolds in literature record the use of healthy liver
chosen by a lack of signs fibrosis or fat accumulation, determined by visual or histological
assessment154,382,431,432. There are also reports that detail methods for the removal of lipids via
solvent dissolution in organic solvents such as ethanol and propan-2-ol. For this study there
was no categorising of tissue quality before use, or removal of lipids, and all available tissues
were utilised despite visual signs of fibrosis and fat accumulation seen in Figure.23. This is
because there is evidence supporting the use of human liver tissues showing signs of
pathology for creating in-vitro disease models156. To understand if tissue differences are
translated into bioactivity differences in our blended electrospinning system all five of the
decellularised samples were incorporated into electrospun PCL scaffolds.
In order that scaffold morphology did not interfere with the experimental aims, the morphology
of each scaffold group was kept consistent. Figure.27.A shows that each of the scaffold
groups displayed similar randomly oriented fibre morphologies. The average fibre diameters of
the scaffold groups ranged from 0.99 ± 0.3 µm to 1.31 ± 0.4 µm and the fibre size distributions
were similar, satisfying our requirements for consistent morphological parameters. This
means that at 1 w/w% hLECM:PCL, scaffolds of consistent morphology can be fabricated,
allowing for the source of hLECM to be the primary variable in the experiment. Having
consistent morphology also demonstrates the useful property of controlled hLECM scaffold
fabrication, independent of the donor, provided by the blended hLECM:PCL system. As
supported by the experiments shown in Chapter.1 and reports in literature, the morphology of
scaffolds can affect the morphology and function of resident hepatocytes. Further
investigation should determine the extent to which electrospun fibre morphology can be
manipulated whilst containing hLECM components.
Presence of ECM proteins Collagen I, Fibronectin and Laminin on the scaffold fibres was
confirmed by immunofluorescence staining shown in Figure.28. Collagen is the most
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abundant protein in the body and functions as an integral structural component of the ECM,
also providing specific attachment motifs for cellular adhesion264. Recent proteomic analyses
have found collagen I to be in relatively high abundance within the liver matrisome, along with
other basement membrane associated collagens such as collagen IV and VI433,434.
Glycoproteins such as fibronectin and several isoforms of laminin are also highly abundant in
the liver matrisome, playing roles in tissue homeostasis/repair and the basement membrane
respectively433–436. Immunostaining has confirmed that antigenic peptide regions for these
three proteins are present on the surface of the fibres, implying the possibility of specific cell
adhesion motifs being present also. Though not a quantitative measure, the staining
procedure revealed different intensities of staining present on the fibres between donors,
indicating that the matrisomes within each scaffold differ in relative protein abundance.
Biochemical analyses such as mass-spectrometry proteomics would be advantageous for
confirming and quantifying differences in the relative abundancy of the ECM proteins present.
The HepG2 carcinoma cell line proliferated on all the scaffold groups over a 14-day culture
period, and different rates were observed between scaffolds. Lower proliferation rates were
observed on the Theta and Zeta scaffold groups compared with the PCL control and the other
hLECM containing scaffold groups. This raises the possibility that the hLECM components
within the scaffolds have influence on proliferation rates. Without sufficient supporting
analysis, it is not appropriate to conclude as to why this is the case here. However, it can be
said that different ECM proteins are known to differentially affect the proliferative activity of
cells437. Hepatocyte proliferation is sensitive to the matrix bound growth factors such as the
mitogenic hepatocyte growth factor (HGF), inhibitory growth factor transforming growth factor
(TGF) and also the activity of matrix proteolytic enzymes such as Matrix Metalloproteases
(MMPs) driving the remodelling of matrix proteins and hepatic regeneration438–440. Thus, it is
reasonable to suggest that hLECM components, both structural and signalling proteins, have
retained certain bioactive function within the electrospun scaffold and are hence influencing
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the proliferative activity of the attached HepG2. As expected, significant proliferative activity
was not observed in the PMHs over the three-day culture because they readily progress
towards apoptosis when in-vitro. There is however a correlation observed between the HepG2
and PMH cultures when looking at the dsDNA data, showing Theta and Zeta tend to have
lower levels of dsDNA on the scaffolds than the PCL control and the other hLECM scaffolds.
This supports the case that there are interactions between the cells and the scaffolds that may
alter cellular attachment and proliferation.
Relative expression of ECM genes COL1A1 and FN1 were analysed to understand if the
scaffold environment alters how hepatocytes adapt to and manipulate their microenvironment
in-vitro. Although hepatocytes are not thought to be the main contributors to ECM production
in the liver, both Collagen I and fibronectin are known to be synthesised by both HepG2 and
isolated murine hepatocytes in-vitro441–445. In the HepG2 cultures COL1A1 and FN1 expression
were higher at 14 days in the Zeta culture than the other scaffold groups, FN1 expression
showing significantly increased expression compared with the Iota and Kappa groups. When
coupling this data with the significant reduction in proliferative activity, this shows a coherently
altered response of the HepG2 cells to the microenvironment provided by the Zeta scaffold.
Fibronectin production is thought to be essential to fibrillogenesis in the liver and so the
increased fibronectin and collagen expression may be linked to a fibrillogenic response270,446.
However, hepatic fibronectin expression has many different roles in physiology. For example,
another primary aspect of hepatic fibronectin production is excretion into the blood plasma for
circulation around the body. This plasma fibronectin is involved in blood clotting in tissue
repair, where it regulates platelet function and hemostasis447. Nonetheless, the data further
support evidence of a differential response in a hepatic cell line to hLECM from different
donors within blended hLECM:PCL electrospun scaffolds.
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The results of this study showed that human ECM from different donors incorporated into
electrospun PCL scaffolds had a variable impact on hepatocyte proliferation and gene
expression. Our analysis showed differences in response from the hepG2 cell line and primary
mouse hepatocytes, however a direct comparison between the cell types is not possible due to
different culture conditions, analysis timepoints and known differences in cell phenotype. One
aspect to be considered beyond the current study is that of batch-to-batch process variance.
The scaffolds investigated in this study were all produced using a single batch of
decellularised hLECM which were incorporated into a single PCL:HFIP solution, so one
electrospinning solution was produced per donor group. With this it is important to note that
both cell types were cultured upon the same batch of scaffold material. It is possible that
contaminating factors could have been introduced to any of the electrospinning solutions
during the manufacturing process. Therefore, further investigation would be required to
understand the influence of batch-to-batch variability on the cell response upon the scaffold
and confirm that cell responses can be correlated to the hLECM contituents.
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Chapter 6 - Discussion
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6.1

