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Abstract
Liver diseases account for two million deaths worldwide each year, and current treatments are limited.
3D bioprinting is a promising technology, that has recently been investigated to tackle this challenge.
However, the cells and hydrogels used for bioprinting are not human-derived and do not replicate the
natural in vivo environment. The goal of this study was to develop a printable and cytocompatible
liver bioink incorporating human donor-derived biomaterials, including liver decellularized extracellular
matrix (dECM) and intrahepatic cholangiocyte organoids (ICOs).

The ink was formulated by using a first enzymatic crosslinking step with hydrogen peroxide (H2O2),
horseradish peroxidase (HRP), and tyramine-modified hyaluronic acid (HAT), followed by a second
crosslinking step with Eosin Y (EO Y). The concentrations of materials were altered to optimise the ink’s
printability evaluated with shape fidelity measurements. The printed scaffolds retained their structural
integrity for three days in AdvDMEM/F12 medium. The stiffness of the scaffolds was comparable to
healthy liver tissue based on compression tests. The ICOs viability was assessed in the formulated
bioink, and the composition of the bioink was adjusted to improve its cytocompatibility. It was found
that EO Y and H2O2 at concentrations of 0.01% v/v and 0.85 mM, respectively, were cytotoxic to ICOs.
Nevertheless, ICO viability was demonstrated over three days in a bioink consisting of HAT and liver
dECM.

The novel bioink showed promising results for creating a human donor-derived bioink for 3D bioprint-
ing liver tissue. Further optimisation is required to enhance the printability of the bioink, and additional
tests are necessary to evaluate the effect of the bioink’s materials on ICOs. This bioink has the potential
to be applied for liver disease modeling and drug development.
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Abbreviations & Nomenclature
2D Two-Dimensional
3D Three-Dimensional
AdvDMEM/F12 Washing Buffer for intrahepatic cholangiocyte organoid
ANOVA Analysis of Variance
BME Basement Membrane Extract
dECM Decellularized Extracellular Matrix
DNA Deoxyribonucleic acid
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EBB Extrusion-based bioprinter
EC Endothelial Cells
ECM Extracellular Matrix
EM Expansion Medium for ICO
EO Y Eosin Y
Erasmus MC Erasmus Medical Center, Rotterdam
EthD-1 Ethidium Homodimer-1
GelMA Gelatin methacryloyl
H2O2 Hydrogen Peroxide
HA Hyaluronic Acid
HAT Tyramine-modified Hyaluronic Acid
HRP Horseradish Peroxidase
HSC Hepatic Stellate Cells
ICO Intrahepatic Cholangiocyte Organoid
LAP Lithium phenyl-2,4,6-trimethylbenzoylphosphinate
NaCl Sodium Chloride
PBS Phosphate Buffered Saline
qPCR Quantitative Polymerase Chain Reaction
RM Regenerative Medicine
SEM Starting Expansion Medium
SLA Stereolithography
STD Standard deviation
TU Delft Technische Universiteit Delft
UV Ultraviolet
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1
Introduction

Liver diseases such as cirrhosis and liver cancer account for two million deaths worldwide each year
[1]. Current treatments for these diseases are limited. In the case of end-stage liver disease, liver
transplantation is the only curative treatment option. However, with the limited number of available
donor organs, alternatives need to be found [2]. Regenerative medicine is a dynamic field for develop-
ing novel therapeutic strategies for liver diseases and aims to find new treatment options for diseases.
Often, two-dimensional (2D) in vitro models or in vivo animal models are used for this. These mod-
els have limitations as they do not entirely mimic the human environment and do not recapitulate the
functionality of the human liver. Therefore, the development of more sophisticated liver models is nec-
essary.

A promising technology that might eliminate organ shortages by creating viable replacement or-
gans is 3D bioprinting [3]. In 2019, full-scale cardiac ventricles with human cardiomyocytes were 3D
bioprinted, exhibiting synchronized contraction and propagation of action potentials [4]. The methods
employed for organ printing are also used for smaller-scale studies including drug discovery or devel-
oping liver disease models. Liver diseases are often associated with an increase in tissue stiffness
which is caused by scarring [5, 6]. By adjusting the stiffness of the model, liver disease models can
be fabricated and used to investigate the progression of diseases and develop drugs, particularly for
evaluating drug toxicity and efficacy [7].

3D bioprinting is a state-of-the-art technology that enables the fabrication of 3D tissues. A com-
mon liver bioprinting technique is extrusion-based bioprinting (EBB) [8]. EBB involves the deposition
of a bioink containing live cells and a hydrogel acting as a support material. Many hydrogels have
been explored for EBB, either derived from synthetic or natural polymers, the latter being preferred
for biocompatibility. Gelatin, alginate, and gelatin methacryloyl (GelMA) are the commonly used nat-
ural polymers for liver bioprinting [9]. However, these materials are not derived from human tissues.
Hyaluronic acid (HA) has been studied as a hydrogel material since it is a major component of the
extracellular matrix (ECM) and for its natural presence in the liver. Tyramine-modified hyaluronic acid
(HAT) hydrogels have been introduced as a biomaterial for their crosslinking capacity thanks to the ad-
dition of a tyramine functional group [10]. HAT hydrogels have been investigated to create bioprinted
scaffolds with controllable mechanical properties for fabricating liver disease models [11]. Furthermore,
researchers have shown that by adding alginate and Ca2+ to a HAT hydrogel, stiffness change can
be induced over time [12]. These models could serve to understand the role of tissue stiffness in liver
disease, and help to develop more effective therapies.

Cells alone reside in ECM as a 3D support structure [13]. ECM acts as a structural scaffold essential
for cell function, signalling, and development [14]. Therefore, researchers have been investigating
incorporating ECM into bioinks in the form of decellularised extracellular matrix (dECM) [15]. Liver
dECM is obtained from the human liver by washing out the cells, leaving only the structural proteins
such as collagens, proteoglycans, and laminins [14]. Scaffolds made from dECM retain organ-specific
cues that have been shown to improve cell viability over time and induce cell differentiation [16–19].
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The addition of dECM into GelMA bioink enhanced printability relative to pure GelMA [17]. Further-
more, dECM scaffolds have demonstrated increased mechanical stability under shear stress in com-
parison to alginate scaffolds. The study also demonstrated that dECM scaffolds kept their structural
integrity for up to seven days [20]. To this day, the majority of dECM bioinks for EBB have been formu-
lated by combining dECM with conventional hydrogels such as gelatin, alginate, and GelMA [21–23].
Studies with dECM bioink mostly used animal-derived dECM sources. A fully human donor-derived
bioink needs to be developed for human application [24–26].

Most of the previous studies on liver bioprinting employed cell lines such as HEPG2 and HepaRG,
usually originating from animal species or cancerous tissues as they have well-established protocols.
However, these cell lines lack liver-specificity and cell-cell interactions essential for maintaining liver-
specific functions and tissue-specific cellular processes [27]. The liver-specificity is required for study-
ing liver physiology and pathology [28]. To address this limitation, co-culturing native liver cell types
would be a more relevant approach.

Recently, liver organoids have been investigated as an alternative, as they are 3D cell structures that
can self-organise through cell-cell and cell-matrix interactions [29]. These cells are highly proliferative,
genetically stable, and can be cultured long-term. Liver organoids can better replicate native liver as
they are grown in 3D environments [13]. Protocols are being developed to differentiate organoids into
cholangiocytes, hepatic stellate cells (HSC), hepatocytes, and endothelial cells (EC) providing a similar
liver phenotype that may replicate liver tissue [30]. Co-culturing these differentiated cells is essential for
developing liver disease models, as fibrosis is involved in a complex interaction between hepatocytes,
HSC, and EC [31]. In the future, organoids have the potential to improve the current in vitro liver models.
When compared to cell lines, liver organoids are derived from human donors, which offers the possibility
for transplantation.

Only two studies have integrated organoids with 3D bioprinting technology [32, 33]. In 2021 a tox-
icity study was published, where organoids were incorporated in a GelMA bioink and bioprinted with
an EBB [32]. In another study, volumetric bioprinting was employed to bioprint organoids. This study
demonstrated a high viability and morphology preservation of the organoids [33]. Liver organoids are a
good candidate for EBB bioinks, yet they have not been extensively investigated. Further investigation
is required to determine the potential benefits of liver organoids for bioprinting liver tissue.

To this day, no research has been conducted on bioinks consisting of human donor-derived liver
dECM and liver organoids. These biomaterials should be investigated for their liver-specific functional-
ities, which would be a step closer to mimicking the liver in vivo environment [33]. Additionally, human-
derived materials could offer the potential for tracking the progress of patient-specific diseases and
fabricating personalised medicine. The objective of this study was to develop a novel liver bioink using
human donor-derived liver intrahepatic cholangiocyte organoids (ICOs) and a hydrogel composed of
HAT and liver dECM, suitable for extrusion-based bioprinting applications.

HAT hydrogels were made with a dual gelation process. A first crosslinking method to obtain a vis-
cous hydrogel was triggered by an enzymatic reaction with horseradish peroxidase (HRP), hydrogen
peroxide (H2O2), and HAT. An extrusion-based bioprinter was employed for its extensive range of avail-
able parameters and for its ability to print with a wide range of materials, demonstrating versatility. After
the first crosslinking step, the hydrogels were placed in the EBB and extruded with a controlled pneu-
matic extrusion-system. The high-precision deposition x-y-z system deposited the hydrogels following
a pre-determined toolpath. 3D scaffolds were fabricated by the addition of layers to the previous layers.
To retain structural integrity the scaffolds were photo-crosslinked post-bioprinting using Eosin Y (EO Y).

