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Introduction 

 

Cartilage tissue: Biology and function 

Articular cartilage (AC), also known as hyaline cartilage, is a specialised connective 

tissue that provides an important buffer function in joints. It absorbs both vertical and 

shear stress and reduces and passes them to the subchondral bone. The most 

important role of AC, therefore, is the ability of osmotic swelling of the proteoglycans 

in a defined mesh of collagen fibrils. (Poole 1997; Becerra et al. 2010) 

AC is constructed of extensive extracellular matrix (ECM) and only a few cells. There 

is no innervation or vascularisation for a blood supply or lymphatic transport. Nutrition 

and oxygen supply occur solely via diffusion. (Medvedeva et al. 2018; Chen et al. 2017; 

Poole 1997; Schumacher et al. 1994) Consequently, there is no possibility for an early 

repair of defects by generating a blood clot or providing tissue reconstruction by 

infiltrating monocytes or macrophages. (Becerra et al. 2010) Therefore, AC, displays 

a very limited self-regeneration capacity.  

Native cartilage tissue is constructed in four layers. From the top to the subchondral 

bone, the superficial, transitional (middle), deep (radial) and calcified zones are 

present. (Becerra et al. 2010; Poole 1997) The transitional zone constitutes an 

important boundary between the non-calcified and calcified regions of the cartilage 

tissue. (Meirer et al. 2011) Articular chondrocytes are the only cell type that are present 

in AC, and their cell mass constitutes less than 5% of the wet weight. (Chen et al. 2017; 

Schumacher et al. 1994; Xia et al. 2014) The structural unit of the cartilage, known as 

the chondron, contains chondrocytes and the associated hydrodynamic peri-cellular 

matrix. Chondrons serve as mechanical units able to absorb forces by changing their 

shape. Furthermore, they play an important role in cartilage metabolism and ECM 

distribution. (Poole 1997) The chondrocyte shape changes between the different tissue 

layers. While flat cells are present at the surface, round cells populate the middle part. 

In the deep and calcified zones, the round-shaped chondrocytes are arranged in 

vertical columns. (Becerra et al. 2010; Lorenzo, Bayliss, and Heinegard 1998; Poole 

1997) 
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The ECM consists mainly of water, collagen, proteoglycans and glycoproteins. The 

ECM distribution is layer-dependent, and the major part of the wet weight is water (65–

80%). (Chen et al. 2017; Xia et al. 2014) The next largest element is represented by 

collagens and constitutes approximately 10–20%. Although up to 15 different collagen 

types can be found in AC, the large majority is collagen type II. (Eyre, Brickley-Parsons, 

and Glimcher 1978; Chen et al. 2017) Some collagen types, for example types I and 

III, are only expressed during degeneration and de-differentiation of chondrocytes, 

respectively. (Pei, Yu, and Qu 2000) The arrangement of the collagen fibrils is 

essentially parallel in the superficial layer, randomly arranged in the middle layer and 

concomitantly to the cell columns in the deep layer. (Schumacher et al. 1994; Lorenzo, 

Bayliss, and Heinegard 1998)  Approximately 10% of the wet weight consists of 

proteoglycans, the major one thereof being aggrecan. (Heinegard and Oldberg 1989) 

Proteoglycans and type II collagen are the main constituents of the tissue structure. A 

small amount of the ECM consists of glycoproteins, particularly laminin. The amount 

of glycoproteins in AC diminishes during tissue degeneration. (Noyes and Stabler 

1989) 

In summary, AC is a rather complex tissue and constitutes a major challenge in tissue 

engineering.  

 

Clinical problem 

The clinical problem investigated was osteoarthritis (OA), an important field in 

orthopaedic surgery. OA is a degenerative disease with an increasing global incidence 

and a high economic impact. (Huang et al. 2018; Martel-Pelletier et al. 2016) Full-

thickness cartilage defects are an early stage or precursor of OA. (Niemeyer et al. 

