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Abstract 

Osteoarthritis and osteochondral defects are ailments that are increasing in 
frequency as the lifespan of the population increases and sedentary lifestyle 
becomes more common. Osteoarthritis is an inflammatory disease that causes 
the progressive degeneration of articular surfaces and the underlying bone. 
Accidents and injuries can cause osteochondral defects similar to 
osteoarthritis. In both cases the structure of the articular cartilage fails, 
leading to pain and disability. Articular cartilage has a naturally poor ability 
to regenerate since there is no vasculature and it is aneural. The sparse 
chondrocytes mainly act to maintain the healthy extracellular matrix. Once 
the defect is severe enough, a surgical intervention becomes necessary. For 
small defects and young patients, a cell-based treatment can be used, whereas 
for larger defects and severe osteoarthritis a partial or whole joint arthroplasty 
is performed. Methods to repair osteochondral defects have been improving 
over the years as the inter-disciplinary understanding of joints, and what is 
required to repair them, has increased. However, there are still issues to solve 
in order to achieve consistently good results in both joint replacement and 
repair of cartilage. The main issue faced with current techniques used for joint 
replacement is poor integration of the artificial joint, leading to loosening at 
the bone interface over time, while cartilage repair techniques face the 
problem of generating mechanically inferior fibrocartilage. It is known that 
surface chemistry and structures at micro- and nanoscale influence cell 
behaviour, which can be utilised to guide their attachment, proliferation and 
phenotype. Scaffold-free approaches and mechanical stimulation have 
previously given promising results in generating articular neocartilage.  

This thesis aims at exploring tools and solutions to the problems involved in 
implant integration, chondrocyte expansion and neocartilage tissue 
engineering. We hypothesised that 1) ultra-short pulsed laser deposition can 
be used to create biocompatible coatings; 2) micropillars with nanoscale 
features can improve the maintenance of the chondrocyte phenotype in 
culture and 3) hypergravity can aid in the production of more native-like 
neocartilage constructs. 

Our studies showed that ultra-short pulsed laser ablation can be used to create 
various surfaces for studying cell behaviour. Cell viability was slightly higher 
on a rough titanium oxide, whereas the cell area was significantly smaller on 
rough titanium oxide, indicating a lower amount of focal adhesions. 
Nanopatterned microstructures were not capable of maintaining the 
chondrocyte phenotype in culture, but they were not disadvantageous either. 
Hypergravity might help in creating a native-like distribution of collagen and 
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proteoglycans. The constructs were more uniform in shape, but 
biomechanically the constructs were not different from non-centrifuged 
controls. 

Keywords 

Cell biology, chondrocyte, osteoarthritis, surface materials, topography, 
tissue engineering, mechanical stimulation  



v 

Abbreviations 

 
ACI Autologous chondrocyte implantation 
COMP Cartilage oligomeric matrix protein 
DMSO Dimethylsulfoxide 
ECM Extracellular matrix 
FTIR Fourier transform infrared imaging 
GAG Glycosaminoglycans 
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hMSC Human mesenchymal stem cell 
Micro-CT Micro-computed tomography 
MSC Mesenchymal stem cell 
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1. Introduction 

1.1.  Joints and their function 

The only way for us to interact with our environment is by using our muscles, 
bones and joints. Their seamless cooperation is what keeps us balanced and 
upright, but also enables all our actions from a simple flexion to extracting 
RNA. Despite our musculoskeletal system serving principally a mechanical 
purpose, it is easy to forget how intricate the interplay of its parts is, and how 
it cannot be examined solely through biological or mechanical concepts, but 
rather their combination. Especially the health of joints is governed by our use 
of them, and the ability of the cells within the joint to maintain them. 

Our body has three types of joints. The immobile joints that are found, for 
example, between the bones of the skull and in ligaments are called 
synarthroses, the partially mobile joints between the vertebrae are 
amphiarthroses, and the most mobile joints are the diarthroses or synovial 
joints at the ends of the long bones, where they enable locomotion and 
handling of objects. A highly innervated joint capsule, consisting of an outer 
fibrous membrane and an inner synovial membrane, surrounds the synovial 
joints. The fibrous membrane is not vascularised, while synovial membrane 
has a dense net of fenestrated small capillaries. The fibrous membrane is 
continuous with the periosteum, forming a sealed synovial cavity over the 
ends of the bones. It keeps them separated from their environment, while also 
helping to keep them together. 

The synovial cavity is filled with synovial fluid, a liquid that has components 
derived from blood plasma supplemented with hyaluronan and lubricin from 
the joint tissue (Martin-Alarcon and Schmidt 2016). This makes synovial fluid 
into a low-viscosity lubricant for the articulating surfaces, as well as a source 
of nutrition and oxygen for chondrocytes. The nutrients pass to the synovial 
fluid through the joint capsule via diffusion and convection from the blood 
vessels surrounding the joint capsule. Some joints also have a meniscus, a 
fibrocartilage disc that aids in distributing the load between the epiphyses. 
The epiphyses are covered by cartilage that together with the meniscus and 
the synovial liquid dampens the impact on the long bones, and allows smooth 
movement of the bones against each other. 

1.2. Cartilage physiology  

There are three types of cartilage in the human body. Fibrocartilage has great 
tensile strength and it is found, for example, in the intervertebral disc and at 
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the bone-tendon interface (Benjamin and Ralphs 2004). Elastic cartilage, as 
the name suggests, is more supple than the other cartilage types, and is found 
in the epiglottis and in the ears. Hyaline cartilage is the stiffest of the cartilage 
subtypes, offering mechanical support in the trachea and in the articulating 
surfaces of the joints. Although different types of cartilage share certain 
microscopic and mechanical properties, such as a high amount of extracellular 
matrix (ECM), high proteoglycan (PG) content in the ECM, and a tolerance for 
mechanical stress, they are functionally distinct. It is the indeed the type of the 
mechanical stress that determines the cartilage type (Nowlan et al. 2007, 
Thomopoulos 2011). In parts II and III of this thesis we focus on the hyaline 
cartilage found in the joints. 

 

 

 

 

 

 

 

 

 

 

 

 Figure 1. Representation of the most common macromolecules found in 
articular cartilage and their relation to chondrocytes and to each other. 
Cartilage consists mostly of two different types of proteins, collagens and PGs. 
Other types of proteins can be found as well, but to a lesser degree. Type II 
collagen is the most common collagen, whereas aggrecan is the most common 
PG. Reprinted by permission from Macmillan Publishers Ltd:  Nature Reviews 
Rheumatology (Chen et al. 2006). Copyright 2006. 
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The hyaline cartilage plays a role in the skeletal system by providing a smooth 
and nearly frictionless articulating surface, an even load distribution, and 
bone elongation at the ends of our growth plates (Archer and Francis-West 
2003). The specific structure of predominantly type II collagen and PG 
aggregates provides the cartilage with its ability to distribute force evenly to 
the condyles (Lin et al. 2006). Collagen fibres are responsible for the tensile 
strength of the cartilage. Three procollagen molecules combine in a helical 
structure to form a mechanically sturdy collagen fibre (Jackson and Pollock 
1978). The major PGs, namely aggrecans, form the other large structural 
component of the cartilage when glycosaminoglycans (keratan sulphate and 
chondroitin sulphate, henceforth referred to as GAGs) bind covalently to 
aggrecans, and the aggrecans bind to hyaluronan threads, resulting in large 
brush-like aggregate structures (Fig. 1). 

The ability of cartilage to distribute mechanical force is due to the interaction 
between the GAGs and the collagen network. The GAGs give the tissue a strong 
anionic charge, which causes an influx of water. The influx of water then 
causes swelling, while the more inert collagen matrix resist any swelling and 
works to maintain the volume and shape of the cartilage (Basser et al. 1998, 
Heinegård 2009). In addition to the above-mentioned components, there are 
other important structural factors present in the cartilage ECM, such as types 
VI, IX and XI collagens, small leucine-rich PGs biglycan, decorin, 
fibromodulin, and lumican, and non-collagenous matrix proteins, such as 
cartilage oligomeric  matrix  protein (COMP) (Fig. 1). However, they are 
present in a lesser extent (Lin et al. 2006), and serve auxiliary purposes in the 
maintenance and structure of the ECM. Fibromodulin, decorin, biglycan and 
lumican assist in collagen fibre assembly and maintenance (Svensson et al. 
2000, Merline et al. 2009), while COMP has a role in chondrocyte 
proliferation (Xu et al. 2007) and collagen fibrillogenesis (Halász et al. 2007). 

Articular cartilage is usually divided into four zones by their structural 
organisation (Fig. 2). The superficial zone is marked by flat chondrocytes, 
collagen fibres that are parallel to the surface and a relatively low 
concentration of PGs. The middle zone has less chondrocytes, and they exhibit 
a more rounded morphology. Collagen fibres start to curve here, and there is 
a high concentration of PGs. In the deep zone, the chondrocytes are found in 
columns, reminiscent of their initial division pattern from chondrocyte 
progenitor cells. Collagen fibre orientation is perpendicular to the surface, and 
there is a high PG concentration (Jeffery et al. 1991, Sophia Fox et al. 2009). 
Throughout the cartilage, chondrocytes are often found in a bi-cellular 
conformation surrounded by a glycocalyx (Lin et al. 2006). Since there is no 
vasculature in the cartilage, the only way the chondrocytes can acquire 
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nutrients and oxygen is through diffusion from the synovial fluid, and in part 
through the calcified cartilage. This leads to hypoxia within the cartilage 
tissue, which might be relevant for the formation and maintenance of the 
tissue (Archer and Francis-West 2003). 

Production of the main ECM components, type II collagen and aggrecan, is 
controlled by the transcription factor Sox9 (Archer and Francis-West 2003) 
Two other members of Sox family, Sox5 and Sox6, also have a role in the 
maintenance of the chondrocyte phenotype (Brochhausen et al. 2009), as well 
as the fibroblast growth factor and the insulin-like growth factor (Fuentes et 
al. 2002, Veilleux and Spector 2005). 

 

 

 

 

 

 

Figure 2. A schematic representation of a cross-section of articular cartilage, 
showing its microscopic structure and various structural zones. The left side 
represents how chondrocyte organization and morphology change in the 
different zones of cartilage from small flat cells to larger and spherical. Near 
the surface the chondrocytes are more layered, in the middle their 
organisation becomes more random and towards the end of the middle zone 
and in the deep zone they form columns. The depth dependant collagen fibre 
orientation is represented on the right side. Near the surface, the fibres lay 
parallel to the surface, in the middle zone the orientation is random and in the 
deep zone they are oriented perpendicular to the surface. Adapted from 
Izadifar Z, Chen X and Kulyk W. Strategic Design and Fabrication of 
Engineered Scaffolds for Articular Cartilage Repair. J Funct Biomater 3(4): 
799, 2012  under CC BY 3.0 license. 

1.3. Bone physiology 

Bone has several cell types in its calcified matrix. Osteoclasts are responsible 
for resorption of the bone, while osteoblasts reform the bone tissue. 



5 

Osteocytes are the terminally differentiated osteoblasts that are the most 
abundant cell type in the bone matrix, and are thought to play a role in bone 
metabolism by transducing mechanical signals to the other cell types 
(Nakamura 2007). New bone tissue formation begins with osteoblasts 
producing type I collagen and PGs, mostly decorin, biglycan (Lamoureux et al. 
2007), and hyaluronan (Bastow et al. 2008). Decorin and biglycan serve 
similar functions as in cartilage, and lack of them results in weakened bone 
structure (Xu et al. 1998, Corsi et al. 2002). Secreted collagen forms osteoids, 
uncalcified bone matrix, which later accumulates calcium phosphate (Franz‐
Odendaal et al. 2006, Atkins and Findlay 2012), and in time turns into 
hydroxyapatite (Mackie et al. 2011). 

Articular cartilage is layered on top of a thick subchondral plate, which 
functions as a support for the cartilage (Madry et al. 2010). Articular cartilage 
and the underlying bone are intricately interfaced by a tidemark that marks 
the passage from cartilage to calcified cartilage (Lyons et al. 2005). Next to 
calcified cartilage, there is a cement line, and then a lamellarly oriented 
subchondral plate (Clark and Huber 1990, Imhof et al. 1999). 

During the elongation of long bones, as new cartilage is generated and old 
chondrocytes within the cartilage ECM get caught up by the advancing 
calcified cartilage, the chondrocytes go through a hypertrophic 
redifferentiation process into osteoblasts. The hypertrophic chondrocyte 
phenotype can converge with the osteoblasts, and they start producing type I 
collagen and have increased alkaline phosphatase activity (Galotto et al. 1994). 

1.4. Osteochondral defects and osteoarthritis 

Degeneration of the cartilage surface can start in several ways. For the young, 
different sport traumas or accidents are a common cause, and the defects are 
often localized focal lesions. In a study of 25124 knee arthroscopies, 70% of 
the lesions were non-isolated, i.e., they had other lesions in the joint 
associated with the articular defect, and all the patients reported an associated 
knee injuring event. A total of 89% of these non-isolated lesions were 
considered as focal lesions (Widuchowski et al. 2007). 

