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Abstract

Bioprinting is a promising technique that has the ability to generate complex tissue struc-
tures for articular cartilage (AC) repair and regeneration. However, most biomaterials used
for bioprinting are incapable of representing the complexity of native extracellular ma-
trix (ECM). In this study, a novel cartilage specific bioink has been developed with tyra-
mine modified hyaluronic acid (THA) and decellularized ECM (dECM) of AC for three-
dimensional bioprinting, combining the printable qualities of THA with AC dECM to cre-
ate an optimized microenvironment. First, the influence of increasing concentrations of
AC dECM on the rheological and printability properties was assessed. Next, human mes-
enchymal stem cells (hMSCs) were incorporated into bioinks composed of 2.5% w/v THA
and AC dECM (0.0%-1.0% w/v). The THA-AC dECM bioinks have been successfully bio-
printed into stable scaffolds with viable cells and were cultured for 28 days in chondro-
genic differentiation medium. Subsequently, the effect of combining AC dECM with THA
was evaluated by measuring the cell viability, cell differentiation and AC tissue deposition.
The ink compositions with AC dECM (0.5% and 1.0% w/v) caused an increase in ink vis-
cosity, yield stress and damping factor compared to the THA ink, but still showed shear
thinning behavior and provided good printability. Spread cell morphology was observed
for the scaffolds with addition of AC dECM compared to AC dECM free control with only
THA, indicating enhanced cell adhesion to the hydrogel network. Moreover, a higher pro-
duction of sulfated glycosaminoglycans (sGAGs) was observed for the scaffolds where AC
dECM was added. The THA and AC dECM bioink composition showed promising results
for AC tissue engineering and warrants further research into the development of bioinks
with tissue-specific inductive properties.
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1
Introduction

When articular cartilage (AC) is damaged by trauma or disease, recovery can be difficult,
eventually leading to impairment of joint function and structure [1]. Articular cartilage is
a load-bearing tissue that covers the ends of the bones and allows friction-free movement.
Overall, cartilage tissue consists of collagen, glycosaminoglycans (GAGs), water and a lim-
ited number of cells. The combination of the low number of cells and the lack of nerves and
vasculature, limits the regenerative capacity of the tissue [2]. As a result, untreated articular
cartilage defects can lead to diseases, resulting in disability and a reduction in quality of life
[3, 4].

Over the years, different treatment methods have been proposed to recover from AC dam-
age, though they still have limited effect. Procedures such as pain killers or the use of anti-
inflammatory drugs may alleviate the symptoms, but do not treat the cause of the disease
and only delay the onset [5]. Promising approaches are surgical interventions aiming to
regenerate the tissue, such as autologous chondrocyte implantation, microfracture and os-
teochondral grafting. Despite their clinical use, these techniques have mixed results, since
they do not fully restore the function of healthy cartilage [4, 6]. Moreover, these approaches
show other shortcomings: invasive surgery, donor site morbidity, time-consuming, high
costs and difficulty in achieving an implant with a similar shape as the injury site [4, 5].

For these reasons, the tissue engineering field has been motivated to treat AC defects. In
order to treat such defects, new bio-engineering technologies such as three-dimensional
(3D) bioprinting have been developed [7]. Bioprinting allows precise deposition of cell-
laden hydrogels in an anatomically relevant and patient-specific design [7]. The success of
bioprinting is highly dependent on the composition of bioink, defined as a combination of
cells, biomaterials and bioactive cues suitable for automated biofabrication technologies
[8]. In order to be printed, bioinks must also meet the appropriate design specifications.
For bioprinting, a bioink should have suitable mechanical and biological properties to en-
sure shape fidelity without compromising cell viability [9]. A bioink should be viscous and
show shear thinning behavior so it is able to flow through a nozzle. However, bioink should
not be too viscous, since increasing shear forces exerted on the cell-laden bioink could de-
crease cell viability [10]. Or, when a bioink is not viscous enough, it will flow quickly after
deposition, decreasing the shape fidelity of the printed filaments [6]. Furthermore, a bioink
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2 1. Introduction

should be able to retain its shape after printing and have sufficient mechanical integrity to
support additional deposited ink without collapsing [11]. Moreover, a bioink should pro-
vide a suitable environment for cells to survive and to promote cell proliferation, migration
and differentiation [9].

Currently, bioinks are developed with unmodified and modified biopolymers, such as al-
ginate, fibrin, hyaluronic acid (HA), gelatin and decellurized extracellular matrix (dECM).
Hyaluronic acid is an promising material for AC regeneration, given that it is one of the
main components of the extracellular matrix (ECM) of AC. In native tissue, HA interacts
with the cell surface receptor, CD44, and has the osmotic capacity to hold large amounts of
water, providing compressive strength through fluid retention [12, 13]. However, native HA
solutions are not suitable for bioprinting, due to flow upon deposition.

Therefore, native HA is often combined with other polymers to guarantee stability after
printing. Or shape retention is achieved by modifying HA, so crosslinking strategies can
be implemented. A few studies have reported bioprinting of modified HA as a one compo-
nent bioink with good printability. The most common bioink formulation is methacrylate
HA (MeHA), which is photo-crosslinked using UV-light and Irgacure 2959 as a photoinitia-
tor [14]. Another printable formulation was obtained by modifying HA with adamantane
and β-cyclodextrin (Ad,-MeHA/CD-MeHA) for a self healing guest-hosted based bioink
[15, 16]. The two components formed a guest-host assembly upon mixing and UV-light
photo-crosslinking was employed to ensure structural stability. Recently, Petta et al. de-
veloped a single-component, tyramine-modified HA (THA) bioink with good shape fidelity
and stability, using two distinct crosslinking mechanisms [17, 18]. Although some of these
bioinks were successfully bioprinted into cell-printed structures and HA has the ability to
interact with cells using surface receptor CD44, minimal cell-biomaterial interactions were
observed [15, 17]. Moreover, it has been observed that HA hydrogels, used for cell growth
and tissue remodeling, show poor cell attachment [18, 19].

In addition to the limitations mentioned above, bioprinting studies have failed to engineer
hyaline articular cartilage that mimics human tissue. Partially, this can be explained by
the lack of a suitable microenvironent that favours cartilage matrix production. In recent
years, there has been increased interest in the use of tissue-specific matrix to improve tis-
sue engineered structures [20]. The ECM is composed of tissue specific cytokines, macro-
molecules and growth factors, providing cellular cues that regulate cell behavior [21]. When
the ECM is decellurized, it preserves parts of the ECM components and could therefore
provide both structural and functional cues to cells [20, 22]. dECM has already been used
to fabricate molded scaffolds and has shown promising results for AC regeneration due to
their chondro-inductivity [22–25]. Furthermore, Kesti et al. used AC dECM for bioprinting,
where dECM was incorporated into an alginate/gellan hydrogel [26]. The addition of dECM
to the bioink stimulated more chondrocyte prolifiration compared to the hydrogel alone.
In comparison, Chen et al. developed a bioink by combining dECM with HA, gelatin, and
PLGA [27].

The objective of this thesis is to develop a novel cartilage specific bioink for 3D bioprint-
ing with THA and AC dECM. This bioink combines the printable qualities of THA with
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AC dECM to create an appropriate microenvironment that regulates cell behavior. Two
crosslinking methods are involved in the polymerization of THA, enzymatic pre-crosslinking
mediated by horseradish peroxidase (HRP) and hydrogen peroxide (H2O2) to control the
extrusion properties, and photo-crosslinking triggered by visible light and Eosin Y (EO) for
shape fixation of the printed scaffold. For the dECM of AC, almost all the sGAG were re-
moved during the solubilization process and the dECM mostly consist of collagen. The
first a printable ink composition for THA was obtained with rheology and printability mea-
surements. Subsequently, the impact of various concentrations of dECM AC in the THA ink
on printability was examined. Next, the photo-crosslinking process was optimized to ob-
tain scaffolds with high resolution and shape fidelity. After optimization of the bioink and
scaffold properties, the influence of the bioink composition on cell viability was assessed.
Finally, we bioprinted THA and AC dECM bioinks embedded with human mesenchymal
stem cells (hMSCs). The effect of combining AC dECM with THA was evaluated by measur-
ing the cell viability, cell differentiation, and tissue deposition of the cell-laden scaffolds.





2
Materials and Methods

2.1. Materials and Reagents
Tyramine-modified hyaluronic acid (THA) sodium salt from Streptococcus equi with an av-
erage molecular weight of 280 kDa was kindly provided to us by the AO Research Institute
Davos (Davos Platz, Switzerland) [17, 18]. The degree of substitution (DS), defined as the
percentage of HA carboxyl groups functionalized by tyramine, has a final value of 6%. Sol-
ubilized articular cartilage ECM was also kindly provided to us by Professor Daniel J. Kelly
(Trinity College Dublin, Ireland) [22, 28]. All the reagents used in this study, Horseradish
peroxidase (HRP), Hydrogen peroxide (H2O2), Eosin Y (EO), Phosphate buffered saline (PBS),
Calcein-AM (Ca-AM), Ethidium Homodi- mer-1 (EthD-1), Presto Blue, paraformaldehyde
(PFA), Alcian Blue, Nuclear Fast Red, HARRIS Hematoxylin and Direct Red 80 were pur-
chased from Sigma-Aldrich. αMinimum Essential Medium (αMEM) and Dulbecco’s Modi-
fied Eagle Medium (DMEM, high glucose, GlutaMAXTM supplement and HEPES) were pur-
chased from Gibco, ThermoFisher.

Table 2.1: Overview of the concentrations THA and AC dECM for the three evaluated bioink formulations
with abbreviations.

Polymer concentration (% w/v)
Abbreviation THA AC dECM
THA2.5 2.5 0.0
THA2.5-AC0.5 2.5 0.5
THA2.5-AC1 2.5 1.0

2.2. Bioink
For this study three different inks were prepared, containing a fixed concentration of THA
(2.5% w/v) and a varying concentration of AC dECM (0.0%, 0.5%,1.0%). The abbreviations
used for these inks and hereafter used in this report are shown in Table 2.1. To prepare the
inks, THA and AC dECM were rehydrated with 1x PBS and 0.1 U/ml HRP. To dissolve THA
and AC dECM, the inks were first mixed between two syringes (luor lock connection) and
thereafter the inks were kept overnight under rotation (4 rpm) at 4°C covered in aluminum
foil to protect the samples from light. After complete dissolution of THA and AC dECM, en-
zymatic crosslinking was triggered by adding H2O2. In addition EO and PBS were added, to
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6 2. Materials and Methods

reach the desired final composition. To remove any air bubbles, the inks were centrifuged
for 5’ at 200g. Next, the inks were covered in aluminium foil, due to light sensitivity of the
THA, and left for 60’ at room temperature to crosslink. After enzymatic crosslinking, the
network of the ink was broken down a bit by passing the ink through a nozzle three times,
using a 25G nozzle and syringe. Causing the ink to be more homogeneous, which helps to
keep the printing parameters constant. The final concentrations used in the inks are 2.5%
w/v THA, 0.0%-1.0% w/v AC dECM, 0.1 U/ml HRP, 0.01% w/v EO and 0.1-0.3 mM H2O2,
presented in Table 2.2.

Table 2.2: Volumes for preparation of THA and AC dECM bioinks with and without cell encapsulation.

Stock solutions Volumes to prepare for 1ml of THA-AC gel Final concentrations
Cell free + no light
crosslinking

Cell free + light
crosslinking

Cell loaded + light
crosslinking

THA DS 6% 25 mg 25 mg 25 mg 2.5 % w/v
AC dECM 0, 5 or 10 mg 0, 5 or 10 mg 0, 5 or 10 mg 0, 5 or 10% w/v
Culture medium or PBS 600 µl 600 µl 600 µl 60% v/v
HRP 1 U/ml 10 µl 10 µl 10 µl 0.1 U/ml
EO 1.0% w/v - 20 µl 20 µl 0.01% w/v
Cells suspended in medium - - 100 µl
H2O2 1 mM 100, 250 or 300 µl 250 µl 300 µl 0.1, 0.25 or 0.3 mM

Culture medium or PBS
Fill up with PBS
to achieve final
volume of 1000 µl

Fill op with PBS
to achieve final
volume of 1000 µl

Fill op with medium
to achieve final
volume of 1000 µl

10, 15 or 30% v/v

2.3. Rheology characterization of the bioinks
The rheological characterization of the various inks is performed with a stress-controlled
rheometer (Physica MCR 501; Anton Paar, Graz, Austria). The rheometer was equipped
with a steel cone and plate geometry (diameter 30 mm, cone 1°). The temperature of the
rheometer was controlled by a hood covering the whole cone/plate system and a Peltier
plate connected to the lower plate. For all measurements the rheometer was preheated to
21°C.

