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Preface

Cartilage defects and degenerative joint diseases are the leading cause of disability worldwide. Its impact is only
getting worse due to the aging population. Although treatments are available which temporarily reduce symptoms,
no functional cure has been found yet. Finding a treatment would therefore be a huge breakthrough in modern
medicine and would improve the quality of life of millions of people around the world.

Treatment of osteochondral lesions with osteochondral implants are very promising to fully restore tissue functionality
and much research has been done in this field. This thesis project was conducted with the aim of elaborating on the
study by Korthagen et al. who studied a polyurethane and PEKK implant in an equine model. This study focuses
on a very similar implant and aims to improve the performance of it. All necessary in vitro tests in preparation for
future equine in vivo studies were carried out in this project. Additional e↵orts were devoted to mechanical testing
and 3D printing to provide a solid base for more advanced future implants.

This study was performed in collaboration between the UMCU department of Orthopaedics (Prof. Dr. Ir. Harrie
Weinans), the Department of Equine Sciences at Utrecht University (Prof. Dr. René van Weeren) and Jointsphere
B.V. (Drs. Ward van Buul). I would like to thank all these collaborators without whom this thesis would not have
been possible.

Especially, I would like to thank Prof. Dr. Ir. Weinans for being my excellent mentor who always took time out
of his very busy schedule to guide me and discuss obstacles with me. His enthusiasm and knowledge truly fuelled
my drive to achieve the best results possible. I would also like to particularly thank Dr. Nicoline Korthagen and Ir.
Saskia Plomp who both helped and guided me exceptionally with my experiments. I have to acknowledge that the
whole blood assay (experiment 7) in this study was completely conducted by Dr. Korthagen without my help and
that I am very grateful she allowed me to adopt the results in my thesis.

Lastly, I wish to thank Drs. Ward van Buul and Gied Hermsen from Jointsphere B.V. for their unconditional support
and time to discuss anything with respect to this project.

I hope that you enjoy reading this thesis as much as I enjoyed the work that lead to it.

Joris van Aken
Utrecht, October 2019
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Abstract

Cartilage repair remains a major challenge and treatment of osteochondral defects generally results in inferior quality
fibrous repair tissue. This study aims to elaborate on the work of Korthagen et al. who developed a thermoplastic
polyurethane and polyetherketoneketone implant to treat osteochondral defects. Although promising results were
found, Korthagen et al. encountered di�culties binding the neo-tissue to the elastomer part of the implant. The goal
of this study is therefore to test potential solutions to improve cell binding properties of the elastomer in vitro, and
to optimize the elastomers mechanical properties to mimic native articular cartilage. The newly produced elastomer
showed encouraging cell binding properties with multiple cells types. In addition, 3D printing and punching holes
in the elastomer part of the implant both have great potential in creating porosity to physically anchor the neo-
tissue. The optimal diameter of vertically aligned punched holes was found to be 319 µm. Not only provides this
diameter optimal circumstances for cartilage to grow into, it also optimizes anchoring potential. Besides that, 3D
printing e↵orts were found to be promising in creating both excellent cell facilitating properties as well as mechanical
properties mimicking that of native articular cartilage. Both punched and 3D printed elastomer samples were tested
for toxicity and immune response. Both tests delivered excellent results and no sign of toxicity or adverse immune
response was detected. These results combined with the excellent cell binding properties of the elastomer strengthens
our confidence in favorable future in vivo outcomes.
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1 Introduction and background information

Articular cartilage is a specialized type of hyaline cartilage that covers joint surfaces and provides a low-friction and
load-bearing surface for smooth and pain-free joint motion. Together with the underlying subchondral bone, articular
cartilage makes up the osteochondral tissue which has a complex hierarchical structure composed of multiple distinct
layers, Figure 1 [1]. Its function can be compromised by traumatic injuries and degenerative joint diseases frequently
causing pain, impaired function, and limited motion of the joint, creating a significant healthcare burden worldwide
[2][3][4]. Unfortunately, spontaneous healing of cartilage after injury is impaired by its avascular nature, limited
cellular content, and low metabolic activity [5]. In addition, the complex hierarchical structure and biomechanical
properties of the osteochondral tissue makes the challenge for regenerative therapies even larger [6]. Therefore,
treatment of osteochondral lesions to fully restore tissue functionality remains a major challenge for orthopaedic
surgeons [7].

Figure 1: Osteochondral complex hierarchical tissue composition with and without an osteochondral implant [1].

Several techniques are currently used to treat osteochondral defects. For example, bone marrow stimulation by
microfracturing or subchondral drilling [6]. Bone marrow is stimulated to release progenitor cells, who have the
ability to di↵erentiate into chondrocytes, into the defect [8]. However, instead of producing healthy articular cartilage
they generate inferior fibrocartilaginous cartilage resulting in not fully functional tissue which often weakens over
time leaving the patient unsatisfied [9]. Other techniques such as autologous chondrocyte transplantation [10],
autograft transplantation [11], and allograft transplantation [12] are used too. Although successful in some aspects,
each of these techniques has its own limitations. For instance, autograft transplantations su↵er from donor site
morbidity, degradation of graft tissue and incomplete integration [13]. Allograft transplantations on the other hand
present limitations in terms of immune rejection and disease transmission [12]. Overall, the current therapies fail in
regenerating osteochondral tissue, leading to hindered motion and promoted progressive degeneration that will lead
to the development of osteoarthritis inevitably [7]. Therefore, the need for regeneration therapies of more durable
osteochondral tissue persists.

Primarily, regeneration of osteochondral defects was only focused on cartilage repair due to the apparent simplicity
and clinical relevance, the underlying subchondral bone was totally neglected at that time [7]. However, osteochondral
defects a↵ect multiple tissues due to its complex hierarchical structure consisting of di↵erent layer-specific biological
and mechanical properties. Filling these osteochondral defects with biological or synthetic implants has lately emerged
as one of the most promising treatments, Figure 1 [6][14]. An ideal implant should mimic the biology, architecture,
and functional properties of the native osteochondral tissue, in short, be biomimetic. It should also support loading
and promote cell attachment, proliferation, and di↵erentiation. Other requirements are biocompatibility and/or
bioresorbability [15]. Most studies use bioresobable materials that support the early phases of tissue formation to
then be gradually replaced by the regenerative tissue. Permanent implants can scarcely be found in literature [16].
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The major advantage of permanent implants is that there is no need for complete osteochondral tissue regeneration
as the implant itself delivers all the mechanical and structural properties needed. Besides that, it delivers constant
mechanical properties along the way, whereas bioresorbable sca↵olds gradually loose their mechanical strength while
being replaced by repair tissue. None of the studies found, describes this mechanical trade-o↵ in detail, while this
could lead to imbalances and failure of the implant. Accordingly, perhaps in the permanent implant approach lie
opportunities for the future of osteochondral defect treatment.

Until recently, osteochondral implants were made out of single phase homogeneous materials, unable to balance
chondrogenesis and osteogenesis simultaneously [17]. More recently it was found that multi-layered structures allow
for a more accurate mechanical and biological interface [12]. Multilayered biomimetic implants do provide the
opportunity to repair multiple tissues simultaneously while providing mechanical properties similar to the native
tissue. Among these implants, the biphasic model that combines a bone and cartilage phase is the most common
strategy [6]. However, multi-layered and gradient constructs are not uncommon either [18].

The purpose of this study was to continue on the work of Korthagen et al. [19]. Korthagen et al. tested a novel type
of osteochondral implant consisting of a base made of polyetherketoneketone (PEKK) that anchors the implant to
the native subchondral bone, and an elastomer top layer that consists of a thermoplastic polyurethane, which has
mechanical properties approaching articular equine cartilage. The elastomer was loaded with collagen-mimetic pep-
tides ‘RGD’ (arginine-glycine-aspartic acid) and ‘GFOGER’ (glycine-phenylalanine-hydroxyproline-glycine-glutamic
acid-arginine) which should enhance repair tissue capabilities. The implant was positioned just below the surface of
the native articular cartilage which prevented the formation of a large ’step’, whilst permitting formation of a layer
of neocartilage on the elastomer. The elastomer with its mechanical properties approaching that of native cartilage
and the thin (0.5mm) layer of neo-tissue that would be formed on top of it would then result in a filling of the defect
with appropriate sti↵ness [19].

The PEKK and thermoplastic polyurethane implant was both tested in vitro and in vivo by Korthagen et al. Two
implants were placed in a created osteochondral defect on the medial femoral trochlear ridge in each stifle of six
Shetland ponies where unfilled defects in the contralateral joint served as control. After 12 weeks, the plugs were
largely covered with sti↵ and smooth repair tissue which was well connected to the native cartilage. However, the
covering tissue was not connected to the elastomer and was fibrous in nature as it contained negligible amounts of
collagen type II and glycosaminoglycans (GAGs). A long-term study with improved cartilage binding properties of
the elastomer, including an exercise regimen, was needed to further evaluate the implants potential for clinical use
[19].

The goal of this study is therefore to test potential solutions to improve cell binding properties of the elastomer in
vitro, and to optimize the elastomers mechanical properties to mimic native articular cartilage. Besides material
improvements, to achieve enhanced binding properties, it is necessary to actually anchor the neo-tissue top layer in
some way that shear forces would not force the thin tissue layer to detach from the elastomer [20]. Di↵erent methods
to achieve our goal will be discussed in this report. As the PEKK component of the implant functioned appropriately
previously, the current focus will lie completely on optimizing the elastomer part.

2 Materials and methods

For the sake of pleasant reading, all general overlapping materials and methods needed for specific experiments will
be described in detail once. Background information on the methods and the reasoning behind them will also be
included here, for clarity. Afterwards all unique experiments will be described in the experiments section combining
the specific materials and methods directly with the results.

2.1 Elastomer material

The elastomer previously used by Korthagen et al. was more specifically determined as a poly-urethane-urea-hexylene
carbonate biomaterial with loaded RGD and GFOGER peptides at the surface. The manufacturer of this material
was the company SyMO-Chem B.V. (Eindhoven, the Netherlands). Due to management decisions of Jointsphere B.V.
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(Eindhoven, the Netherlands) (owner of the elastomer and commissioning company) this production agreement was
terminated and a new contract with Polyvation B.V. (Groningen, the Netherlands) was agreed upon. Polyvation’s
job was to produce a similar elastomer and optimize the production process. Furthermore, it was decided that
no added peptide was needed as it did not yield significant improvements in the previous study. Accordingly, our
elastomer material is di↵erent from that of Korthagen et al. making all in vitro tests done by Korthagen obsolete
for our research. Polyvation’s o�cial name for the elastomer was a poly-carbonate-urea-urethane (PCUU).