Osteoarthritis (OA) is the most common type of arthritis and one of the most 
common musculoskeletal disorders. Symptoms of OA usually are pain, 
stiffness and decreased mobility of the joint. It has inflammatory and 
mechanical components, which exacerbate the condition by driving each other 
and further degenerating the cartilage (Felson 2013). Another effect of the lack 
of nerves and vascularisation in cartilage is that it has limited means to heal 
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and repair damaged tissue. This also makes the disease often irreversible, if it 
is not intervened. In severe cases of OA, a joint replacement is often necessary 
(Buckwalter and Mankin 1997). 

Different grading systems have been developed to assess OA in the joints. 
Most are based on radiography and a detection of joint space narrowing. 
Narrower the joint space, the more advanced the degradation of cartilage is 
(Fairbank 1948, Kellgren and Lawrence 1957, Brandt et al. 1991, Scheller et al. 
2001, Galli et al. 2003, Irrgang et al. 2006). Other grading systems have been 
developed for arthroscopic evaluations. In these grading systems, the softness 
and fibrillation of the cartilage is visually and haptically assessed, as well as 
the depth and size of the lesions (Outerbridge 1961, Dougados et al. 1994, 
Pritzker et al. 2006). 

1.4.1. Causes and progression of chondral and osteochondral 
defects 

Causes of the chondral defects can be looked at from two different directions, 
the mechanical and the inflammatory. It can be debated which one plays a 
larger role, but they both contribute to the progression of a lesion and its 
further development into OA. Mechanically the cartilage defect usually starts 
to develop due to increased focal stresses in the joint. These are often caused 
by injury, misalignment or abnormal joint shape (Chaudhari et al. 2008). 
Acute or impact loading often leads to fissures in the underlying cartilage and 
depending on the force of the impact, the fissure can reach all the way to the 
deep zone of the cartilage (Tomatsu et al. 1992). Clark and Simonian have 
hypothesised that in the early stages of the defect, the cross-links between the 
collagen fibres are damaged rather than the collagen fibres themselves. The 
collagen fibres would then start to degenerate only later on (Clark and 
Simonian 1997). Once the collagen matrix is damaged, the cartilage begins to 
swell as the matrix can no longer hold back the GAGs from drawing in water 
(Maroudas 1976, Bank et al. 2000). Due to this process, cartilage swelling can 
be used as an early indication of a lesion. The balance between cartilage 
degradation and regeneration can shift towards degradation due to increases 
in the presence of IL-1, an inflammatory cytokine responsible for degradation 
(Benito et al. 2005) and IL-6, which has been linked to mechanical 
hypersensitivity (Brenn et al. 2007). No matter how the defect started, it often 
leads to the propagation of the lesion as the collagen matrix unravels (Lewis 
and Johnson 2001), and to inflammatory cytokine and matrix 
metalloproteinase release (Fujisawa et al. 1999). This leads to increased 
misalignment, and possibly to the release of loose cartilage pieces, which 
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increase the shear stress to the cartilage surface. It is now easy to see how this 
would lead to a cycle of degeneration that, if untreated, progresses to OA. 

The effects that OA has on the subchondral bone are usually described as a 
thickening of the cortical plate and horizontal trabeculae, a thinning of the 
vertical trabeculae, increased fenestration and decreased mineralization 
(Imhof et al. 1999, Buckland-Wright 2004, Messent et al. 2007, Chang et al. 
2015). However, the changes may be sequential, and some may come apparent 
only at advanced stages of OA. Knowledge of early stage subchondral changes 
in joint damage in humans is limited (Ding et al. 2003). However, the 
progression seems to be similar across species. Animal studies suggest 
activation of osteoclasts in the early stages of OA and activation of osteoblasts 
later on. This causes thinning of the trabeculae in the early stages of injury and 
thickening of the subchondral plate as the injury progresses (Cohen-Solal et 
al. 2013). More obvious changes to the bone are the appearance of osteophytes 
that limit the joint movement and cause pain. Their appearance is consistent 
enough to be used as an approximate measure of OA severity (Moskowitz and 
Goldberg 1987, Hashimoto et al. 2002, Messent et al. 2007). 

1.5. Repair of osteochondral defects 

Usually treatment of OA is started with anti-inflammatory pain medication, 
but understandably it often only delays the need for surgical intervention. 
Depending on the size of the lesion and whether it has affected the underlying 
bone or not, there are different surgical treatment options available. 

1.5.1. Cell- and tissue-based cartilage repair methods 

For focal lesions, cell- and tissue-based methods are a less invasive option 
when compared to prostheses. Pridie drilling and microfracturing are the 
oldest methods. In both methods, the subchondral bone beneath the lesion 
site is broken by either drilling or with an awl. This releases blood from the 
bone marrow into the lesion site, creating a matrix for the mesenchymal stem 
cells (MSCs) to turn into fibrocartilaginous repair tissue. The awl damages the 
subchondral bone less than drilling, and avoids thermal damage (Steadman et 
al. 1997). Nonetheless, both methods damage the subchondral bone, and the 
fibrocartilage that forms to the repair site is not the optimal repair tissue, as it 
starts to degenerate after a few years (Kreuz et al. 2006). High repair tissue 
failure rates of 23% and 38% have been reported on patients that underwent 
microfracture treatment (Knutsen et al. 2007, Gudas et al. 2012). 
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Mosaicplasty bypasses the issue of repair tissue quality by relying on the use 
of cylindrical osteochondral explants from healthy and non-load bearing areas 
of the joint (Matsusue et al. 1993). In this way, the lesion site is repaired with 
several adult osteochondral plugs that are arranged in a pattern, hence the 
name. Because of the complex surfaces on joints, positioning the plugs in the 
correct geometry is a challenge. The donor site is left to form cancellous bone 
and fibrocartilage with the assumption that the lesser biomechanical 
properties are adequate in those non-load bearing areas. The drilling can also 
lead to morbidity in the bone tissue in the implant area and in the donor site. 

Autologous chondrocyte implantation (ACI) uses the patient’s own 
chondrocytes to form repair tissue. Briefly described, the chondrocytes are 
extracted from the joint, expanded in vitro to a sufficient quantity and then 
re-implanted (Brittberg et al. 1994). The method has seen three iterations so 
far. In the first generation, the expanded cell suspension was injected into the 
debrided lesion site and sealed with a flap cut out from periosteum. In later 
generations, the chondrocytes are embedded in a hydrogel with a possibility 
of adding growth factors, and the periosteal flap has been changed to a 
standardised collagen flap. The downside of the method is that it requires two 
operations on the joint, and it is only suitable for chondral lesions as it does 
not address lesions in the bone. The first generation of ACI has been shown to 
give relatively good results as seen in a study comparing mosaicplasty and ACI 
implantation ten years after the operation (Bentley et al. 2012). The failure 
rates were 55% and 17%, respectively. Second generation ACI has given even 
more promising results five years after operation, leading to “normal or nearly 
normal knees” in 91% of the cases in a limited study (Gobbi et al. 2009). The 
second generation also led to better functional scores after ten years when 
compared to the first generation (Niemeyer et al. 2014). 

1.5.2. Full and partial joint replacement 

In more severe cases of chondral and osteochondral lesions or OA, a full or 
partial replacement of the articulating surface is necessary. In arthroplasty, 
the damaged joint or part of it is removed and replaced with an implant. The 
implant usually consists of metal or alloy components that are secured to the 
bone either by cement or in a press-fit manner. Between these components, 
there is usually a plastic spacer made from high-density polyethylene. The 
spacer is attached to one of the metal components, and serves as the 
corresponding articulating surface for the other.  

Cemented implants are easy to apply and attach fast, but they have certain 
disadvantages. Polymethylmethacrylate and its derivatives are commonly 
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used as cements. However, they can cause hypotension, loosening of the 
implant and periprosthetic osteolysis. Polymethylmethacrylate also does not 
integrate with the bone, nor does it facilitate bone growth (Vaishya et al. 2013). 
Thus, the cemented implants have become less popular in favour of the 
cementless implants (Pearson et al. 2017). The cementless implants are 
designed to integrate directly to the bone and, thus, the excavated bone must 
be shaped accurately for the cap between the bone and the implant to be small 
enough to facilitate osseointegration. However, the surrounding bone must 
also be healthy to facilitate osseointegration, which limits the usability of the 
method (Li and Nilsson 2000).  

Titanium and cobalt-chromium alloys are the most commonly used implant 
materials. Titanium alloys, such as Ti6Al4V are softer than cobalt-chromium, 
but have better biocompatibility. Cobalt-chromium is more durable, leading 
to fewer stress failures of the implant, but the wear particles can cause 
inflammation. The bone interface can be coated with hydroxyapatite to 
improve the integration (Akizuki et al. 2003, Cross and Parish 2005, Xie and 
Luan 2008), but the cemented fixation still leads to less revisions (Carlsson et 
al. 2005). 

Whichever method of implant fixation is used, knee arthroplasty suffers from 
several risks that do not exist in cell- and tissue-based methods, such as 
osteolysis due to stress-shielding and object loosening. Particles from metal-
on-metal bearings (Billi and Campbell 2010, Gill et al. 2012) and the implant-
bone interface can also cause inflammation (Pettersson et al. 2017) and 
further object loosening (St Pierre et al. 2010). 

1.6.  Surfaces and their modifications 

In biological systems, nanoscale structures, microscale niches and adhesion 
enabling protein motifs partly govern the cellular phenotype. Their effects can 
be mimicked or reproduced in vitro by changing the properties of the surface 
to which they are meant to attach. There are several ways to modify a surface. 
The common variables in cell culture and tissue engineering are, apart from 
the material itself, surface energy, porosity and structures. Additionally, 
adhesive molecules or proteins can be attached to the surface. The standard 
cell culture material is the sheer polystyrene (PS) dish, on which the mildly 
hydrophilic surface offers a good platform for attachment for many cell types. 
Another common polymer for cell culture is polydimethylsiloxane. Other 
common choices of base material are titanium or alloys with titanium in them, 
carbon, hydrolytically unstable polymersomes, such as polylactic acid and its 
derivatives. 
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Carbon nanotubes have been considered promising materials for tissue 
engineering applications for several reasons. Their size is similar to other ECM 
components, they have good mechanical and electrical properties, and they 
can be easily modified with a carboxyl group (Karousis et al. 2010). The 
carboxyl group already in itself increases biocompatibility, but it can be 
further derivatized for specific needs (Chahine et al. 2014). There are several 
ways to synthesize carbon nanotubes, each resulting in different sizes, types 
and orientations. Generally, carbon nanotube synthesis involves three 
components: gaseous carbon, heat and a catalyst, on which the carbon 
nanotubes start forming. Chemical vapour deposition is the most commonly 
used method for creation of single- and multi-walled carbon nanotubes, since 
different variables can be easily controlled (Che et al. 1998). Laser ablation is 
a more complex method, but results in higher quality and purity. Common 
problems in carbon nanotube synthesis are the remaining catalyst metal 
impurities and other carbonaceous compounds (Iijima 1991, Zhang et al. 1998, 
Prasek et al. 2011). 

Polymers are a common choice for cell culturing as they are easy to 
manipulate, can be moulded to have a variety of topographies, or can be spun 
into thin fibres. They can be made biodegradable by using hydrolytically 
unstable monomers, and to some extent they can also be modified to have 
monolayers on them. For example, adding para-chloromethylstyrene to 
styrene gives an easily modifiable chlorine handle. Polymer surfaces can also 
be oxidised with oxygen plasma or UV and ozone for higher surface energies 
(Dupont-Gillain et al. 2000, Saha et al. 2011). 

Thin film deposition is an easy way to coat surfaces. Still, the coating is 
difficult to control beyond the thickness of the layer. A precursor is needed in 
chemical deposition, such as a water solution of a salt or a metal. The 
precursor reacts with the surface and deposits a solid layer. In physical 
deposition, the coating material is usually separated from the source 
mechanically or by thermodynamic means. The source is usually heated with 
plasma or laser to release particles into an entropic environment, and the 
cooler target surface then catches the particles (Rashidian Vaziri et al. 2010). 
Thin films can be edited to have specific patterns on them with lithography 
and etching. In lithography, the surface is covered with photoresist, a 
substance that resist etching but can be deactivated with light. A geometric 
pattern is shone on the surface, and the exposed photoresist is then dissolved. 
Different etching geometries can be achieved depending on the chosen 
method and the exposed crystal plane of the material (Chien et al. 1999). 
Similarly, inorganic surfaces, such as quartz and transition metals, can be 
modified to have a variety of biologically functional monolayers on them. The 
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hydroxyl groups on the surface of quartz and glass are easily modified with 
silane compounds, which have halogens attached. Transition metals are 
comparably easy to modify with sulphur compounds, most commonly with 
alkanethiols and its derivatives.  