Four ink properties were measured with the rheometer: the damping factor, the viscos-
ity, the yield stress and the recovery modulus (measurements were repeated three times,
n = 3). The inks for rheological measurements are prepared as explained in Section 2.2,
without the EO needed for photo-crosslinking. Each rheological measurement start with
a time dependence for 5 minutes to distribute the sample evenly between the plates, us-
ing a small-amplitude oscillatory shear at a frequency of 0.5 Hz and strain amplitude of
0.5%. The viscoelastic range was determined by a frequency sweep ranging between 0.1-10
Hz at a constant strain amplitude of 1.0%. The damping factor (tanδ = G”/G’) was calcu-
lated from the ratio of the storage modulus (G’) and loss modulus (G”) values at 1 Hz. The
damping factor can be used to predict the successful extrudability and printability of an
ink [17, 18]. Extrusion was experimentally validated by passing the ink through a 25G coni-
cal nozzle, while printability was validated by examining the retention of the shape-fidelity
ratio of the extruded filaments The formulation were described as ’poor printability’ when
the extruded inks were to fluid to retain its shape, or when the printed filament was gran-
ular/ uneven. The formulations were defined as ’good printability’ when the printed fila-
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ments kept their designed shape.

The viscosity curves were determined by applying a shear stress ramp from of 0.1 to 10000
Pa with 20 points per decade. For the yield stress, defined as the shear stress at the crossover
point of the storage (G’) and loss (G”) moduli, was determined by applying an oscillatory
stress sweep with 50 logarithmic spaced shear stresses between 1-5000 Pa at a frequency
of 0.5 Hz. The material recovery was obtained by subjecting the samples to a shear stress
above the yield stress, mimicking the extrusion and flow through a nozzle, and measuring
the G’ before and after the stress test. The initial storage modulus (G’In) was calculated
by the averaging the G’ of the initial 5’ of the ink being exposed to oscillatory shear at a
frequency of 0.5 Hz and strain amplitude of 0.5%. During the oscillatory stress sweep the
sample was exposed to stresses higher than the material’s yield stress. Thereafter, the re-
covery of the samples was measured for 10’ in the third step of the protocol. The recovered
storage modulus (G’Recov) was determined by measuring the G’ 1 minute after the oscil-
latory stress sweep was finished. The percentage of recovery was determined by dividing
G’Recov by G’In and multiplying by 100%. An schematic overview of the four properties are
shown in Fig. 2.1.

Figure 2.1: Overview of rheological tests needed to calculate ink properties: damping frequency sweep
(damping factor), stress ramp (viscosity), oscillatory stress ramp (yield stress) and measuring G and G”

before and after stress test (recovery modulus).

2.4. Photo-crosslinking of the scaffolds
To test the influence of photo-crosslinking on shape retention, scaffolds were printed with a
THA2.5 ink. The ink was prepared as explained in Section 2.2 with EO for photo-crosslinking.
The printing was carried out with a Bio X bioprinter (Cellink). A square scaffold, 5 mm
x 5 mm x 2.4 mm (L x W x H) was designed using Solidworks student software and con-
verted to a G-Code file with Ultimaker Cura 4.7. The structure was printed on a glass mi-
croscope slide (76 mm x 26 mm, Thermo Scientific). Following printing, the scaffolds were
crosslinked with green light (λ=522 and intensity 10W) for 5’ or 10’ from the top side or both
sides (top and bottom scaffold). Images of the printed scaffolds were captured with the Wi-
Fi Digital Microscope (ROTEK, resolution of 1280 x 720 pixels) directly after crosslinking.
ImageJ was used to measure the length and width of printed structures.

2.5. Cell culture
This study used human mesenchymal stem cells isolated from bone marrow (hMSCs, Lonza).
The hMSCs were frozen in cryovials of 1 ml, containing over 750.000 cells with more then
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70% viability at passage 2. To initiate the cell culture process, cryovials were thawed for 1.5’
in a 37°C waterbath. Next, the thawed cells were gently mixed with 20 ml of αMinimum
Essential Medium (αMEM, Thermo Fisher), containing the following growth supplements:
1:10 fetal boving serum (FBS), 1:1000 Gentamycine, 1:167 Fungizone, 1:1700 Absorbic Acid
(AA) and 1:5000 basic fibroblast growth factor (FGF) (CloneticsTM CGMTM BulletKitTM,
Lonza). After mixing, the cells were centrifuged at 200g for 5’ at room temperature to create
a pellet. The supernatent was removed, to remove the freezing medium containing DMSO,
and the cells were gently resuspended in fresh medium. To seed the cells, 500.000 cells and
20 ml of expansion medium were added per flask (T175, ThermoFisher). The cells were
cultured in a incubator at 37°C, 5% CO22 and 90% humidity. To expand the cells, the flasks
were refreshed two times a week with 20 ml expansion medium per flask.

Once the cells reached 90% confluency, the cells were passaged. This process was initiated
by removing medium from the flasks. Subsequently, the cells were washed twice with 5 ml
of HEPES-Buffered Saline Solution (HEPES-BSS, MSCs ReagentPackTM, Lonza). To detach
the cells from the flasks, the cells were covered with trypsin (MSCs ReagentPackTM, Lonza)
for 5’ to 10’ at 37°C. After the cells were released, 10 mL Trypsin Neutralizing Solution (TNS,
MSCs ReagentPackTM, Lonza) was added per flask and the cell mixture was added to a
50 ml tube. The cells were then centrifuged into a pellet for 5’ at 200g and the supernatant
containing the trypsin/TNS solution was discarded. The pellet was resuspended in 2 ml of
expansion medium. Next, the total number of cells was counted by using the Trypan Blue
method. For the cell counting, 20µl of cell suspension and 20 ml Trypan Blue were mixed
in a 500µl tube. In duplicate, 10µl of the mixture was pipetted into a counting slide and
thereafter the slide was inserted into a TC20 cell counter (Biorad) to count the cells. The
cell counter automatically counts the total amount of cells/ml present, the amount of live
cells/ml and the cell viability percentage. The cells were reseeded into a new flasks with
a concentration of 500.000 cells per flask at a density of 2857 cells/cm2 to further expand
them as described above until passage 3 or 4, before using them for the bioprinting experi-
ments.

2.6. Pellet study

In order to perform the pellet study, flask containing hMSCs (expanded to passage 3) were
washed with HEPES buffer, trypsinized and counted as described in 2.5. After cell count-
ing, cells were divided over 1.5 ml autoclaved Eppendorf tubes to create pellets. For this
study, the tubes were pierced with a needle to create a small hole, allowing the diffusion of
oxygen inside the tube. To form the pellets, the tubes were centrifuged for 10’ at 200g. The
supernatent was removed and 500µl of chondrogenic medium was added to the pellets,
containing Dulbecco’s Modified Eagle Medium (DMEM, ThermoFisher), 1:167 Fungizone,
1:1000 Gentamycine, 1:100 Sodium pyruvate, 1:100 Insulin Transferring Selenic acid (ITS+),
1:500 L-Proline, 1:1700 AA, 1:10000 Dexamethasone (Dex) and 1:200 Transforming growth
factor beta 1 (TGF-β1). The pellets were cultured at 37°C, 5% CO22 and 90% humidity incu-
bator and the medium was refreshed 2 times a week. In total 3 pellets, cultured till day 28,
were used for this study. On day 21, the pellets were fixed using 4% w/v paraformaldehyde
(PFA) overnight at 4°C. After fixation, pellets were transferred to PBS before performing fur-
ther histological analysis.
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2.7. Cell viability analysis before bioprinting
To test the influence of materials on the cells before bioprinting them, a preliminary study
using a syringe without nozzle was performed. For this study two bioinks were prepared:
THA2.5 and THA2.5-AC1. To prepare the bioinks it was essential to sterilize all the materials,
avoiding the risk of contamination. Therefore, the solutions (HRP, expansion medium, EO
and H2O2) were sterilized with a 0.2µm filter and the powders (THA and AC dECM) were ex-
posed to UV light of the biosafety cabinet for 15’. Subsequently, the bioinks were prepared
as described in Section 2.2 with the following composition: 2.5% w/v THA, with and with-
out 1.0% w/v AC dECM, 0.1 U/mL HRP, 0.01% EO, 0.3 mM H2O2 and expansion medium
to reach the desired final composition. Once the bioinks were crosslinked, hMSCs at pas-
sage 4, prepared and counted as described in Section 2.5, were suspended in expansion
medium and mixed with bioinks to a final concentration of 3 x 106 cells/mL. The cells were
embedded in the ink by using two syringes (connected by luer lock adapter), gently mixing
the solution back and forth until it became a homogeneous mixture. To create the sam-
ples, bioink drops (average volume of 56µl per sample) were formed by carefully pushing
some bioink from the syringe opening on a glass slide. When all the drops were produced,
the bioink was further crosslinked using green light (λ=522 and intensity 10W). Photoex-
posure was performed for 10’ in total, 5’ from the top and 5’ from the bottom, to obtain
a homogeneously crosslinked construct. Immediately after crosslinking the samples were
transferred to a 48 well plate together with expansion medium. The medium was changed
two times a week, using 1 ml of expansion medium for every well. In total 6 samples were
formed and used for L/D analysis (n=3, day 2 and 8).

(a) (b)

Figure 2.2: The bioprinting setup. (a) Bioprinter in cell culture hood. (b) Photo-crosslinking of samples with
green light at a distance of 2 cm.

2.8. Bioprinting
For this thesis, we have bioprinted cells twice. A preliminary bioprinting test was per-
formed to see if the bioink would be biocompatible with the hMSC and if the cells would
survive the printing process. The second time was the final bioprinting with bioinks includ-
ing THA and a varying concentration of AC dECM. For the bioprinting test, only the THA2.5

bioink was prepared. The bioprinting procedure was carried out exactly as described be-
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low, except that PBS was used to prepare the bioinks instead of expansion medium, 0.25
mM H2O2 was used for enzymatic crosslinking, and 3 x 10 cells/ml (passage 3) were mixed
into the ink.

For bioprinting three bioinks were prepared: THA2.5, THA2.5-AC0.5, THA2.5-AC1). The bioink
containing THA serves as a control to compare the addition of AC dECM. The cell-laden
bioinks were prepared as described in Section 2.7 with the following compositions: 2.5%
w/v THA, 0.0%-1.0% w/v AC dECM, 0.1 U/mL HRP, 0.01% w/v EO, 0.3 mM H2O2 and ex-
pansion medium to reach the desired composition. The hMSCs used for bioprinting were
at passage 4 and prepared as reported in Section 2.5. Subsequently, cells (5x106 cells/ml,
resuspended in expansion medium) were mixed with the bioinks by using two syringes
(luor lock connection). Slowly homogenizing the bioink by mixing the bioink back and
forth between two syringes. To remove air bubbles caused by the mixing, the bioinks were
centrifuged for 5’ at 200g, concentrating the bubbles at the top, which were subsequently
removed by pushing them out of the syringe. Next, the bioinks were loaded in a sterile au-
toclaved cartridge to start bioprinting.