Simultaneously to our in vitro experiments, the optimisation process of the PCUU was in operation. Due to this,
new batches of improved PCUU were delivered to us to test and analyse every other couple of weeks. Five unique
batches of PCUU were used in our experiments, di↵ering in production methods and in final intrinsic viscosity (IV),
Table 1. As all PCUU alterations could potentially change cell response and mechanical properties, each new batch
of PCUU made all previous tests redundant. Eventually, the final PCUU batch (M927) was found to be favorable
and reproducible. Accordingly, all decisive in vitro tests were performed or repeated with this PCUU. The PCUU
was delivered to the lab in two forms. Firstly, in a press molded disc shape from where smaller discs could be punched
for in vitro tests, Figure 2a. Secondly, in tiny grains for 3D printing purposes, Figure 2b.

Table 1: All delivered and used PCUU sample batches, described by distinctive production methods and final intrinsic
viscosity (IV) of 125 mg PCUU dissolved in 50 ml 1 volume % trifluoroacetic acid in dichloromethane.

PCUU sample number Solvent Catalyst IV(⌘)
M524 DMAc Tin 2.27
M726 DMAc Tin 1.69
M727 DMSO Tin 1.67
M901 DMSO None 1.4
M927 DMSO None 1.8

Figure 2: (a) Press molded PCUU disc delivered by Polyvation B.V. with smaller diameter (6 mm) punched sample.
(b) Grains of PCUU delivered by Polyvation B.V. suitable for 3D printing purposes.
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2.2 Cell harvest and culture methods

Three di↵erent cell types were used for our in vitro experiments; equine chondrocytes, ATDC5 cells and equine
articular cartilage progenitor cells.

Equine chondrocytes

Equine chondrocytes were initially the cell type of choice for all in vitro tests as the elastomer part of the implant
will be surrounded by equine cartilage in vivo as well. The attachment of these cells in vitro to the elastomer is
therefore extremely important to predict in vivo outcomes. The equine chondrocytes used were previously isolated
under sterile conditions from macroscopically healthy stifle joints of warmblood horses that were euthanised in the
Department of Equine Sciences, Faculty of Veterinary Medicine (Utrecht University, the Netherlands). Two donors
were used; EQ031, passage (P)0, sp 12-08-2015 and EQ033, P0, sp 13-08-2015. For isolation and culturing protocols,
please see Appendix ”Equine chondrocytes”.

ATDC5 cells

As initial experiments showed poor attachment of the equine chondrocytes to the elastomer, and donor cells are
precious, we decided to temporarily switch to the chondrogenic cell line ATDC5. This clonal cell line is isolated from
the mouse teratocarcinoma stem cell line AT805 on the basis of chondrogenic potentials in the presence of insulin
[21]. ATDC5 cells are known for their sequential transition of phenotype, quick attachment, and ease of culturing.
They encompass chondrogenic di↵erentiation from mesenchymal condensation to calcification [22]. Especially their
excellent attachment properties and ease of culturing were reasons for selecting ATDC5 cells for some of our in
vitro tests. The ATDC5 cells were taken from the liquid nitrogen storage and were in their P18 from 11-11-18. For
culturing protocols, see Appendix ”ATDC5 cells”.

Equine articular cartilage progenitor cells

In the previous study by Korthagen et al. it was hypothesized that the thin layer of cartilage-like tissue on top of
the implant was mainly formed from the laterally present native cartilage. It is becoming increasingly apparent that
growth of articular cartilage is achieved from the articular surface. For such a mechanism to occur, a population
of stem or progenitor cells must be present. Dowthwaite et al. have found that articular cartilage progenitor cells
(ACPCs) are present and can be isolated from the surface zone using di↵erential adhesion to fibronectin [23]. As
these cells could be the cells initiating the overgrowth of the implant, they are valuable to investigate. Therefore,
equine cartilage progenitors were used in our in vitro experiments too. For isolation and culturing protocols, please
see Appendix ”ACPC”.

2.3 In vitro analysis assays

To generate results of our in vitro experiments, multiple analysis instruments were used.

MTT assay

The 3-[4, 5-dimethylthiazol-2-yl]-2, 5 diphenyl tetrazolium bromide (MTT) assay is based on the conversion of MTT
into formazan crystals by living cells, which determines mitochondrial (metabolic) activity. As for most cells the
total mitochondrial activity is related to the number of viable cells, this assay is broadly used to measure the in vitro
cytotoxic e↵ects of a condition presented to the cells [24]. The MTT assay is therefore highly suitable to test the
influence of our PCUU samples to targeted cell lines or primary donor cells. The results of the MTT assay can be
read out by a microplate reader. In our experiments the VersaMax microplate reader for 96-well format (Molecular
Devices, USA) was used. For the protocol used, please see Appendix ”MTT assay”.

DNA Qubit assay

One of the most frequently used methods to perform a DNA assay is the Qubit system. The Qubit system is based
on the gold standard of DNA assay, PicoGreen [25]. This assay is highly functional to determine the relative amount
of cells that have attached to the bottom of the well plate versus the amount that attached to the elastomer. Before
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the start of the assay, cell lysis is perfomed by adding Triton (Sigma-Aldrich, USA), releasing the cell’s dsDNA.
Fluorescent dye is added to measure the concentration of this dsDNA and afterwards read out by the Qubit 2.0
Fluorometer (Invitrogen, USA). The quantity of dsDNA/ml gives you data on the relative amount of cells that were
present in a solution. For further details and the protocol, please see Appendix ”DNA Qubit assay”.

Wettability test

As discussed before, cells generally prefer to attach to hydrophilic rather than hydrophobic surfaces. To test the
wettability of a solid material a test based on the contact angle (CA) between a liquid droplet and the material’s
surface can be performed, Figure 3a. The contact angle determines the wetting properties of the material. The
smaller the contact angles, the more hydrophilic the material is, the larger the contact angle, the more hydrophobic.
The PCUU’s contact angle was determined by performing a sessile droplet test on the OCA 15EC (DataPhysics
Instruments, Germany). Images from the machine were derived and analysed with the provided software, Figure 3b.
For details on the wettability tests and the protocol. please see Appendix ”Wettability test”.

Figure 3: (a) Example of how to measure the contact angle of a water droplet on a hydrophilic and hydrophobic
material [26]. (b) Wettability test of M927 PCUU performed by the OCA 15EC.

2.4 Elastomer modifications for cell adherence

As discussed, the major goal of this study is to adhere and anchor a layer of cartilage-like tissue to the elastomer.
The initial experiments made it apparent that the equine chondrocytes had trouble adhering to the elastomer. As
a result, multiple strategies were applied to improve the adherence properties of the elastomer. From a regulatory
point of view it was not preferable to add any peptides or other add-ons to the material as it would make clinical
approval more complex. Therefore, etching, punching holes, and 3D printing were analysed as potential solutions.

Etching

The first strategy was to perform surface treatments on the elastomer by etching. Surface treatments are a well
known approach to change cell behaviour as surface treatments can alter the surface topography [27]. Kay et al.
for instance showed that certain topographic nanostructures enhance chondrocyte adhesion [28]. Besides enhanced
adhesion, Joergensen et al. showed that microstructures caused by etching showed dramatic increase of chondrocyte
proliferation rate as well [29]. Another benefit of etching is the potential change in wettability [30]. It is widely
accepted that cells prefer to attach to hydrophilic rather than hydrophobic surfaces [31].

Four di↵erent etching treatments were tried to improve chondrocyte attachment. Although the hydrophilicity did
improve on 3/4 treatments, no treatment significantly improved cell attachment results compared to the untreated
sample and the strategy was terminated. Therefore, etching will not be included in the experiment section. Please
see the Appendix ”Surface treatments” for the material and methods, and results of these experiments.

Punched holes

Besides compressive forces, articular cartilage experiences shear forces as well. The neo-tissue layer on top of the
implant should therefore be securely anchored to the elastomer resisting detachment by shear forces. Tissue ingrowth
into punched holes in the elastomer could provide this resistance.
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Literature was consulted to determine the di↵erent hole diameters used for our experiments and how to align them.
Seong et al. found that aligned pores exhibit superior mechanical strength to randomly oriented pores [32]. Since we
initially desired a porous material without compromising the mechanical strength too much, aligned pores seemed
the best option. Seong et al. also studied optimal cartilage regeneration with di↵erent diameter holes. A 270 µm
hole diameter was found to be optimal. According to Lien et al. the optimal pore diameter for the proliferation and
extracellular matrix (ECM) production of chondrocytes lies between 250 µm and 500 µm [33]. Another study by Jia
et al. found that cell proliferation in sca↵olds with bigger pore sizes (450 µm) was higher than that in constructs
with smaller (200 µm) pore sizes [14]. These results are in line with previous reports by Levingstone et al. [34].

Taken the above into account, we decided to focus on hole diameters between 300-500 µm. Initially these holes were
created by drilling, however, due to the viscoelastic properties of the elastomer this was extremely di�cult and all
holes smaller than 500 µm did not remain open after removal of the drill. Alternatively, core punches were used.
Reusable WellTech rapid-core punches of 350 µm, 500 µm and 1000 µm (World Precision Instruments, USA) were
used to create functional holes. These diameter punches were chosen as 350 µm and 500 µm punches were the two
smallest diameters available on the market and were therefore closest to our aim diameter. Besides that, a larger
control group of 1000 µm was added to compare to literature findings.

Due to the elastic behaviour of the elastomer, the punched hole diameter did not match the exact diameter of the
punch. At the top surface where the punch initially makes contact with the elastomer the diameter is identical to
the punch diameter as little force is needed for the razor sharp cutting edge to penetrate the surface. However,
to penetrate the entire elastomer, significant force was needed causing the wall of the punched hole to recuperate,
leaving a diameter smaller than the diameter of the punch. This can clearly be seen in Figure 4. Therefore, the
”actual” diameter of the hole had to be determined.

To calculate the actual diameter of the holes, all three diameter holes were made in triplicate in an elastomer sample
and cut sagitally right through the middle of the holes, exposing a view of the entire length of the shaft. Microscopical
images of the shaft were taken with the Olympus IX53 (Olympus scientific Solutions, USA) at 4x magnification.
With the help of the computer program Fiji ImageJ TM, the images were analysed and the initial diameter (top of
the elastomer) and actual diameter (middle of shaft) were compared based on pixel diameter. As the initial diameter
was known (350, 500 and 1000 µm), the actual diameter could easily be determined by dividing the actual diameter
pixels by the initial diameter pixels, then multiplied by the initial diameter in µm. By doing so, the actual diameters
showed to be 188 µm (350 µm), 319 µm (500 µm), and 741 µm (1000 µm), Figure 4,

Figure 4: Cross section of the initial and actual diameter of the 350 µm (a), 500 µm (b), and 1000 µm (c) punched
holes calculated with ImageJ.
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3D printing

Besides punching holes, 3D printing is an excellent strategy for tissue ingrowth and adhesion. 3D printing provides
the opportunity of creating a custom made porous structure that can provide optimal pore properties for cartilage
ingrowth and regeneration. Porous sca↵olds and implants have already shown great potential and results in cartilage
tissue engineering for many years [35][36]. The main benefit of a 3D porous environment versus aligned holes is the
possibility of creating interconnected pores which substantially improves nutrient flow and enhances cellular adhesion
and migration [37]. Besides that, grown-in tissue exhibits greater resistance against forces in all directions compared
to punched holes as the 3D printed porous environment can enclose the tissue in all dimensions.