The main challenge in 3D extrusion-based bioprinting is to obtain a bioink that is both printable
and cytocompatible, within the biofabrication window [3]. To address this challenge, the research was
divided into two objectives. The first objective was to formulate a printable ink composed of HAT and
dECM by altering the concentrations of the constituents of the ink. The printability was then assessed
by evaluating the shape fidelity of the printed scaffolds. In addition, their mechanical properties were as-
sessed. The second objective of the project was to investigate the viability of the ICOs in the previously
formulated ink and to optimise the ink composition to achieve a cytocompatible bioink.
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Figure 1.1: Graphical illustration of the process to formulate a bioink with liver human-derived dECM and
organoid, along with examples of 3D bioprinting applications



2
Materials & Methods

2.1. Materials
The bioink was made with tyramine-modified hyaluronic acid with a molecular weight of 280-290 kDa
and a degree of substitution of 6%. It was supplied by AO Research Institute Davos. The degree of sub-
stitution (DS) is a percentage representing the number of tyramine HA attached to the carboxyl group
[10]. HRP (#516531-25KU), H2O2 (#216763-500ML), Eosin Y (#HT110232), and anti-collagen I anti-
rabbit (#SAB4500362-100μg) were purchased from Sigma-Aldrich (St. Louis, Missouri, U.S.A.). Dul-
becco phosphate-buffered saline (PBS) (#14200067), secondary antibody AlexaFluor 488 anti-rabbit
(#A31627) and the Live/DeadTM Viability/Cytotoxicity Kit (#L3224) containing Calcein-AM (#L3224A)
and Ethidium Homodimer-1 (EthD-1) (#L3224B) were bought from Thermofisher (Waltham, Massa-
chusetts, U.S.A.). Sodium Chloride (NaCl) (#A1671) was acquired from PanReac AppliChem (ITW
Reagents, Milan, Italy). The human ICOs and human liver dECM were obtained from liver transplan-
tation procedures at Erasmus MC Rotterdam. Erasmus MC provided the dECM made in 2019 from a
batch of seven decellularised livers, based on a protocol established by Willemse J. [34]. The base-
ment membrane extract (BME), the AdvDMEM/F12, the starting expansion medium (SEM), and the
expansion medium (EM) were provided by Erasmus MC Rotterdam. The composition of the SEM, EM,
and AdvDMEM/F12 can be found in Appendix A.

2.2. Methods
2.2.1. Organoid Culture
The organoids used for this project were donor-derived human intrahepatic cholangiocyte organoids
provided by the Erasmus MCRotterdam in frozen vials. The use of ICOs was approved by the Erasmus
MC medical ethics committee.

ICO Initiation, Thawing
To start the ICO culture, BME was thawed on ice for at least two hours. A frozen ICO vial was quickly
thawed in a 37oC water bath until a little ice was left in the vial. Immediately after, in a biosafety cabinet,
the ICOs were transferred into a 15 mL falcon tube and 900 μL of cold AdvDMEM/F12 was added. The
cells were spun down (1500 rpm, 5 min, 4oC) and the supernatant was removed. Based on the cell
densities written on the frozen vial, the splitting ratio of the cells was determined. For example, if the
frozen vial contained two domes with 70% confluency, it would be split with a 1:3 ratio resulting in six
plated domes. The cells were carefully re-suspended avoiding any air bubbles in 25 μL of BME per
well-calculated.

To prevent early gelation of the BME and facilitate the formation of domes in the wells, ice-cold P200
pipette tips were utilized to pipet 25 μL of BME containing the ICOs into each well of a 48 suspension
well plate (#677102, Greiner Bio-One, Frickenhaussen, Germany). Suspension well plates were used
instead of adherent well plates to ensure the ICOs would grow in 3D and not adhere to the bottom of
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2.2. Methods 5

the well plate. To make sure the cells were evenly distributed in the gel, the well plate was inverted
after 2-3 min, and placed in an incubator for 20-30 min at 37oC, 5% CO2 to allow the BME to solidify.
Next, 300 μL of warm SEM was added to the wells. After three days, the SEM was replaced by EM.
The EM was refreshed every 2-3 days until the passaging of ICOs was required.

ICO Passage
ICOs were visually monitored and passaged every one to two weeks before the domes were over-
crowded by the proliferating organoids, seen in Fig.2.1.

To prepare for the passaging of organoids, the BME was thawed on ice two hours in advance and
the centrifuge (Sigma 4-16KS, Sigma) was pre-cooled to 4oC, the temperature at which the BME is in
the liquid state. The expansion medium was first discarded from each well, followed by the mechanical
dissociation of BME domes through pipetting and scraping 900 μL of cold AdvDMEM/F12 in each well.
The solution was collected in a 15 mL falcon tube, and cold AdvDMEM/F12 was added until it reached
a volume of 7 mL. The tube was placed in a centrifuge (1500 rpm, 5 min, 4oC) to separate and discard
the supernatant from the pellet of ICOs. The ICOs were re-suspended using a 200 μL pipet with 3 mL
of cold AdvDMEM/F12 and centrifuged another time. After the supernatant was removed, the splitting
ratio was determined based on the density of ICOs in the domes. Usually, the ICOs were split 1:4
meaning that the organoids from one dome were split over four new domes.

The next steps were described in Section 2.2.1 and the ICOs were re-suspended in BME and plated.
Instead of adding warm SEM to the well plate warm EM was pipetted in each well containing ICOs and
refreshed every 2-3 days. The growth of ICOs in BME over three days can be seen in Appendix B.

Figure 2.1: ICOs in BME ready for passaging. Scale bars 200 μm
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2.2.2. Ink Preparation
In this project, the term ink refers to an acellular ink whereas the word bioink refers to the ink with the
incorporation of organoids. Additionally, scaffolds describe a 3D printed structure using inks or bioinks.
The ink formulation was based on work previously done [12, 35].

Figure 2.2: Graphical illustration of the HAT ink preparation for bioprinting with a dual gelation mechanism
triggered by two crosslinking methods. a. Enzymatic reaction to crosslink the ink before printing, b.

Photo-crosslinking of the scaffolds post-printing

HAT inks were developed with a dual gelation mechanism triggered with two independent crosslink-
ing methods as shown in Fig.2.2. The first crosslinking method is an enzymatic reaction. This reaction
occurs under similar conditions to the physiological environment with a neutral pH at 37oC. HRP is an
enzyme used for crosslinking hydrogels due to its fast gelation, controllable crosslinking density, and
non-toxicity. An oxidation reaction takes place with H2O2 and the HAT in the presence of HRP. From
this reaction, H2O2 is consumed and transformed into H2O forming a HAT hydrogel [36] [37]. This
first reaction creates a hydrogel that has shear-thinning properties. Photo-crosslinking is the second
crosslinking method employed for the scaffold to retain its structural integrity after printing. Eosin Y is
added to the formulation of the bioink and its reaction is triggered when exposed to visible light ( ∽ 510
nm).

The novelty of the project was to introduce human donor-derived liver dECM in the ink. Table 2.1
indicates the different concentrations of HAT, HRP, H2O2, EO Y, and dECM that were used to create
inks. The inks were prepared over two days, as seen in Fig.2.3.

On the first day, two 3 mL syringes (#309658, BD Plastipak), two female-to-female luer locks
(#PSO030000502, CellInk), two lids for the syringes (#TP-MF-O, Boom B.V.), a balance (#AA-160,
Denver Instrument), and a thermal shaker (#460-0249P, VWR) were required. The HAT powder was
weighed and added in a 3 mL syringe with sterile NaCl 0.9%. HRP was added from the tip of the
syringe while simultaneously pulling the plunger. A luer lock was used to connect the two syringes
and thoroughly mix the components by passing the ink 100 times from one syringe to another. One
syringe was disconnected and discarded while the other containing the ink, was protected from light
with aluminium foil. The syringe was placed on a thermal shaker rotating at 300 rpm, at 4oC, overnight.
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Table 2.1: Table of the materials and associated volumes investigated in the study for achieving a printable,
cytocompatible HAT / dECM bioink

Material Stock Solution Acellular Ink Bioink Final Concentration
HAT DS 6% 60 mg - 3% w/v

100 mg 150 mg 5% w/v

H2O2 1 mM 340 μL 510 μL 0.17 mM
3 mM 340 μL 510 μL 0.51 mM
5 mM 340 μL 510 μL 0.85 mM

HRP 1 U.mL-1 20 μL 30 μL 0.1 U.mL-1
3 U.mL-1 20 μL 30 μL 0.3 U.mL-1
5 U.mL-1 20 μL 30 μL 0.5 U.mL-1

EO Y 1% v/v 20 μL 30 μL 0.01% v/v
40 μL - 0.02% v/v

dECM 20 mg.mL-1 20 μL 30 μL 0.2 mg.mL-1
60 μL - 0.6 mg.mL-1
150 μL - 1.5 mg.mL-1

Acellular - Ink Preparation

Figure 2.3: Graphical illustration of the ink preparation done over two days

To create the HAT and dECM inks, on the second day, the liver dECM had to be thawed at least one
hour prior to finishing the ink preparation. The next day, a fresh batch of either 1, 3, or 5 mM of H2O2
was made by diluting H2O2 with sterile NaCl 0.9%. In a new 3 mL syringe, H2O2 and sterile NaCl 0.9%
were added. EO Y was added from the tip of the syringe while simultaneously pulling the plunger. For
the dECM ink, the decellularised extracellular matrix was added to the syringe in the biosafety cabinet
after all the materials (H2O2, sterile NaCl 0.9%, and EO Y). The volumes added to the syringes are
found in Table 2.1.

To bring all the components together, the H2O2 and EO Y containing syringe was connected with a
luer lock to the HAT and HRP containing syringe. They were thoroughly mixed by passing 100 times
the ink from one syringe to another. One syringe was disconnected and discarded. The other syringe
containing the ink was placed facing up in a centrifuge for 5 min at 200g at room temperature to mix
the components and separate the air from the ink. The air was removed by pushing the plunger of the
syringe. To prevent early photo-crosslinking, the syringe was wrapped in aluminium foil and placed in
the incubator at 37oC for 30 min. The syringe was incubated to initiate the enzymatic crosslink of the
HAT, mediated with HRP and H2O2.
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Bioink Preparation - Cellular
Similarly to the acellular ink, the preparation for the bioink required two days. This bioink required more
steps and time as it had to be prepared under sterile conditions. Prior to the experiment the equipment,
luer locks, and conical tips were autoclaved. The volume for the bioink preparation was increased by
1.5, to take into account the ink loss during sterile filtering.