Cells react to certain physical properties of the surface more than to others, 
and the response can be difficult to predict (Albert and Schwarz 2016). 
However, certain properties have been recognised to affect cellular behaviour. 
Surface energy can be defined as the difference of bond energy per atom in the 
bulk compared to the surface. Wettability is commonly used as a measure of 
surface energy, although it is not a perfect measure. High-energy substances, 
such as metals and glass, are hydrophilic because the attraction from the freely 
adsorbing atoms outweighs the liquid’s cohesive force. Accordingly, low-
energy surfaces are more hydrophobic. The nature of adsorption depends on 
the surface material, which is caused by, for instance, van der Waals forces, 
covalent bonding or electrostatic attraction. Cellular attachment to 
biomaterials is usually intermediated by protein adsorption, which means that 
the hydrophobic components of the adhesion proteins can also facilitate cell 
adhesion on hydrophobic surfaces (Bruinsma et al. 2000).  

1.6.1. Surface topography and cell behaviour 

In addition to hydrophobicity and surface energy, the shape of the surface is 
also used to drastically affect cell adhesion and behaviour. The size of the 
topographical alterations need to be carefully considered as cells react 
differently to different scales. Nanopatterns, i.e., changes in the nanometre 
scale, generally increase the surface area, while their effects on adhesion are 
strongly dependent on the spacing of the features. Micropatterning, where the 
features are closer to cell size, can be used to guide cells into a specific 
direction or confine them into a shape. It is also worth noting that cell shape 
can also be adjusted by the distribution of the adhesion sites on a nanoscale. 
The fewer the adhesion sites, the rounder and less spread the cells are (Arnold 
et al. 2004). Large part of cellular interaction with its surroundings is 
determined by focal adhesions, including orientation and movement (Fig. 3). 
Adjusting the surface topography can specify focal adhesion sites, and as actin 
bundles form along focal adhesions, the cell is forced to orient itself 
accordingly. Remarkably, the same mechanism also shapes the nucleus and 
affects gene expression, altering the cell phenotype (McNamara et al. 2010, 
Natale et al. 2014).  
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Figure 3. Schematic view of focal adhesion formation.  In the initial phase of 
surface recognition integrins activate and bind with talin. Actin filaments 
attach to talin (A). Myosins that are attached to actin fibres contract and apply 
a force to talins. This causes the talins to change conformation and expose 
binding sites for vinculin. Paxillin and zyxin are recruited to stabilise the 
structure and they support the growth of the fibres. Recruitment of other 
integrins allows the growth of new actin fibres as well as the crosslinking of 
actin fibres, leading to a focal complex and eventually to focal adhesion. Focal 
adhesion can be seen as consisting of three layers; the signalling layer 
(integrins, FAK and paxillin), the force transduction layer (vinculin and talin) 
and the cytoskeletal link (VASP, zyxin and α-actinin) (B). Reprinted with 
permission from Ventre M and Netti PA. Engineering cell instructive 
materials to control cell fate and functions through material cues and surface 
patterning. ACS applied materials & interfaces 8(24): 14896-14908, 2016. 
Copyright 2017 American Chemical Society. 

Micrometre scale channels have been used to guide cell orientation, showing 
that cells tend to grow along the groove. Interestingly, different cells appear to 
experience different levels of guidance on different channel proportions (Biela 
et al. 2009). However, micrometre features cannot be infinitely extended. It 
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seems that once the distance between features exceeds that which a cell can 
reach with its filopodia, it no longer perceives the features and ignores it. This 
distance seems to be approximately five µm (Ventre et al. 2014). In the same 
study, it was also concluded that there is a minimum distance where the 
patterns have a guiding effect, since two µm feature width led to random 
migration (Ventre et al. 2014). In addition to the restrictive nature of the 
features, the accessibility of the surface should be considered. Depending on 
how well the surface accommodates adhesion, the cells might forego steep 
angles and recesses in favor of going over them (Loesberg et al. 2007). 
Micropatterns may affect cell proliferation, but it seems to be dependent on 
the feature size (Jiang et al. 2017). In an experiment to systematically study 
what kind of combinations of micropillar sizes and gap widths affect 
chondrocyte proliferation, it was found that proliferation was strongest when 
gap size was one µm and pillar sizes were two or four µm (Joergensen et al. 
2015). Interestingly, the proliferation was higher on all the tested patterns 
when compared to smooth polydimethylsiloxane control (Joergensen et al. 
2015). 

Nanopatterning also has a functional size limit, where cells no longer 
distinguish a flat surface from a feature. It has been hypothesized that the 
integrin density on the surface of osteoblasts is such that there is no 
discernible difference in adhesion between a flat surface and a surface with 
pits that are ≤ 75 nm across. Equally, the pits less than 35 nm in depth started 
to lose their guiding effect, possibly because the bottom of the pit becomes 
filled with proteins from the medium and, thus, close enough for integrins to 
bind and form focal adhesions (Lamers et al. 2010). Proliferation on 
nanopatterns has been reported to be lower for stem cells (Yim et al. 2007), 
although it does not appear to be universal (Bettinger et al. 2009). This could 
be due to different cells having different requirements for attachment.  

1.7. In vitro cartilage tissue engineering 

Joint resurfacing with an implant is an efficient solution to major chondral 
and osteochondral defects. However, the installation of the implants is a 
highly invasive procedure that may require difficult revisions later, making 
them less desirable for smaller defects. Also the current cell-based methods to 
repair small focal defects give inconsistent results that rarely meet the 
biological structure of native cartilage. Therefore, efforts to develop better 
culture methods and bioreactors to create articular cartilage implants in vitro 
have been increasing in popularity. The use of various scaffold materials is still 
a more common approach, although scaffold-free solutions have also been 
suggested. 



14 

Cell source is a critical consideration whether scaffolds are used or not. In 
scaffold-free cultures the required cell numbers are generally much higher, 
making the choice even more important. The autologous chondrocytes would 
be the obvious choice considering their biology, but the high amount of 
chondrocytes required for scaffold-free structures often requires their in vitro 
expansion. Scaffold materials have the benefit of requiring fewer chondrocytes 
to maintain the three-dimensional environment (Park et al. 2005a, Yates et al. 
2005, Schuh et al. 2012). Potential protocols have been suggested that show 
good redifferentiation of the expanded and dedifferentiated adult 
chondrocytes (Jakob et al. 2001, Lin et al. 2008, Yao et al. 2011). Still, their 
utilization would require separate harvesting and implanting operations. 
Alternatively, it might be possible to use the chondrocytes from different 
sources, such as costochondral or nasal chondrocytes, if they can be 
successfully made to produce hyaline cartilage (Candrian et al. 2008, Murphy 
et al. 2013). The use of stem cells should also be considered to bypass these 
problems. The MSCs, embryonic stem cells and induced pluripotent stem cells 
have four potential advantages over the use of adult chondrocytes: (1) They 
have either unlimited or good enough proliferative capacity, while 
maintaining pluripotency (Amit et al. 2000, Vacanti et al. 2005, Yu et al. 
2007). (2) The MSCs are relatively easy to isolate from the adipose tissue or 
bone marrow. (3) Starting from a small number of the stem cells could limit 
the biological variability of the cells within the construct (Hwang et al. 2008). 
(4) Mechanical or chemical cues can be used to guide the cells into their 
appropriate lineages. For osteochondral defects, this could include one layer 
for bone integration, where the cells differentiate towards osteoblasts, and 
another layer forming the articulating surface with cells differentiating 
towards the chondrocyte lineage (Uematsu et al. 2005, Yang et al. 2008).  

However, the use of the stem cells is not without caveats. The MSCs derived 
from adipose tissue have not been able to differentiate into chondrocytes as 
well as the ones derived from the bone marrow (Sakaguchi et al. 2005, Kim 
and Im 2009, Ude et al. 2014). Additionally, after differentiating into 
chondrocytes, the bone marrow-derived MSCs do not appear to stop 
producing type I and X collagens, which has led to mechanically inferior 
constructs in comparison to the constructs manufactured with adult 
chondrocytes (Barry et al. 2001, Erickson et al. 2008). The induced 
pluripotent stem cells still bear the concern of teratoma formation and 
uncertain differentiation capability (Takahashi et al. 2007, Kim et al. 2010), 
and the embryonic stem cells pose an ethical dilemma concerning their origin. 
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1.7.1. Scaffolds in cartilage tissue engineering 

One of the current strategies for tissue engineering chondral and 
osteochondral implants is to use biocompatible scaffolds that are seeded with 
chondrocytes. The scaffolds are designed to provide a more native-like 
environment for chondrocytes and to outline the shape of the implant. They 
are also often designed to have biological and mechanical properties similar 
to native cartilage, or at least to allow the chondrocyte assembled ECM to 
reach these properties faster. The use of the scaffolds makes sense, especially 
when one considers that native tissue has had approximately two decades to 
mature, while the repair tissue is expected to match the same properties in just 
a few months. Furthermore, as adult chondrocytes are metabolically fairly 
inactive and they only maintain the cartilage ECM in their native 
environment, there has been little success in making the chondrocytes 
produce large quantities of ECM, while maintaining their phenotype.  

When the scaffolds are prepared to be used as biological implants, they need 
to meet certain requirements. They need to be biocompatible, and usually also 
biodegradable, and they need to support the chondrocyte phenotype. The 
degradation rate of the scaffold should match that of the chondrocyte ECM 
synthesis, and it should be load bearing. Furthermore, it should also be porous 
enough to allow nutrients and cells to move and it should be easy to process 
into different shapes (Murphy et al. 2010, O'brien 2011).  

If the scaffold is not made of components normally present in the cartilage, 
then traditionally either of two strategies are employed in their development. 
In both strategies, the cells are seeded onto the scaffold and cultured long 
enough for them to produce an immature ECM. After this, the scaffolds are 
moved into a bioreactor and subjected to mechanical stimulation to develop 
the ECM organisation before implantation. In the first strategy, the scaffold is 
mostly degraded during the in vitro phase, requiring exact matching of 
scaffold degradation and the ECM building speed. In the second strategy, the 
scaffold remains intact until implantation, and is only then slowly degraded, 
which is less demanding for the scaffold design. The first strategy has the 
advantage that most of the scaffold material will be removed before 
implantation, avoiding the potential problem of the scaffold degradation 
product toxicity (Hutmacher 2000). 

Various natural and synthetic polymers have been used as scaffolds in 
cartilage tissue engineering. Of the natural polymers, collagen, hyaluronan, 
agarose, alginate, chitosan and silk are the most commonly used ones (Benya 
1988, Solchaga et al. 1999, Pabbruwe et al. 2009, Yan et al. 2010, Correia et 
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al. 2011, Rnjak-Kovacina et al. 2015). Collagen is naturally recognised and 
adhered to by the chondrocytes, making it a tempting choice as a scaffold 
material. The collagen scaffolds can be made either by decellularizing 
collagenous tissue or by extracting collagen and polymerizing it (Grant and 
Alburn 1960, Elder et al. 2009, Schwarz et al. 2012). Even recombinant human 
collagens have been available for use. The collagen matrices have been shown 
to increase the production of type II collagen and GAGs, but they have not 
been mechanically robust enough for joint implantation (Yamaoka et al. 2006, 
Haaparanta et al. 2014). Similar ECM production results have been witnessed 
with agarose, alginate, hyaluronan and chitosan based scaffolds as well. 
Hyaluronan has promoted redifferentiation of chondrocytes, but also 
hypertrophy and eventual bone formation (Solchaga et al. 2000). Chitosan has 
often been combined with other biomolecules to form a hydrogel, such as 
collagen or hyaluronan (Shi et al. 2005, Tan et al. 2009, Naderi‐Meshkin et al. 
2014). Alginate beads are one of the most widely applied ways to culture 
chondrocytes, and they are known to maintain the typical chondrocyte ECM 
output (Hauselmann et al. 1996, Li and Zhang 2005, Baruch and Machluf 
2006, Cheng et al. 2012). However, it is a time consuming method, and the 
constructs have not been mechanically well suited for implantation. Agarose 
as well has been shown to be capable of redifferentiating monolayer-grown 
chondrocytes, but the constructs are not mechanically strong enough (Mauck 
et al. 2000, Nims et al. 2014).  

Synthetic polymers have certain advantages over biological polymers, such as 
easy processing, sterility, controllable mechanical properties and degradation 
times. The most used polymers are poly(glycolic acid), poly(lactic acid), 
polyurethane and poly(ethylene glycol). These are all degraded by hydrolysis, 
rate of which can be easily controlled (Okada 2002). Poly(lactic acid) degrades 
fast, but the monomers are removed fairly slowly (Middleton and Tipton 
2000). The intrinsic hydrophobicity of the polymer makes it less suitable for 
cell attachment, unless it is combined with something that promotes cell 
attachment, such as hydroxyapatite (Spadaccio et al. 2009). Poly(glycolic 
acid) is often used as a copolymer with poly(lactic acid), which has been shown 
to produce hyaline-like cartilage in rabbits, when seeded with MSCs (Uematsu 
et al. 2005). Polyurethanes are often used for mammary implants and 
catheters, but they also have potential as chondral implants (Chia et al. 2006). 
What makes polyurethanes especially interesting is that they can be 
photopolymerised upon implantation and, thus, forego the shaping of the 
implant beforehand (Pereira et al. 2010, Werkmeister et al. 2010). They have 
also been shown to promote the expression of type II collagen and GAGs (Chia 
et al. 2006). Poly(ethylene glycol) has also proven to be able to promote the 
chondrogenic differentiation of murine embryonic stem cells in the presence 
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of chondrogenic factors (Hwang et al. 2006), and to promote the production 
of homogenous ECM by the chondrocytes isolated from patellofemoral groove 
of calf legs (Bryant and Anseth 2003, Bryant et al. 2004).  