Summary of key findings

The experiments presented in this thesis have investigated the possibility for hybrid PCL:ECM
electrospun scaffolds to deliver a variable microenvironment that influences the function of
both a hepatic carcinoma cell line and primary hepatocytes. This has been demonstrated by
variation of the fibre morphology and the sources of ECM incorporated into the scaffolds.
Alteration of fibre diameter and morphology has shown to drastically influence HepG2 and
PMH morphology and gene expression analyses showed increased scaffold porosity to
significantly up-regulate CYP1A2 expression in MPHs. Decellularised rLECM and hLECM was
incorporated into electrospun PCL scaffolds via blending of lyophilised and powdered ECM
into a PCL:HFIP solution. Both 5 w/w% and 10 w/w% concentrations of rLECM can be
incorporated in electrospun PCL scaffolds with low variation in fibre morphology and the
presence of rLECM significantly increased the proliferation of HepG2 cells. hLECM sourced
from different donors can be incorporated into electrospun PCL scaffolds with low variation in
fibre morphology and each demonstrated variable influence on the proliferation of HepG2.
From the key findings of these experiments, it is clear that certain aspects of HepG2 and PMH
function can be determined by both scaffold morphology and ECM content. Though these
findings indicate that electrospun PCL:dLECM scaffold parameters can influence hepatocyte
function, the results must be discussed with respect to the production of an in-vitro hepatic
niche. The following sections will discuss the implications of the presented research, its
methodological limitations and how the evidence and technology can be expanded upon in the
future.