In order to initiate the bioprinting process, first the printer set up was sterilized to make
sure the bioprinting would happen under sterile conditions. A two step sterilization pro-
cedure was executed, to begin the outside of the printer was cleaned with 70% ethanol and
moved to a cell culture hood. The printer and the inside of the hood were sterilized by
turning on the UV-light of the hood for 15’. Secondly, the inside of the printer was ster-
ilized by initializing the ’clean chamber’ option, which employs UV-light and hepa filter
system for cleaning the air in the bioprinting chamber. After the sterilization was com-
pleted, the scaffold design was loaded into the printer. For the scaffolds, a 5 mm x 5 mm x
2 mm (LxWxH) grid structure was created, with a layer height was 0.25 mm and a filament
width of 0.8 mm. Next, the cartridge was loaded into the printer and the printing param-
eters (nozzle size, pressure, syringe size and printing speed) were selected. The scaffolds
were printed on a glass slide with a 25G nozzle, a printing speed of 5 mm/sec and and
pressures between 65-75 kPa. After extrusion, the structures were further crosslinked with
green visible light for 10’ (5’ top of scaffold and 5’ bottom of scaffold). Thereafter the scaf-
folds were transferred to 24 well plate with 2 ml of expansion medium. After one day, the
cell were refreshed and the medium was changed to chondrogenic differentaion medium.
The chondrogenic differentation medium was changed two times a week, adding 2 ml to
every well. In total, six scaffolds were bioprinted for each time point (t=1, t=7 and t=28). Per
time point three scaffolds were used for PrestoBlue/Histological analysis and three scaf-
folds were used live/dead (L/D) analysis, swelling and mechanical testing (see Table 2.3). A
graphical overview of the bioprinting process and scaffold characterizations are presented
in Fig. 2.3.
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Table 2.3: Overview of experimental studies with cells, displaying the amount of scaffolds used for each time
point and which analyses were performed (live/dead (L/D), compression test, swelling, PrestoBlue,

histology).

Total samples Tests Day 1 Day 2 Day 4 Day 7 Day 8 Day 28

THA2.5

(Bioprinting)
n=16

Compression test
L/D
and Swelling

2 3 3

PrestoBlue
Histology

2 3 3

THA2.5-AC0.5

(Bioprinting)
n=18

Compression test
L/D
and Swelling

3 3 3

PrestoBlue
Histology

3 3 3

THA2.5-AC1

(Bioprinting)
n=18

Compression test
L/D
and Swelling

3 3 3

PrestoBlue
Histology

3 3 3

THA2.5

(Molding study)
n=6 L/D 3 3

THA2.5-AC1

(Molding study)
n=6 L/D 3 3

Pellet study n=3 Histology 3

Figure 2.3: Graphical overview of the bioprinting process and scaffold characterization.

2.9. Live/dead
The cell viability of the constructs were assessed by using the Invitrogen Live/Dead TM Vi-
ability/Cytotoxicity Kit. The kit contains two stainings: green-fluorescent calcein-AM, for
the life cells, and red-fluorescent ethidium homodimer-1, to indicate dead cells. Calcein-
AM is a membrane permeable and non fluorescent compound that, once absorbed by liv-
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ing cell, is converted to the green fluorescent, membrane-inpermeant calcein, which is re-
tained in the cytoplasma of live cells. Ethidium homodimer-1 is a membrane impermeable
fluorescent dye, which becomes strong fluorescent when it binds to DNA. For living cells
the dye cannot enter the cell, but when cells die the disrupted cell membrane allows the
ethidium homodimer-1 to enter the cells. Sometimes cells can be red and green at the
same time, when cells membrane has been damaged, for example during late apoptosis.
The cell membrane is still partly intact, allowing both dyes to be present.

The protocol of the L/D staining start with the removal of medium. Subsequently, scaf-
folds were washed 2 times for 5’ in PBS. The washed scaffolds were then incubated with 2
mM calcein-AM and 4 mM Ethidium homodimer-1 in PBS for 30’ at 37 degrees. After incu-
bation, the reagents solution was discarded and the scaffolds were transferred to PBS. For
imaging, the scaffolds were transferred to a glass slide (Menzel-Glaser Superfrost, Thermo-
Scientific) and imaged with a fluorescent microscope (ZOE fluorescent cell imager, Biorad).
Three L/D pictures per scaffolds were used to quantify the cell viability by counting the live
cells (green) and dead cells (red) with ImageJ software. Moreover, the circularity of the cells
was measured using ImageJ software.

2.10. PrestoBlue

The metabolic activity of the cells within the bioprinted scaffolds was evaluated using Presto-
Blue assay (ThermoFisher). PrestoBlue is a reagent that can give an indication of the cell
viability by using the metabollic activity of living cells. The PrestoBlue reagent is a resazurin
based solution, that is a cell-permeant , blue in color and non-fluorescent. Upon enter-
ing the cell, resazurin is reduced to resorufin by metabolically active cells, turning into a
red highly fluorescent dye. This conversion is proportional to the amount of metaboli-
cally active cells and can be quantitatively measured by using fluorescence detection. For
this assay the scaffolds were transferred to a fresh culture medium supplemented with 10%
PrestoBlue reagent and incubated for 60’ at 37 degrees. Afterwards, 100 µl of the incubated
medium was transferred to a 96 well plate (n=2) to measure the fluorescence using a mi-
croplate reader (PerkinElmer, Massachusetts, US). For the protocol an excitation of 530nm
and emission of 570nm with 0.5s sample time was employed. Wells containing only culture
medium with 10% PrestoBlue reagent were used as control to measure the background flu-
orescence. The background noise was subtracted from the experimental wells.

2.11. Compression test

The compression modulus of the scaffolds was determined by using an unconfined com-
pression test. The test was performed using a Compression Test Stand(ESM303, Mark 10)
fitted with a 2.5 N load, a lowering speed of 0.2 mm min-1 and sample frequency of 5 mea-
surement per minute. For the compression test, an unconfined load was applied to the
scaffold until a certain displacement was reached on the scaffold. The results of these mea-
surement were used to calculate the stress and strain. The relationship between the stress
and strain is subsequently used to calculate the compression modulus. A picture of the
compression test setup can be seen in Fig. 2.4.
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σ= F

A
(2.1)

ε= ∆L

L0
= L−L0

L0
(2.2)

The data set obtained from the compression test included the applied load (N) and travel
distance of the upper plate(mm) for every reading. To determine the compression mod-
ulus, first the stress (σ) is calculated by dividing the applied load (F) by the area (A), ex-
pressed in Eq. (2.1). The area (in mm2) of the scaffolds was determined by multiplying the
length and width of sample. Next, the strain was calculated, using the height of the sample
( L0) and the length after deformation (L), by dividing the change in length (δL = L −L0)
by L0, given in Eq. 2.2. The stress and strain were calculated for every reading of the mea-
surement. The compression modulus was calculated by fitting the stress/strain curve from
0.0% to 20% strain using linear regression in MATLAB.

Figure 2.4: Setup of the Mark 10 used for mechanical compression tests of scaffolds.

2.12. Swelling
To assess the water retention capacity of the printed scaffold the swelling ratio was calcu-
lated. The swelling ratio was calculated with two different methods, both using the weight
of the printed scaffold. For the scaffolds printed without hMSCs, the swelling ratio was de-
termined by measuring the weight of the swollen construct at different time points (Wt)
and the weight of the construct immediately after printing (W0), expressed in Eq. 2.3.

Swelling ratio = W t −W 0

W 0
(2.3)

For the bioprinted scaffolds (with MSCs), the swelling ratio was calculated by measuring
the weight of the swollen construct for different time points (Wswollen), t=1, t=7 and t=28,
and the dry weight of the construct (Wdry), expressed in Eq. 2.4. For the swollen scaffolds,
the swollen weight of the scaffolds was measured after L/D analysis. The same sample were
subsequently used for mechanical testing and immediately after frozen in the -80°C freezer.
The next day, the samples were freeze dried (Alpha 1-2 LDplus, Christ) for 24 hours under
vacuum to obtain the dry weight.

Swelling ratio = W swollen −W dry

W dry
(2.4)
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2.13. Histology

Histology is a technique to reveal the presence or absence of tissue specific molecules and
the morphology of cells embedded in the bioprinted scaffolds. The procedure consists of 6
steps: fixation, dehydration, wax-embedding, slicing, staining and imaging. Histology was
performed for the pellet study and bioprinted scaffolds.

2.13.1. Fixation

The scaffolds used for histology were harvested at day 1, day 7 and day 28 after the Presto
Blue analysis was performed. To get rid of the blue dye, the scaffolds were washed with 1x
PBS for 2 hours under rotation (4 rpm). The first step, fixation, is executed to preserve the
tissue and cells as close as possible to the living state. The samples were fixed overnight
at 4°C with 1 ml solution containing: 2% w/v PFA, 2.5% w/v Glutaraldehyde, 0.5% w/v
cetylpyridinium chloride (CPC) and 0.03 M NaCl dissolved in 1x PBS. The next day the sam-
ples were washed twice with 1x PBS, placed in fresh PBS and stored in the fridge (4°C) until
further process.

After 21 days of culture, the pellets were fixed using 4% PFA overnight under rotation (4
rpm). Following that, the pellets were washed twice with PBS and stored in the refriger-
ator (4° C) until further processing. Before starting the dehydration step, the pellets were
embedded in 3% agarose.

2.13.2. Dehydration and Wax-embedding

After fixation all scaffolds were cut through the middle into two parts. One half of each
scaffold was used for histology and stored in labeled cassettes used for the dehydration
process. During this process all the water is removed from the scaffold. This step is essen-
tial as preparation for the embedding with paraffin wax, since paraffin is not miscible with
water. The samples were dehydrated through a graded ethanol solutions (70% EtOH, 80%
EtOH, 90% EtOH and 2x 100% EtOH) and 2 times xylene washing. All the ethanol steps took
60’ and each of the xylene washings was 30’. Placing the samples in graded alcohols min-
imizes the tissue damage and shrinkage. While the samples were dehydrated, the paraffin
wax was melted at 80°C. Following the xylene steps, the samples were placed in melted
paraffin for 60’.

To perform the embedding, a heating plate was warmed and the samples were retrieved
from the wax. The process started by pouring a small amount of paraffin into a metal mold,
the sample was placed in the centre of the metal mold and manipulate into the desired ori-
entation. The mold was cooled down to solidify the paraffin, so the sample would stay in
position. When the sample was fixed, the cassette bottom of the corresponding sample
was heated on the heating plate. The cassette bottom was subsequently placed on top of
the sample and hot wax was poured over the sample till the cassette was completely cov-
ered. The sample were attached to the cassette bottom for labeling, easy removal from the
mold and to be able to slice the sample. The samples, fixed between the mold and cassette,
were cool down at room temperature and stored until the next step.
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2.13.3. Sectioning
Once embedded, the samples were sectioned into thin slices using the Leica RM2135 mi-
crotome with a thickness of 8µm for bioprinted scaffolds and 6µm for the pellet study.
To begin, the excessive wax was removed by slicing the sample until a Section containing
the full sample was observed. Three slices of the full sample were carefully picked up and
placed in a warm water bath (50°C, to relax the wax). Relaxation is important to smooth
out the wax and regain its original shape. The relaxed slices were picked up with a glass
slide (Menzel-Glaser Superfrost, ThermoScientific) and dried overnight at 37°C, causing
the slices to stick to the glass slide.

2.13.4. Staining
After drying, the samples were ready for the staining process. Staining is employed to high-
light components of interest in the sample. The samples were stained with three stainings:
Alcian Blue, Picrosirius Red and Hematoxylin and Eosin (H&E). The staining protocol con-
sists of four parts: hydration, staining, dehydration and mounting.

Alcian Blue
Alcian Blue is a blue colored, positively charged dye and stains sulfated glycosaminogly-
cans (sGAGs), a major component of the ECM of AC. The positive charge of the Alcian Blue
is attracted to the negatively charged sGAGs, staining the sGAGs by forming a strong bind-
ing in an acidic environment (pH 1).

The protocol for Alcian Blue starts with the hydration of the sample slides. The slides are
immersed twice in Xylene for 5’, twice in 100% EtOH for 5’, twice in 95% EtOH for 3’, once in
70% EtOH for 3’ and once in deionised H2O for 5’. Next, the hydrated samples slides were
submerged in Alcian Blue (pH 1) for 5’ to stain the sGAGs. Then, the samples are washed
3 times with deionised H2O for a total of 30 seconds. The samples were stained for a sec-
ond time with 0.1 % w/v Nuclear Fast Red to visualize the cell nuclei and correspondingly
washed for 1’ with running tap water and 30 seconds of deionised H2O. Next, the sample
slides where dehydrated with by being immersed twice in 95% EtOH, twice in 100% EtOH
and twice in Xylene. All the alcohol steps lasted for 20 seconds and each Xylene step lasted
3’. Immediately after, the slides were mounted with Dibutylphthalate Polystyrene Xylene
(DPX, Sigma-Aldrich) and a cover slip. All the slides were dried overnight at room temper-
ature in a chemical hood with circulation flow.