There are a few ways to modify polymers beyond simple casting. Mechanical 
properties can be modified by combining two polymers into an 
interpenetrating network, such as poly(ethylene glycol) and agarose (DeKosky 
et al. 2010), or alginate and polyacrylamide (Sun et al. 2012). However, there 
are not many studies using them in tissue engineering. Alternatively, cellulose 
can be used as an additive in the matrix to gain stiffness (Karaaslan et al. 2011, 
Yang et al. 2013). Polymers can also be formed into sponges or foams with 
varying pore sizes and pore interconnectivity (Mikos et al. 1994, Lee et al. 
2006, Yan et al. 2012), but good enough interconnectivity can be a challenge 
(Pulkkinen et al. 2006). Foams made of poly(glycolic acid) (Shi et al. 2002) 
and  poly(1,8-octanediol citrate) (Kang et al. 2006) have been shown to be 
compatible with chondrocyte culture, but at least in the latter case the 
mechanical properties were far from native. 

In addition to providing a native-like physical environment for the cells, the 
chemical environment is often adjusted as well. Well studied growth factors 
for enhancing the production of ECM components are the members of the 
transforming growth factor β superfamily and the insulin-like growth factors 
(Blunk et al. 2002, Freyria and Mallein-Gerin 2012). Additionally, fibroblast 
growth factor and platelet-derived growth factor have been shown to increase 
chondrocyte proliferation (Tang et al. 2009, Xiao et al. 2014). Additionally, 
the oxygen tension in the native cartilage is lower than in most other tissues, 
and it has been hypothesized to be beneficial for cartilage-type tissue 
formation. However, the experimental studies investigating its beneficial 
effect on the manufacture of neocartilage constructs with chondrocytes have 
raised debate (Grimshaw and Mason 2000, Hansen et al. 2001, Domm et al. 
2002, Qu et al. 2012). On the other hand, the benefits have been more obvious 
in MSC cultures (Markway et al. 2010, Meyer et al. 2010, Sheehy et al. 2012).  

As cartilage ECM has distinct zones with their own mechanical and chemical 
properties, the more recent attempts to make scaffolds have tried to mimic 
this stratified structure as well as a bone interface (Dormer et al. 2010, Dresing 
et al. 2014). A chitosan-gelatin layer for cartilage development and a 
hydroxyapatite-chitosan-gelatin layer for bone growth has been tried with 
MSCs but it did not manage to give rise to a layered ECM structure (Chen et 
al. 2011). 
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1.7.2. Scaffold-free cartilage tissue engineering 

A less explored way to grow cartilage neotissue is to guide the chondrocytes 
into building their own support and ECM from the beginning in a process that 
is often called scaffold-free tissue engineering. With this method, there is no 
need to consider the long-term effects or degradation of an implanted scaffold 
material. The method can be compared to mesenchymal condensation, which 
takes place during embryonic limb development, although there are certain 
distinguishing differences. During joint development, the chondrocytes are 
often divided into persistent and proliferative chondrocytes. The proliferative 
chondrocytes can go through hypertrophy and become osteoblasts (Yang et al. 
2014), while the persistent chondrocytes remain to maintain the cartilage 
(Pacifici et al. 2006). For cartilage tissue engineering, it is only the persistent 
chondrocytes that can be utilised, unless stem cells are used. Just as with 
scaffolds, four variables are of critical importance: cell source, shaping of 
construct, mechanical stimulation and chemical signals.  

There are two main approaches to scaffold-free cartilage tissue engineering; 
self-organisation and self-assembly. Both are thermodynamic processes, with 
the difference that self-organisation relies on energy being brought into the 
system to generate the tissue structure, whereas in self-assembly the structure 
comes from intrinsic minimisation of energy (Athanasiou et al. 2013). Cell 
sheets and cell aggregates are two self-organizing approaches for tissue 
engineering. The cell sheets start as highly confluent monolayer cultures that 
are then detached as a whole sheet from the culture vehicle once a sufficient 
quantity of the ECM is reached (Sato et al. 2014, Kokubo et al. 2016, Hayashi 
et al. 2017). The cells are then brought into a three-dimensional conformation 
by either folding or rolling the sheets, so that the ECM and cells can fuse 
together in a manner similar to mesenchymal condensation (Elloumi‐
Hannachi et al. 2010). This method has been used to create articular cartilage 
implants for pigs (Sato et al. 2014), and for humans from an allogenic cell 
source (McCormick et al. 2013). The monolayer expansion of the chondrocytes 
hazards the well-documented problem of chondrocyte dedifferentiation, and 
a surrounding support membrane may be necessary for layering of the sheets, 
making the process more complicated (Mitani et al. 2009).  

In aggregate cultures, the cells are gathered into masses rather than into a 
monolayer. This is achieved either by pelleting (Cheuk et al. 2011, Huey and 
Athanasiou 2013) or by shaking a cell suspension (Furukawa et al. 2003). The 
idea behind aggregate cultures is to mimic the cell aggregation that takes place 
during cartilage development (Brunet et al. 1998), and it is used to 
differentiate stem cells towards the chondrocyte lineage (Imabayashi et al. 
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2003), as well as redifferentiating the monolayer-grown chondrocytes 
(Furukawa et al. 2003). However, the lack of mechanical forces mean that the 
articular chondrocyte phenotype is quickly lost if the aggregates are not moved 
to a more suitable bioreactor (Waldman et al. 2004). Pellet culturing has been 
used to differentiate MSCs and to form neocartilage with relatively good 
mechanical properties (Bhumiratana et al. 2014). 

In self-assembly, chondrocytes are seeded at a high density onto a non-
adherent surface. The idea is to have no other forces, not even adhesion forces 
of the surface play a role in the cellular interaction. The chondrocytes should 
coalesce according to the differential adhesion hypothesis, which states that 
cells with similar adhesive properties coalesce in order to minimize the total 
interfacial free energy of the system (Steinberg 2007). The method has been 
used to form menisci and hyaline-like neocartilage with good mechanical 
properties (Huey and Athanasiou 2011, Responte et al. 2012).  

1.7.3. Role of mechanical forces in cartilage engineering 

Changes in hydrostatic pressure inside the cartilage ECM is known to cause 
conformational changes in the chondrocyte ion channels and integrins (Hall 
1999, Chowdhury et al. 2004), transforming a mechanical signals into 
chemical ones. As these changes can affect gene expression, there seems to be 
good reason to believe that there is a causal link between changes in pressure 
and increased production of the ECM components (Wu and Chen 2000, 
Mouw et al. 2007, O’Conor et al. 2014). Improvements in the mechanical 
properties of neocartilage constructs have been shown with several setups and 
protocols. Dynamic loading has been shown to be more beneficial for GAG and 
protein synthesis over static loading, and therefore, it has been used more 
often (Li et al. 2001, Davisson et al. 2002). Generally, the dynamic stimulation 
of the constructs is performed at a frequency that is feasible for native cartilage 
to experience, such as one Hz (Kupcsik et al. 2010). When the tissues are 
stimulated with a mechanical plunger, then the strain is usually selected as a 
percentage of the tissue thickness, often in a range from 5% to 20% (Kisiday 
et al. 2004, Kock et al. 2009, Bian et al. 2010). In systems employing 
hydrostatic pressure, a range of physiologically plausible pressures are used, 
generally from one MPa to ten MPa (Toyoda et al. 2003, Hu and Athanasiou 
2006, Elder and Athanasiou 2008). In these studies, compression of the 
constructs has been shown to lead to increases in the collagen and the GAG 
content, in addition to improvements in the mechanical properties. 
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1.8. Summary 

Material science has provided us a great number of materials for various 
purposes in biomedical applications. There is a lot of work to test their 
feasibility, safety, and responses at the cellular level. This endeavour needs 
interdisciplinary collaboration between medicine, cell biology, physics and 
engineering. Although the experience on cartilage regeneration has well 
accumulated during the last decades, it is also important to learn how the cells' 
own potential to regenerate tissue can be enhanced and modulated also in 
scaffold-free regeneration environments. This goal was a guiding principle for 
the studies of this thesis. 
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2. Aims of the thesis 

This thesis aims at the development of surface materials and culture 
conditions for osteoblasts and chondrocytes. Current materials used for joint 
replacement suffer from loosening over time due to an imperfect integration 
with their biological environment. On the other hand, current cell culture 
methods used for the expansion of chondrocytes for ACI often lead to 
dedifferentiation of chondrocytes into fibroblastic phenotype, which can 
create fibrocartilage when used to create cartilage repair tissue. To help 
address these problems we studied surfaces from two perspectives; 1) 
osteoblast bioactivity and 2) chondrocyte phenotype. An appealing alternative 
to ACI has been the in vivo grown cartilage implant. It is known that 
mechanical forces play a role in the formation of articular cartilage, but the 
devices used for the exertion are usually custom-built for the purpose and, 
thus, can be expensive and difficult to acquire. 

Aim of this thesis was to study the following topics: 

1. Ultra-short pulsed laser deposition as a tool for creating bioactive surfaces 
for osseointegration (Paper I) 

2. Micro- and nanostructured polystyrene and polypropylene as a three-
dimensional surface for maintaining chondrocyte phenotype (paper II) 

3. Hypergravity as a source of mechanical stress in the growth of articular 
neocartilage (paper III) 

 

  



22 

3. Materials and methods 

3.1. Cell culture 

3.1.1. Culture of human Saos-2 cells (paper I) 

Human osteosarcoma-derived osteoblast like cells (Saos-2) were cultured on 
a 10-cm plate until 90-95% confluency in cell culture medium (Alpha-
modified Minimal Essential Medium Eagle (α-MEM, Euroclone, Pero, Italy), 
10% fetal bovine serum (Hyclone UK, Thermo Scientific, Cramlington, UK), 
100 µg/ml streptomycin (Euroclone), 100 U/ml penicillin (Euroclone) and 2 
mM L-glutamine (PAA, Pasching, Austria). After the cells were detached with 
TrypLE at 37qC, one ml cell suspension with cell density of 5 x 104 were seeded 
on top of the different coated surfaces (Paper I). The cells were then cultured 
with the above-mentioned cell culture medium till the analyses were 
performed (paper I). 

3.1.2. Culture of bovine primary chondrocytes (papers II and III) 

Bovine knees were acquired from a nearby abattoir (Atria, Kuopio, Finland for 
paper II, Nyhléns Hugosons, Luleå, Sweden for paper III) and cartilage was 
harvested from the femoral condyles. Primary chondrocyte isolation was done 
in a digestion medium consisting of Dulbecco’s Modified Eagle Medium either 
with Glutamax™ (Gibco/Thermo Fisher Scientific, Waltham, MA, USA) or 
without it (Lonza, Verviers, Belgium), 100 U/ml collagenase (Sigma-Aldrich, 
St. Louis, MO, USA) 10% fetal bovine serum, 100 µg/ml streptomycin 100 
U/ml penicillin and 2 mM L-glutamine, in the case that Glutamax™ medium 
was not used. Digestion was continued overnight in a humidified incubator at 
37°C, 5% CO2. The digestion mixture was stirred with a magnetic stirrer 
according to the following program: ten hours on, two hours off, one hour on, 
two hours off, one hour on, two hours off, one hour on and then off for the rest 
of the digestion. On the following morning, the cells were filtered through a 
115 µm filter cloth, counted and seeded at densities of 2 × 105 in paper II and 
6 × 106 cells in paper III.  

All cell cultures were maintained in a humidified incubator at 37°C, 5% CO2 in 
chondrocyte culture medium made of Dulbecco’s Modified Eagle Medium 
either with Glutamax™ or without it, 10% fetal bovine serum, 100 µg/ml 
streptomycin, 100 U/ml penicillin and 2 mM l-glutamine, if Glutamax™ 
medium was not used. The medium was modified by adding sodium chloride 
to make it hypertonic (380 mOsm). Medium was changed three times a week. 
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Whole medium was changed in paper II, and only half of the medium in paper 
III. 