6.2

Cell proliferation

Hepatocytes exist in a state of quiescence within the liver, which brings into the question the
aim of in-vitro platforms with respect to hepatocyte proliferation448. Hepatocytes maintain a
state of quiescence in order to express the full complement of genes that define hepatic
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function, but in cases of liver injury or hepatectomy a cascade of biological and physical
signals initiate hepatocyte proliferation to regenerate the damaged tissue449. Hepatocyte
proliferation has been shown to be influenced by the stiffness of the culture substrate
independent of the growth factor environment450. This implies that matrix stiffness changes
observed in liver fibrosis may influence the tendency for hepatocellular carcinoma
development and that matrix stiffness changes in liver injury or partial hepatectomy could also
drive the proliferative regeneration process. Therefore, the proliferative activity of hepatocytes
and hepatocellular carcinoma cells on artificial matrix substrates is an indicator of the type of
niche that is present within the microenvironment. The variable nature of hepatocyte
proliferation and its significance to certain states of liver homeostasis, repair and
pathogenesis, makes it a crucial analytical factor for the design of an in-vitro hepatic niche for
liver tissue models.
The introduction of decellularised LECM into electrospun PCL scaffolds most notably affected
the proliferative activity of HepG2 cells. Rat derived LECM showed significant increases in the
proliferation of HepG2 cells at 5 w/w% and 10 w/w%. The incorporation of Human derived
LECM from different donors showed varied levels of proliferation, one donor hLECM showed to
significantly suppress HepG2 proliferative activity in comparison to the PCL only control.
HepG2 are carcinoma cells and so are highly proliferative by nature. It is likely that the levels
of ECM protein in the rLECM scaffolds is providing higher amounts of cell attachment motifs
that induce signalling networks that accelerate the cell cycle in HepG2 cells. However,
increases in HepG2 proliferation seen on the rLECM scaffolds were not mirrored in the hLECM
scaffolds. The hLECM scaffolds were fabricated with 1 w/w% of hLECM, compared with 5
w/w% and 10 w/w% in the rLECM scaffolds. The discrepancies in ECM concentration may
explain the differences seen between the proliferation of HepG2s on the rLECM and hLECM
scaffolds, given that there are theoretically less protein binding sites provided on the hLECM
scaffolds. Differences between the rLECM and hLECM protein compositions cannot be
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disregarded and further experiments with higher hLECM concentrations would be necessary to
confirm a concentration dependent or compositional dependent effect on HepG2 proliferation.
The presence of hLECM was not found to affect proliferation of the PMHs, which are
inherently non-proliferative due to the normally quiescent nature of in-vivo hepatocytes448.
Since PMHs were not investigated on the rLECM scaffolds, it was not possible to determine if
the increases in proliferation seen in the HepG2 cells would be mirrored in the PMHs. Further
investigation into proliferative activity in PMHs on the rLECM scaffolds or higher LECM
concentrations would likely narrow down the possible interactions and mechanisms that are
driving the proliferation increases in the HepG2 on the rLECM scaffolds.
Cell proliferation was analysed by the Cell titre blue viability assay and Picogreen dsDNA
assay, which give a measure of cellular metabolism and dsDNA content respectively. As
described in the methods chapter the Cell titre blue assay works by quantifying the reduction
of resazurin to resorufin by mitochondrial enzymatic processes451. The amount of reduced
resazurin has been correlated with cell number and so this assay is regularly used to estimate
proliferation of cell cultures. However, metabolic activity in cells can be altered with
environmental changes, for example Hepatocyte and HepG2 metabolism is highly sensitive to
oxygen availability and the presence of the monosaccharide galactose for which hepatocytes
have specific receptors452,453. Therefore, cell proliferation results obtained by the resazurin
reduction assay must be handled with the context that they do not reflect cell number
absolutely and are influenced by the metabolic state of cells.
To provide support to the cell viability results the amount of dsDNA was also quantified. Due to
the doubling of cellular dsDNA mass within every mitotic cycle, dsDNA allows for the cellular
increase and hence proliferative activity to be measured over time. The Picogreen assay
allows for the dsDNA to be quantified with 25 pg/ml precision and so, given recent
measurements of human cell total DNA mass at > 200 pg, it can be a reasonably accurate

166

means for estimating increases of cell number within a sample454,455. Results from the
Picogreen assay have thus been used to support the cell viability data and confirm
proliferation within the cell populations. However, due to sample preparation consisting of an
overnight incubation in an enzymatic digestion solution, the final measured amount of dsDNA
is not likely to have been conserved completely from cell to measurement.
These two methods have been used to give a measure of proliferative activity by quantification
of a metabolic process and DNA content, which can be correlated approximately to cell
number. Therefore, we have information that pertains to the increases in cell number on the
scaffolds. However, with these methods it is not possible to determine other important
aspects in relation to proliferation such as the ratios of alive to dead cells, the cells which are
proliferating and whether this is localised in regions or homogenous throughout the scaffold.
Such aspects of cell proliferation can be analysed through staining processes such as
ethidium bromide/calcein staining and Ki67 immunofluorescence staining respectively. Such
insights would provide a more complete picture of what is happening within the cell cultures
and into the balance of proliferation and cell death which is a crucial component of tissue
homeostasis and repair.