Picrosirius Red
Picrosirius Red stains another important ECM component of AC, namely collagen. This
stain is negatively charged and binds to the positively charged collagen fibers. The stained
collagen can be imaged with standard light microscopy settings or polarized light to see the
difference between different types of collagen. The protocol of the Picrosirius Red staining
is similar to the Alcian Blue protocol and start with hydration. The sample were immersed
twice in Xylene for 5’, twice in 100% EtOH for 5’, twice in 95% EtOH for 3’, once in 70%
EtOH for 3’ and once in deionised H2O for 5’. Next, the hydrated samples slides were sub-
merged in Picrosirius Red for 60’ and thereafter washed twice for 30 seconds with 0.5%
acetic acid. Then, the sample slides where consecutively dehydrated by being immersed
twice in deionised H2O for 30”, twice in 95% EtOH for 20 seconds, twice in 100% EtOH for
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20 seconds and twice in Xylene for 3’. Immediately after, the slides were mounted with
Dibutylphthalate Polystyrene Xylene (DPX, Sigma-Aldrich) and a cover slip.

Hematoxylin and Eosin
The tissue and cell morphology was checked with an H&E staining. Hematoxylin stains
the cell nuclei in a purplish/blue color and Eosin stains the ECM and the cytoplasm pink.
Comparatively to the Alcian Blue and Picrosirius Red, the HE staining protocol starts with
hydration. The sample slides were immersed twice in Xylene for 5’, twice in 100% EtOH
for 5’, twice in 95% EtOH for 3’, once in 70% EtOH for 3’ and once in deionised H2O for 5’.
Next, the hydrated samples slides were submerged in Harris Hematoxylin for 4’, thereafter
washed with running tap water for 10’ and 5 dibs in the acid alcohol (1µl HCL in 400µl of
70% EtOH. Harris Hematoxylin was filtered before use through Whatman filter paper. The
samples were again washed in tap water for 5’ and subsequently stained for 2’ with eosin.
Then, the sample slides where consecutively dehydrated by being immersed twice in 95%
EtOH, twice in 100% EtOH and twice in Xylene. Each step lasted 3’. Immediately after, the
slides were mounted with Dibutylphthalate Polystyrene Xylene (DPX, Sigma-Aldrich) and
a cover slip.

2.13.5. Imaging
The stained samples slides were imaged under a DM500 optical Leica microscope with 70%
brightness, saturation of 100, gamma of 0.7 and 1 gain. An overview image of every sample
was composed of by combining multiple pictures taken with a 4x objective. In addition,
close up images of very sample were taken with a 40x objective.

2.13.6. Image analysis
To quantify the production of sGAGs and collagen, histology images of Alcian Blue and Pi-
crosirius Red staining were analysed using ImageJ software. For the quantification three
close up images of each sample, taken with the 40x objective, were evaluated. The micro-
scope images were split into three color channels (red, green and blue). The green chan-
nel was used for further analysis because it was optimal to distinguish the sGAGs/collagen
from the rest of the sample. Then, the threshold of the selected channel was adjusted to
make the produced sGAGs/collagen even more detectable, creating a black/white image.
Finally the percentage of produced sGAGs/collagen was obtained by measuring the area
fraction the sGAGs/collagen occupied in the images.

2.14. Statistical Analysis
The data is reported with the mean plus standard deviation with n=3 unless specified oth-
erwise. All statistical analyses were performed using Graphpad Prism (Graphpad software,
version 9). An unpaired t-test was used to compare the two groups and the results were
considered significant at a level of p<0.05. One-way analysis of variance (ANOVA) was used
to compare more than two groups, with post hoc testing and significance established at p
0.05. For multiple comparisons, the two-way ANOVA correction was applied with a signifi-
cance level of α = 0.05.
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Results

3.1. Rheological characterization and printability test of THA
Rheological characterization can be used to predict the printability and the shape fidelity
of bioinks. Rheology is the study of flow and deformation of materials as a result of ap-
plied forces [29]. In 3D bioprinting, a bioink begins in a bulk resting state, transitions to
a high shear condition while passing through the nozzle, takes on a new shape, and then
assumes a new resting state. This shape transition is described by four rheological param-
eters: damping factor, yield stress, shear thinning and recovery.

Table 3.1: Relating the damping factor to the printability and extrudability of the THA inks with varying
concentrations of H2O2 (0.1, 0.25 and 0.3 mM).

THA
w/v

H2O2
(mM)

G’
(Pa)

G”
(Pa)

Damping factor Extrudability Printability

2.5 % 0.1 21.1 13.0 0.616 Yes Poor (too liquid)
2.5 % 0.25 245 13.8 0.056 Yes Good
2.5 % 0.3 379 14.7 0.039 Yes Poor (granular)

Figure 3.1: Printability of the THA ink with varying concentration of H2O2 by reviewing the continuous
filament formation. A) THA - 0.1 mM H2O2. B) THA - 0.25 mM H2O2. C) THA - 0.3 mM H2O2.

To identify a printable formulation, the THA ink was crosslinked with varying concen-
trations of H2O2 from 0.1 to 0.3 mM. The damping factor was linked to ink extrusion, by
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passing it through a 25G nozzle (extrudability), and shape retention, by printing filaments
(printability), shown in Table 3.1. Images of printability are presented in Fig. 3.1. The
damping factor was calculated with G’ and G ” values obtained during a frequency sweep,
as shown in Fig. 3.2A. The figure shows that for all concentrations of H2O2, G’ text is greater
than G, indicating elastic behavior. At a concentration of 0.1 mM H2O2, the ink was extrud-
able and had a damping factor of 0.616, but was too fluid to retain its shape after printing.
THA with 0.25 mM H2O2 had a damping factor of 0.056, was extrudable, and retained shape
well. A further increase in the H2O2 concentration to 0.3 mM resulted in poor printability
and a granular texture in the ink, with a damping factor of 0.039.

Figure 3.2: Rheological parameters of THA ink with different concentrations of H2O2 (0.1, 0.25 and 0.3 mM).
A) The G’ (closed symbols) and G” (open symbols) as function of the frequency; B) The yield stress

determined by measuring the crossover point of G’ and G” as a function of the shear stress; C) Plot of
viscosity as a function of the shear rate; D) The recovery of the G’.

In Fig. 3.2B the results of the yield stress measurements are presented. The yield stress is
the amount of stress that must be exceeded in order for a material to deform [29]. A material
will act like a solid below the yield stress, but will flow above it. In addition the yield stress
is related the amount of crosslinking within the inks. The yield stress is another important
property of a bioink, because it will support suspended cells in a syringe, but will flow as
liquid when enough stress is applied. The yield stress is an important parameter, because
the yield stress is essential for a material to keep its shape after bioprinting and support the
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weight of following layers [11]. For the all the THA inks with varying concentration of H2O2

yield stress is present, although for 0.1 mM H2O2 the yield is very low. The addition of 0.1
mM H2O2 results in a yield stress of 31.6±8.5 Pa. By increasing the H2O2 concentration to
0.25 mM, the yields stress increases to 448.9±69 Pa, due to the higher number of crosslinks
in the ink. Although a significant difference was observed when the concentration of H2O2

increased from 0.1 to 0.25 mM, increasing the concentration of H2O2 to 0.3 mM did not
result in a significant difference compared to the ink with 0.25 mM H2O2.

A common way to investigate the non-Newtonian behavior of fluids is by measuring the
viscosity when the shear rate is gradually increased. Wherefore shear thinning behavior,
an decrease of the viscosity when the shear rate is increased, is desired for bioink to be
extruded through a small nozzle [9]. In bioprinting this test is often used to understand
to flow properties of the ink during extrusion, as well as the initial shape preservation af-
ter printing [29]. A higher viscosity at zero shear rate means a slower deformation of the
material, which can increase the stability of the bioink after printing. The influence of the
concentration H2O2 on the viscosity was investigated (Fig. 3.2C). All the inks displayed
shear thinning behavior, meaning that the viscosity will be reduced during the extrusion
and easing the printing process. The THA ink with 0.1 mM H2O2 had a viscosity ranging
from 171.3 Pa*s at 0.1 s-1 and 2.5 Pa at 100 s-1. The viscosity of the THA with 0.25 and 0.3
mM H2O2 were more similar, 1515 Pa and 17053 Pa at 0.1 s-1 to 9.2Pa and 10.9 Pa at 100 s-1.

The storage modulus recovery gives information about the transition of the fluid to flow
to the shape retention of the printing process. The recovery of the inks, after being exposed
to stress higher than the yield stress, is presented in Fig. 3.2D. Changing the concentration
of H2O2 caused a significant increase in the G’, reaching a G’ of 17.6± 0.8 Pa for 0.1 mM,
239.5±3.4 Pa for 0.25 mM and 372.8±14.3 Pa for 0.3 mM. Also, a difference in the recovery
was observed in all inks. The ink formulation containing 0.1 mM H2O2 yielded a recovery
of 20.8±2.4.The recovery for the increased concentration of H2O2, 0.25 mM and 0.3 mM,
was significantly higher, 81.5±4.5% and 85.6±0.4%.

Based on the above characterizations, it can be concluded that only the THA ink with a
concentration of 0.25 mM is printable. The use of 0.1 mM and 0.3 mM resulted in poor
printability, which could also be determined from the viscosity measurement. A signifi-
cantly lower viscosity for the 0.1 mM and a higher viscosity for the 0.3 mM, compared to
the 0.25 mM H2O2 bioink. In addition, a very low recovery was found for the 0.1 mM H2O2

bioink, which confirmed the fluid behavior and poor shape retention, visible in Fig. 3.1A.
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3.2. Development of the THA-AC bioinks
Based on the results of the previous section’s analysis, the THA2.5 ink with 0.25 mM H2O2

was chosen for the remainder of the study. Next, for the selected THA2.5 ink, the influence
of the AC dECM addition was tested by performing rheological analysis, presented in Fig.
3.4.

Table 3.2: Relating the damping factor to the extrudability and printability of a THA ink with varying
concentrations of AC (0%, 0.5% and 1%)

THA
w/v

AC
w/v

H2O2
(mM)

G’
(Pa)

G”
(Pa)

Damping factor Extrudability Printability

2.5 % 0.0 % 0.25 245 13.8 0.056 Yes Good
2.5 % 0.5 % 0.25 156 18.3 0.117 Yes Good
2.5 % 1.0 % 0.25 160 22.5 0.140 Yes Good

Figure 3.3: Printability of the THA-AC inks with varying concentration of AC. Determined by reviewing the
continuous filament formation. A) THA2.5. B) THA2.5-AC0.5. C) THA2.5-AC1.

The influence of AC dECM addition on the viscoelasticity of the inks can be seen in Fig.
3.4A. The change in damping factor and its relation to extrudability and printability are
presented in Table 3.2 and Fig. 3.3. For all the ink formulations G’ >G”, indicating elastic
behavior of the inks. By combining THA2.5 with varying concentrations of AC dECM, the G’
significantly decreased from 245 Pa (THA2.5)to 156 Pa (THA2.5-AC0.5) and 160 Pa (THA2.5-
AC1). This decrease also affected the damping factor, which in contrast increased from
0.056 to 0.117 and 0.141. Even though the damping factor was increased, the inks with AC
were still extrudable and had good printability.

For the yield stress, a significant difference was observed when AC dECM was added to
the ink composition (Fig. 3.2B). When AC dECM was combined with THA, the yield stress
increased from 448.9± 69Pa for THA2.5 ink to 602.1± 27 Pa for THA2.5-AC0.5 and 567± 20
Pa for THA2.5-AC1. There was, however, no significant difference between the different AC
dECM concentrations.