The most common methods for polymer printing are based on melting the polymer before extrusion or by sintering
polymer particles together [38]. Unfortunately, our PCUU elastomer does not allow this as the hardblock component
of the PCUU degenerates (220 �C) before reaching the melting temperature (Tm= 227 �C). Solution based printing
therefore remained the only option within the facilities of our lab. Solution based printing works on the principle
of dissolving a material in a closed environment, until a homogeneous viscous substance is created. This viscous
substance is then transferred into a cartridge which can be used for extrusion based printing. After printing,
the solvent evaporates quickly leaving only the original material to form a 3D construct. Due to the inertness
of our elastomer in combination with the need for a quick evaporative solvent, few solvents were suitable for our
purpose. On advice from the manufacturing company Polyvation B.V. a mix of trifluoroacetic acid (TFA) and
dichloromethane (DCM) was used. Polyvation B.V. uses this mix of solvents themselves for determining the intrinsic
viscosity of the PCUU at 1 volume% TFA in DCM. DCM itself is not potent enough to dissolve the PCUU, the TFA
component is. However, during optimizing the material to solvent ratio, it became apparent that a larger percentage
of TFA to DCM resulted in greater gas bubble formation after printing due to the evaporation of the solvent. These
trapped evaporated solvent bubbles are undesirable as they potentially contain toxic gasses harmful to cells. Another
contributing factor to the number and volume of the gas bubbles is the PCUU weight to solvent volume ratio. The
more PCUU/ml solvent was used, the less bubbles appeared after printing. Up to a certain maximum, the more %
TFA to DCM is used, the more PCUU can be dissolved per ml. Altogether, there is a trade-o↵ between the solvents
% TFA to DCM and the mg/ml PCUU dissolved in this solvent. The final ratio used was 180 mg PCUU/ml of 5
volume % TFA in DCM. For details of this optimization process, please see Appendix ”3D print optimization”.

3D printing was performed with the 3D Discovery TM(RegenHU, Switzerland), Figure 5. G-codes for the constructs
were handwritten and an interfacial engineered architecture that creates porosity between the lattices was used. A
microscopical side view image of an interfacially 32-layered M927 PCUU 3D print can be seen in Figure 6a. A
simplified animated version of an interfacial architecture can be seen in Figure 6b. This architecture was chosen as
it creates both top and side porosity. It therefore allows for improved ingrowth and adherence potential compared to
solid side walls. The rectangular infill pattern was chosen as it is simplest to print and we initially had severe problems
with the printability of the PCUU solvent. For printing the M727 and M927 PCUU, the following parameters were
used: cartridge: 3ml (Nordson EFD, USA) nozzle: 27G transparent (Nordson EFD, USA), printspeed: 15 mm/s,
pressure: 90 kPa, layer height: 0.03 mm. Directly after printing the constructs were placed in a vacuum machine at
600 mbar for 1 hour to minimize the number of trapped gas bubbles. Afterwards a washing protocol was followed
prior to any cell culture, Appendix ”3D print wash protocol”.

2.5 Mechanical tests

Mechanical tests were performed to analyse the di↵erences in mechanical properties between the elastomers and
native cartilage. The aim of the elastomer component of the implant is to mimic the mechanical properties of native
articular cartilage. Compressive stress relaxation properties of the elastomer are one of the mechanical aspects that
is desired to be similar to the native cartilage and is therefore investigated. Stress relaxation after a step strain is
the fundamental method in which the relaxation modulus (G(t)) is defined [40]. For this test, a sample is suddenly
deformed at a certain strain rate to a given strain ("0), and the resulting stress is measured as a function of time
(�(t)). The stress relaxation modulus can then be determined using the following equation (1).

G(t) =
�(t)

"0
(1)
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Figure 5: RegenHU 3D Discovery bioprinter (RegenHU, Switzerland)

Figure 6: (a) Microscopic side view of an interfacially 32-layered porous M927 PCUU 3D printed construct. Image
derived with the Olympus SZ61 (Olympus Scientific Solutions, USA). (b) Animated interfacially layered porous 3D
printed construct similar to our 3D printed construct [39].

By keeping the strain rate fixed for an infinite amount of time, the resulting stress should eventually reach equilibrium.
At this point were the � � reaches 0, the compressive equilibrium modulus of a material can be determined by the
same formula (1). This modulus is a measurement of the intrinsic sti↵ness of a material in equilibrium.

Stress relaxation tests were performed using a Dynamic Mechanical Analysis (DMA) Q800 machine (TA instruments,
USA), Figure 7a. The DMA machine consists of a upper clamp assy and a lower driveshaft were the sample is clamped
in between, Figure 7b. During compression the inner mechanism measures the parameters necessary to determine
the mechanical properties of the sample. The test is classified as an unconfined compressive test.

Previously, stress relaxation tests were done by Korthagen et al. as well. It was decided to use the same parameters
to generate our data as the parameters were thought to be valid and made comparison of results more reliable. The
only di↵erence is that we added a preload of -0.5% strain for 60 s to ensure tight clamping of the PCUU between
the clamp assy and the driveshaft of the DMA machine before advancing to the actual stress relaxation test as this
was advised by Olvera et al. [42]. After applying preload, the specimen was compressed with a ramp strain with
a strain rate of -30%/min up to a strain of -5.5% (� " of 5% compared to preload) which remained constant for
1800 s, Table 2. All tests were done in triplicate. During the tests, static force, displacement, strain and stress
were recorded and afterwards, stress relaxation curves were obtained from the data, Figure 8. Furthermore, the
stress relaxation modulus G(t) at the onset of the stress relaxation (G(0)) and 1800 s after the onset (G(1800)) were
determined by using equation 1. G(0) was determined at the peak of the stress relaxation curve where the stress
reached a maximum. G(1800) was determined from the last data points of the test, approaching equilibrium. We
therefore consider the G(1800) as a compressive equilibrium modulus making it able to compare to cartilage moduli
derived from literature. Mechanical data of cartilage had to be extracted from literature as the unconfined nature of
the DMA test led to dried out samples of equine donor cartilage during testing, resulting in unreliable results that
were excluded from this report.
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Figure 7: (a) Dynamic Mechanical Analysis (DMA) Q800 machine (TA instruments, USA). (b) Close-up of DMA
mechanism [41]

Table 2: Parameters set on the DMA machine, used for all mechanical tests.

Parameter Value
Preload
Initital strain -0.5% (60 s)
Loading
Ramp strain -30%/min to -5.5%
Isothermal strain -5.5% (1800 s)

Figure 8: Stress relaxation curves of the Symo-Chem B.V. material, performed with the DMA Q800 machine using
settings described in Table 2.
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2.6 Statistical analysis and error measurement

All our tests results contained continuous data since it can be measured on a continuum or scale. Besides that, we
always performed comparisons between di↵erent groups (PCUU vs. negative/positive control, one type of PCUU
vs. another type etc.) meaning that we have unpaired data. To determine what type of statistical test to carry
out, we should decide whether our data is normal or non-normal distributed. However, this decision is not black
and white as it is dependent on many factors [43]. Sample size has a significant e↵ect on sample distribution. It
is often observed that small sample sizes, like our usual n=3, results in non-normal distribution. This is a results
of inadequate estimation of the dispersion of the data, making it unknown if the frequency distribution will results
in a normal curve [44]. However, some argue that theoretical considerations can help to make a decision too. If
the outcome measures are known to be normally distributed, it can be assumed that the outcome data is normally
distributed too. For instance, the MTT and the DNA Qubit assay outcomes always fall within a certain range and
normality could be assumed here. Besides that, DMA and wettability experiments were repeatedly performed with
di↵erent PCUU’s in triplicate with all very concentrated data, and normal distribution of these tests are described
in literature [45] [46]. It is therefore decided to regard our data as normal distributed. Conclusively, an unpaired
t-test will be carried out between two groups and when more groups will be compared, an one way ANOVA will be
performed, statistical significant di↵erence is achieved when p<0.05.

With large normal distributed data, graphs and tables are normally presented with mean values and standard
deviations of the larger data. This is done as it provides the viewer with an immediate impression of the data and
the dispersion of it. Moreover, it decreases the data points to watch. With our triplicate tests this mean value
and standard deviation does not dramatically decrease our data points and can be unreliable [47]. Accordingly, it
is decided to not display standard deviations in our graphs and tables. Instead, all individual data points will be
displayed as dots of a slightly lighter coloured version of the mean value bar of the outcome data. In this way, viewers
still gets an immediately impression of the data with the opportunity to examine all data point as well.

To minimize the chance of any measuring errors, all analysis machines that could and were allowed to be calibrated
(DNA Qubit, DMA Q800), were calibrated before use. Besides that, negative (and positive) control for the DNA
Qubit and the MTT assays were employed to ensure optimal accuracy in results.

3 Experiments and results

3.1 Experiment 1: ATDC5 attachment to PCUU

Materials and methods

The goal of this experiment was to test how well ATDC5 cells attached to three di↵erent types of PCUU; M726,
M727 and M927. These three PCUU samples were chosen as each of them were produced with unique production
methods, see Table 1. The results should conclude whether or not these di↵erent production methods significantly
altered the cell attachment properties of the PCUU. Tests were performed with ↵ 6 mm punched samples sterilized
with UV for 30 minutes on both sides at 39.5 mJ/cm2 by the CL-1000 UV crosslinker (Ultraviolet Products Inc.,
UK). PCUU samples were individually placed in a well in a 48 wells cell culture plate (Greiner bio-one, Cellstar 48
Well Cell Culture Plate, Cat.-No. 677-180) and 500 µL, 400.000 cells/ml medium was added before incubating for 24
hours at 37 �C with 5% CO2 in an incubator. A negative control well only containing the cells/medium suspension
was included. Afterwards, the PCUU samples were carefully transferred to a fresh well and the DNA Qubit protocol
was followed, Appendix ”DNA Qubit assay”. All tests were done in triplicate in the same cell culture plate.

Results

Results of experiment 1 can be found in Figure 9a. The graph shows a representation of the proportion of cells
that adhered to the surface of the well plate and the proportion that adhered to the PCUU sample. The larger
the proportion of cells attached to the construct, the better the cell adherence properties of the PCUU are. These
values are also compared to the control group, not containing a construct, to ensure no disadvantageous e↵ects to
the cells are caused by the constructs. Regarding the total ng DNA/mL per well of the PCUU samples (no construct
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+ construct) vs. the control group, no significant di↵erences were found using the one-way ANOVA (p=0.106),
meaning no significant e↵ect on cell growth was experienced by the presence of the PCUU.