6.3

Transcriptional activity

Apart from proliferative activity, another pertinent marker of a hepatic niche is in the
expression of genes that code for hepatocytic proteins that carry out liver specific functions.
For a liver tissue model to function in a useful and efficacious manner, it must express and
carry out the appropriate functions that have phenotypic significance. High levels of drug
attrition in the development of pharmaceutical therapies are attributed to unintended
interactions causing unforeseen safety and toxicology issues in-vivo456. Novel hepatocyte
culture platforms thus strive towards the production of in-vitro hepatocytes that accurately
interact with new drug compounds to avoid such oversights457–459. In the experiments within
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this thesis RT-qPCR analyses has been conducted on the cell cultures to determine relative
expression levels of an array of genes that are an essential component of the hepatocyte
phenotype. Key hepatic markers such as albumin, CYP enzymes and HNF4a were analysed to
determine if the varied scaffold environments could affect hepatocyte function at a
transcriptional level, other genes that code for ECM proteins were also analysed. Patterns of
gene transcription forms part of the functional identity of a cell because it is an indicator of
protein expression, and it is controlled by a myriad of processes that are inextricably linked to
environmental conditions such as the extracellular matrix460–462.
For the genes analysed in this thesis, the addition of decellularised LECM (both rLECM and
hLECM) into the scaffolds caused a single significant change in expression in comparison to
the PCL only control scaffold group, observed in the HepG2 culture on the 5% rLECM scaffold
which showed a decrease in Albumin expression after 14 days of culture. Due to a lack of
observed changes in the majority of genes analysed it seems that there is limited effect of
decellularised ECM on hepatic function within these blended PCL:ECM scaffolds, though the
collective gene expression evidence does not rule it out. The mean fold change of gene
expression and the patterns observed over each culture period is consistently different on
dLECM containing scaffolds in comparison with the PCL only controls. This implies some
influence on the transcriptional activity within the cells, though evidence of the biological
significance for these differences is lacking from the experiments. Going forward, more
expansive analyses of gene expression would be necessary to understand if hepatic function
can be influenced by blended PCL:ECM scaffolds in a biologically significant manner at a
transcriptional level.
Increasing scaffold porosity by cryogenic electrospinning resulted in a notable increase in
CYP1A2 expression. The cytochrome P450 (CYP) enzymes are a family of oxidases
associated with the metabolism and detoxification of xenobiotics, lipids and steroid
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hormones10,463,464. Existing in the liver at the frontier of drug metabolism, they are of marked
pharmacological interest and are known to be involved in the metabolism of 70 – 80% of all
drug compounds10. For these reasons the CYP enzymes are commonly associated with proper
liver function, and their proper induction and activity within in-vitro systems is essential for an
efficacious liver tissue model. Thus, the fact that CYP1A2 expression in PMHs is increased
significantly upon scaffolds with higher porosity is pertinent to the desired production of an invitro hepatic niche. It is possible that the lesser stiffness associated with the higher porosity
scaffolds has caused the increase in CYP1A2 expression, as CYP activity is known to decrease
with substrate stiffness341. Research within literature also points towards the development of a
3D spheroidal arrangement of cells that have infiltrated the pore structure of the cryogenic
scaffolds465–468. On top of increased CYP1A2 expression, hepatocyte spheroid cultures have
shown to produce hepatocytes with phenotypic polarisation, nascent biliary channel (BC)
structures and increases in functional protein expression in comparison to 2D culture
alternatives411,469,470. Electrospun scaffold morphology is therefore an essential consideration
for the development of an in-vitro hepatic niche, and it is apparent that open fibre structures
with lower stiffnesses may be conducive to phenotypic hepatocyte behaviour.
RT-qPCR was used to analyse the expression of key hepatic genes within the HepG2 and the
PMHs upon the scaffolds. PCR amplification of gene targets was compared with reference
gene GAPDH expression according to the 2-DDCt method, which is widely utilised for analysis of
relative gene expression. RT-qPCR results are highly dependent on the quality of extracted
mRNA, the efficacy of the cDNA synthesis and the efficiency of the PCR amplification process,
which are detailed briefly in the methods chapter. Due to sample numbers and the steps
involved in generating RT-qPCR results, it was only possible to analyse a small subset of genes
relevant to hepatocyte function. These included secreted proteins Albumin and AFP,
cytochrome P450 xenobiotic metabolism enzymes CYP1A2, 2B6, 2E1 and 3A4, transcription
factor HNF4a and ECM proteins COL1A1, COL4A1 and Fibronectin. Whilst analysis of this
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small subset has demonstrated that electrospun scaffolds can influence the expression of key
hepatic functional genes, there are limits to the data which prevent detailed analysis of how
and why these interactions occur. To understand further the how the expression of hepatic
functional genes has been affected by the electrospun scaffold cultures, RT-qPCR analyses
should be directed at the specific pathways associated with the genes analysed. Because
there are many components to hepatic function it is complex to narrow down to specific
networks, however genes associated with environmental factors such as
mechanotransduction and cell surface receptors would likely be relevant. Aside from directed
approaches, more general transcriptomic approaches would potentially highlight gene
expression networks that are implicated in the response to scaffold environments.
Transcriptomic analyses, such as single-cell RNA sequencing (scRNA-seq), are becoming
increasingly accessible to researchers and describe the entire transcriptome of individual cells
within a sample. Coupled with powerful bioinformatics algorithms scRNA-seq can elucidate
transcriptomic changes that fall outside of any previous analytic possibilities, and hence is an
attractive proposition when dealing with the complexities of cell biology. For example,
transcriptomics has identified the gene expression profiles of several heterogeneous
subpopulations of hepatocytes within the liver that previously were not fully understood by
hepatologists13. In all, the scope for gene expression analyses is changing rapidly and novel
approaches such as scRNA-seq will likely be instrumental in characterising interactions
between cells and biomaterials in-vitro in the future.