Moreover, the effect of AC dECM on the viscosity of THA2.5 ink was investigated (Fig 3.2A).
The ink without AC dECM showed shear-thinning behavior with a decrease in the viscosity
from 1515 Pa*s at 0.01 s-1 to 9.2 Pa*s at 100 s-1. Comparatively, the inks with the addition
of AC show shear-thinning behavior. The low shear rate viscosity, on the other hand, is
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higher, ranging from 1993 Pa*s for THA2.5-AC0.5 and 5126 Pa*s for THA2.5-AC0.5 at 0.01 s-1

to 7.8 Pa*s and 9.3 Pa*s at 100 s-1. Increasing the shape retention abilities of the inks with
the addition of AC dECM. Furthermore, all three inks had a recovery rate greater than 85%,
where G’ recovery was 85.6 % (THA2.5),87.4% (THA2.5-AC0.5) and 85.8% (THA2.5-AC1)

Figure 3.4: Rheological parameters of THA ink with different concentrations of AC dECM (0%, 0.5% and 1%
w/v). A) The G’ (closed symbols) and G” (open symbols) as function of the frequency; B) The yield stress

determined by measuring the crossover point of G’ and G” as a function of the shear stress; C) Plot of
viscosity as a function of the shear rate; D) The recovery of the G’.
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3.3. Optimization of the photo-crosslinking process
The influence of the pressure, nozzle size and printing speed on filament formation was
determined by characterizing the filament width for the inks (THA2.5, THA2.5-AC0.5 and
THA2.5-AC1, presented in Appendix A.1. This optimization resulted in the following print-
ing settings for the THA2.5 ink: a 25G nozzle with 40 kPa pressure and a speed of 7 mm/s.
These optimized parameters were applied to the printing of a square scaffold, 5 mm x 5
mm x 2.4 mm (L x W x H) with 8 layers (Fig. 3.5A). The construct has a rectilinear pattern
with 7 fibers for each layer. A picture of the printed scaffold can be seen in Figure 3.5C.

For the printed scaffold, it was observed that the enzymatic pre-crosslinking is not suf-
ficient for post-printing shape fidelity. Without additional stabilization, the printed con-
structs collapsed and almost doubled in size after one day in PBS (Fig. SA.5). Therefore,
the printed structures were further crosslinked with exposure to green light. To obtain the
optimal printing conditions, the effect of the light crosslinking time and the position of the
scaffold compared to the green light source were tested. Exposing the scaffolds to green
light only from the top could cause inconsistent crosslinking throughout the scaffold. The
influence of green light was assessed by looking at the shape of the scaffold and measuring
the swelling and compression modulus.

Figure 3.5: Design of the printed scaffold with 8 layers in a rectilinear pattern. A) Isometric view. B) Top view.
C) Isomtric view of the printed scaffold.

Scaffolds were photo-crosslinked for 5’ or 10’ with green light exposure only from the top
side (without turning) or from both sides (with turning of the transparent slide) (Fig 3.6A).
The influence of light exposure on shape retention is shown in Fig. 3.6B. We observed that
scaffolds with only light exposure from the top did not retain their structure on the bot-
tom side. Whereas, the shape of the scaffolds, which were turned halfway through time,
was better preserved. The swelling was measured after 24 h for all conditions, presented
in Fig. 3.6C. For the scaffold exposed to 5’ of green light, a significant difference was noted
when the scaffolds were turned or not. The swelling ratio for scaffolds with light exposure
only from the top side was 1.39, higher than the ones with light exposure from both sides,
1.27. An increase in the green light exposure to 10’ further decreased the swelling ratio of
the scaffold. This shows the importance of the photo-crosslinking time and, consequently,
the crosslinking density on the swelling. No significant difference in the swelling ratio was
observed between the scaffold photo-crosslinked for 10’ with or without turning.
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A similar trend was measured for the compression modulus of the scaffolds (Fig. 3.6D). By
increasing the green light exposure from 5’ to 10’, the network became more crosslinked,
resulting in a higher compression modulus. Crosslinking the scaffold only from the top
of the scaffold or on both sides does not influence the compression modulus. By photo-
crosslinking with green light at 10’ and turning the scaffold midway, the scaffold with the
best preserved shape was obtained. Hence, these optimized settings were applied to bio-
printing.

Figure 3.6: The influence of the photo-crosslinking time for 5’ and 10’ on the printed scaffolds with green
light exposure from the top side (without turning) or from both sides (with turning of the transparent slide).
The abbreviation in graphs are: without turning 5’ (W.T. 5 min), turning 5 min (T. 5 min), without turning 10’

(W.T. 10 min) and turning 10’ (T. 10 min). A) Graphical overview of scaffolds with light exposure from top
and bottom by turning the slide. B) Side view of printed scaffolds, showing the shape retention. Scale bar = 1

mm. C) Swelling ratio calculated by measuring the weight immediately after printing and after one day in
PBS. D) The compression modulus.
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3.4. Bioprinting test with PBS
Following the optimization of the ink printability and shape retention, a printing test was
performed to ensure the viability of the hMSCs throughout the bioprinting process. A
THA2.5 bioink with 3 x 106 cells/ml was printed and was evaluated by using L/D analysis
on day 1 and day 7. L/D images after day 1 showed that the cells were colored green as well
as red, indicating that the cells were dying (Fig. 3.7A). When cells are in late apoptosis, the
cell membrane is still partly intact, allowing both dyes, Calcein and Ethidium homodimer-
1 to enter and stain the cells. The L/D analysis of day 7 showed that no cells were alive (Fig.
3.7B). The cell death was most likely caused by the presence of EO in the bioink. EO is used
as a photo-initiator for photo-crosslinking, but it can be cytotoxic when it is internalized
into the cells. Similar findings were reported in another paper that combined EO and PBS
in a bioink, where cell viability decreased from 60% at 10’ after printing to 0% after 60’ [17].
It was suggested that, due to the lack of proteins that help maintain intracellular homeosta-
sis and the experience of cellular stress, EO had the chance to penetrate the cell. Moreover,
the paper proved that by replacing PBS with FBS, the cell viability was still over 90%.

Figure 3.7: L/D images of THA2.5 scaffolds with 3x106. Scale bar = 100µm A) Day 1. B) Day 7.



3.5. Influence of bioink composition on hMSCs viability 25

3.5. Influence of bioink composition on hMSCs viability
To test the influence of the bioink compositions on cell viability, hMSCs were encapsulated
within the hydrogels and their viability was investigated for 8 days. For this analysis, the
hydrogels were not printed, so only the effect of the materials was taken into account. Be-
cause the cells died as a result of the initial bioink composition, the PBS was replaced with
expansion medium, containing FBS. The viability of the two hydrogel compositions, THA2.5

and THA2.5-AC1, were measured over time (Fig. 3.8).

The L/D staining showed live cells (green) and dead cells (red) after 2 and 8 days of cul-
ture. The THA2.5 hydrogel had a viability of 64.7% for day 2, which slightly increased for
day 8 to 72.7%. On day 2, the THA2.5-AC1 hydrogel had 65.9% viability, which remained
constant on day 8 with 67.7% viability. Furthermore, we noticed that hMSCs embedded in
the THA2.5-AC1 hydrogel showed a more elongated shape at day 8, whereas the cells em-
bedded in the THA2.5 hydrogel maintained a round morphology (Fig. 3.8C). Because of the
observed cell spreading, it was decided to perform actin staining on the remaining samples
on day 10. The images and method of the actin-nuclei staining are presented in Appendix
A.5. This staining also indicated that the cells are more spread in the THA2.5-AC1 hydrogel
compared to the THA2.5 hydrogel.

Figure 3.8: Viability of hMSC embedded in a THA2.5 and THA2.5-AC1 after 2 and 8 days in culture. A) L/D
images. Scale bar = 100µm B) Cell viability. C) Circularity of hMSCs.
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3.6. Bioprinting of hMSCs with THA-AC bioinks
The addition of the expansion medium (containing FBS) to the bioink composition im-
proved the cell viability, but at the same time, it changed the viscoelastic properties of the
bioink. For the first bioprinting test, we had already observed that the addition of cells
made the bioink a bit more sticky, but it was still printable. However, when the bioink
composition changed by substituting PBS with expansion medium, the bioink became too
liquid and sticky to be printed. Therefore, the H2O2 concentration was increased to 0.3
mM. Moreover, the printing properties were changed to a speed of 5 mm/s with a pressure
varying from 65 to 75 kPa for the bioinks.

Figure 3.9: Cell viability of scaffolds bioprinted with THA2.5, THA2.5-AC0.5 and THA2.5-AC1 and cell density of
5 x 106 cells/ml A) L/D images for day 7 and 28. Scale bar = 100µm B) Quantification of cell viability based
on L/D staining. C) Presto Blue assay for day 1, 7 and 28 in relative fluorescence units (RFU). D) Circularity

of the live cell based on L/D staining.

L/D analysis of the bioprinted scaffolds was performed on day 1, day 7 and day 28. How-
ever, on day 1, the cells were stained green as well as red, making it difficult to count the
cells and determine their viability. As a result, these images are excluded in the results and
presented in the Fig. A.6. The cell viability on day 7 was 40.4 %, 34.2 % and 29.1 % for the
THA2.5, THA2.5-AC0.5 and THA2.5-AC1 scaffolds (Fig. 3.9A and 3.9B). After 28 days of culture,
the cell viability (36.7 %) was preserved for the THA2.5 scaffold. Simultaneously, an increase
was observed for the THA2.5-AC0.5 and THA2.5-AC1 scaffold, to 53.6 % and 40.9 % viability.
In addition also a difference in the cell viability in the middle and sides of the scaffold was
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observed, by cutting the samples in half (Fig. SA.7). The cell viability in the middle of the
samples was significantly higher, 83.7%, compared to the sides of the samples, 48.1%.
The PrestoBlue assay indicated an increase in fluorescence intensity on day 7 as compared
to day 1 for all scaffolds. Even though the cell viability remained constant or increased on
day 28, the fluorescence intensity for all scaffolds significantly decreased on day 28 com-
pared to day 7. A surprising result is the higher fluorescence intensity of the THA2.5-AC0.5

scaffold on day 7. Furthermore, the hMSCs showed an elongated shape for the scaffold
with AC dECM addition. However, the cells embedded in the bioink with only THA2.5 main-
tained a round morphology. On day 28, increasing the concentration of AC from 0.5% w/v
to 1% w/v had no effect on the circularity of the cells.

Figure 3.10: Swelling ratio and compression modulus of the cell-laden scaffolds printed with THA2.5,
THA2.5-AC0.5 and THA2.5-AC1 and cell density of 5 x 106 cells/ml. A) Swelling ratio. B) Compression modulus.

Besides checking the cellular performance of the scaffold, we also measured the physical
properties (swelling ratio and compression modulus) of the scaffolds. On day 1 and day 7,
the swelling ratio for all scaffolds was approximately 60 (Fig. 3.10A). After 28 days, a signif-
icant increase in the swelling ratio was observed for all scaffolds. The compression modu-
lus of the bioprinted scaffold was measured at day 4, 7 and 28, presented in Fig. 3.10B. On
day 4, higher compression moduli were observed for scaffolds with AC dECM incorpora-
tion compared to scaffolds with only THA. Furthermore, the compression modulus for the
THA2.5-AC1 scaffold was greater than that of the THA2.5-AC0.5 scaffold. The compression
moduli were 1.3 kPa for THA2.5, 1.8 kPa for THA2.5-AC0.5 and 2.3 kPa for THA2.5-AC1. On
day 7, the compression modulus of all scaffolds remained constant.After 28 days of culture,
a decrease was observed for all scaffolds and had comparable compression moduli, 1.1 kPa
for for THA2.5, 1.2 kPa for THA2.5-AC0.5 and 1.6 kPa for THA2.5-AC1.
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3.7. Histological analysis of the bioprinted scaffolds
For the histological analysis, the scaffolds were stained with Alcian Blue, Picrosirius Red
and H&E. The scaffolds were cultured in chondrogenic differentiation medium for 28 days
and sectioned at different time points (day 0, 7 and 28). First a pellet study was performed
as a control to provide information about the tissue formation (sGAGs and collagen pro-
duction) of the cells over time in a 3D environment. HMSCs pellets were cultured with
chondrogenic differentiation medium for 21 days before histology was performed. The first
batch of cells had a slow proliferation rate, where it took the plated cells two to three weeks
before 90% confluency was reached. Moreover, the pellet study showed that there was al-
most no GAG production after 21 days (Fig. SA.10A). This suggests that the hMSC batch did
not differentiate sufficiently into chondrocytes. Therefore, we changed donors and got a
new batch of hMSCs. Correspondingly, a new pellet study was performed, for which pellets
were analysed on day 2 and day 21 (Fig. SA.10B). This pellet study was executed by a fel-
low master student, Maria Kalogeropoulou. Compared to the first batch of cells, the pellets
for this study stained positive for Alcian Blue and Picrosirius Red, indicative of sGAGs and
collagen deposition on day 21.