To determine whether the number of attached cells on the PCUU samples di↵ered significantly, the one-way ANOVA
test was again performed. When comparing all groups together through the one-way ANOVA, a slight statistical
significant di↵erence between groups was found (p=0.048). However, when determining which group di↵ered signif-
icantly by comparing groups individually to each other with the one-way ANOVA multiple comparison, using the
Tukey’s multiple comparisons test, no significant di↵erence was found. Although, M727 vs. M927 and M726 vs.
M927 approached significant di↵erence p=0.057, and p=0.087 respectively, indicating superior cell binding properties
of the M927. This change in significant di↵erence is due to the correction for multiple comparisons using statistical
hypothesis testing. This can make the di↵erence between just significant (p=0.048) and almost significant (p=0.057).
Conclusively, no significant di↵erence between groups was found.

The ratio between how many cells adhered to the surface of the well plate (no construct) and to the construct
(construct) is very dependent on the size of the well plate and the PCUU sample. Both provide a certain surface
area to adhere on. For the 48 wells plate, the bottom surface area is 1.000 cm2 [48]. The surface area of the ↵ 6
mm PCUU sample from top view is ⇡ ⇤ 0.32 = 0.283 cm2. However, the PCUU sample has more surface area when
regarding it as 3D. For our calculation we assume that cells can attach anywhere on the construct and anywhere on
the well plate. Then the total surface area of the 3D construct is topsurface+ bottomsurface+ sidesurface. The
sides create a surface area of (2 ⇤ ⇡ ⇤ 0.3) ⇤ 0.143 (perimeter ⇤ height) = 0.270 cm2, creating a total PCUU surface
area of 2 ⇤ 0.283 + 0.270 = 0.836 cm2. Making the PCUU surface area 45.5 % of the total potential surface area to
adhere on per well. If the cells would have no preference on where to adhere on, this should be the percentile ratio
between the ng DNA/mL ”construct” and ”no construct”. This was not reached in any of the PCUU samples in this
experiment (M927 was best with 37.5 %) Figure 9.

3.2 Experiment 2: ACPC attachment to PCUU

Materials and methods

The goal of this experiment was to test how well equine articular cartilage progenitor cells attached to the M927
PCUU. The donor used was EQ 19.002 p0. Besides di↵erent PCUU’s, cells and culture medium, all methods were
identical to experiment 1.

Results

Analyzing the results in Figure 9b, a large di↵erence between the total ng DNA/mL of the M927 and the control
can be observed. This observation is confirmed by performing a t-test with solid statistical significant di↵erence
(p=0.00002). Besides that, on average, 42.9 % of the cells attached to the PCUU which is close to the 45.5 % of no
preference.

3.3 Experiment 3: Equine chondrocyte attachment to PCUU

Materials and methods

The goal of this experiment was to test how well equine chondrocytes attached to the M927 PCUU compared to
the M524 PCUU as we initially had trouble attaching equine chondrocytes to the M524. During the initial M524
test, di↵erent culture methods were used than the ones described in experiment 1 and 2. We previously used 96 well
plates vs. the current 48 well plates, ethanol sterilization vs. UV sterilization, 1 week vs. 24 hours, and di↵erent
donors (EQ031, sp 12-08-2015 vs. EQ033, P0, sp 13-08-2015). It was investigated whether these di↵erent culture
methods were the cause of the poor adherence or that equine chondrocytes simply did not enjoy attaching to the
M524 or M927. The donor used was EQ033, P0, sp 13-08-2015. Besides di↵erent PCUU’s, cells and culture medium,
all methods were identical to experiment 1 and 2.
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Results

When evaluating the total amount of equine chondrocytes attached with the M524 and M927 compared to the control,
we can again observed a large di↵erence, Figure 9c. The one-way ANOVA test confirm this with reliable statistical
significant di↵erence (p=0.026). However, comparing the M524 to the M927, no statistical significant di↵erence was
found in total (p=0.997) and between adherence to construct (t-test, p=0.451). On average 37.9% (M524) and 42.4%
(M927) of the total chondrocytes attached to the PCUU which is a proper indicator that equine chondrocytes do
not avoid attaching to the PCUU as was found in early studies with the M524. Poor cell culture methods and/or
cell donor should therefore be the cause of the previously poor adherence.
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Figure 9: Results of experiment 1,2,3, displaying the ng DNA/mL detected in the control well and the di↵erent PCUU
sample wells for ATDC-5 (exp1), ACPC’s (exp2) and equine chondrocytes (exp3). PCUU bars show distinction
between the proportion of cells adhered to the well plate (no construct) and the proportion adhered to the construct
(construct).

3.4 Experiment 4: Wettability of PCUU

Materials and methods

In addition to the previous tests, a wettability test was performed with the M524, M726, M727, and M927 PCUU to
investigate whether potential di↵erences in cell attachment could be explained by di↵erence in wettability. Besides
that, it can be determined whether di↵erent production methods changed wetting behaviour.

Results

Although no o�cial statistical significant di↵erences were found between any attachment properties of the PCUU’s,
the M927 PCUU was approaching significant di↵erence in experiment 1 versus the M727 (p=0.057). Many factors
can change di↵erence in cell attachment properties and wettability is an important one of them. Figure 10 shows
the results of the wettability test performed. Absolutely no significant di↵erence was found between any of the
four PCUU’s (p=0.938) concluding that wettability has had no factor in potential di↵erences in cell attachment
properties. Besides that, production methods did not interfere with wettability of the PCUU.
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Figure 10: Wettability results of experiment 4, data derived from using the OCA 15EC.
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3.5 Experiment 5: Optimal hole diameter

Materials and methods

The goal of this experiment was to determine the optimal hole diameter in M927 PCUU constructs for equine ACPC’s
to grow into. The three di↵erent diameter holes (actual diameters: 188 µm, 319 µm, 741 µm) discussed earlier were
investigated. Each ↵ 6 mm PCUU sample received 7 hand punched holes of the particular hole diameter investigated,
Figure 11. All tests were done in triplicate. Cell culturing methods were identical to experiment 2, besides, culturing
was done for 14 days instead of 24 hours, changing medium twice a week. All constructs were placed with their
initial diameter facing up to identify di↵erences in bottom-up growth in each sample after culturing. After 14 days
of culturing, all samples were taken out of their well and carefully sagitally cut right through the middle of the holes
using a microtome blade under a microscope. These cut samples were then transferred to a fresh well and stained
with 4,6-diamidino-2-phenylindole (DAPI), see Appendix ”DAPI protocol” for further details. Fluorescent images
were taken with both the Leica SP8-X confocal microscope (Leica Microsystems, Germany) and the Olympus IX53.
Both microscopes derive images from the bottom allowing the microscope to look into the shaft of the cut hole when
constructs are flipped sideways generating useful images of the attached cells inside. Images were analysed using
ImageJ and number of cells per surface area was determined.

Figure 11: Top view close-up of ↵ 6 mm M927 samples with 7 punched 350 µm (a), 500 µm (b), and 1000 µm holes
(c). Image derived with Olympus SZ61.

Results

Microscopic fluorescence images after 14 days derived with the Olympus IX53 (2D) and Leica SP8-X confocal (3D)
can be found in Figure 13, 14 and 15. ACPC’s were found to adhere along the entire length of all diameter shafts.
However, they did not fill any of the holes completely, they merely attached to the walls of the holes, Figure 14. The
highest number of total cells can be found in the 741 µm shaft. However, the surface area for the cells to adhere on
is far larger on the 741 µm hole compared to the other two. Therefore, the number of cells per surface area has to
be calculated to determine the optimal hole diameter.

2D images derived with the Olympus IX53 were used to determine the cells per surface area with ImageJ software.
A surface area of 188 µm x 1166 µm, 90 µm from the bottom, in the middle of the shaft was analyzed in all three
diameter holes in triplicate, Figure 16. As ImageJ had trouble identifying individual cells when there were clustered,
it was chosen to determine the percentage of the surface covered with cells. ImageJ is able to converse all the cell
pixels to white and the background to black making it able to determine the percentage of white pixels versus black
pixels in a certain area, hence, determining the percentage of cells coverage, Figure 16.

Since all three diameter holes have di↵erent arc lengths, the examined surface area is di↵erent for all three shafts.
The percentage of cell coverage therefore needs to be adjusted to reflect the actual percentage of cells per surface
area. To determine the arc length (a) of the analyzed surface area the following formula can be used (2). Where ✓
is the angle of the analyzed arc in degrees and r is the radius of the hole.

Arc length of circle (a) =
✓⇡r

180
(2)
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✓ is known for the 188 µm hole since it is analyzed in its full 180 degrees. However, For both the 319 µm and 741
µm holes, the ✓ is unknown. This can be calculated using the circle to arc correlation model in Figure 12. We use
equation 3.

sin(
✓

2
) =

c/2

r
(3)

Figure 12: circle to arc length correlation model to determine the actual surface area for experiment 5 [49].

To calculate the total surface area, the arc length of the circle should then be multiplied by the length of the surface
area analyzed which is the same for all diameters (1166 µm). The final surface area for the 188 µm = 0.344mm2,
319 µm = 0.235mm2, and 741 µm = 0.222mm2. The adjusted percentage of cell coverage can be found in Figure
17. Both 319 µm and 741 µm performed significantly better than the 188 µm (p=0.009 and p=0.041). Nonetheless,
no significant di↵erence was found between 319 µm and 741 µm (p=0.446), although the highest mean score was
achieved with the 319 µm holes.

Figure 13: 2D microscopic side view of sagitally cut 188 µm (a), 319 µm (b), and 741 µm (c) shaft after 14 days of
culturing. ACPC’s stained with DAPI. Image derived with Olympus IX53.

Figure 14: 2D microscopic bottom view of 188 µm (a), 319 µm (b), and 741 µm (c) holes after 14 days of culturing.
ACPC’s stained with DAPI. Image derived with Olympus IX53.
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Figure 15: 3D microscopic side view of sagitally cut 188 µm (a), 319 µm (b), and 741 µm (c) shaft after 14 days of
culturing. ACPC’s stained with DAPI. Image derived with Leica SP8-X confocal.

Figure 16: Surface area of 188 µm (a), 319 µm (b), and 741 µm (c) hole analyzed in ImageJ for cell count to
determine optimal hole diameter.

Figure 17: Results of experiment 5, showing the percentage of cell coverage in all three di↵erent diameter holes.
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3.6 Experiment 6: Cytotoxicity of 3D printed constructs

Materials and methods

As the 3D printed PCUU constructs were printed from highly toxic solutions, it had to be determined whether
this had any e↵ect on cells. Accordingly, the goal of this experiment was to test the cytotoxicity of our 3D printed
constructs on ATDC5 cells. The 3D printed constructs used were 6.5 x 6.5 mm containing 8 layers printed with M727
and M927 PCUU, Figure 18. Both a negative and a positive control were included in this experiment. The negative
control consisted of a well just containing the cell/medium solution that was also added to the wells with constructs.
The positive control was a handmade 3DP construct replica made out of press molded PCUU that already had
proved in previous test not to evoke toxic response, Figure 18. This replica was made to mimic the 3DP construct’s
surface area, shape, thickness and weight. Firstly, the surface area and thickness of the 3DP was determined with a
digital caliper. Next, a replica was made from the surplus press molded PCUU on the edge of the disc as it turned
out to have very similar thickness to the 3DP, Figure 2. Next, it was calculated how the exact same surface area
could be achieved by using 4, ↵ 2mm punched holes in the replica as it mimics the shape of the 3DP. It was found
that a rectangular of 5.2 x 5.2 mm was needed for this and subsequently this was cut out with a scalpel. Lastly,
both constructs were weighted, 3DP= 2.1 mg, replica= 2,2 mg.