On the first day, the HAT powder was weighed and put in the biosafety cabinet under the UV light
for 20 min before introducing it in the sterile syringe. In a second sterile syringe, NaCl 0.9% and HRP
were added, and a 0.2 μL sterile filter (#723-2520, ThermoScientific) was used to pass the solution into
the syringe containing the HAT powder. The ink was mixed and placed on the thermal shaker.

The next day, in the same way as the acellular ink, fresh batches of different H2O2 concentrations
were made. In the biosafety cabinet, H2O2, NaCl 0.9%, and EO Y were added to a 3 mL syringe
based on Table 2.1. A 0.2 μL sterile filter was used to pass the solution into a new 3 mL syringe. The
syringe with HAT and HRP prepared on the previous day was mixed with the EO Y and H2O2 syringe.
The protocol was then identical to the acellular ink preparation. To reduce the effect of H2O2 on the
organoids, the ink was enzymatically crosslinked before incorporating the ICOs.

Figure 2.4: Graphical illustration of bioink preparation, with the incorporation of ICOs in the acellular ink

The next step was to incorporate the organoids in the ink. To achieve this, the ICO cultures had to
be ready for passage. A BME dome containing ICOs at a 1:4 passage ratio yielded 100 μL of bioink. To
obtain 400 μL of bioink, four domes were split following the procedure outlined in Section 2.2.1. When
the supernatant was removed instead of adding 25 μL of BME per well, the sterile ink was carefully
mixed with the ICOs. 400 μL of the ink was withdrawn using a 20G needle connected to a 1 mL syringe.
Then, the ink was carefully deposited in a 1.5 mL Eppendorf TubeR (#3810X, Eppendorf) containing
the organoid pellet and mixed slowly by pipetting up and down 30 times. This step required delicacy
to avoid the introduction of shear forces and the formation of air bubbles. Once the organoids were
mixed in the bioink, they were manually pipetted in a 24 well plate (#83.3922.500, Sarstedt) to create
25 μL domes. If the bioink contained EO Y, the well plate was exposed to the visible green light (∽ 510
nm) for 5 min on the top side and 5 min on the bottom side. The light was placed 3 cm from the well
plate. Lastly, 300 μL of SEM was added to the wells and the well plate was placed in the incubator.
The organoids were monitored by taking microscopic images on days 1,2, and 3.

2.2.3. Printing
Printing Process
An extrusion-based bioprinter, BIO X (CellInk) with a pneumatic printhead (#000000020340, CellInk)
was used to print in this project. Before printing, some steps were required. The ink was passed
twice through a 20G conical nozzle (#NZ4220005001, CellInk), to insure the homogeneity of the ink,
and transferred to a UV-protected cartridge (#CSO010311502, CellInk). A piston (#PSO030000502,
CellInk) was inserted in the cartridge and closed by an air adapter connector (#000000010040, CellInk).
A 22G nozzle was mounted on the ink cartridge. The wide nozzle was chosen over narrower nozzles to
limit the shear forces applied on the ICOs when extruded. The cartridge was placed in the pneumatic
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Figure 2.5: Graphical illustration of the printing process for the acellular ink

printhead of the printer. The GCode was uploaded to the printer.
The 3D scaffolds were printed inside the 24 suspension well plates on a printbed set to 37oC, to

ensure stable crosslinks. This temperature was selected as the dECM gelation temperature is 15oC
and raising the temperature to 37oC enables the formation of stable cross-links [15]. In addition, ICOs
were kept in 37oC cultures to proliferate. The speed of the printhead ranged from 20-35 mm.s-1 and
the pressure from 15-45 kPa.

After the scaffolds were printed, they underwent a post-crosslinking step, which consisted of ex-
posing visible green light (∽ 510 nm) for 5 min on one side of the well plate and 5 min on the other
side. AdvDMEM/F12 was added to the well plates, and a compression test could be followed. The well
plates were stored in the incubator at 37oC.

2.2.4. Printing Design

Figure 2.6: Top view of the design used for printing 2D lines with the associated dimensions

The designs were created with GCode in text file (.TXT) and imported in CAMotics (v.1.2.0) to
visualise the result. The printing designs were based on printing patterns employed by the previous
master students in the research group [38–40]. The 2D line design was a continuous line that was
printed with 90oC angles, the length of the model was 12 mm and the width was 4 mm, seen in Fig.2.6.
The design was chosen as it was the 2D base for the 3D printed scaffold.

Fig.2.7 shows the design that was used for creating the 3D scaffolds. The base of the scaffold used
a similar pattern to the 2D line, but with altered dimensions. The base of the scaffold measured 4.8
mm x 4.8 mm. From one layer to another the pattern was rotated by 90oC, this method was used to
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Figure 2.7: 3D design employed to print scaffolds. a. Top view of the toolpath used for printing the 3D printed
scaffold. A rotation of 90oC was applied for each layer to create a stable 3D scaffold, b. Superposition of each

consecutive layer, the white squares represent the unfilled spaces, c. Side view of the scaffold

create a 3D cube with 3 layers and a height of 2.4 mm.

2.2.5. Shape Fidelity
Shape fidelity is a measurement of the similarity between the print and the design. First, the percent
error using the theoretical dimension from the GCode in comparison to the experimental value was
computed and subtracted to 100. As described in Equation 2.1:

Shape Fidelity [%] = 100−
(
|GCode− exp.|

exp
∗ 100

)
(2.1)

where GCode represent the dimensions of the theoretical design model and exp. the dimensions of
the scaffold

2D Shape Fidelity
For the 2D shape fidelity two experimental values were taken: the length and width of the line, as shown
in Fig.2.6. After taking pictures from the top of printed glass slides, the measurements for the 2D line
were obtained with ImageJ software (v.1.52a). The length, width, and layer thickness were measured
three times and averaged. The line thickness was not a parameter selected prior to printing. Therefore,
it was chosen to be the inner diameter of the nozzle used. A 22G nozzle was employed resulting in an
inner diameter of 0.41 mm.

3D Shape Fidelity
For the 3D shape fidelity, a digital caliper was used to measure the base area and the height of the
scaffold. The dimensions of four scaffolds were taken for each ink.

2.2.6. Nozzle Protector
It was noticed that EO Y photo-crosslinked rapidly in the nozzle at the exposure of visible light, which
led to the nozzle clogging. It prevented using the same pressure and printing speed from one well to
another, where the scaffolds were not reproducible. Therefore, a nozzle protector was designed and
3D printed using a stereolithography (SLA) printer (Formlabs, v.3.18.0), seen in Fig.2.8.
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Figure 2.8: UV nozzle protector installed on a pneumatic printhead for the BIO X (CellInk) Bioprinter

2.2.7. Immersion Test
To assess the structural stability of the scaffolds, an immersion test was conducted. The scaffolds
were submerged in AdvDMEM/F12 after printing, representing the expansion medium employed for
growing ICOs. The test was carried out over three days, during which the AdvMEM/F12 was removed
and the scaffolds were inspected daily for any changes in their appearance. This duration was chosen
to demonstrate that ICOs can be incorporated and monitored over three days. After the test was
completed, the samples were refreshed with fresh medium and placed in the incubator.

2.2.8. Compression Test

Figure 2.9: Compression Test of a 3D printed scaffold

A compression test to evaluate Young’s Modulus was realised on four (n = 4) acellular scaffolds.
Compression tests were performed for four inks on the day of printing. In addition, compression tests
were performed on days 0, 1, and 2 for the ink selected for the incorporation of ICOs. To replicate the
conditions with organoids, AdvDMEM/F12 was supplemented post-printing on the scaffolds simulating
expansion medium.
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The tests were performed using a motorized compression test stand (ESM303, Mark-10, Copiague,
NY, US) equipped with a 2.5 N load cell and two 50 mm diameter parallel compression plates, seen in
Fig.2.9. The scaffolds were compressed under the same condition. Prior to compression, the samples
were removed from the well plate and their size (length x weight x height) was measured using a digital
caliper. Under ambient conditions, the scaffolds were placed in the center of the plates and compressed
at a speed of 1 mm.min-1, and 15 recordings per second were taken. The scaffolds were compressed
until 50% of the sample height was reached, (1.2 mm). The machine recorded the time (sec), force/load
(N), and travel distance (mm). From this, the strain was calculated as the ratio between the height of
the compressed sample (l-δl) and the original height of the scaffold (l), where δl is the travel distance
of the plate. The strain (ϵ) and stress (σ) were calculated based on Equation 2.2, 2.3 with MATLAB
(R2020b, Mathworks) :

σ =
Load

Area
(2.2)

ϵ =
l-δl
l

(2.3)

To stay within the elastic part of the sample, Young’s modulus was obtained by selecting 0 - 10% of
the strain where the stress/strain curve was linear. A first-degree polynomial was fitted on the curves,
the coefficients were computed representing Young’s modulus for each ink. The equation for the strain
is defined in Equation 2.4.

E =
σ

ϵ
(2.4)

2.2.9. Live/Dead Staining
The viability of the ICOs was measured on day 3, with a Live/DeadTM Viability/Cytotoxicity Kit (#L3224).
Live/Dead staining contains two materials: Calcein-AM which selectively colors live cells green and
Ethidium Homodimer-1 (EthD-1) which colors dead cells red. Calcein-AM is a membrane permeable
dye. The stain is activated with a wavelength of 494 nm. If the sample contains viable cells, Calcein-
AM is hydrolysed with enzymes present in the membrane of the cells. The presence of cells was then
imaged with green fluorescence at 517 nm. Whereas EthD-1 is a membrane impermeable dye, that
becomes fluorescent once it is bound to deoxyribonucleic acid (DNA). The red fluorescence represent-
ing cell death is detected at 617 nm [41].

First, the expansion medium was removed and the wells were washed with 1x PBS, 2 times for 5
min, at room temperature. The staining solution was made by adding 2 mL of 1x PBS, 3 μL of EthD-1,
and 1 μL of Calcein AM to 2mL of 1x PBS. 400 μL of the staining solution was added to each well and
incubated at 37oC for 1 hour. The samples were imaged with the green and red channel of the Zoe
Fluorescent Cell Imager (BioRad, Hercules, California, U.S.A.)