3.7.1. Alcian Blue
Alcian Blue staining was used to see the amount of sGAG production for the scaffolds over
time, shown in Fig. 3.11A. On day 0, all samples were expected to have zero GAG produc-
tion. However, it can be observed that every sample is already positively stained at day 0. To
decrease the background staining by HA, Alcian Blue at pH 1 was utilized for the staining.
Only sGAGs are stained at pH 1 and although HA is GAG, it does not contain any sulfate.
As a result, less HA background staining was expected. The initial amount can be con-
sidered negligible, since this is not produced by the cells. When hMSCs differentiate into
chondrocytes, they begin to produce sGAGs, which should result in an increase of the blue
intensity with time. At day 28, a visual inspection of the images indicates that there might
be sGAG deposition in specific regions of the scaffolds compared to day 0. The staining ap-
peared stronger in area’s where clusters of cells could be identified, indicated by the black
dotted circles. However, no obvious differences were observed between the scaffolds over
time and between the different scaffold compositions (THA2.5, THA2.5-AC0.5, THA2.5-AC1).
Therefore, the sGAG production was quantified by determining the percentage of sGAGs
per area, presented in Fig. 3.11B. For the scaffolds with THA2.5 and THA2.5-AC0.5 no signifi-
cant difference was found over time. However, an increasing trend over time was observed.
A significant increase in the sGAG production between day 0 and 28 was seen for the scaf-
folds with THA2.5-AC1.

Besides the histological analysis, a sGAG analysis was performed to quantify the sGAG pro-
duction of the cells. The results are presented in Appendix A.8. As can be seen, no ap-
preciable sGAG formation production occurs in the THA2.5 and THA2.5-AC1 samples. A
significant increase was found for the samples between day 0 and day 28 for scaffolds with
THA2.5-AC0.5.



3.7. Histological analysis of the bioprinted scaffolds 29

Figure 3.11: Histological images of the bioprinted scaffolds cultured after 1, 7 and 28 days and stained sGAGs
(Alcian Blue). The images shown in the box on the top right, illustrate a full stained slice of the scaffold (scale

bar = 1 mm), while the higher magnification images on the bottom illustrate a specific region of interest of
the slice (scale bar = 100µm).
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3.7.2. Picrosirius Red
For the collagen production, the scaffolds were stained with Picrosirius Red, presented in
Fig. 3.12A. At day 0, the amount of collagen produced is expected to be zero, as with the
sGAGs. For THA2.5 scaffolds, no collagen was observed. However, it can be observed that
both the THA2.5-AC0.5 and THA2.5-AC1 scaffolds contain collagen. The AC dECM mostly
consists of collagen, therefore this initial amount is expected. The histological images show
that the AC dECM is homogeneously distributed in the bioprinted scaffolds. At day 28, it
was difficult to observe whether the cells had produced collagen over time. The quan-
tification of the collagen production determined by the percentage of collagen per area is
presented in Fig. 3.12B. No significant differences in the collagen production for all the
scaffolds were observed over time.

3.7.3. Hematoxylin and Eosin
The scaffolds were stained with H&E to get an indication of the cell distribution in the sam-
ples, staining the cell nuclei dark purple and ECM pink. The At day 0, the staining shows
a homogeneous cell distribution in the bioprinted scaffolds for all conditions, presented
in Fig. 3.13. For the THA2.5-AC0.5 and THA2.5-AC1 scaffolds, aggregates of AC dECM are
visible in the pink color. After 7 and 28 days of culture, for scaffolds including AC dECM,
the formation of cell clusters was observed, indicated by the black dotted circles. The cells
in THA2.5 scaffolds were still homogeneously distributed with almost no cluster formation.
Furthermore, the images show that the cell clusters are centered around the AC dECM ag-
gregates.



3.7. Histological analysis of the bioprinted scaffolds 31

Figure 3.12: Histological images of the bioprinted scaffolds cultured after 1, 7 and 28 days and stained
collagen (Picrosirius Red). The images shown in the box on the top right, illustrate a full stained slice of the
scaffold (scale bar = 1 mm), while the higher magnification images on the bottom illustrate a specific region

of interest of the slice (scale bar = 100µm).
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Figure 3.13: Histological images of the bioprinted scaffolds cultured after 1, 7 and 28 days and stained cell
nuclei (H&E). The images shown in the box on the top right, illustrate a full stained slice of the scaffold (scale

bar = 1 mm), while the higher magnification images on the bottom illustrate a specific region of interest of
the slice (scale bar = 100µm).
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Discussion

In clinical medicine, the engineering of scaffolds with complex and hierarchical structures,
is of great interest. This is particular interesting for tissues such as articular cartilage, which
consists of multiple layers with differences in cell density, matrix composition, and me-
chanical properties. 3D bioprinting is a promising method to achieve the recapitulation of
such complex tissues. However, only a small numbers of bioinks have the required proper-
ties for printability and provide a suitable environment for the cells to engineer a functional
cartilage tissue. This limits the prospects of bioprinting for tissue repair, as cells are sensi-
tive to their surroundings. To address this, we developed a cartilage specific bioink com-
bining THA and AC dECM, that was both printable and provided cell-hydrogel interactions.

The first phase in this thesis was to identify a printable ink composition for THA2.5. The
printability of the ink is depended on the amount of enzymatic pre-crosslinking, regulated
by the concentration H2O2. The rheological characterization showed that all inks had shear
thinning behavior, which is important property for ink extrusion. Moreover, THA inks with
0.25 mM and 0.3 mM H2O2 showed the presence of yield stress and a recovery above 80%.
However, THA with 0.1 mM H2O2 had almost no yield stress and only a recovery 20.8%.
This difference was also observed in the printability images, where the THA ink with 0.1
mM H2O2 had a low shape fidelity after printing. Although, a concentration of 0.3 mM H2

created a stiff network, it resulted in a granular printing texture. THA with 0.25 mM H2O2

created an ink that could be extruded and retain its shape. Hence, we decided to use this
particular H2O2 concentration throughout the rest of the study. Next, the printability of
THA2.5 with a varying concentration of AC dECM (0.0%, 0.5% and 1.0%) was tested. The
THA2.5-AC0-1 inks with 0.25 mM H2O2 all showed to have yield stress, shear thinning be-
havior, and recovery. Different to the THA2.5 ink, we observed an increase in the viscosity
and a decrease in the G’, when AC dECM was added to the ink. Kest et al. observed similar
results. Here, the viscosity of alginate/gellan bioink increased and the G’ decreased, due
to the addition of AC dECM [26]. This observation suggests that the presence of AC dECM
may hinder crosslinking. However, it does results in a denser polymer network due to the
entanglements of the AC dECM in the THA network [26, 29].

To further relate the rheology to printability of the inks, the damping factor was calculated
and linked to extrusion and printability measurements. For the ink in this study, a damping

33
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factor between 0.056-0.140 resulted in the best printability; a good balance between viscous
flow and elasticity. A decrease or increase in the H2O2 concentration resulted in damping
factor values outside this range and an ink too liquid or granular to be printed. The damp-
ing factor was chosen as a printability measurement because it only takes a few seconds to
measure and is less prone to bias [29]. Moreover, when a printable damping factor range
is determined, the printability of an ink could be predicted performing only rheology mea-
surements. Therefore, it is a useful parameter for quick ink screening and can easily be
compared to other papers. However, other papers reported a damping factors between 0.4-
0.6 for a THA ink and 0.25-0.45 for gelatin-alginate ink for high shape fidelity [17, 18, 30].
The printable damping factor range of these bioinks is significantly different than the val-
ues found in this study, making it difficult to compare the inks. Based on these findings, it
appears that the damping factor for a printable ink formulation is unique to each bioink.
There are currently no standardized methods for determining a material’s printability, and
the development of new bioinks depends on time-consuming trial-and-error of different
material formulations [11, 31]. A standard model that connects rheological and printing
parameters to printability to compare results between laboratories, could aid in the devel-
opment of future bioinks [29].

After the optimization of the ink composition and scaffold behavior, cells were embed-
ded in the bioink. According to the literature, cell encapsulation may have an impact on
the ink composition, depending on the bioink and crosslinking mechanism. For example,
a pentanoate-functionalized HA bioink, adding cell concentrations up to 9 x 106 cells/ml
had minimal impact on the viscosity and yield stress [11]. On the contrary, other studies
found a decreasing viscosity when 2.5 x 106 cells/ml and 2 x 106 cells/ml were added to the
bioink [32, 33]. Moreover, cells can interfere with the crosslinking procedure, by being a
barrier between different regions of the bioink and reacting groups. This was observed for
HA-based bioink with 25 x 106 cells/ml. Here the crosslinking time was comparable to the
ink without cells. Further increase of the cell density resulted in an increased crosslink-
ing time [34]. For a tyramine-modified HA bioink, the addition of 2.5 or 5 x 106 cells/ml
resulted in a liquid, unprintable ink [17]. The cells most likely interfered with the crosslink-
ing mechanism.

To avoid the cells affecting the bioink pre-crosslinking, we incorporated the cells into the
bioink after enzymatic crosslinking. However, cells still occupy a certain volume within the
bioink, depending on their concentration and size. High cell densities could be considered
a colloidal system, by displaying shear thinning behavior and even printability without the
addition of biomaterials [35–37]. Therefore, mixing cells into a bioink could turn the it into
a composite material. Hence, the cells can influence the viscoelastic properties of the ink
[38]. In this study, we observed that, due to the addition of cells, the ink became more
sticky and liquid. Even though the cells affected the bioink’s viscoelastic properties, it was
still printable.

When the inks were mixed with the hMSCs, PBS was replaced by expansion medium to im-
prove cell viability. Similar to the addition of the cells, incorporation of expansion medium
altered the viscoelastic properties of the bioinks. Compared to the inks prepared with
PBS, expansion medium reduced the viscosity of the inks after pre-crosslinking with 0.25
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mM H2O2 for 60’. The inks became to sticky and liquid to be printed. To obtain a print-
able bioink, the H2O2 concentration was increased from 0.25 mM to 0.3 mM. The pre-
crosslinking of THA with H2O2 was most likely influenced by presence of FBS serum in the
expansion medium. FBS has a diverse composition (it includes enzymes) and may have
peroxidase activity. Therefore it can react with the H2O2. As a result, the concentration of
H2O2 was increased to guarantee enough for pre-crosslinking.

In this thesis, a dual crosslinking hydrogel is used. First enzymatic pre-crosslinking per-
formed to ensure printability and after printing photo-crosslinking is executed in the pres-
ence of EO to ensure shape fidelity of the printed scaffold. Most photo-crosslinked bioinks
are crosslinked in the presence of UV-light exposure and Irgacure 2959 as photo-initiator
[11, 32, 39–41]. However, for these photo-crosslinking systems it is shown that UV-light can
cause damage to cells, directly through interaction with the cell membranes, proteins and
DNA or indirectly due to generation of reactive oxygen species (ROS) [42]. Because of the
potential for cell damage, a green-light crosslinking system was devised, which uses visible
light rather than UV radiation. To utilize this particular type of crosslinking, a unique vis-
ible light photo-initiator, EO, was added to the bioink. A disadvantage of EO is that it has
a concentration dependent cytotoxic effect, independent of the light exposure [17, 43, 44].
For the inks in this research, a concentration of 0.01% w/v EO (0.15mM) was used to enable
photo-crosslinking. This EO concentration is higher compared to other studies that use
cell-laden hydrogel with visible light crosslinking [44–46]. However, two different studies
showed high cell viability for similar or higher concentrations of EO [17, 47].