3.2. Preparation of coatings (paper I) 

Surface coatings were done on silicon wafers (∅ = four cm) using the USPLD 
method (Fig. 4). Prior to coating, the silicon surfaces were cleaned with Ar+ 
ion sputtering (SAM-7KV, Minsk, Belarus), operated at 4.5 kV and 30 mA for 
five minutes in scanning mode. After finding the optimal laser parameters 
(maximum average power of 20 W at 4 MHz, resulting in five µJ pulse energy 
and 20 ps pulse length), deposition was performed using a mode-locked laser 
(Corelase Ltd, Tampere, Finland) and ColdlabTM deposition method (Picodeon 
Ltd Oy, Helsinki, Finland). High purity graphite (>99.9%, Carbone Lorraine, 
Paris, France) and titanium (99.9%, Koch-Light Laboratories Ltd, Colnbrook, 
England) were used as the target for amorphous diamond and titanium oxide 
(TiO2) deposition, respectively. For aluminum oxide (Al2O3) deposition, a 
high-purity ceramic target was used, and high-purity carbon nitride (C3N4) 
target (Carbodeon Ltd, Helsinki, Finland) for C3N4. Parameters for the 
deposition were adjusted so that a stable plasma plume, generally 15% over 
the threshold fluence required for ablation was used. Duration of ablation was 
adjusted to attain an approximately 150 nm thick deposition layer. After 
deposition, the samples were cut into ten mm2 squares, sonicated for several 
minutes in 2% 7X® PF detergent (MP Biomedicals Ltd, Solon, OH, USA), and 
finally rinsed with deionized water. 

 

 

 

 

 

 

 

Figure 4. Principle operation of the Picodeon Coldab™ ultra-short pulsed 
laser deposition device. 
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3.3.  Preparation of polymer surfaces (paper II) 

Aluminium foils (4.2 × 3.3 cm, 0.25 mm thick, Alfa Aesar, Puratonic, 
99.997%) were degreased by ultrasonicating them in acetone, and then 
electropolished in a 1:8 (V/V) solution of perchloric acid and ethanol with 
platinum as a counter electrode. The microstructures were created using a RP-
1AH micro-working robot (Mitsubishi Electric, Japan) with tungsten carbide 
needles (Gritech Ltd, Joensuu, Finland), a CR1 control unit and a feedback 
unit (Delta Enterprises Ltd. Espoo, Finland), and the nanostructures were 
created by anodizing the aluminium foils for 24 hours in (0.3 M oxalic acid, 
3°C). After this the foil was attached to a steel plate and used as a template for 
injection moulding of PS (Empera® 116 L) and polypropylene (PP) 
homopolymer (HD 120 MO, 908 kg/m3), both purchased from Borealis 
Polymer Ltd. (Porvoo, Finland) (Fig. 1, Paper II). The moulded surfaces were 
then sterilized for two hours in 75% ethanol and washed with sterile phosphate 
buffered saline (PBS) and then with chondrocyte culture medium. The discs 
were then placed into 6-well-plates. Autoclaved Teflon 
(polytetrafluoroethylene) rings were placed on top of the surfaces to hold them 
in place once culture media is added. 

3.4.  Preparation of culture vessel for neocartilage growth (paper 
III) 

Bone disks (∅ = one cm and approximately three mm thick) were isolated from 
bovine femur by drilling. After drilling, the disks were defatted in acetone for 
one week and subsequently the defatted disks were washed with 75% ethanol 
several times and autoclaved. A calcium phosphate precipitate was created 
(three treatments with 0.125 M CaCl2 and 0.5 M NaH2PO4) on one side of the 
bone disks in order to provide a less porous surface for the cells. The tissue 
culture vessels were created into 50 ml centrifugation tubes by first pouring 
six ml of 2.5% autoclaved agarose (Agaros Standard, Saveen Werner, Sweden). 
After the gel had set, a 1-ml pipette tip was placed in the centre pointing up 
and 4 ml of 2% autoclaved agarose was cast around the tip in order to form a 
well in the centre. After the gel had set, the pipette tip was carefully removed 
and a bone disk was inserted into the bottom of the gel with the calcium 
phosphate precipitate facing up (Fig. 2, paper III).  

3.5. Contact angle measurements (papers I and II) 

Surface contact angles were measured to ascertain the hydrophobicity of the 
surfaces. Contact angles of the polymer discs was measured using the sessile 
drop method at room temperature with a KSV Cam 200 (Helsinki, Finland) 
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contact angle goniometer using both deionized water and cell culture medium. 
The contact angles were determined by fitting the droplet profiles to Young-
Laplace equation. For the coated surfaces, a custom device was used to 
measure the contact angle, employing a light microscope SZ-PT Olympus with 
a digital camera (Olympus Camedia C-3030ZOOM, Olympus Corp., Tokyo, 
Japan). A 15 µl water drop was placed on the surfaces at 45% relative humidity 
and the contact angle was measured within five seconds of droplet placement. 
GNU Image Manipulation Program (GIMP, www.gimp.org) was used to 
determine left and right margin contact angles of five individual drops on each 
sample to get an average of the contact angle.  

3.6. Atomic force microscopy of the surfaces (paper I) 

Surface roughness of the deposited coatings were characterized with PSIA XE-
100 (Park System Corp., Suwon, South Korea) atomic force microscope. 
Measurements were done at ambient temperature and humidity in the non-
contact mode. Aluminum coated silicon cantilever (Acta-10, ST Instruments 
B.V., LE Grooth-Ammers, The Netherlands) was used. Average surface 
roughness profiles were measured from three randomly selected locations 
from six samples per coating group. The scan rate was below 0.25 Hz from an 
area of 2 × 2 µm2 and the Z voltage was between one and three. Measurements 
were analysed using the instrument’s own software (XIA).  

3.7.  Scanning electron microscopy (Papers I and II) 

Scanning electron microscopy (SEM) of the surfaces was performed with 
Hitachi S-4800 FE-SEM (Hitachi Science System Ltd., Japan), and 
microscopy of the attached cells was performed on XL30 ESEM TMP (PEI 
Company Philips Ab, Eindhoven, The Netherlands). Additionally, energy-
dispersive X-ray spectroscopy was carried out for the coated surfaces in paper 
I using the same microscope. The surfaces were washed with PBS 48 hours 
(paper I) or two weeks (paper II) after the cell seeding, and the attached cells 
were fixed in 2.5% glutaraldehyde (Sigma-Aldrich) in 0.1 M sodium cacodylate 
buffer (pH 7.4) for two hours at room temperature. The samples were then 
dehydrated in an increasing ethanol gradient (50%, 70%, 80%, 90%, 94% and 
2 × 99%, five minutes each). After dehydration the samples were treated with 
hexamethyldisilazane (HMDS). The samples were air-dried and covered with 
gold via sputtering (Sputter coater E5100, Polaron Equipment Ltd, England). 
The samples were imaged using an acceleration voltage of 20 kV. Pictures 
were analysed with Image J (http://rsbweb.nih.gov/ij/) to measure the 
surface areas covered by osteoblasts (paper I).  
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3.8.  Cell viability (Paper II) 

Fluorescent probes were used to evaluate the cell viability of the chondrocytes 
cultured on the patterned surfaces. At the 2-week time point the cells were 
incubated for five minutes at room temperature in 10 µM fluorescein diacetate 
(Sigma-Aldrich, Ayrshire, UK) dissolved in dimethyl sulphoxide (DMSO) and 
60 µM propidium iodide (Sigma-Aldrich, Ayrshire, UK). The cells were then 
washed with PBS and imaged with a Zeiss LSM 700 confocal microscope (Carl 
Zeiss AG, Oberkochen, Germany).  

3.9. Proliferative capacity of the cells (papers I and II) 

Mitochondrial activity as a measure of proliferative capacity of the cells was 
assessed using the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] protocol. After 48 hours (paper I) or two weeks 
(paper II) of culture, the cells were washed with PBS and incubated for three 
hours in fresh culture medium with 0.5 mg/ml of MTT reagent at 37℃. After 
incubation, the MTT solution was discarded, the samples were carefully 
washed with PBS and the precipitated MTT formazan salts were dissolved in 
one ml of 1:1 (v/v) solution of DMSO and ethanol. The absorbance of the 
solution was measured with an ELISA reader at 595 nm from a 96-well-plates.  

3.10. Cytochemistry (paper II) 

At the end of the 2-week time point, the cells cultured on patterned PS and PP 
were fixed with 4% paraformaldehyde for 30 minutes. To visualise the 
collagen organisation and content in the ECM, the cells were incubated with 
goat anti-type I collagen (Abcam, Cambridge, UK) and mouse anti-type II 
collagen (Holmdahl et al. 1986) antibodies over night at 4°C. Next day, the 
cells were washed with PBS and labelled with the secondary antibodies, anti-
goat FITC and anti-mouse FITC, both in 1:400 dilutions. The cells were also 
labelled with 1 µg/ml of 4′-6-diamidino-2-phenylindole (DAPI, Sigma-
Aldrich) for 15 minutes at 37°C to see the nuclei. The cells were then washed 
with PBS and photographed with a fluorescent microscope. Cytoskeletal 
components actin and vinculin were also visualised. After fixing, the cells were 
permeabilised with 0.1% Triton X-100 (Sigma-Aldrich, St. Louis, USA) in 3% 
bovine serum albumin for 30 minutes. Cells were incubated with fluorescent 
phalloidin (594 nm, Molecular probes, Eugene, Oregon, USA) at 1:1000 
dilution for 30 minutes and then, after washing with PBS, with primary 
murine monoclonal antibody against vinculin (Sigma-Aldrich, St. Louis, USA) 
at 1:1000 dilution for 1 hour. Secreted PGs were visualised by staining with 
0.1% toluidine blue in 3% acetic acid and then destained with 3% acetic acid. 
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Fluorescence probed cells were imaged with a fluorescent microscope, and the 
toluidine blue-stained cells with a phase contrast microscope. 

3.11. Surface charge measurements (paper I) 

Surface charge of the coatings was determined by measuring their zeta-
potential with an electrokinetic analyser (SurPASS, Anton Paar GmbH, 
Austria). The measuring was performed by placing two coated surfaces in a 
cell with a gap of approximately 100 µm between the surfaces. Ag/AgCl 
electrodes were placed at both sides of the sample and the tank was filled with 
1 mM KCl solution at a fixed pH of 7.4. A flow was forced through the cell and 
the resultant potential difference was measured. The zeta potential (]) can be 
determined from the streaming current with the Helmholtz-Smoluchowski 
equation:  

 

 ] =
dI
dp

×
η

ε×ε0
×

L
A

 1 

 

In equation 1 dI/dp describes the relationship between the streaming current 
and the pressure, K is the viscosity of the electrolyte, H is the dielectric constant 
of the electrolyte, and H0 is the vacuum permittivity. L is the length of the 
channel between the surfaces and A is the cross-sectional area of the flow 
channel (Myllymaa et al. 2010).   

3.12. Gene expression analysis (papers II and III) 

To see how the chondrocytes respond to their environment at gene expression 
level at a specific time point, total RNA was collected for a real-time RT-PCR 
analysis. Total RNA was extracted with TRI Reagent according to the protocol 
provided by the manufacturer. In study III, the construct was cut into pieces 
and incubated in the TRI Reagent for 15 minutes at room temperature to 
improve the extraction result. Extracted RNA was stored at -70°C prior to 
analysis. RNA concentrations were measured spectrophotometrically at 260 
nm (Nanodrop, Wilmington, DE, USA). Reverse transcription was performed 
with Verso cDNA synthesis kit (ABgene, Epsom, Surrey, UK) (paper II) and 
iScript cDNA synthesis kit (Bio-Rad, Hercules, USA) (paper III). The RT-PCR 
was performed with Mx3000PTM Real-Time PCR system (Stratagene, La Jolla, 
CA, USA) with Maxima SYBR Green/Rox qPCR master Mix (Thermos Fisher 
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Scientific, Surrey, UK) (paper II), or CFX Connect™ system (Bio-Rad, 
Hercules, USA) with iQ™ SYBR® Green Supermix (Bio-Rad, Hercules, USA) 
(paper III). The primers used in this thesis were purchased from Oligomer 
(Helsinki, Finland) (Table 1). Amplification efficiencies were determined for 
each primer and separately for every repeated experiment. Amplification 
efficiencies between 90% and 110% were considered acceptable. Primer 
specificity was determined with a post-reaction melt curve analysis. The 
relative gene expression (R) was determined using the Pfaffl method (Pfaffl 
2001):  

 

 R = 
(Etarget)

∆Cttarget(control-sample)

(Ereference)∆Ctreference(control-sample) 2 

 

In equation 2, E is the efficiency of the reaction as determined from a standard 
curve, and ∆Ct is the Ct difference between the control and the sample. 

Table 1. Primers used for real-time RT-PCR analysis in the thesis studies. 