2.2.10. Statistical Analysis
The results were presented as the mean value and ± standard deviation (STD). Statistical analysis
was applied on quadruplet for each condition and performed with MATLAB. A one-way analysis of
variance (ANOVA) was used for comparing multiple groups of data with the same variable of interest.
For parametric data, a two-sample t-test was used. For non-parametric data, where the data did not
have a probability distribution a Wilcoxon signed-rank test was used [42]. All the tests were considered
statistically significant when *:p ≤ 0.05.
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2.2.11. Overview of the Performed Experiments
The tests conducted throughout this research are shown in Fig.2.10. The compression and collagen
stainings were done on printed acellular scaffolds. All the tests containing ICOs were manually ex-
truded.

Figure 2.10: Graphical illustration of the methodologies employed in this project. The methodology included two
types of experiments: acellular with bioprinting and cellular with manual extrusion. The readouts of each

experiment are included



3
Results

In this section, the results obtained for developing a bioink composed of HAT, dECM, and liver organoids
are presented. The first section includes the results associated with creating a 3D printable ink for an
extrusion-based bioprinter. The second section describes the result for creating a bioink cytocompatible
for liver organoids.

3.1. Formulation of a printable HAT and dECM ink
The optimisation of the ink composition, as well as the 2D and 3D shape fidelity post-printing, and the
stiffness of the prints, are demonstrated. The focus in this first part was to develop a printable ink for
an extrusion-based bioprinter.

3.1.1. Optimisation of ink composition for printability
The ink formulation was realised based on previous work [35, 38–40]. An iterative procedure was em-
ployed to create a printable ink.

Figure 3.1: Graphical illustration of the requirements for a printable ink, with the test realised to evaluate each
requirement

The requirements for the ink are shown in Fig.3.1. Before printing, the consistency of the ink had to
be homogeneous. While printing, it had to have shear-thinning properties described by an ink that has
little resistance under a high shear rate, when being extruded through the nozzle [3]. However, under
a low shear rate after being deposited, it must recover and become more viscous to retain its structure.
These shear-thinning properties reduce the amount of stress experienced by the cells during extrusion,
thereby enhancing their viability.

14



3.1. Formulation of a printable HAT and dECM ink 15

Post-printing, the ink had to have shape fidelity, which meant that the printed scaffold should match
the GCode design. The structural integrity of the scaffolds was assessed with an immersion test in
AdvMEM/F12. The mechanical stability was evaluated by using compression tests on the day of the
print and over three days. The last requirement was that the ink should produce reproducible prints,
which should be achieved by employing the same methodology and material concentrations. In this
way, the ink should possess similar shear-thinning properties, resulting in consistently printed scaffolds
across multiple experiments.

To test the requirements previously mentioned, a testing procedure was followed. Firstly, the ho-
mogeneity of the ink was verified by manual extrusion on a glass slide. Once the homogeneity was
confirmed, the ink was then printed using 2D GCode, seen in Fig.2.6. Lastly, if the ink exhibited shear-
thinning properties it was 3D printed in a 24 well plate. The shear-thinning properties behaviour was
determined by observing the viscosity of the ink during extrusion. The ink with high fluidity required low
pressures (10-15 kPa) and high printing speeds (> 35 mm.s-1). In contrast, the viscous ink required
higher extrusion pressures (> 20 kPa) and lower printing speeds (∽ 30 mm.s-1).

The ink was optimised by altering the concentrations of the components. Table 3.1 summarises
the tested concentrations for each material. Concentrations suitable for printing are denoted in blue,
whereas unsuitable ones are marked in red.

Table 3.1: Assessment table for the different concentrations of materials used to formulate a printable ink. In
blue suitable concentrations and red unsuitable concentrations for 3D printing

Component Concentration

HAT 3 % w/v 5 % w/v

H2O2 0.17 mM 0.51 mM 0.85 mM

HRP 0.1 U.mL-1 0.3 U.mL-1 0.5 U.mL-1

dECM 0 mg.mL-1 0.2 mg.mL-1 0.6 mg.mL-1 1.5 mg.mL-1

EO Y 0 % v/v 0.01 % v/v 0.02 % v/v

HAT Concentration
Two HAT concentrations were investigated: 3% and 5% w/v. For both concentrations, equal amounts
of HRP, H2O2 and EO Y were added: 0.1 U.mL-1, 0.51 mM and 0.01% v/v EO Y respectively. A full
overview of the ink composition is found in Table 3.1. The inks were extruded using the same range
of pressures, 19-25 kPa implying the inks were not too fluid (Fig.3.2). Both inks were over-extruded
due to the low printing speed of 20 mm.s-1, resulting in a higher quantity of material deposited. When
comparing the inks, the 3% HAT had a lower viscosity than the 5% HAT. The line thickness of the 5%
HAT was more consistent throughout the print, therefore we observe fewer variations between prints.
This suggests that the 5% HAT ink was more printable than the 3% HAT.

H2O2 Concentration
Printability as a function of H2O2 concentration was investigated at three concentrations: 0.17, 0.51,
and 0.85 mM. An upper boundary of 0.85 mM was chosen due to the cytotoxic effect of the H2O2 on
organoids at high concentrations [43, 44]. The inks had equal amounts of HRP, EO Y, and HAT at 0.1
U.mL-1, 0.01% v/v, and 5% w/v, respectively.
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Figure 3.2: Printed 2D lines, with a 22G nozzle. Effect of variation for 3% and 5% w/v HAT concentration. The
print was repeated three times using different pressures. Scale Bars 10 mm

Cubic scaffolds were printed in 24 well plates cubes, as seen in Fig.3.3. The ink with 0.51 mM H2O2
is shown on the left and the 0.85 mM on the right. The 0.17 mM H2O2 concentration was not included.
as it did not recover after extrusion. The printing speed was 25 mm.s-1 for the 0.51 mM and 0.85 mM
inks. The 0.85 mM ink required a higher extrusion pressure (23 kPa) as it was more viscous than the
0.51 mM ink (18-20 kPa).

Hence, from the top view the 0.51 mM H2O2 ink was printable into a cubic scaffold, however, it was
less controllable and the reproducibility from one well to another was lower than the 0.85 mM H2O2.
From the side view, the top of the scaffolds was not perfectly flat. A dome geometry was observed
instead of a cubic shape. The 0.51 mM and 0.85 mM ink were promising as they were the only inks
that could be printed in 3D.

Figure 3.3: Effect of variation of the H2O2 concentration. Three layers were printed using a 3D GCode in a 24
well plate, with a 22G nozzle. Scale Bars: top view 20 mm, side view 5 mm

HRP Concentration
The effect of HRP concentration was investigated, as the enzyme triggers the enzymatic reaction con-
verting the fluid ink into a gel-like material [45]. Three 5% w/v HAT inks were prepared with 0.1, 0.3,
or 0.5 U.mL-1 of HRP. The H2O2 concentration was fixed to 0.85 mM and the EO Y at 0.01% v/v. The
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inks were manually extruded, therefore information on speed and pressure could not be provided. The
most continuous line with the smallest variation in thickness was achieved with the ink with the lowest
HRP concentration, as shown in Fig.3.4. As HRP concentrations increased, the lines became less
defined, indicating a less homogeneous ink that dissociated. Normally, an increase in HRP decreases
the gelation time, indicating a more crosslinked ink [37]. However, these results suggest that there is
a limit to the HRP concentration at which an inverse reaction occurs. The HRP concentration selected
was 0.1 U.mL-1 based on these results.

Figure 3.4: Effect of variation of the HRP concentration. Manual extrusion on a glass slide using a 22G nozzle.
Scale Bars 10 mm

dECM Concentration
The influence of dECM concentration was examined by using three concentrations of dECM at 0.2, 0.6,
and 1.5 mg.mL-1 along with a control print, while keeping fixed the concentrations of HAT, HRP, and
EO Y at 5% w/v, 0.1 U.mL-1, and 0.01% v/v, respectively. In the control well plate, without dECM, the
entire 24 well plate was printed at a pressure of 23 kPa and speed of 25 mm.s-1. Twenty-two, twenty,
and nine scaffolds were printed with the 0.2, 0.6, and 1.5 mg.mL-1 dECM concentration, respectively,
as seen in Fig.3.5. The 0.2 mg.mL-1 ink was printed at an extrusion pressure of 28-35 kPa and speed
of 27 mm.s-1, while the ink with 0.6 mg.ml-1 was printed at higher pressures of 30-40 kPa and a lower
printing speed 25 mm.s-1. Finally, the 1.5 mg.ml-1 ink was printed with the highest pressures of 32-45
kPa at 20 mm.s-1.

These results imply that higher concentrations of dECM result in more viscous ink, harder to ex-
trude. Consequently, higher extrusion pressures and lower printing speeds were selected. Moreover,
the increase in dECM concentration resulted in a gradual increase of pressure to maintain a consistent
extrusion for each well, indicating that the dECM was gelating over time. This observation suggests a
rise in the temperature of the ink since the gelation process is temperature dependent. The inks without
dECM and 0.2 mg.mL-1 dECM were explored more extensively.

EO Y Concentration
Another parameter explored was the concentration of the photo-crosslinker Eosin Y. Eosin Y was cho-
sen over lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) or irgacure photoinitiators as it uses
visible green light (∽ 510 nm) for curing which is more cytocompatible than UV light (0-400 nm) [46].

Two inks were prepared with a concentration of 0.01% and 0.02% v/v EO Y and 5% w/v HAT, 0.85
mM H2O2, 0.1 U.mL-1 HRP. The 0.02% v/v EO Y ink reacted with the ambient light resulting in an
ink photo-crosslinked prior to being extruded, hence it was not further investigated. To avoid photo-
crosslinking before bioprinting a nozzle protector was designed to obstruct any light on the nozzle tip
(Section 2.8).