The bioprinting test, where THA2.5 bioink was dissolved in PBS, showed that the cells were
dying after 24 hours. The first possible explanation for the reduced cell viability is the cyto-
toxic effect of EO. Similar findings were reported in a different study that combined EO and
PBS for bioprinting. Here, the cell viability decreased from 60% at 10’ after printing to 0%
after 60’ [17]. It was suggested that, due to the lack of proteins that help maintain intracel-
lular homeostasis and the experience of cellular stress, EO had the chance to penetrate the
cell. In our experiments, EO was reconstituted in dimethyl sulfoxide (DMSO), which might
have facilitated the internalization of EO, since DMSO can interact with the plasma mem-
brane, allowing pore formation [48]. To reduce the membrane penetration and therefore
toxic impact of EO, expansion medium with FBS serum was incorporated into the bioink
instead of PBS. The cell viability test, for THA2.5 and THA2.5-AC1 samples without printing,
showed a significant improvement in cell viability.

For the bioprinting cartilage specific bioinks, all bioink combinations were successfully
printed into scaffolds with viable cells and cultured for 28 days. The cell viability was only
35%-55% after 28 days, which is significantly lower than during the cell viability test with-
out printing. This suggests that something other than EO was influencing the cell viability
in the printing process. After printing, the scaffolds were photo-crosslinked for 10’. During
this process the samples are subjected to air flow and some drying is visible. A possible ex-
planation for the cell death could be that the samples dehydrate during this process caus-
ing a local increase of EO on the surface of the scaffolds, which has been shown to have
negative effects on cell viability [43]. However, this difference was not seen in ordinary L/D
measurements since the Leica microscope could only travel up to 1 mm into the scaffold,
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therefore just measuring the outsides of the designed scaffold. A difference in the cell via-
bility between the middle (where moisture still remains) and the outsides of the scaffolds
was observed, by cutting the sample in half. The cell viability in the middle of the samples
was significantly higher, 83.7%, compared to the outsides of the samples, 48.1%. Papers
with similar or higher EO concentrations, that also performed photo-crosslinking, had a
laser following the nozzle during printing or crosslinking samples in molds for 5 minutes,
reducing the risk of dehydration. [17, 47].

Furthermore, a difference in cell morphology was observed for the hMSCs embedded in
THA2.5-AC0.5 and THA2.5-AC1 scaffolds. These cells had a more elongated shape compared
to the cells embedded in THA2.5 scaffolds, which had a round cell morphology. This change
in shape is caused by the cellular attachment to the hydrogel matrix. Within the hydrogel,
the availability of binding sites has a substantial impact on cell behavior and morphology
[49]. Cells have a more spread morphology when embedded in a hydrogel that facilitates
binding sites. However, cells incorporated in hydrogels that do not facilitate these bind-
ing sites tend to have a more round morphology [49]. The addition of AC dECM to the
bioink enhanced the cell adhesion to the matrix, increasing the amount of binding sites.
This is consistent with previous reports, where AC dECM has been incorporated into bioink
[27, 50].

In addition to the L/D assay, the metabolic activity of scaffolds was measured with a Presto-
Blue assay. PrestoBlue is a resazurin based staining, that has a blue color in its oxidized
form and becomes a red fluorescent dye, resorufin, when it is reduced [51, 52]. Resazurin is
reduced to resorufin in cellular respiration pathways by which the cells use oxygen to help
them convert glucose into energy [52]. The reduction of resazurin is correlated to the oxy-
gen consumption of the cells [53, 54]. The PrestoBlue assay indicated that the metabolic
activity for all scaffolds increased from day 1 to day 7, demonstrating that cells are active.
However, after 28 days the metabolic activity significantly decreased compared to day 7.
It has been shown that the cell-derived oxygen consumption is reduced during chondro-
genic differentiation of hMSCs [55, 56]. Therefore, a possible explanation for the decrease
in metabolic activity is that the hMSCs are differentiating into chondrocytes.

For our bioprinting process, a dual crosslinking system was implemented. The bioinks
were first enzymatically pre-crosslinked to enable printing. After printing the bioprinted
scaffolds were photo-crosslinkined to ensure stability. The combination of both crosslink-
ing methods led to the creation of a network that defines the final stiffness and swelling
behavior of the scaffold. In general, a high crosslinking density results in a high stiffness
and low swelling ratio [57]. From day 1 to 7, the swelling and compression modulus re-
mained constant for all scaffolds. After 28 days in culture, the swelling was significantly
higher and the compression modulus lower compared to day 7, for all scaffolds. The degra-
dation of the network may be caused by the presence of hyaluronidase produced by the
cells [49, 58]. The digestion of the THA matrix may allow the cells to produce their own
cellular matrix components, reorganising their surroundings and producing a new matrix
[49]. The THA network may also be degraded via oxidation, by the production of ROS as
a consequence of aerobic respiration [58]. THA chain cleavage can be caused by species
such as superoxide anions, hydroxyl radicals, and hypochloride. However, the second sug-
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gestion is less likely because it has been shown that during chrondrogenic differentiation
cells have less oxygen consumption [55, 56].

To evaluate the cell distribution in the scaffolds and to reveal the production of ECM com-
ponents such as sGAGs and collagen over time, histological analysis was performed. The
quantification of the Alcian Blue staining showed a significant increase in the sGAG pro-
duction over time for the THA2.5-AC1 scaffolds. A slight increase in collagen production
was observed, however no significant difference was quantified for any of the conditions.
Overall, a small amount of sGAGs and collagen was produced during the course of the ex-
periment (from day 0 to day 28). The low sGAGs and collagen deposition could caused by
the low cell density in the scaffold or by the inability of the cells to secrete their own ma-
trix into the dense hydrogel surrounding. According to previous findings, cell-cell contact
plays an important role in chondrogenic differentiation [59]. An increase in the cell cluster
size showed a higher collagen production. Hence, it was concluded that the extent of the
cell differentiation increases with the amount cell-cell contact. Maher et al. seeded 30 x
106 and 60 x 106 hMSCs/ml in a nanofibrous hydrogel to promote chondrogenic differenti-
ation and ECM production for cartilage repair. Their paper reported that hydrogels seeded
with a high cell density exhibited abundant matrix generation [60]. Similar, Erickson et al.
embedded 20 x 106 and 60 x 106 hMSCs/ml in a HA hydrogel, where higher cell seeding
densities increased the production of sGAGs [61]. In fact, in the histology analysis of our
study, the staining appeared stronger in area’s where clusters of cells could be identified.

To visualize the production of sGAGs over time, the scaffolds were stained with Alcian Blue.
Alcian Blue can be prepared at pH 1, to stain specifically sGAGs [62]. THA is not a sGAG, but
still the samples at day 0 were stained blue, that made the identification of small changes
in sGAG production more challenging. Other papers performing histology on HA-based
scaffold mostly used safranin-O for staining sGAGs [39–41, 63, 64]. This dye similarly stains
sGAGs but is pH insensitive, which could result in reduced THA background staining in the
scaffold. [65].

Another finding from the histology images is that the collagen, from the AC dECM, ap-
peared as aggregates within the THA network. Since the AC dECM provides cellular attach-
ment, more collagenous material could be beneficial for cell-matrix interaction. A more
homogeneous solubilisation leading to fewer collagenous clusters, could be beneficial as
well. The L/D images showed that scaffolds with THA2.5 had individual cells evenly spread
throughout the sample. However, in THA2.5-AC0.5 and THA2.5-AC1 scaffolds there was more
cell cluster formation. This behavior was also observed in the H&E images, where cell clus-
ters appeared to be more centered around the collagen aggregates. To obtain a more ho-
mogeneous distribution of the cells, the AC dECM solubilisation could be improved. For
the bioink preparation, THA and AC dECM were solubilized in expansion medium, using
two connecting syringes for the initial mixing and subsequently kept over night under ro-
tation. The mixing period for this bioink could be expanded to 24 hours. Another option is
to dissolve the AC dECM first and to add the THA particles to the ink the next day.

For this thesis, the traditional paraffin method was used to make histology sections. In
this technique, the fixed scaffolds were first dehydrated and then embedded in wax. These
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two steps are performed to harden the tissue, which makes it easier to section the samples.
After sectioning, the samples were stained and imaged. However, hydrogels are sensitive
to normal tissue histology methods due to their water-rich and polymeric composition.
Even though we tried to optimize the histology process for THA and AC dECM hydrogels,
the dehydration and wax-embedding step still resulted in shrinking and deformation of
the sample. This caused the sample to tear and fold during the sectioning process. This
problem is also perceived in other studies using the paraffin method for hydrogel histology
[66, 67]. Another histological technique used for hydrogels and scaffolds is cryosectioning.
Here, the hydrogel is left in embedding medium and frozen before sectioning, eliminating
the problem of shrinkage [68].



5
Conclusion and Future Research

In this thesis, we developed a cartilage specific bioink with THA and AC dECM for 3D bio-
printing. This study aimed to create a bioink with good printability and was capable of
providing a microenvironment beneficial for the growth of 3D structured tissue. Using rhe-
ology and printability measurements, we observed that the addition of AC dECM caused
an increase in ink viscosity, yield stress and damping factor, but still provided a printable
composition. For bioprinting conditions, the incorporation of expansion medium into the
bioink composition revealed itself as an important variable for improving the viability of
the hMSCs in the bioink. The THA-AC dECM bioinks have been successfully bioprinted
into stable scaffolds with viable cells. For the bioprinted scaffolds, it was observed that the
addition of AC dECM enhanced the hMSC adhesion to the matrix. These cells had a spread
cell morphology compared to cells embedded in THA scaffolds, which displayed a round
cell morphology. Moreover, a higher production of sGAGs over time was observed for scaf-
folds with AC dECM.

Although in this research a printable THA-AC dECM bioink was created and successfully
printed into viable scaffolds, there were also some limitations and prospects for future re-
search. To determine the optimal bioink composition for bioprinting and it’s correspond-
ing printing settings, rheology and printing tests were performed. The inks for these mea-
surements, were prepared with PBS and without hMSCs. For bioprinting with hMSCs, PBS
was replaced with expansion medium to improve cell viability, causing a change in the
bioink’s viscoelastic properties. Moreover, the incorporation of the cells into the bioink
changed it’s properties by becoming more liquid. Therefore, for future study, the bioink
composition and printing settings, should be optimized with the inclusion of expansion
media and cells. Moreover, the influence of different cell concentrations on the bioink com-
position could be tested using rheological measurements.

In addition, the cell viability could be improved by considering a different photo-initiator,
since EO has a toxic effect on the cells. For THA hydrogels, other photo-initiators have been
used for visible light crosslinking, such as rose bengal (RB) and Riboflavin (RB) [47, 69].
The cell viability could be further improved by preventing the samples from drying dur-
ing the printing process, considering that sample dehydration may have caused a local in-
crease in EO on the outside of the scaffolds. The effect of possible dehydration can not be
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investigated by comparing the cell viability of printed scaffolds with and without photo-
crosslinking, because without the second crosslinking, the scaffolds are not stable enough
to be placed in medium without dissolving. Instead, by generating a more humid environ-
ment, the printing setup could be improved. Moreover, printing smaller batches of scaf-
folds (two to four) would minimize the air exposure time, however, it will increase the over-
all printing time. It can also be considered to perform photo-crosslinking with a laser that
follows the printing nozzle [17, 47].

From the L/D images it was observed that the addition of AC dECM to the bioink resulted in
a spread morphology for the cells. It might be interesting to perform actin staining, which
provides better visualisation of the cell spreading by staining the actin filament in the cy-
toskeleton and could be used for further quantification. For this thesis, an attempt has
already been made to use actin staining. However, the protocol was not yet optimized and
some background staining was still present. Another interesting topic for future work is to
explore the use of higher cell densities for this THA-AC dECM bioink. Other studies showed
that higher cell densities improved chondrogenic differentiation and the ECM productions,
due to an increase in cell-cell interactions. Moreover, for the histology analysis of our study,
the Alcian Blue staining appeared stronger in area’s where clusters of cells could be identi-
fied.