Figure 18: 3D printed construct (left) and 3DP replica (right), image derived with the Olympus SZ61.

Cells tests were performed by placing both the 3DP constructs and the 3DP replicas (UV sterilized) individually in a
well of a 48 well culture plate and 500 µL, 400.000 cells/ml medium was added to them and the negative control wells
before incubating for 7 days at 37 �C with 5% CO2 in an incubator, replacing medium once at day 3. Afterwards a
MTT assay was performed to derive the results. All tests were done in triplicate and as the plate reader was only
compatible with 96-well plates, the volume of each 48-well was transferred to two 96-wells generating six results per
test.

Results

The results of the MTT assay can be found in Figure 19. Better quality statistics compared to other experiments
could be performed on these results as n=6. Using the one-way ANOVA multiple comparison test we can conclude
that besides the M727 positive control, all other results exhibited significantly higher metabolic activity than the
negative control. Besides that, no statistical significant di↵erence was found between the 3D prints and the positives
controls (M727 p=0.234, M927 p=0.374). Taking this into account, we can conclude that there is no cytotoxic e↵ect
on cells caused by either M727 or M927 3D printed constructs. In fact, ATDC5 cells in a well containing a 3D printed
construct exhibit significantly higher metabolic activity than in wells without any construct.
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Figure 19: Results of experiment 6, showing the MTT absorbance (metabolic activity) of 3DP M727, M927 PCUU
with a negative and positive control.

3.7 Experiment 7: Whole blood assay

Materials and methods

A whole blood assay is a reliable, reproducible, fast and feasible method to asses the immune response against a
certain presented item or chemical [50]. In our case the whole blood assay was performed to asses the in vitro equine
cellular immune response to press molded PCUU samples and 3DP PCUU samples. The intensity of the cytokine
and chemokine response of IL-8, CCL-2 and TNF-↵ was measured with three di↵erent healthy equine blood donors
with both negative and positive control. M927 PCUU samples with 500 µm holes, without holes, and 3D printed
constructs were tested. For details on this test and protocol, please see Appendix ”Whole blood assay”.

Results

Results of the whole blood assay with TNF-↵, CCL-2 and IL-8 can be found in 20. Permanent implants like ours
should evoke the immune system least as possible to avoid in vivo infections and rejection. It is therefore desired
to have results as close to the negative control as possible. Performing the one-way ANOVA multiple comparison
test we can conclude that none of the plain, holes, or 3DP PCUU’s in any of the cytokines/chemokines di↵ered
significantly compared to the negative control, while all did di↵er significantly to the positive control. Comparing
to the negative control, closest p-value to significance di↵erence is reached at the CCL-2 comparing the plain versus
the negative control (p=0.461) which is still far from significant di↵erence. Looking at the positive control, lowest
significant di↵erence is found between the plain and positive control in the TNF-↵ analysis (p=0.002), which is still
a very convincing significant di↵erence. We can therefore conclude that all three types of modified M927 PCUU do
not, or hardly, evoke a immune response regarding these cytokines.
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Figure 20: TNF-↵, CCL-2, and IL-8 results of the whole blood assay with three di↵erent equine blood donors.
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3.8 Experiment 8: Mechanical testing

Materials and methods

The goal of this experiment was to determine the stress relaxation moduli of three di↵erent elastomer samples; the
previous elastomer produced by Symo-Chem B.V., M927 PCUU, and a 3D printed M927 PCUU sample. All tests
were done in triplicate. The 3D printed sample was a 32 layered 3D print with interfacial layers, Figure 21. Details
on the dimensions of the samples can be found in Table 3. Settings used on the DMA Q800 machine were identical
to Table 2.

Table 3: Descriptions and dimensions of DMA tested elastomer samples

Test Description Dimensions
1 Symo-Chem ↵ 3 x 2.93 mm
2 M927 ↵ 3 x 1.43 mm
3 3DP M927 ⇤ 8 x 8 x 0.80 mm

Figure 21: (a) Top view close-up of the M927 3D printed 32 layered construct. Image derived with Olympus SZ61.
(b) Slanted view of the M927 3D printed 32 layered construct

Results

The results of the DMA tests performed with the Symo-Chem elastomer, M927, and 3DP M927 can be found in
Figure 22. Stress relaxation moduli at G(1800) are considered as the compressive equilibrium modulus of the Symo-
Chem, M927 and 3DP M927 and were found to be 13.19, 10.34 and 0.22 MPa respectively. All individual graphs like
Figure 7 can be found in Appendix ”DMA results”. The goal of the elastomer part of the implant is to mimic the
mechanical properties of native articular cartilage while providing an excellent porous structure to facilitate optimal
cell ingrowth and adherence. According to Mow et al. human articular cartilage has an aggregate stress relaxation
modulus of 0.76 MPa [51]. The aggregate stress relaxation modulus is a modulus derived from a compressive stress
relaxation test and reflects the elastic modulus of the material at equilibrium when fluid has ceased flowing through
it. It is therefore closest to our compressive equilibrium modulus as exact numbers on human articular cartilage
equilibrium moduli were not found in literature.

Comparing the modulus of human cartilage to the M927 clearly shows that these are not similar. However, looking
at the modulus of the 3D printed sample it can be observed that the modulus drops drastically making it even lower
than that of cartilage, Figure 22. This provides opportunities as we desire a porous elastomer structure to enhance
ingrowth and adherence of cells while maintaining proper mechanical properties. Two methods of porosity are used
in this research; creating holes and 3D printing. For both of them it can be calculated what porosity and structure is
necessary to achieve similar mechanical properties of articular cartilage. A compressive equilibrium modulus of 1.0
MPa is set as the goal for the porous constructs as it is in the range of native articular cartilage and still provides
su�cient initial mechanical strength.
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Figure 22: DMA results of experiment 8, onset stress relaxation modulus G(0) and compressive equilibrium modulus
G(1800) are shown for the Symo-Chem elastomer, M927 PCUU and 3D printed construct of M927.

Punched hole mechanics

Considering equation 4 it can be noticed that stress (�) is a linear function of force and surface area. Looking at
equation 5 it can be seen that the stress relaxation modulus holds a linear relationship between stress and strain (").
Combining the two makes it clear that the stress relaxation modulus holds a linear relationship with the surface area
too. We can therefore calculate the needed surface area for the M927 to reach a modulus of 1.0 MPa. This can then
be translated to the amount of punched holes necessary. As the highest mean score of cell coverage in experiment 5
was achieved with 319 µm holes we use this diameter to perform our calculations.

� =
force

surface area
(4)

G(t) =
�(t)

"0
(5)

The surface area of our solid 6 mm diameter construct is 28.274 mm2 with a compressive equilibrium modulus of
10.34 MPa. To bring this modulus down to 1.00 MPa we should have a surface area of 1

10.34 ⇤ 28.274 = 2.734mm2.
Every punched 319 µm hole will diminish the surface area with 0.08 mm2, which will demand a total number of
holes of 28.274�2.734

0.08 = 320 holes while the maximum amount of 500 µm holes possible is 109 [52]. This diameter
of 500 µm is used in the calculation as the initial diameter of entrance in the PCUU is 500 µm and this diameter
will decide how many holes would fit next to each other. Even in the ideal situation where we could create perfect
parallel holes (319 µm) this number would not be su�cient as we could achieve maximum 272 holes [52]. Creating
272 holes in the construct would result in a modulus of 2.38 MPa. Although it would be approaching the desired 1.0
MPa, it is concluded that punching hole is unfeasible in creating cartilage like mechanical properties. Therefore, we
need to focus on 3D printing.

3D printing mechanics

The great benefit of 3D printing is that custom complex structures can be made with it. It also provides the
possibility of creating highly porous constructs with interconnecting pores. Predicting the mechanical properties
of these porous structures is dependent on many variables and not every structure is described in literature. We
therefore decided to determine the 3D printed structure needed to reach a 1.0 MPa modulus in two ways. Firstly, we
determine which shape and density a 3D print should posses to reach the desired modulus taking the solid PCUU’s
modulus as a reference. Secondly, we determine the density needed for the same architecture as the tested 3D print
to reach the desired modulus, taking the 3D printed construct’s modulus as a reference.
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The most complete description of mechanical properties of di↵erent porous structures were found in the book ”Cellular
solids” by J. Gibson and F. Ashby [53]. Mechanical properties of many di↵erent structures are described, including
honeycombs and squares. Therefore, these two porous structures will be discussed as potential 3D prints. Honeycombs
are known for their low weight-to-sti↵ness ratio and outstanding energy absorption characteristics making them widely
used in technological applications [54]. Furthermore, they are often used in 3D cell sca↵olds as they provide excellent
cell compatibility [55]. Besides that, creating a 3D print with honeycomb infill is very feasible using the RegenHU
bioprinter together with the solved PCUU as honeycomb is one of the basic infill patterns. A square infill is most
simple and already achieved to print with our PCUU and solvent mixture.

The equation for out of plane compression of square cell solids as described in the book by J. Gibson and F. Ashby
can be found in equation 6. The equation for out of plane compression of honeycomb cell solids can be found in
equation 7.

E3

Es
= (

2

cos↵(1 + sin↵)
)
t

l
=

⇢

⇢s
(6)

E3

Es
= (

h
l + 2

2(hl + sin↵)cos↵
)
t

l
=

⇢

⇢s
(7)

E3= elastic modulus (stress relaxation modulus) of 3D printed construct (MPa)

Es= elastic modulus (stress relaxation modulus) of solid M927 PCUU (MPa)

↵ = the angle between two inclined members of the cellular structure (degrees)

t= wall thickness (mm)

l= length of the inclined members of the cellular structure (mm)

⇢s= density of solid M927 PCUU (set as 1)

⇢= density of 3D printed construct (relative to ⇢s)

h= height of the inclined members of the cellular structure (mm)

For both the honeycomb and rectangular infill we can determine the necessary 3DP density to reach the desired
modulus. Since E3=1.00 MPa, Es= 10.34 MPa and we set ⇢s=1.00 we can simply calculating the ⇢ using formula
6 or 7, ⇢=0.085. Now we can determine the length of the inclined member of the square structure (l). In squares
↵=0 �and the optimal wall thickness (t) achieved in any of our 3D prints was measured to be 0.15 mm, these values
are taken into calculations. Filling in these values in equation 6 we can calculate the length of the inclined members
of the square, which is l=3.55mm. Next, we can determine the length of the inclined member of the honeycomb
structure (l). Most often in 3D printing a hexagonal infill is used which is a honeycomb with the exact same height
and length. In hexagons the ↵= 30 �. By filling in these values into equation 7 we can calculate the length of the
inclined members of the hexagons, which was computed to be l=1.79mm. Both lengths of the inclined members of
the square and hexagon would be very large compared to our optimal hole diameter to achieve our goal. Based on
these calculations, it has to be concluded that solid wall 3D printing in squares or hexagons in unfeasible to reach
our combined goal of a 1.0 MPa modulus while creating porosity in the range of desired pore size.