Structural Integrity
The structural integrity was evaluated by the immersion of the scaffolds in AdvDMEM/F12 for three
days. The scaffolds that were printed with 5% w/v HAT, 0.51 and 0.85 mM H2O2, 0.1 U.mL-1, 0 and 0.2
mg.mL-1 dECMand EOY remained intact, suggesting that they could provide a suitable 3D environment
for the ICOs to grow, for three days.
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Figure 3.5: Effect of variation of the dECM concentration. Three layers were printed using a 3D GCode in a 24
well plate, with a 22G nozzle. Scale Bars 20 mm

To conclude the 5%w/v HAT ink with 0.1 U.mL-1 HRP and two concentrations of H2O2were selected.
Even if the 0.51 mM H2O2 had poor printability and reproducibility, it was selected for evaluating the
effect of hydrogen peroxide on the organoids. In addition, an analysis was conducted to evaluate the
comparative stiffness and cytocompatibility between one ink containing dECM and the other lacking
dECM. The ink with the lowest dECM concentration of 0.2 mg.mL-1 was chosen over the 0.6 mg.mL-1
due to its consistent extrusion pressure and reproducibility. Table 3.2 gives the abbreviation used for
the four inks hereafter in the project.

Table 3.2: Table with the abbreviation used throughout the report for the ink preparation

Material Concentration

Abbreviation HAT (% w/v) H2O2 (mM) dECM (mg.mL-1)

0.51 HAT 5 0.51 0

0.51 dECM 5 0.51 0.2

0.85 HAT 5 0.85 0

0.85 dECM 5 0.85 0.2
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3.1.2. 2D Shape Fidelity
In the previous section, four inks were formulated and selected for their capacity to be bioprinted. These
inks included 0.51 HAT, 0.51 dECM, 0.85 HAT, and 0.85 dECM (Table 3.2). Shape fidelity served as an
assessment method for evaluating the quality of the printed scaffolds, by calculating the resemblance
of the print to the original GCode. The most printable ink was selected based on its ability to achieve
the highest level of similarity to the GCode.

Figure 3.6: 2D Shape Fidelity of four inks. a. Image of the four inks printed on a glass slide. Scale Bars 10 mm,
b. Bar plots of the measured width [mm] of the 2D lines for each ink printed with the deviation from the original
GCode (horizontal black line), (n=3), c. Bar plots of the measured length [mm] of the 2D lines for each ink printed

with the deviation from the original GCode (horizontal black line), (n=3)

The four inks were printed using the 2D GCode described in Section 2.2.4 are shown in Fig.3.6.a.
The 0.85 HAT was printed at a pressure of 22 kPa and a speed of 25 mm.s-1, while the 0.85 dECM
had a pressure of 32 kPa and printing speed of 25 mm.s-1. In comparison, the 0.51 mM inks both used
an extrusion pressure of 17 kPa, and had different printing speeds, with the 0.51 HAT printed at 28
mm.s-1 and the 0.51 dECM printed at 20 mm.s-1. These results imply that the 0.85 mM inks were more
viscous than the 0.51 mM inks. Additionally, the addition of dECM increased the extrusion pressure or
decreased the printing speed, indicating that the ink was harder to extrude and less fluid. Therefore,
the 0.85 mM inks were more homogeneous resulting in a more constant deposition and smaller line
thickness than the 0.51 inks (Fig.3.6.a). The measured width of the inks validates that the 0.51 inks
were over-extruded and even discontinuous Fig.3.6.a & b. In contrast, the 0.85 inks were closer to the
original design than the 0.51 inks, Fig.3.6.b & c.

The shape fidelity [%] was based on the percent error of the length and width of the printed line as
defined in Section 2.2.5 and depicted in Fig.3.7. The bars closer to 100% indicate a higher resemblance
of the printed scaffolds to the original GCode.

The shape fidelity analysis revealed that the 0.85 HAT and 0.85 dECM inks had higher shape fidelity
for both the length and the width, with values of 95.6% and 93.9%, and 86.7% and 78.6%, respectively.
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Figure 3.7: Bar plots illustrating the shape fidelity in % of the prints for the length and width of the printed lines
for each ink (n=4)

On the other hand, the 0.51 HAT and 0.51 dECM inks had lower shape fidelity for the length and width,
with values of 88.4% and 90.4%, and 62.4% and 70.7%, respectively. The average shape fidelity for
the length was 92.1%, in comparison to 74.6% for the width. The difference in shape fidelity between
the length and width can be explained by the toolpath, which resulted in less stretching of the ink in the
length direction.

Although the addition of dECM did not have a clear impact on the shape fidelity of the inks, the 0.85
HAT ink showed a higher shape fidelity than the 0.85 dECM ink. Conversely, the inverse was observed
for the 0.51 HAT and 0.51 dECM ink. These results can be explained by the limited shelf-life of the
H2O2 used for the experiments.

Based on the shape fidelity results, the 0.85 inks, more specifically the 0.85 HAT ink were found to
be the most suitable for printing 2D lines.
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3.1.3. 3D Shape Fidelity
Similarly to the previous section, the shape fidelity was calculated for the base area and height of 3D
printed scaffolds, in contrast to the length and width as investigated in the previous section.

Figure 3.8: 3D Shape Fidelity of four inks. a. Image of the four inks printed in 24 well plates. Scale Bars 10 mm,
b. Bar plots of the measured height [mm] of the 3D scaffold for each ink printed with the deviation from the

original GCode (horizontal black line), (n=4), c. Bar plots of the measured area of the 3D scaffolds for each ink
printed with the deviation from the original [mm2] GCode (horizontal black line), (n=4)

The four inks printed using the 3D GCode described in 2.2.4 are shown in Fig.3.8.a. The bioprinter
printed from one well to another, until the cartridge was empty. The 0.85 HAT ink and 0.85 dECM
inks were printed at a speed of 25 mm.s-1 and 27 mm.s-1, respectively. The pressure of the 0.85 HAT
ink was 23 kPa, whereas the pressure of the 0.85 dECM was altered from 28-35 kPa during printing.
However, the 0.51 HAT ink was printed at a pressure of 18 kPa as opposed to 28kPa for the 0.51 dECM.
The printing speed of the 0.51 HAT and 0.51 dECM was 28 mm.s-1 and 23 mm.s-1, respectively.

The consistency of the inks was homogeneous, and the scaffolds were consistently printed well to
well (Fig.3.8.a). The scaffolds with 0.51 mM H2O2 appeared bigger than the 0.85 inks, due to over-
extrusion. Consequently, the well plates were not fully printed, when employing the inks with the small-
est concentrations of H2O2. Furthermore, the height and area of the scaffolds were taller and wider
than the reference GCode value, except for the height of the 0.85 HAT, which was shorter Fig.3.8.b. &
c. During the bioprinting process, all the inks were over-extruded.

The shape fidelity [%] was evaluated by calculating the percent error of the height and area of the
3D printed scaffolds compared to the reference GCode as illustrated in Fig.3.9. The shape fidelity of
the 0.85 HAT and 0.85 dECM, in terms of height, was 95.6% and 90.2%, respectively. The 0.51 HAT
and 0.51 dECM had lower values of 88.3% and 79.5%, respectively. The shape fidelity of the area was
34.8%, 32.6%, 11.9%, and 45.7% for 0.85 HAT, 0.85 dECM, 0.51 HAT, and 0.51 dECM, respectively.

The fidelity of the printed height was generally higher than the area for all inks. The average shape
fidelity of the printed height for all the prints was 88.4%, in comparison to 31.2% for the area. However,
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the area of 0.51 HAT showed a very low area-shape fidelity of 11.9%, which accounted for the lower
overall area fidelity.

Figure 3.9: Bar plots illustrating the shape fidelity in % of the prints for the height and area of the 3D scaffold for
each ink (n=4)

The GCode includes some pores however all the printed scaffolds were filled with ink and no pore
were present. The resulting 3D scaffolds had a dome shape and were not cubic (Fig.3.10).

Figure 3.10: Side view of two printed scaffolds using the same GCode (Fig.2.7). The left scaffold was printed on
a glass slide using commercial ink (CellStarter, CellInk, BIO X), while the right was printed using 0.51 HAT ink.

Scale Bars 2.5 mm

The 2D and 3D shape fidelity (Section 3.1.2 & 3.1.3) demonstrated that the inks were over-extruded
in comparison to the GCode. The 2D shape fidelity was found to be closer to the original design
compared to the 3D shape fidelity, especially due to the low fidelity of the printed scaffold’s area.

To conclude, the 2D and 3D shape fidelity showed that the 0.85 HAT and the 0.85 dECM were the
closest inks to the original GCode design.
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3.1.4. Stiffness of scaffolds printed with 0.85 HAT, dECM inks & 0.51 HAT, dECM
inks

Compression tests were realised to evaluate whether the printed scaffolds were in the range of healthy
liver stiffness (1.2-6.0 kPa) [5, 6, 47]. The Young’s Modulus was determined from the compression
tests, described in Section 2.2.8. On the day of printing, compression tests were performed on four
scaffolds (n=4) printed for each ink defined in Table 3.2.

The mean and error bars (STD) of the Young’s modulus for the four inks are represented in Fig.3.11.
The printed scaffolds with the 0.85 dECM ink had a stiffness of 2.91 ± 0.64 kPa, while those printed
with 0.85 mM HAT ink had a stiffness of 1.64 ± 0.34 kPa. Scaffolds printed had a stiffness of 3.92 ±
1.25 kPa and 1.41 ± 0.59 kPa for the 0.51 dECM and 0.51 HAT, respectively. There was a significant
difference among the four different inks, as the *p < 0.05.

The dECM scaffolds had a greater stiffness with an average of 3.40 ± 1.01 kPa than the scaffolds
only composed of HAT, which had an average of 1.52 ± 0.46 kPa. There was a significant difference
between the HAT and dECM scaffolds, where *p < 0.05. The 0.51 dECM ink had a greater stiffness
than the 0.85 dECM ink (3.88 ± 1.38 kPa and 2.91 ± 0.64 kPa, respectively), whereas the 0.85 HAT
was stiffer than the 0.51 HAT ink. Therefore, there was no statistically significant difference between
the different H2O2 concentrations.

To conclude, the scaffolds containing dECM had a greater stiffness than the scaffolds without dECM.
The concentration of H2O2 may have an impact on the stiffness of the scaffolds, but the results were
not statistically significant. All of the printed scaffolds were in the same range as the stiffness of healthy
liver.