6.4

Mechanical and morphological considerations

Mechanical analyses report the stiffness of healthy liver tissues to fall between 0.6 – 12 kPa,
with measurements depending highly on the type of analysis471–474. Liver tissue stiffness
increases with fibrosis score, typically by a factor of at least two-fold473,475. This variability of
liver tissue stiffness is one of the key drivers of pathology within liver disease, affecting the
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liver physiology and the biology of all the resident liver cells. Several studies have shown that
hepatocyte gene expression is highly sensitive to substrate stiffness, and this has been
demonstrated to affect the functional output of hepatocytes, for example cytochrome p450
activity is shown to drop sharply with increasing stiffness (from <10 to ~50 kPa)340,341.
Mechanotransduction networks alter how hepatocytes interact with their environment, with
increases in substrate stiffness encouraging integrin mediated substrate-cell adhesions and
beta-catenin mediated cell-cell adhesions are increased upon lesser stiffness substrates340,476.
This means that scaffold stiffness is highly relevant to the construction of an in-vitro hepatic
niche. The stiffness of the PCL:dLECM scaffolds produced in these experiments fall in the
range of MPa and so are considerably higher than that seen within the liver. As mentioned
previously, the literature suggests that hepatic function may be hindered at these levels and so
this must be considered in the final analysis. There is the potential that high scaffold stiffness
is affecting interactions between the hepatocytes and their environment, and thus with the
embedded dLECM proteins. Future efforts should confirm if and how interactions between the
ECM protein and hepatocytes are affected by the scaffold stiffness.
We have demonstrated that electrospinning the combination of dLECM and PCL in HFIP is
possible with a high degree of morphological consistency. As can be seen from the rLECM and
hLECM scaffolds, dLECM from different sources can be electrospun to produce PCL:dLECM
fibres within a 1 µm bracket of variance in diameter. When assessing the electrospinning
parameters used in the rLECM and hLECM studies, keeping flow rates and polymer
concentrations constant has allowed for this sub-micrometre fibre diameter fluctuation
between different ECM sources and concentrations. This was intended as a morphological
control; so that morphological inconsistencies were not influential on the cell cultures when
comparing the sources and concentrations of dLECM content. Having the ability to control the
morphology of dLECM containing scaffolds is important because we have also demonstrated,
amongst other reports, that substrate morphology can alter cellular responses and important
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phenotypic markers in hepatocytes. Some examples in literature report a stand-alone dLECM
substrate being used for the culture of hepatocytes154,156,382,477. Despite advances in
morphological ECM assessments allowing for selective study of morphologically similar
samples, these methods cannot guarantee absolute control of morphological parameters478.
Redistributing these dLECM components within a morphologically controllable environment
thus provides an alternative means of assessing the role of dLECM components irrespective
of scaffold morphology. Because of evidence suggesting more porous fibre structures could
be beneficial for hepatocyte culture, dLECM containing electrospun scaffolds produced by
cryogenic electrospinning and other methods that open the fibre structure should be
investigated to understand how morphological changes alter the effects of the dLECM on
hepatocytes.
Only the tensile mechanical properties of the scaffold materials were measured by macroscale
tensile testing methods. This information has provided data by which the materials can be
compared, for example in terms of changing morphology and dLECM content. Knowledge of
the bulk mechanical properties has also provided potential explanations, or at least raised
questions, relating to the hepatocyte behaviour within the electrospun scaffolds. The
electrospun fibres studied in this thesis consist of microscale structures and we can see from
the cell imaging that the hepatocytes interact directly with sets of individual fibres. It is well
understood that electrospun fibre materials have hierarchical mechanical properties which
differ from the microscale to the macroscale479. Thus, in understanding the mechanical
microenvironment for the hepatocytes seeded on the scaffolds, it is not absolutely sufficient to
consider only macromechanical measurements. To understand the realistic microscale
substrate mechanics that the hepatocytes interact with, it is patent that microscale
measurements would be more appropriate. This is possible, and has been demonstrated, with
methodologies such as nanoindentation, atomic force microscopy and digital image
correlation480–482. These microscale measurements would provide a more complete
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understanding of how the local mechanics of electrospun fibres affect hepatocyte cultures
and help identify and confirm biocompatible fibre morphologies conducive to hepatocyte
function.
With respect to the incorporation of dLECM into the electrospun fibres, further analysis is
needed to confirm how the dLECM affects the fibre mechanical properties. The results
showed that rLECM and hLECM both altered the tensile mechanical properties of the fibre
materials, with large differences observed even between hLECM donor samples at the same
concentrations. Due to the morphological controls implemented within the studies it is likely
that this is due to an inherent alteration in the polymer molecular structure by the addition of
ECM biopolymers (proteins and lipids) and other biomolecules. The electrospun polymer
molecular structure, measured in terms of crystallinity, has been shown to be influenced by
dielectric properties of solvents, electrospinning voltage, polymer concentration and by the
addition of composite components such as biomolecules483–486. This indicates that the dLECM
content is influencing polymer crystallinity and is affecting the fibre mechanics. Estimation of
the polymer crystallinity is possible by thermal analyses such as differential scanning
calorimetry (DSC), x-ray diffraction and RAMAN spectroscopy487. Physical analyses such as
these will provide insight into how the composite materials within these hybrid polymer:protein
scaffolds interact and produce material changes that are consequential to hepatocyte cultures
in electrospun scaffolds.