Lastly, we determine the structural properties of a 3D print with the same architecture we used in our 3D print
experiments. The sample used in the DMA test can be seen in Figure 21 and its architecture can be seen in Figure
6. The main di↵erence between this print and the described prints in the previous calculations is that this print does
not have solid walls, it has interfacial layers creating side porosity. This will inevitable result in lower mechanical
compressive resistance. The 3D printed construct used in our DMA tests had a length of inclined members (l) of 2.0
mm, wall thickness (t) of 0.25 mm and a compressive equilibirium modulus (G(1800)) of 0.33 MPa. Unfortunately,
no equation or description of this particular architecture was found in literature. However, from equation 6 and 7 we
know that density and elastic modulus have a linear relationship. This relationship is also applied for the following
calculations.
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For the modulus to increase from 0.33 MPa to 1.00 MPa, we have to increase the ⇢ three times. This would lead to a
reduction of the length of in the inclined member from l= 2.00 mm to l= 0.67 mm. By optimizing the wall thickness
from the current t= 0.25 mm to our finest wall thickness achieved of t= 0.15 mm, this would lead to a further
reduction of the ”l” by 40%. All together, this would generate a length of the inclined members of l= 0.40 mm. This
length combined with the wall thickness of t= 0.15 mm would results in a pore size of 0.25 mm. This is well within
our range of best performing pore sizes (319-741 µm). Conclusively, 3D printing with interfacial layer architecture is
feasible in achieving our goals of mimicking the mechanical properties of cartilage while creating optimal pore sizes
for cell ingrowth and adherence.

4 Discussion

Osteochondral repair remains a great challenge in both humans and animals, especially in large animals such as the
horse. Given the complex hierarchical structure of the osteochondral tissue, there are many key challenges to be
overcome. Common issues include insu�cient mechanical properties of sca↵olds, step formation at the interface with
native tissue and inadequate integration with the surrounding tissue [19]. In general, no long term restoration of
functionality has been achieved [9]. This study aimed to elaborate on the work of Korthagen et al. [19] who encoun-
tered obstacles in their in vivo studies as well. Especially connecting the covering cartilage tissue to the elastomer
part of the implant was found to be problematic. Therefore, this study focused on improving the elastomer part of
a PEKK and poly-carbonate-urea-urethane implant in order to improve cell binding properties and to optimize the
elastomer’s mechanical properties tot mimic native articular cartilage. In vitro tests were performed in preparation
for future equine in vivo trials.

One of the main di↵erences between this research and the research by Korthagen et al. is the di↵erent source
and production method of the elastomer. The current producer Polyvation B.V. had to reinvent the wheel on
the elastomer production which SyMO-Chem already had done. Besides that, this production process had to be
optimized. Accordingly, our elastomer material is di↵erent from that of Korthagen et al. making all in vitro
experiments done by Korthagen et al. obsolete for our research. We can therefore conclude this is rather a new
implant based on previous findings than a modified version of Korthagen et al’s. Furthermore, new batches of PCUU
made experiments with earlier batches obsolete too. The final M927 batch is therefore decisive on the performance of
the elastomer. Besides experiment 1, where we investigated the di↵erences in cell adherence properties of the M726,
M727 and M927, all other experiments with batches of PCUU di↵erent from the M927 merely functioned as an extra
control group.

As the initial cell adherence experiments with equine chondrocytes showed poor adherence of the cells, we switched
to ATDC5 cells since they are known for their excellent binding properties and still exhibit chondrogenic behaviour.
However, when we later performed another experiment with equine chondrocytes (experiment 3) we actually obtained
very decent adherence results. We must therefore conclude that culturing methods or cell source were the cause of
the initial poor adhesion and not the inability of PCUU to bind equine chondrocytes. This flaw actually improved
our quality of research as we did not test one cell type but three. The favorable results in all three cell type
experiments strengthens the confidence in a favorable in vivo outcome as it is unknown which cells exactly cause
cartilage regeneration [7]. Furthermore, the largest percentage of cells that adhered to the PCUU versus the well
plate was found with cartilage progenitor cells (42.9 %), a cell type believed to initiate cartilage regeneration [23].
This abundant cell adherence is visually confirmed by Figure 14 showing the total area of the PCUU construct
covered with DAPI stained ACPC’s. All together, this provides excellent cell binding prospects for the in vivo study.

Statistical tests were performed to evaluate the significant di↵erence of our results. However, it can be questioned
how reliable statistical tests such as an unpaired t-test or an one way ANOVA test are when using small sample
sizes. Actually, in general, statistics in many publications can be questioned. John P.A. Ioannidis even goes as far as
stating ”Most published research findings are false” [56]. The statistical outcome is dependent on many factors such
as; test of choice, sample size, group comparison of choice, and bias. It is therefore very di�cult to draw the line of
statistical significance and non statistical significance. Typically, this line relies on a significance level (↵) of ↵= 0.05,
where p-values below 0.05 indicate statistical significant di↵erence and above non di↵erent. However, this threshold
is arbitrary as the significance level can be set higher or lower depending on which research you study [57]. In this

24



Master thesis J.A. van Aken - 4507460 Biomedical Engineering, TU Delft

research ↵= 0.05 was used as it is most common. However, the reliability of our conclusions based on p-values close
to this threshold can be questioned. Low statistical power studies like ours reduce the chances of detecting a true
e↵ect. It can both lead to conclusions of statistical significant di↵erence where none exists in reality as well as the
other way around [58]. For instance, comparing M726 versus M927 in experiment 1 showed a p-value of 0.057, which
is not a statistical significant di↵erence. However, how clear is it that there is no statistical di↵erence? Perhaps the
same experiment with a larger sample size would point out significant di↵erence. We should therefore be careful
drawing conclusions from p-values approaching 0.05 with our small sample size.

Taken the above into account we cannot draw hard statistical significant conclusions from the results of experiment
1. However, we can observe that the mean average value of cells attached to the M927 PCUU versus the M726
and M727 is higher. Theoretically, this corresponds with literature findings. Firstly, M927 uses DMSO as a solvent
during production compared to DMAc used in M726. DMAc induces a far greater toxic response to cells compared
to DMSO in low concentrations [59] [60]. As it cannot be assured that absolutely no solvent residues are present
in the PCUU, DMSO should be more ”cell friendly” than the DMAc. Secondly, M927 is produced without a tin
catalyst, which is used in both M726 and M727. Tin is known to have toxic e↵ect on cells and tin residues are
therefore undesired to be present in the elastomer [61]. Taken these literature findings into account together with the
higher mean average value of M927 versus M726 and M727 makes the production optimization of replacing DMAc
by DMSO and removing the tin catalyst is justified. Although not o�cially significantly di↵erent, all signs point
towards superior cell binding properties of the M927 versus the M726 and M727.

Cell adherence properties of the PCUU were evaluated by comparing how many cells adhered to the well plate versus
the PCUU construct. It was chosen that the potential surface area to adhere on was identical to the total surface
area of the well plate and the PCUU construct individually. However, this is not a true reflection of reality. When
cells are seeded in the well plate from suspension they encounter gravity and descend to the bottom ending up either
on top of the PCUU construct or on the bottom of the well plate, rather than the sides of the construct. From there
cells start to adhere and proliferate and can attach to the side of the PCUU as well. Nonetheless, this makes the side
less prone to cell attachment. Besides that, the PCUU construct is not fixed to the well plate and can move around
freely through the well making it possible for cells to adhere on the bottom of the PCUU as well as the well plate
area below the construct. During the removal of the construct out of the well it is unknown what portion of cells
adheres to the PCUU and what portion to the well plate area underneath the construct. Taken both circumstances
into account, it was decided that the closest approximation could be achieved by designating all surface areas as
potential surface area to adhere on. Bearing in mind that the growth area of the cell culture well plates are optimized
for cell attachment and still a large portion of cells adhered to the PCUU, experiment 1, 2, and 3 show excellent
results [62].

To really anchor the neo-tissue layer on top of the implant, more than just cell adherence is necessary. Porous PCUU
architectures allowing ingrowth of tissue was investigated by 3D printing and punching holes. Proper printability
of the PCUU solvent was found to be challenging and demanded a great deal of optimization. Furthermore, the
formation of gas bubbles after printing due to evaporation of the solvents was worrisome since the solvents are
toxic to cells. After a thorough optimization process both the printability and bubble formation could be controlled
adequately and proper medium-resolution prints with 32 layers were achieved. However, to produce more complex
and higher resolution 3D prints more research has to be done. Therefore, the main focus on in vitro tissue anchoring
experiments layed on punched holes. To determine the optimal diameter of them, the outcome of experiment 5 relied
on the percentile coverage of cells in a designated area. This was done as the indivual cells could not be quantified
due to clustering. Since the average ACPC size should be similar in all three diameters, our approach of percentile
coverage should deliver trustworthy results. Both 319 µm and 741 µm had a significantly larger percentile coverage of
cells than the 188 µm. Although not statistically significant, the highest mean score was found in the 319 µm holes.
This is in line with literature findings described in section 2.4 where 300-500 µm pores were found to be optimal for
chondrocyte ingrowth and behaviour [33], [14], [34]. Considering this range, the 741 µm diameter performed very
well being significantly out of the expected optimal range. We therefore hypothesize that the optimal diameter for
cell ingrowth lies somewhere between 319 and 741 µm, further research should prove our hypothesis.

Besides the largest percentage of cells covering the shaft area, more aspects are important for choosing the opti-
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mal diameter. Firstly, cells should be able to quickly fill the complete diameter and length of the hole to ensure
proper anchoring. Secondly, more holes per surface area provides increased anchoring points leading to an improved
distribution of anchor points providing superior resistance against stresses in multiple directions. Lastly, cartilage
phenotype and extracellular matrix production have previously been reported to change in di↵erent hole diameters.
A 270 µm hole diameter was found to be optimal to produce cartilage like tissue that produced collagen type II
and GAGs. Larger diameter holes (620 µm) were found to generate inferior fibrous cartilage tissue producing less
collagen type II and GAGs compared to the 270 µm [32]. All three arguments are in favor of the 319 µm holes
compared to the 741 µm holes. One of the initial concerns of tinier holes was the capability of cartilage to di↵use
nutrients all the way to the bottom of very narrow holes. However, according to Maroudas et al. nutrient di↵usion
should not be an issue in any of the holes as nutrients can di↵use from the synovial fluid into the cartilage up to 3.0
mm in depth [63]. The total depth of the implant consisting of a 0.8 mm deep hole together with a 0.5 mm layer of
neo-tissue on top (total 1.3 mm) is not expected to be troublesome. As it was decided to use only one diameter hole
for the in vivo study, one had to be chosen. Taken the highest mean average score of the 319 µm hole into account
together with the arguments above, 319 µm was chosen for future in vivo studies.