Figure 3.11: Bar plot of the evaluated the Young’s modulus for the 0.85 HAT, 0.85 dECM, 051 HAT, and 0.51
dECM scaffolds, on the day of printing. The error bars represent the mean of the stiffness calculated for four

scaffolds and its associated error as the standard deviation, (n=4), *:p ≤ 0.05
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3.2. Formulation of a cytocompatible bioink for ICOs
The previous section described the optimisation of the ink composition to meet the criteria illustrated
in Fig.3.1. The selection of four inks, namely 0.85 HAT, 0.85 dECM, 0.51 HAT, and 0.51 dECM was
based on their printing fidelity, structural integrity, mechanical stability, and reproducibility.

The second challenge for bioinks developed for extrusion-based bioprinting was the evaluation of
cytocompatibility. The objective of this section was to assess the viability of human donor-derived liver
organoids in the previously formulated inks, more specifically the 0.85 HAT and 0.85 dECM inks that
exhibited the best printability. The results associated with the incorporation of ICOs are presented in
this section.

3.2.1. Influence of bioink composition on ICOs viability
To determine the viability of the ICOs in the ink, they were incorporated following Protocol 2.2.2. The
ICOs were mixed with the 0.85 HAT and 0.85 dECM ink, along with 0.01% v/v EO Y. The first, second,
and third rows of Fig.3.12 show the ICOs incorporated in BME (control), 0.85 HAT, and 0.85 dECM ink,
after one and two days, respectively. From day 1 to day 2, the ICOs in the 0.85 HAT and 0.85 dECM
have not grown or proliferated, while those in the BME showed growth. Furthermore, air bubbles and
a pink stain from the EO Y were distinguishable in the inks. Within a day, the air bubbles vanished or
were reduced in size, and the EO Y faded out of the scaffold.

The ICOs were non-viable in both bioinks 0.85 HAT and 0.85 dECM. The cause of the cell death was
investigated to reformulate a bioink that would be viable for ICOs. The cell death could be attributed to
the ink components which could be cytotoxic, such as a high concentration of H2O2 inducing cell death
[48].

The effect of H2O2 concentrations and the reaction between H2O2 and HRP was further investigated
and described in Appendix C. ICOs were plated in BME, an environment favourable for their growth and
proliferation. In one experiment, expansion medium was mixed with a range of H2O2 concentrations
(0.17, 0.51, 0.85 mM) and added to the wells. To simulate the ink formulation, a second experiment was
conducted with the addition of HRP (0.1 U.mL-1) and a range of H2O2 concentrations (0.17, 0.51, 0.85
mM) were mixed and left in the incubator for 30 min. From the experiments a concentration of 0.85 mM
H2O2was cytotoxic for the ICOs, hence the 0.85 HAT and 0.85 dECM inks were not further investigated.

In order to formulate bioinks that were viable for ICOs, lower H2O2 concentrations were explored
based on the results described in Appendix C. Four dECM 0.2 mg.mL-1 inks were made with a 0.34
mM or 0.51 mM H2O2 concentration, with or without the presence of EO Y (Fig.3.13). Low densities of
ICOs are observed in the inks. A small number of alive ICOs were visible on day 1 in the 0.34 and 0.51
mM H2O2 inks. When EO Y 0.01% v/v was incorporated and photo-crosslinked under green visible
light, ICOs did not survive. The effect of EO Y on ICOs in the 0.51 dECM ink was investigated and
described in Appendix D. The experiment indicated that EO Y was another cytotoxic component of the
ink. The results were validated by a Live/Dead staining on day 3. Thus, EO Y was removed from the
ink composition to the detriment of structural integrity.

The 0.51 dECM was the only ink that did not dissolve two days after the incorporation of ICOs. In
the 0.51 dECM ink, the ICOs were monitored for an additional two days. On day 1, many air bubbles
were distinguishable in the ink (Fig.3.14), similarly to the previous experiments, they vanished from the
ink. Small densities of ICOs were incorporated in the ink, where sample 3 had the most ICOs. The
arrows from the microscope images point to some viable/dead ICOs. The growth and proliferation of
the ICOs over three days were extremely weak or non-existent in the 0.51 dECM ink, in comparison to
ICOs encapsulated in BME (Fig.B.1).
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Figure 3.12: ICOs incorporated in BME, 0.85 HAT with EO Y, and 0.85 dECM WITH EO Y ink, after day 1 and
day 2. Scale Bars 200 μm
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Figure 3.13: ICOs incorporated in four inks with 0.2 mg.mL-1 dECM with/without EO Y on the day after splitting.
Scale Bars 200 μm
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Figure 3.14: ICOs incorporated in the 0.51 dECM ink without EO Y, imaged on day 1, day 2, and day 3.
Scale Bars 200 μm
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ICO viability in the 0.51 dECM ink was determined through a Live/Dead staining. Alive ICOs are
visible in Fig.3.15.a, labeled in green by the Live/Dead staining. To validate the findings, the experiment
was replicated and the results were consistent, as shown in Fig.3.15.b. These results demonstrate that
the bioink was cytocompatible for the ICOs.

Figure 3.15: Live/Dead Staining on ICOs incorporated in the 0.51 dECM ink without EO Y. a. First experiment, b.
Second experiment. Scale Bars 100 μm
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3.2.2. Stiffness over 3 days of scaffolds printed with 0.51 dECM ink
To evaluate the mechanical properties of the printed scaffolds, a compression test was conducted on
the 0.51 dECM ink, which was the only ink suitable for ICOs. The compression tests were carried out
on three consecutive days. The duration for which ICOs were kept alive in the bioink. The compression
was performed on the day of printing and the two subsequent days. The 0.51 dECM ink was prepared
without incorporating ICOs and without EO Y. The Young’s modulus was obtained using the methodol-
ogy described in Section 2.2.8.

The same four samples were compressed over three days. The mean and error (STD) of the
Young’s modulus are presented in Fig.3.16. On the day of printing, the 0.51 dECM ink had a stiffness
of 3.80 ± 1.40 kPa. On the next day, the stiffness was 4.12 ± 1.14 kPa, and on the last testing day
3.18 ± 0.35 kPa. The printed scaffolds did not have any statistical significance in stiffness over a
three-day period. The results suggest that the scaffolds had similar stiffness over three days, which
is advantageous for the growth of ICOs, as the 3D environment in which they are cultured remains
constant.

Figure 3.16: Bar plot of the evaluated the Young’s modulus for the 0.51 dECM ink evaluated on day 0, day 1,
and day 2. The error bars represent the mean of the stiffness calculated for four scaffolds and its associated

error as the standard deviation, (n=4)
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Discussion

The present study aimed to develop a cytocompatible bioink suitable for 3D bioprinting liver tissue. Ini-
tially, the ink composition was optimised for printability. Then, the ink’s toxicity was evaluated on ICOs
and the ink formulation was altered to obtain a viable bioink.

Several requirements needed to be fulfilled to formulate an ink with HAT, dECM, and organoids.
One of the initial challenges was to achieve homogeneity and visible shear-thinning properties by opti-
mising the concentrations of the components in the ink. By adjusting and fine-tuning the composition,
four HAT inks with a concentration of 5% w/v were developed, two using 0.85 mM H2O2 and the other
two using 0.51 mM H2O2. The 0.85 mM H2O2 inks showed better 2D and 3D shape fidelity.

The ink with 0.85 mM H2O2 was found to be more favourable as it resulted in an increased amount
of crosslinking, leading to a more viscous ink. The results are coherent with prior research, which
has shown that inks become more viscous for higher H2O2 concentration with fixed HAT [36, 37, 48].
Viscoelastic moduli were also found to increase with an increase of H2O2, indicating an increase in
crosslinking [10]. Viscoelasticity is a measure that describes the capacity of a viscous ink to deform
under external forces and return to its original form when the forces are removed due to its elastic
properties.

H2O2 and HAT are interdependent materials, where an increase in the HAT concentration is trans-
lated by an increased amount of tyramine groups in the ink, resulting in a greater amount of potential
crosslinks. Hence, by increasing the H2O2 concentration leads to a more entangled network of HAT
groups, resulting in a denser polymer network. Nevertheless, the concentrations used in this study
were higher than those reported in the literature, which employed 2.5-5 % w/v HAT and 0.17-0.7 mM
H2O2. At higher concentrations, the research groups observed difficulties in extrusion, discontinuous
prints, and potential cytotoxicity at higher concentrations [10, 37, 45].

In high concentrations, HA is a marker of fibrosis, therefore it may induce a fibrotic response from
the cells when used at 5% w/v [49, 50]. Depending on the intended application of the bioprints the
fibrotic response can be disadvantageous for healthy liver modeling, although it can be beneficial for
generating liver disease models. Further investigations are necessary to determine the optimal con-
centration of HA for bioprinting applications.

Overall, the scaffolds had a low shape fidelity in comparison to other studies, resulting in a dome-
shaped structure instead of the desired cubic shape [17, 20, 24]. This low shape fidelity can be at-
tributed to several factors, including viscosity, shear-thinning, and swelling properties of the ink. Specif-
ically, the viscosity which determines the ink’s ability to flow is critical for achieving high printability. The
ink must have a high viscosity and low shear rate [3]. The inks in this study were highly crosslinked,
resulting in a viscous ink that was hard to extrude. The high viscosity induced surface tension along
the nozzle and the ink, reducing the ink’s ability to shear thin. Consequently, when printing the surface
tension prevented the ink from accurately following the toolpath. Hence, the poor printability could be
linked to the cubic design where the viscous and elastic ink did not follow the 90o angles accurately
and had a curved deposition seen by the dome-shaped scaffolds.
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Multiple approaches could be employed to enhance the printing fidelity. One potential strategy is
to develop an ink with a lower viscosity, which would facilitate the ink deposition process by reducing
the friction between the ink and the nozzle. An equilibrium must be achieved in the development of
an ink with desirable properties, specifically where the ink exhibits controlled flow characteristics with
the production of a continuous filament rather than droplets. For example, this balance was disrupted
when the HRP concentration exceeded 0.1 U.mL-1.