 

 

 

 

 

 

 

 

 

 

Gene 
Forward 
(5´Æ3´) 

Reverse 
(5´Æ3´) 

Animal Paper 

Aggrecan  
(Bosnakovski et al. 
2006) 

CACTGTTACCG
CCACTTCCC 

GACATCGTTCC
ACTCGCCCT 

Bovine II/III 

Aggrecan 
(Qu et al. 2013) 

AACATCATTCC
ACTCGCCCT 

CACTGTTACCG
CCACTTCCC 

Human III 

Procollagen α1(II) 
(Galois et al. 2006) 

CATCCCACCCT
CTCACAGTT 

GTCTCTGCCTT
GACCCAAAG 

Bovine II/III 

Procollagen α1(X) 
(Meretoja et al. 2013) 

CTGAGC 
GATACCAAACA
CC 

CCTCTCAGTGA
TACACCTTTAC 

Bovine II 

Procollagen α2(I)  
(Galois et al. 2006) 

TGAGAGAGGG
GTTGTTGGAC 

AGGTTCACCCT
TCACACCTG 

Bovine II/III 

RPLP0  
(Donaldson et al. 2005) 

CAACCCTGAAG
TGCTTGACAT 

AGGCAGATGG
ATCAGCCA 

Bovine II/III 

RPLP0 
(Donaldson et al. 2005) 

AGATGCAGCA
GATCCGCAT 

GTGGTGATACC
TAAAGCCTG 

Human III 

Sox9  
(Tchetina et al. 2003) 

CATGAAGATG
ACCGACGAG 

GTTCTTGCTCG
AGCCGTTGAC 

Bovine II/III 
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3.13. Extracellular matrix component analysis (paper III) 

Collagen and PG content was measured as a way to quantify the structure of 
the constructs. Wet masses of the constructs were measured after extracting 
them from the culture vehicle and wiping off excess culture medium. The PGs 
were then extracted in 4 M guanidine hydrochloride (Sigma-Aldrich) solution 
with 50 mM sodium acetate buffer (pH 5.8), 5 mM benzamidine 
hydrochloride (Sigma-Aldrich), and 10 mM sodium EDTA (Sigma-Aldrich) for 
24 hours at 4°C. After the extraction, the PGs were precipitated in 75% ethanol 
overnight and then dissolved in water. The PG content was measured with a 
spectrophotometer at 535 nm using a dimethylmethylene blue assay that is 
sensitive to sulphated GAGs  (Farndale et al. 1986). After measuring the PG 
quantity, five µg of each sample was separated with agarose electrophoresis to 
see the size distribution of the constituent PGs. For this analysis, the samples 
were dissolved in ten µl of SDS buffer, boiled for five minutes and then added 
to five µl of colour solution (60% sucrose and 0.05% bromophenol blue in 1X 
TAE buffer). Finally, the samples were loaded into a 1.2% agarose gel (Agaros 
Standard) using ten µg of chondroitin sulphate as a reference sample. The gels 
were run at a constant current of 50 mA and voltage of 35 V. After the run, the 
gel was washed with water two times, after which the PGs were fixed into the 
gel by immersing the gel in a methanol bath (50% methanol, 7% acetic acid 
and 43% water, V/V) for two hours. After fixing, the gel was washed twice with 
water and twice with 3% acetic acid and then stained with toluidine blue (0.1% 
toluidine blue in 3% acetic acid, m/V) for 30 minutes. After the staining, the 
gel was decolourized in 3% acetic acid until the bands were revealed. 

The collagen content was analysed from the hydroxyproline in the insoluble 
debris left over from the guanidine hydrochloride digestion. The debris was 
washed twice with PBS and then digested in 0.5 ml of papain digestion 
solution (1 mg/ml papain in 5 mM L-cysteine, 15 mM EDTA and 150 mM 
sodium acetate, pH 5.8, Sigma-Aldrich). After the digestion the samples were 
hydrolysed in 10 M HCL at 108 ℃ and then neutralized with NaOH. After the 
spectrophotometric analysis to determine the free hydroxyproline in the 
hydrolysate (Brown et al. 2001), the hydroxyproline concentration was 
converted to collagen concentration by multiplying with 7.46 (Neuman and 
Logan 1950). 
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3.14. Biomechanical testing (paper III) 

Tissue biomechanics of the neocartilage constructs were tested at each time 
point in indentation geometry with a 250 g load cell and a flat-ended 
cylindrical indenter (∅ = 2 mm). Before the measurements the samples were 
stored in -20°C. Tissue constructs were thawed at room temperature, and the 
thicknesses were measured using optical coherence tomography with the 
sample submerged in PBS (Puhakka et al. 2016). The samples were glued to 
the measurement chamber and submerged in PBS. Before testing, the 
indenter was brought down adjacent to the centre of the tissue until a reliable 
contact was made. The tissue was then preloaded ten times by depressing it by 
2% of the total thickness. A 4-step stress-relaxation protocol was applied, 
where the tissue was compressed 5% of the remaining sample thickness at 
each step. The tissue was allowed to relax for 15 minutes after each stress step. 
Subsequently, a cyclic dynamic test protocol was performed with a sinusoidal 
strain (1 Hz, 4 cycles) with an amplitude of 2% of the remaining tissue 
thickness. A Hayes corrected equilibrium moduli (Hayes et al. 1972) was 
determined from the stress-relaxation measurements. The dynamic moduli 
and phase angle were calculated from the sinusoidal test. Poisson’s ratios were 
assumed to be 0.1 in the equilibrium modulus and 0.5 for the dynamic 
modulus analysis. 

3.15. Fourier transform infrared imaging (paper III) 

Collagen and PG distributions were determined with fourier transform 
infrared imaging (FTIR) from the corresponding amide I (1584-1720 cm-1) and 
carbohydrate (984-1140 cm-1) peaks. The tissue constructs were mapped from 
perpendicularly cut histological sections (5 µm thick), covering the whole 
depth from the edge of the tissue to the centre. The sections were placed on 
ZnSe windows for imaging with a Thermo iN10 FT-IR microscope (Thermo 
Nicolet Corporation, Madison, WI, USA) in transmission mode and with a 
spectral resolution of eight cm-1 and a pixel size of 25 x 25 µm2. Eight repetitive 
measurements per pixel were averaged. The collagen and PG concentrations 
were determined from the integrated areas from their respective wavenumber 
peaks. PG and collagen depth profiles were measured from 500-µm-wide 
sections near the centre of the constructs and the depth was scaled down to 
100 points of measurement for comparison. 

3.16. Histology (paper III) 

Tissue constructs were fixed in 4% formalin for five days before being 
submerged in 99.5% ethanol for storage at room temperature. The tissues 
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were then embedded in paraffin and cut into five µm thick sections 
perpendicular to the surface and from the centre axis. Sections were stained 
for type II collagen with monoclonal antibody E8 (Holmdahl et al. 1986) and 
for PGs with toluidine blue. Immunostaining was visualized with DAKO 
EnVision+ (Dako/Agilent, Santa Clara, USA). 

3.17. Micro-computed tomography (paper III) 

Analysis of the three-dimensional structure of the neocartilage constructs was 
done with micro-computed tomography (micro-CT). Tissues were fixed in 4% 
formaldehyde for five days and then placed in 99.5% ethanol until all samples 
were collected. The samples were then dried with HMDS for three hours and 
then left in room temperature for overnight to let the HMDS evaporate. The 
tissues were imaged with a micro-CT (SkyScan 1272, Bruker MicroCT, 
Kontich, Belgium) using 40 kV tube voltage, 250 µA tube current and taking 
1800 projections with one µm isotropic voxel size and exposure of 1590 
ms/frame and average of five frames per projection. No additional filtering 
was applied. The scans were reconstructed using NRecon (v. 1.7.0.4, Bruker 
MicroCT) with beam hardening and ring artefact corrections applied. Partial 
volume effect was minimized by applying an unsharp mask and a median filter 
before segmenting cell volumes from tissue volumes with adaptive median-C 
thresholding. The cell volume to tissue volume ratios were calculated. Image 
processing, segmentation and analysis were performed with CTAnalyzer (v. 
1.16.4.1, Bruker microCT). 

3.18. Statistical analysis 

One way ANOVA with Tukey Post-Hoc Test (paper I), independent sample T-
test (paper II) and Mann-Whitney U-test (paper III) were used to identify 
statistically significant differences between sample groups. In the statistical 
tests, p-values less than 0.05 were considered significant. All experiments 
were repeated at least three times. 
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4. Results 

4.1. Characterisation of coated surfaces (paper I) 

The coated surfaces were inspected with electron microscopy before and after 
cell culture. The films looked as expected, and we were able to adjust the 
roughness of the TiO2 surfaces. The TiO2 surfaces had rougher nanometer-
scale characteristic when compared to the amorphous diamond, Al2O3 and 
C3N4 coated surfaces, which were appreciably flat (Fig. 1, paper I). The energy-
dispersive X-ray spectroscopy showed that the coatings were as pure as the 
source target material, and no additional elements were detected. It also 
showed that the coatings were deposited stoichiometrically to represent the 
expected composition (Fig. 2, paper I). As the deposition temperatures and 
plasma intensities were relatively low, no highly-ordered structures were 
expected and, thus, the coatings were assumed to be amorphous. The atomic 
force microscope measurements of surface roughness corresponded to the 
observations from SEM in the way that the amorphous diamond, Al2O3 and 
C3N4 coatings resulted in very smooth surfaces, while both TiO2 surfaces were 
two orders of magnitude rougher (Table 1, paper I). Contact angle 
measurements showed that the amorphous diamond and C3N4 had contact 
angles below 90°, making them hydrophilic. The titanium surfaces were very 
hydrophobic, while Al2O3 was only slightly hydrophobic (Table 1, paper I). The 
zeta potential, indicating electrokinetic potential of the surface, was negative 
for all surfaces, being lowest for amorphous diamond (−70 mV) and highest 
for both of the TiO2 surfaces (−50 mV).  

4.2. Characterisation of micro- and nanopatterned surfaces 
(paper II) 

The patterned PS and PP surfaces were characterised with SEM to evaluate 
the quality from the casting process. The surfaces had a regular circular 
pattern (20 μm × 10 μm × 20 μm, size × height × spacing) with a consistent 
nanoscale roughening on the top of the features. On PP, the features were 
more angular, whereas on PS they were more rounded (Fig. 2, paper II). The 
contact angles changed to more hydrophobic on both materials after 
patterning, the change being more drastic on PP (+43.6° and +60.6°) than on 
PS (+6.7° and +1.9°), when measured with water and culture medium 
respectively (Table 1, paper II). 



33 

4.3.  Osteoblast morphology on coated surfaces (paper I) 

Scanning electron microscopy of the cells showed that the Saos-2 cells had not 
covered the surfaces fully after 48 hours of culture. The cells were found to be 
in groups and in contact with each other. The cells exhibited slightly different 
morphologies on different surfaces. The cells grown on rough TiO2 were 
smaller and had filopodia-like projections while the osteoblasts grown on 
amorphous diamond, Al2O3, C3N4 and smooth TiO2 had stress fibre-type 
fibrillar structures. In general, the cells had a more spread out appearance on 
all coatings when compared to PS (Fig. 3, paper I). As the morphology seemed 
to differ between the coatings, we analysed the cell shapes and sizes with 
image analysis. The analysis revealed that the osteoblasts were smaller on the 
rough TiO2 surfaces when compared to the others. The cells were the most 
elongated on C3N4 and Al2O3 surfaces while on the other surfaces the cells had 
a very similar circularity. Solidity measurements, the ratio between the cell 
area and its smallest convex area, show that cells on the TiO2 surfaces had the 
most rounded edges, while on the other surfaces the cells had more jagged 
edges. Cell perimeters were quite variable within the groups, but again the 
TiO2 had the smallest perimeter, corresponding with the smaller cell area and 
greater circularity and solidity (Table 2, paper I). 

4.4. Chondrocyte morphology on patterned surfaces (paper II) 

Chondrocytes cultured on the patterned surfaces were in groups, but covered 
less area than on the standard smooth PS (Fig. 3, paper II). No cells could be 
found on the smooth PP. The cells on the patterned PP were morphologically 
similar to those found on the smooth PS, i.e. small and polygonal. The effect 
of the patterns on the production of ECM was studied after two weeks of 
culture (Fig. 3 and 4, paper II). Both patterned surfaces lead to the production 
of ECM, though it formed a roof-like construct spanning over the pillars. It 
was also seen that on patterned PS the cells were more attached to the edges 
of the pillars as they had more extensions contacting them. The chondrocytes 
were more exposed on the patterned PS whereas on the patterned PP they 
seemed to be more extensively covered by ECM (Fig. 4, paper II). 

4.5. Neotissue morphology (paper III) 

The morphological appearances of the cultured neotissues were examined 
through photographs at every time point and with micro-CT at the four-week 
time point (Fig. 3, paper III).  The photographs showed that the centrifuged 
tissues were generally thinner, but had a more regular shape that covered 
more of the underlying bone disk. The non-centrifuged tissues often had a tall 
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conical shape that left more of the bone disk exposed (Fig. 1, paper III). Tissue 
porosity (the volume percentage of cells in ECM) as determined from the 
micro-CT imaging was 13.7% ± 4.2%, 15.3% ± 2.4% and 14.1% ± 4.2% (mean 
and standard deviation) for control, once centrifuged and three times 
centrifuged groups, respectively. Although there were no significant 
differences in tissue porosity, the stained histological sections revealed that 
the non-centrifuged tissues more often had areas inside them that were 
completely void of cells or ECM than the centrifuged tissues.  