6.5

Material physicochemical considerations

Each of the studies utilised PCL as the polymer component of the scaffolds. PCL is a
biocompatible polymer commonly used to produce scaffold materials and is approved by the
FDA for use in medical devices. Scaffolds fabricated from PCL in conjunction with ECM protein
for hepatocyte or liver cell culture has been demonstrated successfully in literature, including
electrospun scaffolds150,173,326,414,488. PCL therefore is a valid candidate material for the
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development of in-vitro liver model platforms and are likely to be given prompt approvals for
clinically relevant applications. The experiments in this thesis are the only examples of dLECM
being used in conjunction with PCL only that were found in literature at the time of writing.
However, Bual et al fabricated electrospun PCL scaffolds containing dLECM and additive
gelatin by solubilsing the ECM in pepsin before adding to a PCL:HFIP solution173. Electrospun
scaffolds containing dLECM for liver tissue engineering had also been demonstrated with
different polymers such as Poly-Lactic Acid (PLA)171. Thus the PCL:dLECM scaffolds
fabricated in these studies are unique when considered alongside current published literature
reports.
dLECM was incorporated into the scaffolds via an initial dissolution in HFIP, which is a fluoroalcohol that forms strong hydrogen bonds. Whilst this property allows for easy dissolution of
protein molecules, it is also capable of denaturing the secondary and tertiary protein
structures. Proteins dissolved in HFIP have shown to support and preserve secondary
structures such as alpha-helixes and beta-sheets. However, it is also known to transform these
structures through the alteration of certain residue interactions, such as hydrogen bonds and
hydrophobic interactions, which define the secondary and tertiary structures400,401,403. After the
dLECM was dissolved, PCL was dissolved into the mixture and the solution was electrospun
after sufficient mixing. The presence of ECM protein in the resulting fibres was analysed
initially by FTIR spectroscopic methods. For the rLECM scaffolds which contained 5 w/w% and
10 w/w% rLECM the vibrational characteristic bands for protein associated groups such as
Amide bonds showed detectable absorbance. At a 1 w/w% hLECM concentration the amide
associated vibrational characteristic bands showed no detectable absorbance. Despite this,
protein content was confirmed by immunofluorescence staining on the fibre surface of the
hLECM scaffolds. Whilst the analyses have confirmed the presence of proteins within the
scaffolds after the electrospinning process there is little information regarding the structure.
Protein function is intrinsically related to form (structure) and so without an understanding of
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the resulting protein structures, it is not possible to conclude on specific interactions between
scaffold bound proteins and the resident hepatocytes. Evidence supporting a functional
influence of dLECM containing electrospun PCL scaffolds on HepG2 and PMHs of scaffolds
justifies further analysis of protein structure retention within electrospun scaffolds. It is also
understood that small peptide regions are often associated with cell attachment and cell
receptor interactions and so investigations into small peptide-cell interactions would also
provide insight into the preserved bioactivity of the dLECM. In all, the current state of
biochemical analysis on these scaffolds has provided evidence of potential protein-cell
interactions, however deeper analyses are necessary in order to understand the reality. This is
important in order to guide material and solvent choices as there are other methods by which
ECM proteins can be incorporated, perhaps less destructively, into electrospun scaffolds.
These include the use of potentially protein-protective methods such as using benign solvent
systems, solvent-less cyanoacrylate electrospinning, core-shell electrospinning and emulsion
electrospinning approaches.
The decellularised LECM in this thesis has been analysed for residual DNA to confirm removal
of cellular material and analysed qualitatively by FTIR analysis and immunostaining upon
dLECM containing scaffolds. Confirmation of the removal of cellular DNA material lessened
the possibility of immunogenic reactions upon hepatocyte culture. FTIR analysis was
conducted to detect ECM protein within the electrospun scaffolds and to confirm qualitative
differences between ECM samples, which showed differences in lipid contents for example.
The immunostaining confirmed the presence of specific ECM protein antigens upon the
surface of the electrospun hLECM scaffolds. Due to the complexity of the dLECM material,
these analyses are limited in the amount of information they provide. More precise analyses
must be conducted in order to elucidate how the ECM is preserved through decellularisation,
how the protein composition differs between samples and how the ECM is altered through the
electrospinning process. Recent advances in spectroscopic analyses are progressing the
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ability to analyse protein structures within engineered biomaterials. Novel methods such as
solid state nuclear magnetic resonance (ssNMR) and cathodoluminescence scanning electron
microscopy (CL-SEM) solid show great potential for inspecting the structures of manipulated
ECM proteins, however these are yet to be validated for use in scaffold systems489,490. For
analysing the composition of the ECM there exist well established methods such as
immunofluorescence and SDS-page which can confirm protein presence and elucidate
molecular size-based variation within a sample that correlates with protein sequences.
However, these methods are limited in their comprehensiveness because of methodological
restraints that prevent practical analysis of every protein within a complex mixture such as
ECM. Current trends in literature are putting mass-spectroscopy (MS) proteomic analyses at
the forefront of analysis of complex protein mixtures, such as tissues and ECM491. MS
proteomics provide large data sets that describe the protein contents of a sample based upon
fragments of the molecular structures492. Research involving decellularised ECM has utilised
MS proteomics to understand the contents of the dLECM constructs which can provide insight
into interactions between hepatocytes and dLECM154,156. These technologies are beginning to
shed more light on the complex interactions between the ECM and cellular function and thus
will be invaluable in analysing complex biomaterials and how manipulations of protein
combinations can be utilised effectively for in-vitro cultures.