It is fundamental for a permanent implant to not evoke a toxic or immunological response when exposed to the body
or bodily fluids. In vitro experiments can test this to a certain extend. Experiment 6, where the cytotoxicity of 3D
printed constructs was analysed with a MTT assay is one of these methods. No cytotoxic e↵ect on cells was found
caused by 3D printed constructs. This was however performed in a static test. One of the major concerns of the
3D prints is the presence of trapped evaporated solvent bubbles. During loading these bubbles may burst releasing
potential toxic gasses into the body. Future experiments where mechanical loading of the 3D prints is combined
with cell culturing is necessary to validate the biocompatibility of the 3D printed constructs further. Another
tests performed to determine the biocompatibility of the PCUU constructs and 3D prints is the whole blood assay.
Excellent results were derived as none of the plain, holes or 3DP PCUU’s stood out of the negative control in any of
the cytokines. Although in vitro results are promising, in vivo studies should determine the actual biocompatibility
of the elastomer.

One of the key features of the elastomer part of the implant is the proposed similarity in mechanical properties
with native cartilage. In order to compare mechanical properties of di↵erent elastomers and native cartilage, a
comparable type of elastic modulus should be found. As a results of the viscoelastic properties of both the elastomer
and native cartilage, an equilibrium modulus was sought after. For the elastomers, the stress relaxation moduli
in G(1800) were determined as the compressive equilibrium modulus since after 30 minutes stress was approaching
equilibrium. However, our tests with fresh equine cartilage were fruitless as the samples dried out quickly during
testing. Literature was therefore consulted to find a comparable human cartilage modulus. The closest comparable
modulus was found in a paper by Mow et al. who performed stress relaxation tests on human cartilage determining
the intrinsic aggregate stress relaxation modulus [51]. This modulus is determined at the point of a stress relaxation
test where fluid has ceased flowing through the cartilage and equilibrium is reached. It is therefore comparable to
our compressive equilibrium modulus. Mow et al. found this modulus to be 0.76 MPa. As the goal of the elastomer
part is to approach native cartilage, the goal for the compressive equilibrium modulus was set to be 1.0 MPa.

Korthagen et al. mentioned that their elastomer had mechanical properties approaching that of native cartilage
[19]. However, our DMA tests have found very di↵erent properties for both their elastomer and our new PCUU.
Previous similar mechanical tests by Korthagen et al. found that the Symo-Chem elastomer exhibited a compressive
equilibrium modulus (G1800) of 3.14 MPa, where we found this to be 13.19 MPa. This could be due to the three-
year improper storage of the material where UV and dehydration might have a↵ected the elastomer. Therefore, our
results on the Symo-Chem elastomer might not be a true reflection of its former mechanical properties. Even so,
a G(1800) of 3.14 MPa is still more than four times that of native articular cartilage and it can be discussed if it
matched the term “approaching the mechanical properties of native cartilage”. More importantly are the mechanical
properties of the M927. Its G(1800) was found to be 10.34 MPa which is far larger than that of native cartilage
(0.76 MPa). Reducing this modulus by creating vertical aligned punched holes was found to be unfeasible. However,
we did not discuss combining these vertical aligned holes with interconnecting horizontal holes from the sides. This
would drastically reduce the equilibrium modulus as side holes would remove large parts of the vertical PCUU pillars
providing mechanical strength. It would also improve the anchoring potential of the implant. However, creating
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side holes extended the scope of our research as they should perfectly interconnect with the vertical holes to ensure
evenly distributed mechanical properties and proper di↵usion of nutrients. This was unfeasible as the holes were
hand punched and creating more than 14 vertically aligned 500 µm holes in a 6 mm diameter sample was already very
challenging, let alone create many more holes with perfectly interconnecting horizontal side holes. Future research
with more advanced hole creation methods should determine the feasibility of this concept.

3D printing with interfacial layers was found to be feasible to approach the mechanical properties of native cartilage
while being in the range of optimal pore sizes for cell ingrowth and adherence. This was based on the stress relaxation
tests performed on a 32-layered M927 3D print. To reach the goal of a 1.0 MPa modulus the resolution of the print
has to increase significantly. The combination of both reducing the wall thickness and the pore size is thought to be
challenging due to the tough printability of the solved PCUU. However, certainly not impossible as according to our
calculations we can already feasibly reach a pore size of 250 µm. This leaves room for lower resolution infill pattern
and/or larger wall thickness making printing even more feasible. Besides that, the current infill used is rectangular.
Other infills such as honeycomb or triangular should be investigated to achieve proper mechanical properties while
providing excellent cartilage cell circumstances. Future 3D printing experiments should determine the feasibility of
3D printing as a solution to create the porous elastomer part of the implant.

In both punching holes and 3D printing the elastic modulus was determined regarding an ”empty” structure. In
vivo, the porous structure should be filled and covered with cartilage (like) tissue over time which will alter the
mechanical properties along the way. Since the implant is directly part of the cartilage tissue and its mechanics
after implantation, the implant should deliver proper mechanical strength straight away. As a results, the final
compressive equilibrium modulus will be higher than the ”empty” elastomer part of the implant before implantation.
This is preferred to a too flexible implant directly after implantation as it can be deformed during loading by the
surrounding cartilage leading to poorer ingrowth and binding properties.

The first equine in vivo trials will be performed with an implant with an elastomer part containing 14, 319 µm
aligned vertical holes. These holes are created with a 500 µm micro punch. Figure 11 shows the cross section of how
these will look. At initial contact the hole diameter will be 500 µm which quickly converges to 319 µm when entering
the PCUU further. This causes a convex shape at the top part of the elastomer’s hole. This can be used to our
advantage by flipping the elastomer part upside down for the production of the in vivo implant. This convex shape
at the bottom of the hole will result in improved anchoring after ingrowth of tissue. This will subsequently results
in extra resistance against detachment by shear forces increasing the quality of our implant. The in vivo results will
be extremely valuable to verify our in vitro outcomes. When successful, this could be a huge step forwards in the
functional treatment of osteochondral defects and degenerative joint diseases. It can therefore have an enormous
societal impact as so many people su↵er from these defects and diseases worldwide.

5 Conclusion

The in vitro outcomes of this study are promising for future in vivo experiments. The poor in vivo binding properties
of the previously used elastomer in the study by Korthagen et al. were tackled by a newly produced PCUU elastomer
and creating porosity. Both 3D printing and punching holes have great potential in creating porosity and physi-
cally anchoring the neo-tissue that grows into the elastomer part of the implant. Besides excellent cell facilitating
properties, the PCUU is desired to approach the mechanical properties of native articular cartilage. However, the
compressive equilibrium modulus of PCUU was found to be significantly higher than native cartilage. Nonetheless,
By creating porosity this modulus could be reduced to match native cartilage.

The optimal diameter of vertically aligned punched holes was found to be 319 µm. Not only provided this diameter
optimal circumstances for cartilage to grow into, it also optimized anchoring potential. However, it was proved to be
unfeasible to achieve the desired mechanical properties by just creating vertically aligned holes. Future research with
interconnecting horizontal side holes should be conducted to reduce sti↵ness of the PCUU construct even further to
approach that of native cartilage. 3D printing techniques were found to be feasible in providing both excellent cell
facilitating properties as mechanical properties. Although decent 3D printed constructs were produced and tested
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in this study, further research is needed to produce higher resolution prints to function as the elastomer part of the
implant in vivo.

Both punched and 3D printed PCUU samples were tested for toxicity and immune response. Both tests derived
excellent results and no signs of toxicity or undesired immune response was detected. These results combined with
the excellent cell binding properties of the PCUU strengthens our confidence in favorable in vivo outcomes. Future
in vivo trials should verify our hopeful in vitro results.
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6 Appendix

6.1 Equine chondrocytes

The equine chondrocytes used were previously isolated under sterile conditions from macroscopically healthy sti-
fle joints of warmblood horses that were euthanisedin the Department of Equine Sciences, Faculty of Veterinary
Medicine, Utrecht University, the Netherlands. Cartilage was digested overnight in type II collagenase (Worthington
Biochemical Corporation) at 37�C and the resulting cell suspension was filtered and washing in phosphate-bu↵ered
saline (PBS, Gibco, USA) and stored in liquid nitrogen until use. Two di↵erent donors were used in our experiments.

1. EQ031, P0, sp 12-08-2015

2. EQ033, P0, sp 13-08-2015

Both donors were cultured with cell culture medium consisting of: Dulbeccos Modified Eagle Medium (DMEM)(high
glucose, GlutaMAXTM, pyruvate) (Gibco, USA) with 10% Fetal Bovine Serum (FBS) (Biowest, France), 10 µl/ml
penicillin/streptomycin (pen/strep)(Gibco, USA), 5µl/ml l-ascorbic acid-2-phosphate (ASAP)( Sigma, USA), 1µl/ml
beta-Fibroblast Growth Factor (�-FGF)(R&D Systems, USA), and 5µl/ml Fungizone (Gibco, USA). From now on
referred to as ”chondrocyte medium”.

6.2 ATDC5 cells

ATDC5 cells were in stock in the Hubrecht laboratory and years ago received from another department. No o�cial
source is known. ATDC5 cells were cultured with: DMEM (high glucose, GlutaMAXTM, pyruvate) (Gibco, USA)
with 10% FBS (Biowest, France) and 1 µl/ml pen/strep (Gibco, USA). From now on referred to as ”ATDC5 medium”.

6.3 Equine articular cartilage progenitor cells

Our equine cartilage progenitors were isolated from healthy donor cartilage that was harvested in the same way as
described in Appendix ”Equine chondrocytes”. The sample used was EQ 19.002 P0. Before storing the donor equine
chondrocytes in liquid nitrogen an aliquot of the total harvest was used to isolate the progenitors. The aliquot was
plated down as a full-depth chondrocyte population (total cell mass from surface, mid and deep zones) and subjected
to a fibronectin adhesion assay as described by Williams et al. [64]. Afterwards, six well plates were coated with 10
mg/ml fibronectin (FN) (Sigma, UK) in 0.1 M phosphate bu↵ered saline (PBS, pH7.4) (Gibco, USA) containing 1
mM MgCl2 and 1 mM CaCl2 overnight at 4�C. Isolated full-depth chondrocytes (4000 cells/ml) were seeded onto the
coated plates for 20 min at 37�C in DMEM. After 20 mins, media and nonadherent cells were removed. All adherent
cells were afterwards harvested and considered as ACPCs.

Equine cartilage progenitors were cultured with: DMEM (high glucose, GlutaMAXTM, pyruvate) (Gibco, USA)
with 10% FBS (Biowest, France), 10µl/ml pen/strep (Gibco, USA), 5µl/ml ASAP (Sigma, USA), and 1µl/ml �-
FGF (R&D Systems, USA). From now on referred to as ”progenitor medium”.

6.4 Surface treatments

Goal

Test multiple M524 PCUU surface treatments to improve ATDC5 cell binding properties and/or hydrophilicity.