4.6.  Cell viability and proliferation (papers I and II) 

The MTT assay was used as an indicator for the proliferative capability of 
Saos-2 cells on the various coatings, as well as of the chondrocytes on the 
polymer surfaces after they had been allowed to adapt to culture conditions 
for 48 hours. The assay showed slightly higher mitochondrial activity for the 
osteoblasts on rough TiO2 surfaces, although the difference was not 
statistically significant (Fig. 5, paper I). Chondrocytes on smooth PS had the 
highest mitochondrial activity, whereas smooth PP had the lowest, consistent 
with the SEM findings. Chondrocytes on patterned PS and PP did not differ 
significantly even though patterned PP showed slightly higher activity, which 
is possibly due to the higher cell number (Fig. 5b, paper II). 

Chondrocyte viability on the micropillar surfaces was examined with a 
fluorophore-based live/dead –assay. On both PS and PP discs, the living cells 
were grouped in the same manner as was seen in the SEM images and cell 
shapes were also similar, i.e., on the patterned PP the cells appeared smaller, 
while on the patterned PS they were more flattened. The ratio of dead cells to 
live cells was higher on the patterned PP surfaces when compared to the 
patterned PS surfaces. In general, both patterned surfaces had mostly live cells 
on them (Fig. 5a, paper II). 

4.7. Histochemistry (paper II and III) 

The chondrocytes were stained to reveal the cytoskeletal components vinculin 
and actin, as well as the ECM components type I and type II collagen and PGs. 
The assay revealed that both types of collagen were expressed, as well as actin 
and vinculin on both patterned surfaces with no clear differences between 
them (Fig. 6, paper II). Toluidine blue staining of the extracellular PGs 
indicated a strong accumulation on both patterns, although on the patterned 
PP the staining was more uniform compared with patterned PS. 
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In paper III, we stained hMSC pellets with toluidine blue to reveal GAG 
accumulation. Chondrogenic differentiation medium increased the size of the 
cell pellet, and increased the staining intensity when examined visually, but 
centrifugation did not have a noticeable effect on the chondrogenic 
differentiation of the hMSCs (Fig. 2, paper III). 

4.8. mRNA expression (paper II and III) 

The expressions of chondrocyte-specific genes were studied in the last two 
studies to ascertain whether the patterned surfaces or centrifugation of the 
tissue constructs could maintain the chondrocyte phenotype and facilitate 
cartilage growth. mRNA expressions of the chondrocyte specific genes Sox9, 
aggrecan, procollagen α1(II) were used to define chondrocyte-specific gene 
expressions, while expression of procollagen α2(I) was also measured as an 
indicator of the phenotype shifting towards a fibroblast-like cell. Additionally, 
procollagen α1(X) was studied in paper II as a hypertrophy marker.  

No statistically significant differences were detected in the expression of Sox9, 
aggrecan or procollagen α1(II) after culturing for two weeks on the patterned 
polymer surfaces. However, expression of procollagen α2(I) was higher on the 
patterned surfaces when compared to freshly isolated chondrocytes. 
Interestingly, the expression of procollagen α2(I) was also higher on patterned 
polystyrene when compared to smooth polystyrene. The ratio of procollagen 
α2(I) to procollagen α1(II) was calculated to see which collagen type would be 
the dominant component in the extracellular matrix. The ratio leaned towards 
procollagen α2(I) on patterned PP (increase from 1 to 76-79) and patterned PS 
(increase from 1 to 417) when compared to non-passaged chondrocytes 
cultured on smooth PS (Fig. 7, paper II). Expression of procollagen α1(X) 
mRNA remained low in all the cultivated samples, indicating that the patterns 
did not induce terminal differentiation of chondrocytes into osteoblasts.  

The initial idea for using centrifugation as mechanical stimulation in tissue 
culture came from the encouraging gene expression results of the centrifuged 
hMSC pellets. In this pilot study we saw higher expression of aggrecan in the 
centrifuged pellet when compared to pellets cultured in standard MSC culture 
medium or chondrogenic differentiation medium (Fig. 2, paper III). In the 
neocartilage cultures, the expression of Sox9 remained constant throughout 
the time points and treatments. Aggrecan increased with time in all groups, 
but due to high variability between repeat experiments, there were no 
statistically significant differences. Procollagen α1(II) expression remained at 
a relatively low level, and there were no significant differences even though 
the mean expressions for three times centrifuged samples were higher than 
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for the others. Expression of procollagen α2(I) was significantly increased 
during the experiment to approximately hundredfold from one week to four 
weeks on all groups (Fig. 6, paper III). 

4.9. Extracellular matrix component analysis of neocartilage 
tissue (paper III) 

As a supporting analysis to histology, FTIR mapping of collagens and GAGs 
was performed. Mapping of the amide I band, which corresponds to collagen, 
revealed that in the control and once centrifuged tissues collagen was often 
found in higher concentrations at the top of the constructs. No such zonality 
was witnessed in the three times centrifuged constructs.  

The GAG distribution, determined from the carbohydrate peak, was 
comparable throughout the experimental groups and the histological sections 
corresponded well with the FTIR maps. Type II collagen distribution appeared 
to be slightly more even than what the FTIR mapping suggested. The toluidine 
blue staining of GAGs revealed some zonality in their distribution, in some of 
the centrifuged tissues but there was no apparent difference visible between 
the centrifugation regimes. It was also seen that some sections had areas that 
were hardly stained at all, nor did they appear to have any cells left in them 
(Fig. 4, paper III). 

Collagen and GAG contents were also quantified from tissues with 
spectrophotometric assays. Collagen content remained uniform throughout 
the experiment and experimental groups, the only significant increase was 
seen in the control samples between one and four weeks. The mass ratio of 
GAGs seemed to increase with time, but the high variability in the 
measurements prevent definite conclusions for the centrifuged samples. A 
significant increase was seen in the control samples when comparing two and 
four week cultivation to one week. The PG separation on gel showed that the 
tissue constructs consisted of large PGs, and it was confirmed with a 
densitometric analysis of the gel (Fig. 5, paper III).  

4.10. Mechanical testing (paper III) 

The tissue constructs were subjected to mechanical testing to see whether the 
centrifugation had an impact on their biomechanical properties. The average 
equilibrium modulus appeared to increase with time, but there were no 
statistically significant differences. Dynamic modulus was also similar 
between treatments and time points. There was a statistically significant 
decrease in phase angle between the two and four week cultivation in control 
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samples. The trend was decreasing in the centrifuged samples as well even 
though there were no significant differences between the controls and 
centrifuged groups. Due to inconsistent results, the groups appeared to be 
quite homogenous (fig. 7, paper III). There were eight samples that were 
discarded from analysis due to negative equilibrium modulus results. 
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5. Discussion 

5.1.  Laser deposited surface coatings as novel surfaces for tissue 
engineering (paper I) 

Medical implants become necessary when biological repair methods can no 
longer repair or compensate for the lost function, e.g., in advanced OA when 
the articulating surface is completely or almost completely deteriorated. Metal 
or alloy implants impose problems beyond their functional geometry, which 
is also crucial for their application throughout the prosthesis lifespan. The 
problems that arise years after the implantation are more commonly caused 
by faults in integration and consequent object loosening. Failure of object 
osseointegration can lead to aseptic loosening and premature implant failure 
(Boss et al. 1994, Mäkelä et al. 2008). Loosening can also lead to additional 
wear and debris to release from the implant, which can lead to inflammation, 
osteolysis, and further rejection of the implant (Abu-Amer et al. 2007). 

Titanium and its alloys are intrinsically good implant materials firstly for 
behaving mechanically similar to bone and secondly for spontaneously 
forming a biocompatible oxide layer on the surface. However, this is 
sometimes not enough to maintain the integration to the bone (Puleo and 
Nanci 1999). As an alternative cobalt-chrome has also been used, but the level 
of osseointegration is lower and patients tend to have an adverse reaction to 
the debris more often (Park et al. 2005b). 

A way to improve the longevity of the implant materials is surface 
modification, which opens interesting possibilities. The bulk of the material 
can be designed according to the mechanical needs, while the surface can be 
designed to serve the biological needs. This approach can lead to development 
of implants exceeding the expected lifespan of the current implants, making 
them a more viable option for younger patients with severe joint defects, or 
removing the need of another surgery after the implant has worn down. There 
are several physical and chemical ways to alter the interaction between the 
surface and the cell, and these usually change the surface topography (Faghihi 
et al. 2007, Salou et al. 2015) or the surface energy (Rupp et al. 2006, Poulsson 
et al. 2014). Surface roughening generates a higher surface area, which 
amplifies the properties of the surface. A greater surface energy improves 
ECM protein adsorption and, thus, improves the implant attachment to bone 
(Coelho et al. 2009).  

In this study, we prepared five coatings using ultra-short pulsed laser 
deposition, characterised their biologically relevant properties, and tested the 
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behaviour of osteoblast-like cells on them. Water contact angle, which is one 
determinant of cell adhesion (Horbett et al. 1988, Lampin et al. 1997, Arima 
and Iwata 2007), could be tuned with the selection of the coating materials as 
the contact angle varied from very hydrophilic (C3N4 at 32°) to hydrophobic 
(TiO2 at 115°). The increased surface roughness between smooth and rough 
TiO2 coatings was not enough to change the Wenzel state of the water droplet 
in the contact angle measurements. Wettability of surfaces with relatively 
small roughening is amplified in comparison to the ideal flat surface according 
to the Wenzel’s model. This means that hydrophilic surfaces become more 
hydrophilic and hydrophobic surfaces become more hydrophobic (Wenzel 
1936). The surface charge could also be slightly adjusted with the selection of 
coating material, although all the surfaces were approximately in the same 
range as indicated by the zeta-potential measurements. The roughening of 
TiO2 did not influence the coating surface energy but as it did not affect the 
contact angle either, the result is expected.  

There is evidence showing that surface roughness increases implant 
integration in vivo (Suzuki et al. 1997, Cooper 2000). Both titanium and 
cobalt-chrome-molybdenum surfaces have been shown to improve osteoblast 
attachment, cell spreading and cytoskeleton organization (Sinha et al. 1994). 
This study focused on new and chemically distinct coating materials for 
improved osseointegration. Despite the differences in physical properties of 
the coatings, the cell adhesion was comparable on all surfaces, and the cell 
viability showed only a slight, but statistically insignificant, increase on rough 
TiO2. The average cell area was smallest on rough TiO2, and second smallest 
on smooth TiO2, possibly owing to their hydrophobic characteristic.  

It is worth noting that despite the fact the contact angles were the same for the 
two TiO2 surfaces, the cells had different average contact areas. An 
explanation, which is supported by the lack of fibrillar extensions from the 
cells, could be that the osteoblasts are not able to form focal adhesions on the 
rough TiO2 in a similar way they can on smooth TiO2. The fibrillar extensions 
are most probably microfilament-based stress fibres that attach intracellularly 
to the cellular focal adhesions, and this interpretation would correlate with a 
previous study showing a reverse correlation with TiO2 surface roughness and 
MG-63 cell colonization (Vandrovcova et al. 2012). The surfaces with the 
smallest contact angles also had the largest cell contact areas, even though it 
did not seem to influence the actual cell density. The cell shapes were distinct 
on different coatings with the cells being most elongated on C3N4 and Al2O3, 
which fits with similar studies showing that surface chemistry affects the 
osteoblast aspect ratio (Xing et al. 2014). These surfaces could be further 
modified to address short term biocompatibility by coating them with organic 
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molecules, such as de-acetylated chitosan, which would improve protein 
adsorption and, thus, cell attachment (Bumgardner et al. 2003). The 
mechanical properties of the coatings were not tested in this study. As 
prosthetic implants serve mainly a mechanical purpose, it would be important 
to measure how large shear forces the interface between the coating and the 
bulk material can withstand. 

5.2. Effects of nanopatterned microstructures on chondrocyte 
phenotype (paper II) 

Compared to other tissues, articular cartilage has the lowest number of cells 
per volume, and it is only populated by chondrocytes. Despite their low 
density, the chondrocytes have an important role in maintaining the cartilage 
ECM, and they are in fact the only cells to produce and assemble it (Yokota et 
al. 2011). Articular cartilage helps long bones to move against each other, and 
distributes the load to a larger area thanks to the structure of the cartilage. 
Trauma and accumulated wear from aging can lead to defects in the cartilage, 
which left untreated, can lead to OA. Several cell-based therapies have been 
developed (Brittberg et al. 1994, Pulliainen et al. 2007, Pulkkinen et al. 2013, 
Boushell et al. 2016), which suffer from the low availability of chondrocytes. 
Therefore, chondrocytes must first be expanded before they can be used 
clinically. Unfortunately, chondrocytes often “dedifferentiate” when cultured 
outside their biological niche. Standard PS cell culture dishes are a good 
example of an environment that does not meet the niche requirements of 
chondrocytes. Flat PS provides a good surface for attachment and 
proliferation, but is recognised as a two-dimensional surface by the cells. This 
results in a rapid loss of chondrocyte phenotype and ability to produce the 
necessary ECM components for hyaline cartilage. Usually an increase in the 
expression of procollagen α2(I) is witnessed as well, leading to the production 
of fibrocartilage (Binette et al. 1998). The lack of mechanical contact in three 
dimensions might also be a cofactor in the loss of the chondrocyte phenotype 
(Sasazaki et al. 2008). 