6.6

Cell sources

An immortalised human hepatic carcinoma cell line (HepG2) and primary mouse hepatocyte
source have been studied for the experiments within this thesis. It is important to consider that
these cells are completely different by nature, and here will be discussed the aspects of each
cell type and why they were studied.
The HepG2 were chosen for study because they are very commonly used for in-vitro liver
studies and were originally utilised because they showed conserved expression of some
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hepatic function. However, there is a body of evidence that suggests HepG2 are not a
sufficient model organism for hepatic research due to findings, for example, that indicate
different transcriptional patterns in HepG2 compared to primary hepatocytes and liver
tissue493,494. These transcriptomic studies indicate that the carcinomic gene groups are up
regulated in HepG2 in comparison to those associated with liver function such as xenobiotic
metabolism. Despite this, a brief literature search can confirm the extent of HepG2 use in liver
toxicology research and liver tissue models, for example PubMed returns 2,883 results for
studies containing ‘HepG2’ in the title published in 2020. Table.3 also demonstrates the
extensive use of HepG2 for the analysis of liver tissue engineering biomaterials. HepG2 are an
effective tool for analysis because of the ease of culture, high availability, high usage and
stability of HepG2 cells. The transcriptome of HepG2 has shown to be consistent even
between different laboratories, with the culture conditions being the strongest driver of
transcriptomic changes494. This means that the HepG2 allow for benchmarking the biological
influence of the materials upon which they are cultured and for results between studies to be
of a comparable nature.
Primary sources of hepatocytes represent the gold standard for in-vitro liver research providing
direct insight into hepatocyte interactions with drugs or other environmental factors. Whilst
primary hepatocytes provide advantages over hepatic cell lines, they regularly de-differentiate
over long-term cultures in-vitro because of the lack of in-vivo biological cues495–498. The
removal of biological cues causing hepatocyte de-differentiation in-vitro is the reason that new
in-vitro platforms are being developed so that hepatocytes can remain with phenotypic
function for a useful amount of time. Primary mouse hepatocytes have been isolated for two
of the three experiments within this thesis. The cells were isolated from different mice within
each experiment, with the cells from different mice mixed before seeding onto the scaffolds.
For this reason the results between each experiment are not directly comparable, as those for
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the HepG2, because the cells have different genomic make-ups and potentially function
differently.