2016) Such lesions can occur from trauma, osteochondrosis dissecans or 

idiopathically as in primary OA. (Brittberg et al. 1994; Cicuttini et al. 2005)  

Symptomatic OA is reported in 10–15% of all subjects aged over 70 years, women 

even more than men. (Felson et al. 1995) Reported symptoms include pain, limited 

joint movement and tender joints. (Becerra et al. 2010; Martel-Pelletier et al. 2016) 

Radiographic results rarely correlate with the individual symptoms of the patient 

because cartilage tissue is known to be aneural. Neural innervation and thus pain 

detection occur at the periosteum, capsule, synovia, part of the meniscus and 
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ligaments. (Felson 2004; Burr and Gallant 2012) The most affected joints are the knee, 

hip, distal interphalangeal joint, proximal interphalangeal joint and spine. (Felson 2004) 

The intrinsic cause of primary OA is a combination of general susceptibility for OA and 

local factors in the joints, including alterations in shape and alignment. (Felson and 

Zhang 1998; Berenbaum et al. 2018; Martel-Pelletier et al. 2016) General susceptibility 

can be caused by variations in collagens, enzymes, cytokines or growth factors. 

(Felson 2004; Felson and Zhang 1998) Furthermore, extrinsic determinants influence 

the incidence of the disease. These include excessive overweight, poor muscle 

strength or overuse by sport exercise or the job. (Felson 2004; Felson and Zhang 1998; 

Anderson and Felson 1988; Croft et al. 1992; Berenbaum et al. 2018; Martel-Pelletier 

et al. 2016) 

The basic biological problem is the loss of integrity and damage of the AC structure. 

(Becerra et al. 2010; Felson 2004) Degradation of cartilage matrix leads to water 

deposit in this tissue that manifests in swelling. This in turn leads to an altered 

biomechanical property and further cartilage damage. (Felson 2004) The change in 

cartilage structure and mechanical properties lead to a reaction of the underlying bone 

tissue, including subchondral sclerosis and osteophyte formation. (Felson 2004; Burr 

and Gallant 2012) The development of the disease is very individual and dynamic. 

(Felson 2004)  

In an end-stage of the disease, OA leads to major symptoms, disability and frailty. 

(Meessen et al. 2018; Driban et al. 2016) 

 

Current solutions 

OA treatment is currently based on numerous different methods. There are treatments 

with and without medication as well as invasive treatments, including injections, 

cartilage repair treatments and endoprosthesis. (Jordan et al. 2003) The first steps in 

treatment include patient education, diet for weight loss, physical exercise such as 

cycling and other lifestyle modifications. Additionally, physical therapy may be 

indicated that includes quadriceps exercise for knee stabilisation. (Huang et al. 2018) 

These treatment options may be followed by or combined with treatment with pain 

killers like non-steroidal anti-inflammatory drugs or paracetamol. (Jordan et al. 2003) 
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Invasive treatments include intra-articular injection of corticosteroids, new cartilage-

repair treatments and arthroplasty as ultima ratio. (Jordan et al. 2003; Medvedeva et 

al. 2018) The commonly used strategies, including pharmacological treatment and 

steroid injection, only address the symptoms and not the cartilage defects. Additionally, 

they are accompanied by the risk for potential side effects. (Bert and Bert 2014) 

Clinically used cartilage-repair treatments include microfracture, osteochondral 

autograft transfer (OAT), autologous chondrocyte implantation / transplantation 

(ACI/ACT) and matrix-associated autologous chondrocyte implantation / 

transplantation (MACI/MACT). (Medvedeva et al. 2018) 

Microfracture is a technique to create connection channels between the cartilage 

defect and the bone marrow underneath. These channels enable the migration of bone 

marrow mesenchymal stem cells (BMSCs) into the defect to promote cartilage healing. 