Investigations to find the cues for maintaining the chondrocyte phenotype has 
led to studies of embedding the cells into a three-dimensional matrix, such as 
agarose (Benya and Shaffer 1982), alginate beads (Binette et al. 1998, Lemare 
et al. 1998), collagen (van Susante et al. 2001), hyaluronan (Ko et al. 2009) or 
decellularized cartilage ECM (Zheng et al. 2011, Sutherland et al. 2015). Some 
three-dimensional scaffolds have shown ability to maintain the chondrocyte 
phenotype (Benya and Shaffer 1982, Binette et al. 1998, Lemare et al. 1998, Li 
et al. 2003, Li et al. 2006, Stenhamre et al. 2013). However, the question 
remains how well the new ECM will overturn the scaffold, in which the 
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chondrocytes were seeded, and to what extent the resultant ECM structure 
will resemble native cartilage. A different approach is to alter the chemical 
environment of chondrocytes cultured in monolayer to conditions that better 
resemble the native environment, for example by lowering the oxygen tension 
(Murphy and Polak 2004). The control of the cellular morphology and 
phenotype is also possible by supplementing the cultures with drugs, such as 
staurosporine (Borge et al. 1997) or dihydrocytochalasin B (Benya 1988).  

A third way is to use different material compositions and surface topographies 
to mimic the three-dimensional niche on an effectively two-dimensional 
culture surface, which would allow easy detachment of the cells after 
expansion. Nanofibrous materials, such as electrospun chitosan (Bhattarai et 
al. 2005), are comparable in size to ECM components, and possibly enough to 
provide a familiar growth environment for chondrocytes. They have been 
successfully used to promote cell proliferation and to maintain chondrocyte 
phenotype (Li et al. 2003, Bhattarai et al. 2005, Li et al. 2006, Stenhamre et 
al. 2013). The shape of the culture surface can also be modified to guide the 
cells into a specific shape or to guide it into a certain direction (Hamilton et al. 
2006). In this study, we wanted to see if we could force the cytoskeletal shape 
of the chondrocytes by giving a round, roughly cell sized area to attach and 
grow on. The rounded shape is native to chondrocytes, and the more native-
like cytoskeletal organisation was hypothesized to help maintain their 
phenotype. Our previous findings indicated that a patterned hydrophobic PP 
surface promoted a more rounded morphology of Saos-2 osteoblast-like cells 
(Myllymaa et al. 2009). 

Both the patterned PS and PP surfaces could support chondrocyte culture, 
although there were some differences between the chondrocytes grown on 
these surfaces. There were slightly more dead cells on the PP surfaces, while 
the chondrocytes had a more rounded morphology when compared to the 
patterned PS. The greatly increased hydrophobicity of the patterned PP 
surfaces could be the cause for the rounded cell shape, and it can be argued 
that improved morphology of the living cells is more important than the 
overall number of cells. However, the chondrocytes seemed to move towards 
the production of fibrocartilaginous ECM, which stained strongly for both type 
I and type II collagen. However, as type I collagen was detected on all surfaces, 
it is reasonable to deduce that the patterned surfaces did not have an 
unexpectedly negative effect on the phenotype either. The high quantity of 
type I collagen in the ECM, as well as the high mRNA expression of 
procollagen α2(I), after passaging indicate that the chondrocytes had not 
reached terminal differentiation. It can also be interpreted that the surface 
patterns alone are not enough to maintain the phenotype, and that they cannot 
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be used as a means to redifferentiate chondrocytes that have lost their native 
phenotype. Usually osteogenic growth factors are required for the 
chondrocytes to hypertrophy, and the low expression of procollagen α1(X) 
confirms that the chondrocytes were not differentiating to osteoblasts. It 
would seem that the separation of the chondrocytes from their native 
environment is too drastic for the patterned surfaces to compensate for alone. 
A combined approach with growth factors and possibly ECM components 
attached to the surface could improve the phenotype maintenance.  

It is understandable that cells will only behave naturally when they are in their 
native environment, which is something that might never be fully achieved in 
vitro. On one hand, there should be an endeavour to recreate as natural an 
environment as possible in hopes of matching the phenotype in vitro. But on 
the other hand, we should try to see beyond this, and consider whether the full 
reproduction of the environment is necessary to reach the phenotype, and is 
it even necessary to reach the native phenotype. Another point to consider is 
the question whether there are certain key environmental aspects that are 
required for the maintenance of chondrocyte phenotype or at least 
maintaining a good enough phenotype and what are the means to achieve 
them. Changes in surface topography and stiffness have been shown to affect 
cell proliferation and differentiation (Mata et al. 2002, Rea et al. 2004, Yeung 
et al. 2005). Previous studies have shown that ten µm pillars increase human 
bone-marrow-derived connective tissue progenitor cell numbers on 
polydimethylsiloxane (Mata et al. 2002), and articular chondrocytes generally 
react to surfaces in the micrometre scale (Joergensen et al. 2015). Therefore, 
the nanofeatured micropillars were chosen for our study, since they are also 
very simple to manufacture (Puukilainen et al. 2007). The chondrocytes were 
capable of growing and producing ECM on the patterned surfaces, but they 
were not sufficient to maintain their phenotype. In typical monolayer cultures, 
chondrocytes also need to be in a high enough concentration to support their 
phenotype. The finding that the cell density was smaller on the patterned 
surfaces when compared to flat PS may have weakened the desired ability for 
improved chondrogenic potential. 

5.3. Effects of centrifugation on neocartilage tissue constructs 
(paper III) 

Artificially grown hyaline cartilage implants have been envisioned as the next 
step in the repair of small cartilage defects in joints. The research in finding 
the correct environment for their creation has been going on for a long time, 
and many different culture protocols and environments have been developed. 
Even though the picture of the requirements for creating native-like cartilage 
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is slowly starting to form, we are yet to see any significant breakthroughs. This 
study did not answer questions relating to tissue integration, as we believe that 
reproducing the structural architecture of articular cartilage should be our 
priority, even though we recognise that both are equally crucial problems to 
solve. 

It is relatively easy to manufacture scaffold-free structures with chondrocytes 
that are cultured in high density, but they often begin to resemble 
fibrocartilage, have a non-uniform shape, lack in ECM organisation, and are 
mechanically inferior to native cartilage. When considering the mechanical 
properties of the tissue constructs, improving the orientation of the ECM 
components and the structural hierarchy of collagen and GAGs are major 
topics of interest. There is a firm evidence that mechanical stimulation of the 
cultured chondrocytes has a positive effect on the outcome of the neotissue 
(Smith et al. 1996, Takahashi et al. 1997, Ikenoue et al. 2003, Shelton et al. 
2003, Hu and Athanasiou 2006, Mouw et al. 2007, Nazempour et al. 2016). 
To our knowledge, this study is the first one to explore the effects of 
centrifugation on long term tissue culture. Our pilot experiment with hMSC 
pellets gave encouraging results when we saw a noticeable increase in 
aggrecan mRNA expression in the centrifuged pellets, leading us to 
experiment with different centrifugation regimes. 

After four weeks of culture, the flat and cylindrical shape of the centrifuged 
constructs resembled tissues achieved through direct mechanical stimulation 
(Hung et al. 2004) and hydrostatic pressure (Hu and Athanasiou 2006). On 
the other hand, the conical shape with a collapsed centre, which was seen in 
many of the free swelling constructs, was similar to what we have previously 
witnessed in our unpublished results. It is easy to imagine the centrifugation 
forcing the formation of flattened surface in the centrifuged samples, while a 
possible explanation for the conical shape of the free swelling constructs is 
that it is the most stable form that the proliferating chondrocytes can 
maintain. The collapsing centre could be explained by necrosis in the middle 
of the tissue as the diffusion distance for nutrients becomes too long. The 
centrifuged samples felt more solid, when the samples were collected and cut, 
which gave support to our hypothesis that centrifugation would improve the 
mechanical properties, and possibly even the nutrient availability. 

Histologically the tissues expressed ECM immaturity similar to neonatal 
cartilage (Hunziker et al. 2007), i.e., the chondrons did not have the hallmark 
depth-dependent orientation, and the morphology of the radial zone and most 
of the tissue resembled transitional zone cartilage. However, the chondrocytes 
on the surface appeared flattened, which is a typical feature of adult cartilage, 
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but it might also be an artefact from sample preparation. The GAG 
distribution was also quite uniform, which was not surprising after such a 
short culture period, and it correlates with similar studies (Hung et al. 2004, 
Elder and Athanasiou 2008). However, it was a positive finding that there 
were a slightly more intensively stained band in the upper layer of the 
centrifuged tissues, hinting towards a partial zonal architecture. These 
findings however were not supported by the depth wise analysis of GAG 
distribution from the FTIR maps. There were also centrifuged tissues that had 
areas void of GAGs, which might be an indication of localised necrosis. The 
differences in collagen distribution observed in the FTIR maps and 
immunostained sections could be explained by the fact that the amide I band 
measured by FTIR is sensitive to all types of collagen, while the primary 
antibody is specific to type II collagen. Therefore, the more even distribution 
of type II collagen compared to the localized collagen seen in the FTIR maps 
could indicate that type I collagen was more localized to the upper layers of 
the constructs. However, the high co-localization of PGs and collagen in the 
top layers of the FTIR maps could also indicate an artefact caused by tissue 
shrinking during sample preparation. 

The centrifugation program did not seem to have a significant effect on the 
production of the ECM components based on the comparable amounts of PGs 
and aggrecan mRNA expression in the neocartilage tissues. We also were 
unable to replicate the results of the pilot study done on the hMSCs to increase 
the aggrecan expression. However, the centrifugation did not seem to have a 
negative effect on the PG production either, as can be seen from the gel 
electrophoretic separation of PGs, which were all comparable in size to PGs 
found in native cartilage. The increase in the expression of procollagen α2(I) 
was an unexpected finding, indicating that the chondrocytes were in the 
process of “dedifferentiating” into fibroblast-like cells. This deduction is 
supported by the comparatively low expression of procollagen α1(II). The 
overall concentration of collagen was also low, being approximately one 
hundredth of that found in native cartilage (Williamson et al. 2003). This is 
not unexpected though, as 4-weeks-culture time might not have been long 
enough to accumulate a realistically comparable amount of collagen. The 
amount of collagen appeared to be lower in the early control time points, 
which might be an indication of centrifugation causing an increase in collagen 
production early on, but that the difference diminishes with time. 

The mechanical properties are in the end what determine the functionality of 
the tissue construct as an implant. We hypothesised that centrifugation and 
the resultant increase in hydrostatic pressure would lead to improved 
mechanical properties. However, very little differences could be seen between 
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the treated and control tissues in the mechanical testing. The only significant 
difference we could witness was in the phase angle of strain and stress of the 
control samples between two-and four weeks of cultivation. However, the 
measured phase angle was similar to native cartilage when measured at one 
Hz cyclic strain (Park et al. 2004), suggesting that the stress had a certain 
effect of the tissue. The increase in equilibrium modulus would be logical, even 
though the differences were not statistically significant. The increase would 
correlate with the increase in GAG content (Kempson et al. 1970), as well as 
the experienced increase in stiffness upon sample collection. However, the 
measured moduli were low in comparison to similar studies (Hung et al. 2004, 
Heyland et al. 2006, Elder and Athanasiou 2008), which might be due to 
different loading geometries and protocols used for measurement and 
different sample handling. 
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6. Conclusions 

x Ultra-short pulsed laser deposition can be used to create distinct 
coatings on metal surfaces for the purpose of manufacturing a 
biphasic implant that would have distinct bulk and surface properties. 
The bulk could be designed to match the mechanical requirements 
and the surface can be designed for biological needs. It also has 
potential in pilot studies as it can be performed in a fast way, at room 
temperature, and on various surfaces.  

x The nano- and micropatterned surfaces were capable of sustaining the 
chondrocytes and facilitating ECM production. The ECM covered the 
patterns, which made the cells grow everywhere on the surfaces rather 
than just attaching to the pillars. The morphology of the chondrocytes 
was more rounded on the PP surfaces in comparison to the PS 
surfaces. Yet, there were no significant differences in phenotype and 
the surfaces were not capable of maintaining the chondrocyte 
phenotype. In future, the surfaces could be coated with a bioactive 
material, such as hyaluronan, to provide the chondrocytes with 
appropriate physical and chemical cues. 

x Even one centrifugation per day aids in shaping the tissue constructs 
to a more uniform shape, and to have some properties of native 
cartilage. Still, the ECM composition and gene expression indicated 
immature cartilage, which only remotely reached native cartilage-like 
properties. Centrifugation could be used to shape tissue constructs, 
but there is a need to improve the ECM organisation and the 
maintenance of the chondrocyte phenotype. 
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