Materials and methods

• PCUU (M524)

• Symo-Chem elastomer

• ATDC5 P18, 11/11/18

• Constructs sterilized with UV in the UV crosslinker at 39.5 mJ/cm2 both sides
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• Mili-Q water

• ATDC5 medium

• 10 ml glass vial with lid

• Surface treatments:

– 0.1% TFA in DCM (5 min), (Sigma-Aldrich, USA) (Honeywell, USA)

– 100% DCM (5 min), (Honeywell, USA)

– Alkali (NaOH, 5M, 60 �C, 8 hours), (Sigma-Aldrich, USA)

– 100% Chloroform (5 min), (VWR chemicals, the Netherlands)

PCUU samples were first treated with the surface treatment in the stated concentrations and time. Afterwards all
PCUU samples were washed in a mili-Q water bath overnight at 40 �C. Afterwards they were sterilized with UV.
As a control, an untreated M524 sample was taken into research. Ethanol, and EtO sterilized samples were included
as well to investigate whether sterilization method had obvious influence. All test were done with n=1. Results
were analyzed with the DNA Qubit, please see Appendix ”DNA Qubit assay” for details. Wettability tests were
performed as well to investigate whether this had influence on cell binding properties.

Results

Results for the Qubit assay can be seen in Figure 23. Results for the wettability test can be found in Figure 24. As
n=1 we were searching for outstanding results which we could build on in further research. However, no outstanding
improvement in cell binding was found in any of the surface treatment. Besides that, no obvious correlation between
cell binding properties and wettability was found. We therefore terminated this side track of research.
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Figure 23: displaying the ng DNA/mL detected in the control well and the di↵erent PCUU sample wells for ATDC5
cells. PCUU bars show distinction between the proportion of cells adhered to the well plate (no construct) and the
proportion adhered to the construct (construct).
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Figure 24: Wettability results of di↵erent surface treatments. Data derived from the OCA 15EC.

6.5 3D print optimizations

Goal

Optimize the printability of M727 PCUU with di↵erent TFA/DCM concentrations and PCUU/solvent ratios.

Materials and methods

• M727 PCUU

• TFA

• DCM

• 10ml glass vial with lid

• 3ml bioprint cartridge

• 27G transparent nozzle

Seven di↵erent ratios were used and analyzed:

1. 400mg PCUU in 2ml 50/50% TFA/DCM

2. 400mg PCUU in 2ml 10/90% TFA/DCM

3. 350mg PCUU in 2ml 10/90% TFA/DCM

4. 350mg PCUU in 2ml 5/95% TFA/DCM

5. 360mg PCUU in 2ml 10/90% TFA/DCM

6. 360mg PCUU in 2ml 5/95% TFA/DCM

7. 360mg PCUU in 2ml 2/95% TFA/DCM

This experiment consisted on two test. Firstly, can the solvent completely dissolve the PCUU homogeneously,
Secondly, how many and how large bubbles are formed after printing. The same eight-layered print was performed
with all di↵erent mixtures, Figure 25, 26. The parameters used were; pressure: 79 KPa, print speed: 15 mm/s, layer
height: 0.03mm. Results were optically analyzed.

Results

From the first test it became apparent that any concentration of TFA below 5% were not capable of solving the
PCUU completely and anything above 10% was too aggresive as it turned a more yellowish colour and it a↵ected
the print nozzle. Besides that, 350mg PCUU led to a too liquid gel and was removed as a potential optimal mixture.
During bubble tests we found that all 10% TFA mixtures caused significantly more bubbles than the 5% TFA, Figure
25, 26. Least bubbles were found with a mixture of 360mg PCUU 5% TFA/DCM. Further optimization is necessary
to find the absolute optimimum.
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Figure 25: 8-layered 3D print with 360 mg PCUU in 5% TFA/DCM.

Figure 26: 8-layered 3D print with 360 mg PCUU in 10% TFA/DCM.

6.6 3D print wash protocol

Goal

Remove residue solvents from 3DP PCUU constructs

Materials and method

• Vacuum machine

• 70% ethanol

• Mili-Q water

• Constructs sterilized with UV in the UV crosslinker at 39.5 mJ/cm2 both sides

• Plain DMEM medium with 1 % p/s

• 20 ml glass vial with lid

• magnetic stirring rod

Place the construct in the vacuum machine at 600mbar for 1h directly after printing. Wash the sca↵old overnight
with 15 ml, 70% ethanol with a stirring rod at 300rpm. Take out the construct and wash for 2h with 15 ml Mili-Q
water and change to a fresh batch of water and leave overnight, again add a stirring rod at 300rpm. Sterilize the
construct for 30 min per side with UV (39.5 mJ/cm 2). Leave the samples in 2 ml medium for a minimum of 24h
and change medium once a day and at least twice in total.
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6.7 MTT assay

Materials and methods

• Thiazolyl blue tetrazolium bromide (Sigma-Aldrich, USA)

• Plain DMEM medium

• DMSO (Honeywell, USA)

• VersaMax reader (Molecular Devices, USA)

Make a 0.5 mg/ml solution of thiazolyl in DMEM and push through a 0.22 µm filter to make sterile. Aspirate the
medium from the cell culture wells and add 100 µl (96-well) or 300 µl (48 well) of the solution to each well. Incubate
for 2 hours at 37 �C in an incubator with 21 % O2, 5% CO2. After 2 hours, aspirate the solution and add 100/300
µl DMSO to each well. Incubate under same circumstances for 30 minutes. Add in the same amount of wells as the
sample size plain DMEM as a negative control and measure outcome values in the VersaMax (Molecular Devices,
USA). If a 48-well was used, transfer the volume of each well evenly over two 96-wells as the Versamax only reads
out 96-wells plates. Settings Versamax: Endpoint, wavelength: 595 nm, shake 2 sec before reading.

6.8 DNA Qubit assay

Materials and methods

• HBSS (Gibco, USA)

• 0.05 % Trypsin EDTA 1x (Gibco, USA)

• DMEM with FBS

• TE bu↵er with 0.1% Triton (Sigma-Aldrich, USA)

• Qubit dsDNA BR assay kit (Invitrogen, USA)

• Qubit 2.0 Fluorometer (Invitrogen, USA)

After the appropriate culturing time, take out the PCUU constructs out of the well with sterile tweezers and place
in a new clean well. Wash both the constructs and the original well twice with HBSS and remove. Add 300 µl
(96-well) or 500 µl (48-well) Trypsin per well and incubate for 10 min. Add 300/500 µl medium with FBS to trop
the trypsin reaction. Transfer to a 1 ml vial and centrifuge at 500g for 5 min (2300 RPM Eppendorf centrifuge).
Remove supernatant and resuspend in 100 µl TE bu↵er. Incubate the cells for 15 minutes on ice and vortex once.
Start Qubit dsDNA BR assay according to the delivered protocol [65]. We used 20 µl sample to 180 µl working
solution.

6.9 Wettability test

Materials and methods

• Demi water

• PCUU construct

• OCA 15EC (DataPhysics Instruments, Germany)

Place the PCUU sample in focus on the OCA machine and carefully pippet 5 µl of demi water on top of the construct
(in the middle). Perform a sessile droplet test on the machine and let the software calculate the contact angle.
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6.10 DAPI protocol

Materials and methods

• 1 mg/ml 4’,6-diamidino-2-fenylindool (DAPI)

• PBS

Make a DAPI/PBS solution by adding 20 µl DAPI to 1980 µl PBS. Add 300 µl DAPI/PBS solution to each 48-well
and incubate for 20 minutes. Aspirate the solution and wash once with PBS and add a new batch of 300 µl PBS.
Image with a fluorescence microscope.

6.11 Whole blood assay

Blood of three healthy equine donors was collected using heparin as an anti-coagulant (Greiner Bio-One, VACUETTE
TMlithium heparin tubes, 9 ml, catalog number 95057-415). The blood was diluted 6 times (v/v) with culture medium
(RPMI 1640 glutamax without additives) and 600 µl was added to the wells of a 48 wells plate (Greiner bio-one,
Cellstar 48 Well Cell Culture Plate, Cat.-No. 677 180). Materials were added to the wells and to control wells only
containing medium. In the negative control only medium was added to the blood. lipopolysaccharide (LPS) was
added as a positive control. The plate was then incubated for 18 hours in at 37 �C and with 5% CO2 in an incubator.
The next day the contents of the wells were transferred into 1,5 mL eppendorf tubes and centrifuged at 500G for 5
minutes. The supernatant was transferred to micronic storage boxes and frozen at -80 �C until analysis.

Supernatants were analysed using enzyme-linked immunosorbent assays (ELISAs) against IL-8, CCL2, and TNF-↵.
IL-8 and CCL2 were do-it-yourself ELISA-kits from Kingfisher Biotech (KFDIY0702E003 and KFDIY0694E003,
respectively) using in-house developed protocols based on the instructions provided by the supplier. TNF-↵ was
measuring the ELISA kit from Thermo Scientific (ESS0017), according to the manufacturer’s instructions. In short,
coating antibody was diluted in carbonate-bicarbonate bu↵er, pH 9.6 and 100 µl was added to each well of Greiner
Microlon 96-wells ELISA plates. After overnight incubation at room temperature, plates were emptied and blocked
by filling them with PBS 1% Bovine Serum Albumin (BSA) and incubating for 2 hours. Then, plates were emptied
and 100 µl of sample or standard was added to the wells and incubated for 1 hour. The standard was prepared
in culture medium using a 2-fold dilution series. Plates were washed four times with PBS 0,05% Tween 20 and
then 100ul of detection antibody diluted in PBS 1% BSA was added to the plates and incubated for 1 hour. After
washing, 100ul of Streptavidin-HRP working solution (12.5 ng/ml) in PBS 1 % BSA was added for 30 minutes. After
a final washing, 100 µl of ready-to-use TMB substrate solution was added for 20-40 minutes until su�cient color had
developed followed by 100 µl of 0.18M H2SO4 stop solution. Absorbance was measured on a VERSAmax microplate
reader (Molecular Devices) at 450 nm (with 540 nm measurement for background correction). Results were analysed
by using a 4-parameter plot of the standard curve to calculate the sample values.

6.12 DMA results

Five di↵erent samples were tested for stress relaxation test in the DMA Q800 (TA instruments, USA). Their di-
mensions can be found in Table 4. Final results can be found in Table 5. Individual stress relaxation curves of the
di↵erent samples van be found in Figure 27 - 31. Results of the cartilage sample are included in this appendix, but
failed and are left out of consideration in the actual study.
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Table 4: Dimensions of the tested samples for DMA test

Table 5: Stress relaxation tests results, onset stress relaxation modulus (G(0) and compressive equilibirum modulus
G(1800) are shown.

Figure 27: DMA Stress relaxation curves of Symo-Chem elastomer
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Figure 28: DMA Stress relaxation curves of M901 PCUU

Figure 29: DMA Stress relaxation curves of M927 PCUU
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Figure 30: DMA Stress relaxation curves of M927 3DP

Figure 31: DMA Stress relaxation curves of equine cartilage
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