Microfracture can be performed via an arthroscopic procedure without any additional 

instruments. Therefore, the technique is readily performed, low-cost, safe and has a 

low complication rate. (Medvedeva et al. 2018; Hunziker 2002; Mithoefer et al. 2009)  

OAT, also known as mosaicplasty, is a surgical procedure where autologous 

osteochondral grafts are transferred into the cartilage defect. As autologous grafts, 

cylinders from cancellous bone covered with AC are taken from non-weight-bearing 

areas. (Erol and Karakoyun 2016; Dall'Oca et al. 2017; Sherman, Thyssen, and Nuelle 

2017) It is an inexpensive procedure with only a single operation and rapid defect 

healing. (Sherman, Thyssen, and Nuelle 2017) An alternative to an autograft is 

allograft transplantation. However, allografts display the risk for infection and 

transmitting diseases. (Ng and Bernhard 2017; Frank et al. 2017) OAT has shown 

promising long-term results for smaller to medium-sized defects in various studies. 

(Andrade et al. 2016; Dall'Oca et al. 2017) 

Cell-based therapies are normally applied for larger defects; a size of ≥4 cm2. 

(Niemeyer et al. 2016) These approaches include different techniques, like autologous 

chondrocyte implantation (ACI) or its further development, the matrix-associated 

autologous chondrocyte transplantation (MACI). 

The ACI technique was initially developed by Mats Brittberg and colleagues in 1994. 

(Brittberg et al. 1994) In a first step, AC is harvested from non-weight-bearing areas of 
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the joint. Chondrocytes are isolated from the harvested cartilage tissue, cultivated and 

transplanted into the defect in a second operation. The implantation normally occurs 2 

to 3 weeks after chondrocyte isolation. Therefore, the defect is covered by a small 

piece of autologous periosteum, and the chondrocytes are inserted beneath it. 

(Brittberg et al. 1994) A further development of ACI is the use of a bio-absorbable 

collagen membrane instead of the periosteal flap. This may reduce the complication of 

periosteal hypertrophy. (Zhang, Cai, and Lin 2016) 

MACI represents a further development of the ACI technique. Previously harvested 

and cultivated articular chondrocytes are seeded on a three-dimensional matrix prior 

to implantation. Hyaluronan or collagen-based matrices are examples of the scaffolds 

used. (Schinhan et al. 2013; Aldrian et al. 2014) Promising results were reported from 

animal and human studies. (Schinhan et al. 2013; Schuette, Kraeutler, and McCarty 

2017; Aldrian et al. 2014) 

 

Limitations 

Microfracture: Satisfactory results were reported from patients younger than 30 – 40 

years but there remains no convincing data for patients suffering with global OA. 

(Hunziker 2002; Mithoefer et al. 2009) The microfracture technique is limited to small 

defects of <4cm2, like osteochondrosis dissecans, because it creates fibrocartilage 

rather than hyaline AC. (Hunziker 2002; Albright and Daoud 2017; Mithoefer et al. 

2009) While this technique can be applied to fill small defects, the resulting 

biomechanical properties differ from the original cartilage tissue. (Aldrian et al. 2014) 

Recently published data demonstrated a reduced pain level and increased joint 

mobility 6 months after microfracture in OA patients. Nevertheless, the patients’ 

condition regressed to the prior condition at least after 18 months. (Nguyen et al. 2017) 

Furthermore, it is doubtful whether this technique is effective in patients with limited 

regeneration potential and a reduced number and viability of BMSCs. (Hunziker 2002)  

OAT: In the OAT procedure, cartilage is harvested from healthy regions in the joint. 

This creates a new defect and leads to significant donor-site morbidity. (Andrade et al. 

2016; Sherman, Thyssen, and Nuelle 2017) In particular, knee-to-ankle 

transplantations can lead to pain, crepitation or stiffness in an initially healthy joint. 

(Andrade et al. 2016) The use of a cylindrical form for the graft leads to small gaps 
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between the cylinders that are again filled with insufficient fibrocartilage. A further 

development is the use of honeycomb patterns to avoid these gaps. (Erol and 

Karakoyun 2016) However, the outcome depends of the quality of the donor cartilage. 