Finally, the histological process could be improved to provide clearer visualization of sGAGs
and collagen production. The blue background staining of the Alcian Blue makes it chal-
lenging to see the sGAG production over time. For future work, it may be interesting to
stain with Safranin-O staining instead of the Alcian Blue staining, to validate the results
with other papers performing histological analysis on HA-based scaffolds. Moreover, to
reduce the sample shrinkage, folding and tearing during the dehydration and sectioning
process of histology, cryosectioning might be an option to improve the shape preservation
of the scaffolds.

A potential concept to create a scaffold with a more similar structure to native articular
cartilage, is the fabrication of a multilayered construct. AC consists of four distinct zones,
each having its own composition, cell density, organization and ECM components, result-
ing in different mechanical properties per zone [1]. A single scaffold could implement a
biphasic or triphasic designs to mimic the different mechanical properties of the zones. Or
a zonal cartilage scaffold may be created by using different cell densities in different layers.

Bioprinting is a emerging new field with the potential to create engineered tissues with
biomimetic properties similar to those of native tissues. In this study, THA-AC dECM bioinks
have been successfully bioprinted to create a scaffold for articular cartilage tissue engineer-
ing. As with all new techniques, the development of this cartilage specific bioink had some
challenges and limitations that need to be addressed for further improvement. However,
despite the limitations of this research, the effect of AC on the cells was evident as the cells
were more spread and a higher percentage of sGAGs was observed. Therefore warranting
further research into the development of bioinks with tissue-specific inductive properties.
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A
Appendix

A.1. Printability assessment

To optimize the printing settings (pressure, speed and nozzle size) for each ink, a printing
test was performed. For two nozzle sizes (22G and 25G), the printing speed (4,5,6 and 7
mm/s) and the printable pressures (40 to 70 kPa) were varied. The structure consists of
printing one layer of a meandering pattern composed of parallel strands with increasing
printing speed (2 t/m 4 mm/s or 5 t/m 7 mm/s). To create the pattern, a g-code was gen-
erated in Camotics, where the parallel strands have a length of 10 mm with a distance of 3
mm (Fig. A.1).

The inks were loaded into the Bio X bioprinter and the structure was printed on a glass
microscope slide (76 mm x 26 mm, Thermo Scientific). Images of the printed bioinks were
captured with the Wi-Fi Digital Microscope (ROTEK, resolution 1280 x 720 pixels) directly
after printing. ImageJ was used to measure the filament width of bioprinted structures. The
mean of the width of 3 filaments of each formulation are used in further results.

The optimal printing were assessed by measuring the filament width of the inks. The ef-
fect of the printing speed, pressure and nozzle size can be seen in Figure A.2, A.3 and A.4.
Overall, we observed that a constant pressure and an increase in the printing speed (2 to 7
mm/s), led to decrease in the filament width. Although, a lower filament width was found
for the 25G nozzle compared to the 22G nozzle, the printing pressure also increase for a
smaller size. An overview of the optimal printing setting for each ink are presented in Table
A.1. The best filament width was obtained using a 25G nozzle, a speed of 7 mm/s and a
varying pressure for each ink.
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Figure A.1: Bioprinting test protocol generated in Camotics with increasing printing speed from 2 to 4 mm/s.
The same design was used for increasing speeds from 5 to 7 mm/s.

Figure A.2: Influence of the pressure, printing speed and nozzle size on the filament width for the THA2.5 ink.
A,C) Images of the printability test for the 22G and 25G nozzle. B,D) The measured filament width by varying

the speed and pressure for the 22G and 25G nozzle.
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Figure A.3: Influence of the pressure, printing speed and nozzle size on the filament width for the
THA2.5-AC0.5 ink. A,C) Images of the printability test for the 22G and 25G nozzle. B,D) The measured

filament width by varying the speed and pressure for the 22G and 25G nozzle.

Figure A.4: Influence of the pressure, printing speed and nozzle size on the filament width for the
THA2.5-AC1 ink. A,C) Images of the printability test for the 22G and 25G nozzle. B,D) The measured filament

width by varying the speed and pressure for the 22G and 25G nozzle.
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Table A.1: An overview of the optimal printing pressure and speed for each ink (THA2.5, THA2.5-AC0.5,
THA2.5-AC1) and nozzle size (22G and 25G).

Bioink Nozzle Printing pressure Printing speed Filament width

THA
22G (0.41 mm) 40 kPa 7 mm/s 0.792
25G (0.25 mm) 45 kPa 7 mm/s 0.612

THA - 0.5% AC
22G (0.41 mm) 50 kPa 7 mm/s 0.901
25G (0.25 mm) 65 kPa 7 mm/s 0.711

THA - 1% AC
22G (0.41 mm) 55 kPa 7 mm/s 0.765
25G (0.25 mm) 60 kPa 7 mm/s 0.640
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A.2. Scaffolds without photo-crosslinking

Figure A.5: Printed scaffolds without photo-crosslinking. Scale bare = 2 mm. A) Top view of scaffold
immediately after printing (t=0), width = 5.5 mm. B) Top view of scaffold after 1 day in PBS, width = 7.9 mm.

C) Side view of scaffold after 1 day.

A.3. L/D images day 1 of bioprinting

Figure A.6: L/D images of day 1 for THA2.5, THA2.5-AC0.5 and THA2.5-AC1 and cell density of 5 x 106 cells/ml.
Scale bar = 100µm
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A.4. Cell viability inside vs. outside scaffold

Figure A.7: Cell viability of THA2.5 and THA2.5-AC1 samples obtained from L/D images of day 2. The samples
have a cell density of 3 x 106 cells/ml.



A.5. Actin staining 53

A.5. Actin staining
Actin stains are used in living and fixed cells to study the structure and function of the cy-
toskeleton. The staining was performed on samples that were initially prepared to test the
influence of the bioink composition on cell viability. Due to observation of the elongated
shape change for the THA2.5-AC1 samples compared to THA2.5 samples, it was decided to
perform actin-nuclei staining on the remaining on day 10.

The samples, hMSC embedded in THA2.5 or THA2.5-AC1 hydrogel, were washed 3 times
with PBS and fixed overnight with 4% PFA at 4°C. The next day, the samples were again
washed 3 times with PBS and the cells were permeabilized with 0.5% Triton X-100 for 20’
at 4°C in the shaker. After that, the samples were washed three times with PBS, and non-
specific binding was inhibited with 1% BSA in PBS for 60’. The actin filaments were stained
by soaking the samples in Phalloidin (1:1000, Thermo Fisher) diluted in 1% BSA for 120’ at
room temperature in the shaker. Following that, the samples were incubated with 1µg/ml
Hoechst (ThermoFisher) in PBS for 15’ at room temperature in the shaker, to stain the cell
nuclei. The staining solution was discarded and the samples were transferred to PBS. For
imaging, the scaffolds were placed on a glass slide (Menzel-Glaser Superfrost, ThermoSci-
entific) and imaged with fluorescent microscope (ZOE fluorescent cell imager, Biorad).

The actin-nulcei staining of the THA2.5 and THA2.5-AC1 samples is presented in Fig. A.8.
For the THA2.5 samples, the actin is in a round shape around the cell nuclei, while the actin
for cells embedded in THA2.5-AC1 hydrogel is more elongated. The hMSCs embedded in
THA2.5 preserved their round shape after 10 days of culture and the cells in the THA2.5-
AC1 hydrogel appeared to be spread. In addition, the cells seem to form cell clusters in the
THA2.5-AC1 sample.

Figure A.8: Actin staining of hMSC embedded in a THA2.5 and THA2.5-AC1 after 10 days in culture. Scale bar
= 100µm
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A.6. Histology optimization
The standard histology procedure consists of 6 steps: fixation, dehydration, wax-embedding,
slicing, staining and imaging. To assess whether the histological process was working for
the printed scaffolds, first a test was performed with THA2.5 scaffolds. After printing the
scaffolds were fixed in 4% PFA and 30 mM CaCl2 overnight. Next, the standard dehydra-
tion and embedding was performed, an overview of steps is presented in Table A.6. After
dehydration, the scaffolds had shrunk and had not kept their shape well. Subsequently the
scaffold were embedded and sectioned into slices. However, the scaffolds didn’t incorpo-
rate well into the paraffin, presented in Fig. A.9A. This detachment may be caused by the
interface difference, since the hydrogel scaffolds were soft and the paraffin becomes very
hard.

To improve the histology process, the samples were embedded in 3% agarose after the fix-
ation step. The goal was to reduce the sample shrinkage and to create a stiffness gradient
between the hydrogel and paraffin to improve the wax embedding. In addition, we also
doubled the time of dehydration step to make reduce the shrinkage of the samples. Al-
though the long dehydration and agarose embedding improved the scaffold shrinking and
embedding, it was very difficult to get the scaffold embedded into the agarose since they
floated to the surface due to the air in the scaffolds.

Table A.2: Standard and long dehydration process for histological analysis optimization

Solution Standard Long
70% EtOH 60’ 120’
80% EtOH 60’ 120’
90% EtOH 60’ 120’
100% EtOH 60’ 120’
100% EtOH 60’ 120’
Xylene 30’ 60’
Xyelene 30’ 60’
Paraffin 60’ 120’

Figure A.9: Embedded scaffolds after three different dehydration procedures. A) Standard dehydration
method. B) Standard dehydration method when scaffolds was embedded in agarose. C) Long dehydration

method when scaffold were embedded in agarose.
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A.7. Pellet study

Figure A.10: Histological analysis of MSCs pellets with different donors cultured in chondrogenic
differentiation medium for 21 days. The pellets were stained with Alcian Blue, Picrosirius Red and

Hematoxylin & Eosin (H&E) and pictures were taken with 10x objective. Scale bar = 100µm. A) Pellets of
MSCs from donor 1 for day 21. B) Pellets of MSCs from donor 2 for day 2 and 21. These results were obtained

by Maria Kalogeropoulou.
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A.8. GAG analysis
The sulfated glycominoglycans (sGAG) production of the cells was analysed using the sul-
fated glycosaminoglycan assay (Blyscan). The sGAG assy kit used a cationic, blue dye,
which binds to the negatively charged GAG’s. However it does not stain HA, because HA
is not sulfated. After bioprinting, the scaffolds were kept in culture for 28 days and every
2 days the medium was refreshed. Before refreshing, a small volume of the scaffold’s cul-
ture medium of the past two days, was stored at -80°C for the sGAG analysis. For this assay,
culture medium of THA2.5, THA2.5-AC0.5 and THA2.5-AC1 scaffolds at day 1, 7 and 28 were
tested.

The protocol of the sGAG analysis starts with combining 200µL of medium with 1 mL
of Blyscaon dye reagent. In addition, aliquots containing an increasing concentration of
sGAG’s (0 - 6µg are used as reference standard to produce a calibration curve. For the ref-
erence standard the same procedure is used. Next, the samples are gently mixed for 30’
under rotation (4 rpm). After mixing, the samples are centrifuged for 10’ at 12000 rpm to
create purple sGAG-dye pellets at the bottom of the tubes to avoid any pellets loss during
the draining of the unbound dye. When the excessive dye is removed, 0.5 mL of dissocia-
tion reagent is added to the pellets. The samples are vortexed and subsequently mixed for
30’ under rotation (4 rpm), so the pellet have been broken up and the bound dye has been
dissolved. Next, 200µL of each sample and the reference standard was transferred to a 96
micro well plate to measure the absorbance at a wavelength of 656 nm, using a microplate
reader (PerkinElmer, Massachusetts, US).

The sGAG reference standard absorbance was plotted against its known concentrations.
Joining the points resulted in a straight line that was extended downwards to near zero (Fig.
A.11A). The concentration of the test sample could be calculated from the formula of the
linear. The results of sGAG analysis of the bioprinted scaffolds are presented in Fig. A.11B.
The sGAG production of the cells embedded in THA2.5 and THA2.5-AC1 scaffolds showed
no significant difference over time. For the THA2.5-AC0.5 scaffold an increase was observed
for the sGAG producution of day 28 compared to day 1.

Figure A.11: GAG analysis of the scaffolds bioprinted with THA2.5, THA2.5-AC0.5 and THA2.5-AC1 and cell
density of 5 x 106 cells/ml. A) Calibration curve with y = 0.0724x + 0.0375 and R2 = 0.9852 . B) The GAG

production for day 1, 7 and 28.
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