The enzymatic crosslinking resulted in the formation of long polymeric chains with higher elastic-
ity and shear rates. Another approach to improve the deposition and obtain a higher printability, the
number of crosslinks must be reduced.

The selection of bioprinting equipment is a crucial factor that influences printing fidelity. For exam-
ple, using a narrower nozzle can improve the precision of printing. However, in this study, a wider
nozzle (22G) was preferred to ensure higher viability of ICOs by reducing the negative effects of shear
forces resulting from higher extrusion pressures [51, 52]. Hence, to achieve higher printing fidelity, it is
necessary to optimise the ink formulation further.

In the project, small amounts of liver dECM were incorporated into HAT inks. Small concentrations
of dECM prevented the temperature-dependent gelation property of dECM to dominate the previously
formulated HAT ink [53]. Compression tests showed a significant increase in scaffold stiffness in the
presence of dECM compared to ink without dECM, indicating that the dECM was present in the scaf-
fold post-printing. These findings are consistent with a previous study that observed an increase in
stiffness when adding dECM to GelMA bioinks [17]. However, the presence and distribution of dECM
in the scaffold could not be visualised through histology or immunofluorescence due to liver batch-to-
batch variation or collagen loss from multiple freeze-thaw cycles. Freeze and slow thaw cycles were
shown to denaturalise proteins [54, 55]. When formulating dECM bioinks, it is important to consider that
the mechanical and biological outcomes may vary from batch-to-batch variation. Previous work mixed
dECM usually derived from animals with conventional bioinks (GelMA, Alginate, gelatin) to develop
printable and cytocompatible inks [9]. Nevertheless, these bioinks do not mimic the liver composition,
are not immunogenically compatible, and lack direct clinical application. To date, this study is the first
and only research using HAT and human dECM, which are two materials naturally present in the liver,
to create a bioink suitable for EBB.

Compression tests were conducted to evaluate the stiffness of the liver scaffolds since research
has indicated that cell response varies with stiffness [22, 47]. Specifically, a study found that primary
hepatocytes in a 4.6 kPa dECM-HA gel over seven days demonstrated a decreased hepatocyte gene
expression and cell stress. The optimal stiffness was 1.2-4.6 kPa for replicating in vivo response of
primary hepatocytes [11]. The stiffness of the printed scaffolds ranged from 1.41 ± 0.59 kPa to 4.12
± 1.14 kPa, consistent with the study’s recommended range. These results suggest that the scaffold
printed offer a favourable environment for the growth of primary hepatocyte, although liver organoids
may respond differently. It was hypothesised that over time the stiffness would decrease, but no sig-
nificant changes in stiffness were observed. The scaffolds fabricated in this study can provide a stable
environment over three days for the ICOs. Additional work is needed for identifying concentrations of
dECM and HA to replicate the biophysical and mechanical properties, equivalent to a healthy liver.

The second challenge of the project was to create a cytocompatible bioink. The ink with the most
controllable extrusion and best shape fidelity was the 0.85 mM H2O2 inks, however, this ink was cyto-
toxic to the ICOs. The trade-off between printability and biocompatibility referred to as the biofabrication
window was observed [3]. Hence, the potential cytotoxicity of the EO Y and H2O2 concentration were
evaluated using ICOs in BME.

It was demonstrated that EO Y is cytotoxic only when exposed to visible light during the pho-
tocrosslinking step. The cell death could be attributed to the presence of free radicals that were not
fully consumed after the reaction [56]. Free radicals can damage cell membranes, proteins, and DNA
[57]. The printed scaffolds were exposed for 10 min (5 min from top + 5 min from bottom), as it was
shown that this duration resulted in better shape preservation of the scaffolds than shorter exposition
time [40]. Nevertheless, based on our findings to ensure ICOs viability the exposure time may need to
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be reduced to the detriment of the structural integrity of the scaffolds [38]. Accordingly, to maintain the
viability of ICOs, the photoinitiator was removed from the ink. As a consequence, the scaffolds lacked
a secondary post-printing crosslinking step, which led to increased swelling and decreased printing
fidelity. Another approach for preserving the shape of the scaffolds post-printing would be to substitute
EO Y with ruthenium and sodium persulfate as a more cytocompatible photoinitiator for ICOs [58, 59].

Additionally, the effect of different H2O2 concentrations on ICOs in BME were inspected, as no com-
parable studies were published on ICOs with H2O2. The highest concentration of H2O2 affected the
cells similarly to previous work done on other cell types [43, 44]. For instance, HUVECs were cultured
in presence of 0.5 mM H2O2, their viability decreased to 50% in comparison to not having any H2O2
[43]. To assess the consumption of H2O2 during the HAT ink formulation, a separate experiment was
conducted. Two constituents of the ink, H2O2 and HRP were mixed and incubated for 30 min, before
supplementing the expansion medium to the ICOs in BME. Results suggest that the concentration of
H2O2 decreased in the presence of HRP and EM, leading to a smaller impact on ICOs. While both ex-
periments shed light on the effects of H2O2, they did not replicate the ICO encapsulation in the bioink.
The organoids were in contact with the H2O2 in the dECM bioink, a lower concentration of 0.51 mM of
H2O2 was chosen to limit the ICOs death. Furthermore, the ICOs were added at the final stage of the
ink procedure to minimize the impact of the enzymatic reaction.

Liver organoids were alive for three days in a bioink made from human donor-derived dECM and
ICOs. In the study, the ICOs viability was demonstrated, yet the growth and proliferation were not
reported due to the limited amount of ICOs present in the final bioink. It is known that ICOs have a
lower proliferation in liver dECM compared to BME [60]. BME is a mouse tumor-derived extract com-
mercially available with a bioactive environment, stimulating cell proliferation, but unsuitable for clinical
applications [60]. Consequently, the incorporation of liver dECM in bioinks could provide liver-specific
biochemical cues that offer a superior approach for recapitulating the liver in vivo microenvironment in
comparison to BME, for ICOs [60]. Other studies have reported similar findings when adding dECM
to bioinks with different cell types, in which the mechanical, biophysical, and biochemical cues were
inherited from the ECM, and led to an enhancement of cell function, cell viability, cell spreading, and
hepatic differentiation of stem cells [16, 17].

As previously mentioned, the incorporation of small densities in the ink prevented the evaluation of
the metabolic activity of ICOs using PrestoBlue. Future experiments should aim to contain larger cell
densities to enable such evaluations. Additionally, the non-homogeneous distribution of the organoids
in the ink highlights the need for a new protocol to ensure uniform mixing of the liver organoid pellet in
the ink.

The ICOs were monitored for three days, however extending this time frame would allow a more
comprehensive assessment of organoids’ growth, proliferation, and viability. A longer culture duration
would enable the evaluation of additional biological readouts for evaluating the presence of dECM. Fur-
thermore, quantitative polymerase chain reaction (qPCR) could be used to examine the expression of
liver-specific genes.

In this study, a bioink consisting of dECM, HAT, and incorporating ICOs was developed for prospec-
tive 3D bioprinting applications. 3D bioprinting offers several advantages in fabricating liver tissue, as a
diverse range of parameters can be selected according to the application of the printed scaffold. How-
ever, the final prints lack the transport of nutrients and oxygen to organoids. As a result, researchers are
investigating integrating organ-on-chip technology, microfluidic devices that incorporate perfusion sys-
tems with 3D bioprinting [61, 62]. The combination of these two technologies and the development of
multi-organ-on-chips could be a promising approach to simulate the inter-organ communication aiming
to mimic better the physiology and pathophysiology of the liver [63].
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Conclusion & Recommendations

5.1. Conclusion
The aim of this thesis was to develop a bioink for liver 3D bioprinting applications. The novelty of
the project resided in employing human donor-derived biomaterials from the liver such as dECM and
organoids. The challenge of this project was to create a bioink with good printability and also providing
a favourable environment for organoids to live.

Firstly, HAT and dECM inks were formulated to obtain a printable ink employing an extrusion-based
bioprinter with a pressure-controlled extrusion-system. The inks were developed by tuning the con-
centrations of these materials. It was found that the 0.85 HAT and 0.85 dECM inks had the highest
printability. These two inks had a high shape fidelity in 2D, with a resemblance in comparison to the
original GCode. However, the 3D printability was lower. The scaffolds had a stiffness (1.41-4.12 kPa)
in the range of a healthy liver (1.2-6.0 kPa), based on the compression tests.

The second objective was to incorporate liver organoids in this ink and investigate their viability over
time. It was observed that in the ink previously formulated (0.85 HAT & 0.85 dECM) the organoids died
due to cytotoxic materials, H2O2 at a too high concentration and EO Y. Therefore, the formulation of
the ink was altered with a lower H2O2 concentration. Furthermore, EO Y was removed from the bioink
to ensure the viability of organoids. The liver organoids stayed alive in the 0.51 dECM bioink for three
days.

5.2. Recommendations
This study can be used as a foundation for comprehending the role of materials used in creating a hu-
man donor-derived bioink on printing and cytocompatibility. The next logical step for this project would
be to 3D bioprint using the human donor-derived bioink developed in this project.

In the future, both the HAT and H2O2 concentrations should be reduced to make the ink less cy-
totoxic. The inks will become more fluid due to this variation. Therefore, to compensate for the less
viscous ink, a higher dECM ratio should be added resulting in stiffer prints. The increase of human
donor-derived liver dECM could be biologically significant as it would better recapitulate the in vivo liver
environment, enhancing the organoids’ viability and proliferation.

The effect of the components in the ink was investigated on organoids. The secondary post-
crosslinking step with EO Y led to the ICOs death. To preserve the shape of the scaffolds post-printing,
ruthenium with sodium persulfate was suggested as this photoinitiator is less cytotoxic to cells. Other
parameters could also affect cell viability such as the handling of the ink. ICO death could be linked to
the introduction of high shear forces when manually mixing the viscous inks with the ICOs (Fig. 2.4).
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The ICO study was monitored over three days. A longer organoid culture would allow more biologi-
cal readouts for example for revealing the presence of liver-specific genes with qPCR. Additionally, a
longer study would be more relevant for liver disease modelling.