(Erol and Karakoyun 2016) Furthermore, the size of the defect is limited because only 

a few areas in the joint could be used as a possible donor site. (Niemeyer et al. 2016; 

Sherman, Thyssen, and Nuelle 2017) This constitutes a particular problem for larger 

cartilage defects. (Erol and Karakoyun 2016) Allogenic grafts avoid donor-side 

morbidity. However, they pose further challenges, including tissue availability and/or 

immunologic reactions. (Medvedeva et al. 2018; Yabumoto et al. 2017; Dall'Oca et al. 

2017) 

ACI/MACI: A disadvantage of ACI and MACI is that a minimum of two operations are 

needed for cell harvesting and implantation after cultivation. These techniques are 

quite complex procedures and require surgical training to achieve reliable results. 

(Zhang, Cai, and Lin 2016; Aldrian et al. 2014) Furthermore, a longer rehabilitation 

time is needed for ingrowth and tissue formation. (Jones and Cash 2019) Both 

techniques involve high costs and display the problem of de-differentiation of the 

harvested cells during cultivation, which may lead to hypertrophy and fibrocartilage 

formation. (Medvedeva et al. 2018; Zhang, Cai, and Lin 2016)  

Typical complications of the ACI technique are hypertrophy of the periosteal patch or 

insufficiency of the newly formed tissue with limited biomechanical properties. 

Furthermore, chondrocyte injection leads to insufficient control of the distribution or 

leakage of the cells in the defect. (Zhang, Cai, and Lin 2016; Schuette, Kraeutler, and 

McCarty 2017) Limitations of the MACI technique are detachment or dislocation of the 

matrix in the defect, among others. (Schuette, Kraeutler, and McCarty 2017) Failure 

rates of MACI were reported to be up to 28% in a 5 year follow up. (Schuette, Kraeutler, 

and McCarty 2017) Even less satisfactory clinical outcomes with a failure rate of >50% 

after 15 years were described in a long-term follow-up study. It is reported not to be 

possible to avoid the need for a joint replacement operation, but at least MACI delays 

the need for this. (Andriolo et al. 2019) 
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Tissue engineering approach to cartilage regeneration 

Tissue engineering is an innovative approach in regenerative medicine. This method 

is based on the combination of biomaterials, cells and different bioactive agents.  

Biomaterials: The aim of a scaffolding biomaterial is to mimic the structure and 

components of the native ECM to provide the cells with a favourable environment. 

Therefore, mostly natural materials are used. Important properties are biocompatibility, 

a surface that offers good cell attachment, porosity for a homogenous cell distribution 

and permeability to oxygen and nutrients. Favoured materials are different proteins, 

collagens or polysaccharides. (Vinatier and Guicheux 2016)  

Cells: The only cell population in AC are chondrocytes. These cells can be isolated 

from non-weight-bearing areas of the joint. Chondrocytes are a well-investigated cell 

population, but include all the previously discussed negative aspects, including limited 

availability and de-differentiation during cultivation. To reduce or replace the need for 

chondrocytes, MSCs have been used in cartilage tissue engineering. These 

multipotent cells retain the ability to differentiate into various cell types. The main 

sources for MSCs are bone marrow and adipose tissue. (Vinatier and Guicheux 2016) 

In particular, adipose-derived MSCs are the preferred cell type because of an almost 

unlimited availability, minimally invasive procedure for harvesting and an abundant 

amount of cells per cm³ tissue. (Gimble, Katz, and Bunnell 2007) Recent studies 

demonstrated that the combination of articular chondrocytes (ACs) and MSCs may 

offer several advantages for cell-based approaches. (Ahmed et al. 2014) It was 

described that there is less hypertrophy and calcification of the newly formed tissue as 

well as a superior cell viability and improved biomechanical properties. (Ahmed et al. 