6.7

Future prospects

Going forward there are several opportunities for the progression of the technologies involved
with the engineering of a hepatic microenvironment. The addition of dLECM to scaffold
systems is used in this thesis to introduce the complexity of the in-vivo microenvironment, with
all the cell attachment motifs and growth factors, into the in-vitro microenvironment. dLECM is
a natural product and the composition of the ECM relies on the source and, as demonstrated
in this thesis, can have variable influence on hepatocyte cultures. To address the variability and
lack of control associated with natural ECM, the development of synthetic ECM components
presents an alternative solution. Synthetic biology has successfully produced fibronectin,
laminin and collagen peptides which can form tertiary structures (collagen triple-helices) and
modulate integrin activation in cells499–505. Use of synthetic peptides has been demonstrated in
scaffold materials for 3D tissue engineering purposes as a proposed replacement for natural
ECM506–508. Whilst potential has been shown in synthetic ECM technologies, there remain
bottlenecks to the development which are associated with the identification of all active
peptide sequences, the significance of secondary and tertiary protein structures and
establishing the correct relative abundance of synthetic components. Nonetheless, synthetic
approaches remain a viable solution and the future of their development will surely implicate
the use of dECM within in-vitro environments to establish the necessary contributing
knowledge.
Apart from aspects of the scaffold technology, in order to appropriately model a functional
tissue in-vitro, mass transport and fluidic stimuli must be considered. This is because tissues
in-vivo are exposed to blood flow which transports essential nutrients, growth factors, and
cytokines to and from the cells. The flow of fluid throughout tissues also exerts mechanical
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forces on cells, and many studies have revealed that shear stresses exerted on cells by fluid
flow affects cellular behaviour through mechanotransduction mechanisms. Simulating the
effects of blood flow in-vitro has hence become a critical endeavour for engineers constructing
cell culture systems. Fluidic bioreactors attempt to recapitulate the fluidic tissue environment
by perfusion of culture media through or across cellular constructs. This is achieved by the
production of a microfluidics based or macrofluidic perfusion chamber into which cell cultures
are placed. Culture media is forced through the cell culture by a pumping mechanism which
transports media to the cells and removes the waste products. Computational fluid dynamics
(CFD) are progressing to analyse tissue blood flow characteristics, which are providing more
information on how flow should be applied to cell cultures. And these same methods allow for
complex flow designs to be achieved within perfusion systems that mimic that observed invivo, or at least validating the forces and mass transport characteristics of a perfusion system.
Hepatocyte bioreactors have shown improved survival characteristics for primary cultures and
increased expression of phenotypic hepatic functions509–516. Fluidic transport also provides the
opportunity for the modelling of different disease states, as liver fibrosis changes the blood
flow and fluidic shear stresses within the liver517–522. Thus, developments in the engineering of
fluidic microenvironments will proceed synergistically with scaffold technology developments
and provide an improved capacity to model the hepatic microenvironment in-vitro.
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Chapter 7 - Conclusions
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The prospect of using electrospun PCL:dLECM scaffolds for in-vitro hepatocyte culture has
been explored within this thesis, considering aspects of fibre morphology and dLECM sourcing
and the influence these have on hepatocyte function and behaviour. Three approaches have
been demonstrated through studies on fibre morphology, Rat dLECM incorporation and the
incorporation of Human dLECM from different donors. For each approach the
physicochemical properties of the scaffolds were assessed by mechanical and chemical
analyses, and the resulting effects on hepatocyte cultures were
The effects of fibre morphology on hepatocyte cultures were examined through manipulating
electrospun PCL fibre diameter, alignment and porosity. Six groups of scaffolds were
produced separated into two fibre diameter groups (~1 µm and ~5 µm), each with three
morphological variants of randomly aligned fibres, aligned fibres and porous cryogenically
electrospun fibres. Electrospun fibre morphology showed to have a significant influence on
hepatocyte morphology, and this resulted in variable cell proliferation and gene expression.
Notably, higher porosity increased expression of CYP1A2 in primary mouse hepatocytes,
demonstrating significant influence on genes responsible for hepatocyte specific function. The
analyses suggest that more open and less stiff fibre structures are conducive towards
sustaining hepatocyte phenotype in-vitro.
Rat derived rLECM has been produced by a whole organ decellularisation method and
incorporated into electrospun PCL scaffolds. The addition of 5 w/w% and 10 w/w% was
possible whilst maintaining morphological consistency of the fibres. The addition of the rLECM
was shown to significantly increase the rate of proliferation of HepG2 cells. The rate of
proliferation also increased with increasing concentration (w/w%) of rLECM, suggesting
rLECM components drive proliferative activity.
Human derived hLECM was obtained from five separate donors and these were tested against
each other in order to understand if the donor source has an impact on hepatocyte cultures.
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FTIR analysis identified varying ECM composition between donor tissues and identified
differing lipid contents, confirmed by triglyceride analyses. PCL electrospun scaffolds
containing 1 w/w% hLECM were fabricated maintaining morphological consistency. Donor
dependent responses were observed in HepG2 cultures, with significant differences between
rates of proliferative activity and gene expression.
Overall, these studies have demonstrated that fibre morphology and dLECM sources are
necessary considerations for generating an in-vitro hepatic niche within electrospun PCL
scaffolds. The experiments presented here have identified proliferative and transcriptional
influences that morphology and dLECM source have on HepG2 and Primary Mouse
Hepatocyte cultures. Further illuminating the physical and biological mechanisms upon which
these responses rely will contribute towards establishing practical design parameters for
electrospun PCL hepatic microenvironments.
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