Tyramine-modified hyaluronic acid inks were formulated due to the physiological presence of HA in
the human body but also for its tuneable stiffness [12]. Consequently, this bioink can be employed to
create stiffer models replicating the properties of liver diseases. These models may be the first step to
treating liver diseases as they can serve for drug development to evaluate drug toxicity and efficacy.

Most of the previous works used cell lines usually originating from animal species or cancers, and
commercial inks for their printability and biocompatibility. These materials do not represent the liver
physiology, and will never mimic the liver environment. Hence, the use of patient and human donor-
derived biomaterials such as dECM and liver organoid offer a direct link with in vitro studies to the in
vivo physiology. The work in the 3D bioprinting field with human-derived biomaterials could be applied
to patient-specific studies. This study was an initial step in bringing scientific research closer to treating
liver diseases. In the future, we hope to create a full-scale viable liver replacement, reducing the organ
shortage for liver transplantation.
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A
Composition Of Cell Culture Media

Table A.1: Composition of Cell Culture Media

Starting Medium (SM) Composition (Prepared weekly at Erasmus MC)
Component Supplier Cat. No. μL.mL-1 Final conc.
AdF12 +++ Gibco / ThermoFisher Scientific 12634028 852.2
N2 Gibco / ThermoFisher Scientific 15410294 10
B27 Gibco / ThermoFisher Scientific 12587001 20
Gastrin I Sigma-Aldrich G9145 1 10 nM
FGF10 Peprotech 100-26 1 100 ng/ml
HGF Tebu-Bio 167100-39-0500 1 25 ng/ml
EGF Peprotech AF-100-15 1 50 ng/ml
A8301 (Ti) Cayman Chemical / Sanbio bv 9001799-25 1 5 μM
Nicotinamide Sigma-Aldrich N0636-100G 10 10 mM
Forskolin Cayman Chemical / Sanbio bv 11018-50 1 10 μM
Ac Cys Sigma-Aldrich A9165-25G 2 1 mM
RSPo CM Made at Erasmus MC Conditioned medium 100
Y27632 MedChem Express / Bioconnect HY-10583_10mg 1

Table A.2: Composition of Expansion Medium

Expansion Medium (EM) Composition (Prepared weekly at Erasmus MC)
Component Supplier Cat. No. μL.mL-1 Final conc.
AdF12 +++ Gibco / ThermoFisher Scientific 12634028 852.2
N2 Gibco / ThermoFisher Scientific 15410294 10
B27 Gibco / ThermoFisher Scientific 12587001 20
Gastrin I Sigma-Aldrich G9145 1 10 nM
FGF10 Peprotech 100-26 1 100 ng/ml
HGF Tebu-Bio 167100-39-0500 0.5 25 ng/ml
EGF Peprotech AF-100-15 1 50 ng/ml
A8301 (Ti) Cayman Chemical / Sanbio bv 9001799-25 1 5 μM
Nicotinamide Sigma-Aldrich N0636-100G 10 10 mM
Forskolin Cayman Chemical / Sanbio bv 11018-50 1 10 μM
Ac Cys Sigma-Aldrich A9165-25G 2 1 mM
RSPo CM Made at Erasmus MC Conditioned medium 100
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Table A.3: Composition of AdvDMEM/F12, Washing Buffer

AdvDMEM/F12 Composition (Prepared by Sleeboom J.)
Component Supplier Cat. No. Final conc.
AdF12 +++ Gibco / ThermoFisher Scientific 11550446
Primocin Bio-Connect Life Sciences Ant-Pm-2 0.2%
Hepes Gibco / ThermoFisher Scientific 12509079 1%
Glutamax Gibco / ThermoFisher Scientific 11574466 1%



B
Growth of ICOs

Figure B.1: Growth of ICOs in BME, from day 0 after splitting, day 1, day 2, and day 3. Scale Bars 200 μm
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C
Toxicity of H2O2 for ICOs incorporated

in BME

C.1. Methods
Two experiments were conducted tomeasure the toxicity of H2O2 present in the ink. The first experiment
consisted plating ICOs contained in BME and adding different concentrations of H2O2 (0, 0.17, 0.51,
and 0.85 mM) to the expansion medium. In the second experiment, 0.1 U.mL-1 of HRP was added to
the same concentrations of H2O2 used in the first experiment. The solutions were incubated for 30 min
at 37oC in a similar way to the ink preparation. The ICOs were visually monitored over several days,
and Live/Dead stainings were performed on day 3.

C.2. Results
C.2.1. H2O2 supplemented to EM
From day 1, ICOs in the EM containing 0.85 mM H2O2 were fragmented (Fig.C.1). The Live/Dead
stainings in Fig.C.2 confirmed cell death. The growth of the ICOs was not significantly impacted in the
0.17 mM and 0.51 mM H2O2 concentrations, from day 1 to day 2. The Live/Dead staining showed alive
organoids. However, in the background of the stainings for the 0.51 mM H2O2 medium some cellular
death was observed. The results indicated that high concentrations of H2O2were cytotoxic for the ICOs.

C.2.2. H2O2 + HRP incubated & supplemented to EM
Under different H2O2 concentrations, ICOs grew from day 1 to day 2 (Fig.C.3). The Live/Dead staining
on day 3 confirmed the viability of the ICOs in 0.17, 0.51, and 0.85 mM H2O2. The qualitative data
implies that H2O2 and HRP reacted within 30 min at 37oC. These results suggest that 0.85 mM H2O2
was less cytotoxic to ICOs.

C.3. Conclusion & Discussion
These two experiments proved the cytotoxicity of H2O2. The second experiment aimed to determine if
the HRP and H2O2 were consumed, resulting in a less cytotoxic environment for the ICOs. Neverthe-
less, the observed reaction with the HRP and H2O2 was different from the reaction in the ink, as the
main component, HAT was absent. Additionally, these experiments did not replicate the conditions of
the incorporation of ICOs in the ink, as the ICOs were not in direct contact with H2O2, and the BME
may shield them from a cytotoxic reaction. Therefore, in the rest of the project, a concentration lower
than 0.85mM H2O2 was selected.
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Figure C.1: Growth monitored and visualised over day 1 and day 2 of ICOs contained in BME supplemented
with EM and different concentrations of H2O2. Scale Bars 200 μm
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Figure C.2: Live/Dead staining on ICOs contained in BME supplemented with an EM containing different H2O2
concentrations. Scale Bars 100 μm
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Figure C.3: Growth monitored and visualised over day 1 and day 2 of ICOs contained in BME supplemented
with incubated expansion medium, HRP, and different concentrations of H2O2. Scale Bars 200 μm
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Figure C.4: Live/Dead staining on ICOs contained in BME supplemented with incubated expansion medium,
HRP, and different concentrations of H2O2 concentrations. Scale Bars 100 μm



D
Toxicity of EO Y for ICOs incorporated in

0.51 dECM ink

D.1. Methods
For mechanical integrity of printed scaffolds, EO Y (0.01% v/v) was added in the ink and post-bioprinting
photo-crosslinked with visible green light for 5 min on each side of the well plate. The influence of EO Y
on the ICOs was investigated, in this experiment. ICOs were introduced to the 0.51 dECM ink according
to Protocol 2.4.

D.2. Results
From Figure D.1 from day 1 to day 3 ICOs were added in the 0.51 dECM ink. The presence of EO Y
was confirmed by the pink coloration. However, from day 1 to day 3, there was no observed organoid
growth. The Live/Dead staining revealed in red the cell death of ICOs. Based on these findings, the
photoinitiator was removed from the bioink formulation as a contributing factor to cytotoxicity.
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Figure D.1: ICOs in 0.51 dECM with 0.01% EO Y imaged on day 1, day 2, and day 3. Live/Dead staining of the
0.51 dECM + EO Y bioink on day 3. White Scale Bars 100 μm, Black Scale Bars 200 μm



E
Type I Collagen Staining

Liver dECM is composed of proteins where collagen Type I and Type III are the most abundant [60]. To
prove the presence and distribution of the liver dECM in the 0.51 mM dECM ink, immunofluorescence
stainings for Type I collagen were performed. The stainings were not included in the Results (Section
3) as the positive control was inconclusive.

E.1. Methods
Immunofluorescence staining is a type of assay for biological samples used to identify and locate spe-
cific biological components in a sample. Two antibodies were used for the Type I collagen staining.
The primary antibody binds to the antigen of interest (Type I collagen). Then, the second antibody is
added with a tagged fluorescent dye that is excited and visible under a fluorescent microscope if the
antigen of interest is present in the sample. The process for immunofluorescence staining is shown in
Fig.E.1.

The Type I collagen staining was done after the Live/Dead staining on day 3. The samples were
air-dried overnight. First the primary antibody, anti-collagen I was diluted in 1x PBS at a ratio of 1:200
and added to the dehydrated samples. The samples were left in the incubator for 1 hour at 37oC.
The samples were washed in 1x PBS 3 times for 5 min at room temperature. The second antibody
AlexaFluor 488 anti-rabbit was diluted in 1x PBS at a ratio of 1:200 and added to the samples of
interest, which were placed in the incubator at 37oC for 1 hour. The samples were rinsed with 1x PBS
3 times for 5 min at room temperature. Finally, a fluorescent microscope with an excitation wavelength
of 495 nm (Zoe Fluorescent Cell Imager, BioRad, Hercules, California, U.S.A.) was used to capture the
images of the samples.

E.2. Results
Fig.E.2 shows the stainings obtained for the 0.51 dECM ink. The Type I collagen staining was done on
bioprinted samples (n=2), on day 3 after printing.

A fluorescent green signal was detected (Fig.E.2). Some of the arrows may point to some Type
I collagen content. Additionally, some artifacts resembling butterflies can be seen in the background.
These artifacts may have been a result of the air-drying process and may be NaCl crystals contained
in the ink.

As the positive control was inconclusive, the results obtained from the scaffolds do not verify the
presence of Type I collagen, and thus dECM presence in the scaffold.
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Figure E.1: Graphical illustration of the immunofluorescence staining protocol, for Type I collagen antibodies

Figure E.2: Type I collagen staining on 0.51 dECM ink, done days post-printing. Scale Bars 100 μm
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