2014; Nazempour and Van Wie 2016) 

Bioactive factors: Different types of compounds can be used for additional cell 

stimulation. These molecules offer the stem cells additional stimulus for proliferation 

and differentiation. Growth factors, like transforming growth factor β (TGF-β), are 

widely used and investigated. (Blaney Davidson, van der Kraan, and van den Berg 

2007) Additionally, different mechanical stimuli or three-dimensional cultivation are 

used to improve the engineered tissue. Furthermore, a hypoxic environment can 

preferentially direct cell differentiation towards chondrogenesis and thus improve 

cartilage formation. (Nagel-Heyer et al. 2006) 
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Aim of our study  

As previously described in this thesis, current OA treatment is complicated and limited. 

The aim of our study was to analyse and improve new strategies of tissue engineering 

to intervene in early stages of primary OA with localised lesions.  

In a first step, we aimed to improve the quality of cartilage regeneration by developing 

a special three-dimensional collagen gel and evaluate different possible co-culture 

conditions of ACs and adipose derived mesenchymal stem cells (AMSCs). On the one 

hand, this attempted to mimic the natural environment and properties of healthy 

cartilage as closely as possible, particularly in terms of biomechanical features and 

oxygen distribution. On the other hand, we aimed to reduce the number of 

chondrocytes needed and simultaneously improve the tissue quality by combining the 

two cell types.  

Because OA not only affects the cartilage but also the subchondral bone, the next step 

of this study was to target repair treatments to different types of tissues of relevance, 

that is, cartilage and bone, on a single scaffold. In a second project, we, therefore, 

developed an intelligent layered three-dimensional scaffold to be able to concurrently 

create different distinct tissues and the connecting interface. First, the scaffolds were 

comprehensively characterised. Then the guided stem cell differentiation was 

evaluated using AMSCs.  
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Materials and methods 

Outline

 
Figure 1: Overview of methods used in the study 
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Production of gels and scaffolds 

Production of collagen-hyaluronic acid gels: The hyaluronic acid (HA) solution was 

obtained by dissolving 100 mg HA sodium salt (Sigma Aldrich, St. Louis, MO, USA) in 

10 ml Dulbecco's Phosphate-Buffered Saline (DPBS). Following sterilisation, the 

solution was stored at 4°C until further use. The collagen gels were produced by adding 

1 part 10× Dulbecco's Modified Eagle Medium (DMEM) (Sigma-Aldrich) and 1 part 20 

mM L-Glutamine (Sigma-Aldrich) to 8 parts PureCol type I bovine collagen solution 

(Advanced BioMatrix, Carlsbad, CA, USA). The components were mixed carefully, and 

the gels were formed by pipetting 500 µl of the solution into 48-well-plates. For the 

different gel compositions, the collagen gel solution was supplemented by 1 or 5% HA. 

Cells were added to the different gel compositions by dissolving cells in the L-

Glutamine solution prior to mixing the components. For all experiments, a cell density 

of 1 x 105 cells/500 µl was used. 

Production of collagen (COL)- chitosan (CHI)- octacalcium phosphate (OCP) scaffolds: 

Scaffold production was performed by means of a layer-by-layer lyophilisation process. 

The bone layer consisted of equal amounts of CHI and COL (both Sigma Aldrich), 

supplemented by 2% OCP. Following freezing of the bone layer approximately −25 °C, 

the next layer was added. The interface layer consisted of equal amounts of CHI and 

COL without OCP. The procedure was continued by adding the third layer (cartilage 

layer). The final solution consisted of a ratio of 1:3 of CHI/COL. The final scaffold was 

obtained by a 48 h lyophilisation process, punched cylinders of 3 or 5 mm diameter 

and sterilised using ethylene oxide (inpac Medizintechnik GmbH, Birkenfeld, 

Germany).  

 

Chemical and morphological characterisation of the scaffolds 

Surface morphology: Depth of field microscopy and evaluation of the surface 

topography were performed using a digital microscope (Keyence VHX-900F, Osaka, 

Japan). A flat surface was achieved by axial cutting of the scaffold. Images of the 

scaffolds’ surface were obtained and a morphological analysis of the surface of each 

layer was performed.  
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Figure 2: Digital microscope picture with full depth of field of 3-layered scaffold 

 

Microcomputed tomography (µCT): Scaffold porosity, pore size and wall thickness 

were analysed using µCT (SkyScan 1176, Bruker, Billerica, Massachusetts, USA). 

Staining of the sample was performed with iodine vapour for 12 h. Scanning was 

performed at 40 kV, 600 µA and with a resolution of 9 µm. As the reconstruction 

programme, the NRecon software (Version 1.6.9.18, Bruker) was used. For the 

analysis of porosity, pore size and wall thickness, a region of interest (ROI) was defined 

in each layer (bone, interface and cartilage). Calculations and presentations were 

performed using CTAnalyser software (Version 1.17.7.2, Bruker). Different greyscale 

thresholds were used to distinguish the collagen structure, calcium phosphate deposit 

and hydroxyapatite particles. All these components were identified using different 

colours in the µCT images. The greyscale dataset was divided in different phases using 

the multi-level Otsu method. Volume rendering of the scaffold was performed using 

CTVoxel (Version 3.3, Bruker).  
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SEM and EDS: Scanning electron microscopy (SEM) is a commonly used technique 

to assess the morphological surface properties of different samples with high 

resolution. The three-layered COL-CHI-OCP-scaffold were imaged at low and high 

magnifications. Therefore, an overview as well as detailed images were obtained 

(JSM-6010LV, JEOL, Tokyo, Japan). Furthermore, uncoated scaffolds were used to 

detect the different elements by energy-dispersive X-ray spectroscopy (EDS) (INCAx-

Act, PentaFET Precision, Oxford Instruments, Abingdon, England). All three layers 

were analysed by defining different ROIs. Additionally, a colour-coded element 

mapping of the entire scaffold surface was performed. To obtain images, all scaffolds 

were treated with a platinum coating by ion sputtering. Backscattered electron imaging 

and secondary electron imaging were applied as techniques for different surface 

presentations.   

FTIR: Chemical compounds of different materials can be detected by fourier-

transformed infrared spectroscopy (FTIR) with attenuated total reflection (FTIR-ATR 

IR Prestige-21 spectrometer Shimadzu, Kyoto, Japan). The bone, interface and 

cartilage layers of the COL-CHI-OCP were analysed before and several times after 

treatment with simulated body fluid (SBF) (days 1, 3 and 7). A spectral range of 400 – 

4000 cm−1 was used.  

XRD: X-ray diffraction (XRD) is an x-ray-based method to detect crystalline phases of 

materials. Thin-film XRD (D8 Advance, Bruker, Rheinstetten, Germany) was used for 

the blank scaffold as well as samples from the different time points of the bioactivity 

experiments. The 2θ scan method was used, with a 1° incident beam angle using a Cu 

Kα X-ray line and a scan speed of 0.05°/min.  

ICP: Ion detection in fluid was performed using inductively coupled plasma (ICP) 

optical emission spectroscopy (ICP-OES, JY2000-2, Jobin Yvon, Horiba, Japan), 

following the manufacturer’s instructions. SBF solutions with or without scaffolds were 

analysed for the concentrations of Ca and P after 1, 3 and 7 days of incubation time. 

Prior to analysis the solutions were filtered, diluted in 1% HNO3 (1:10) and stored at 

−20°C.  
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Cell isolation, co-culture and seeding on gels/scaffolds 

Both described studies were approved by the ethical committee of the University 

Hospital “Klinikum rechts der Isar” (Technical University of Munich) and in accordance 

with the Declaration of Helsinki. All patients gave their informed written consent prior 

to the surgical procedure.  

Isolation of human AMSCs: Stem cell isolation was performed according to a published 

protocol. (Schneider et al. 2017) In brief, small pieces of the fat tissue were washed 

using DPBS in several centrifugation steps. The obtained fat solution was added to 

collagenase solution (0.8 mg/ml in DPBS of collagenase type II, Biochrom GmbH, 

Berlin, Germany) and incubated in a water bath at 37 °C for 30 min. The reaction was 

terminated by adding pre-warmed cell culture medium (high glucose DMEM, 10% 

foetal calf serum (FCS), 1% penicillin/streptomycin (P/S), Sigma-Aldrich) to fill the 

incubation tube. Following centrifugation, the pellet was resuspended in culture 

medium and poured through a 40 µm cell strainer (BD Falcon, Franklin Lakes, NJ, 

USA). The cell density in the culture flasks was 3000 cells/cm². The culture medium 

was changed twice weekly, and the cells were used in passage 2 or 3. 

Isolation of human ACs: Chondrocyte isolation was performed using human femur 

heads from hip replacement procedures. To obtain cartilage tissue of high quality, the 

femur heads alone from femur neck fractures were used. Therefore, femur heads from 

endoprosthesis surgery with primary arthrosis were excluded. Furthermore, no patients 

with OA or malign bone tumor disease (primary bone tumor or metastasis) were 

included in our study. Small pieces of the cartilage were cut from the femur head, 

washed thoroughly and mixed with a prepared digestion solution (0.15% collagenase 

type II in high glucose DMEM, supplemented with 1% P/S). The mixture was incubated 

at 37°C over night under constant stirring. Following the incubation, the solution was 

filtered (100 µm cell strainer) and centrifuged. The obtained cell pellet was dissolved 

in pre-warmed culture medium (low glucose DMEM, 10% FCS, 1% P/S). A seeding 

density of 7500 cells/cm² was used and the culture medium was changed twice weekly. 

The chondrocytes were used at passage 2.   
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Cell attachment, toxicity, viability and proliferation on gels and scaffolds 

SEM: The cell appearance and arrangement on the scaffold was analysed by SEM 

microscopy after 2, 3 and 5 weeks of culture. For this, the cultivated scaffolds were 

treated with 2.5% glutaraldehyde in a sodium cacodylate buffer. Subsequently, several 

washing steps with this buffer were performed followed by incubation in different 

ethanol (EtOH) concentrations (30 – 100%). Immersion in hexamethyl-disilazane was 

used for sample drying. Uncoated samples were used for EDS analysis, while for SEM 

analysis, sputter coating was used.  

 

Figure 3: Representative SEM image of the scaffold after 3 weeks of cell cultivation. In the image, the pone part can be 
appreciated. Used magnification was 500x. 

 

LDH concentration: Lactate dehydrogenase (LDH) is an intracellular enzyme that’s 

released when cells are damaged. Thereby, the LDH concentration in the cell medium 

is a good indicator of material-related toxicity. The supernatant of the gels or scaffolds 

was collected after 1, 3, 7 and 14 days of cell culture and LDH was measured using 
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the Fluitest LDH- L Kit (Analyticon, Lichtenfels, Germany) as described in the 

manufacturer’s instruction.  

MTT test: The MTT assay [3-(4, 5-dimethylthiazol-2-yl)-2, 5-

diphenyltetrazoliumbromide] is a test to evaluate cellular metabolic activity. It involves 

the ability of intracellular oxidoreductase enzymes to reduce the MTT reagent to 

formazan. This leads to a colour change, from yellow to purple, that can be 

photometrically quantified. The samples were incubated with the MTT solution for 3 h 

at 37°C. Subsequently, the gels were washed and the MTT precipitate was eluted 

using isopropanol. The supernatant was measured in triplicates at 570/690 nm.  

Confocal microscopy: Cell distribution and viability were analysed on the scaffolds 

using fluorescent staining and confocal microscopy. Following 21 or 35 days of cell 

culture, the scaffolds were treated with 500 µl of a solution of 2 µM calcein-AM (Sigma 

Aldrich), 1.5 µM propidium iodide (Sigma Aldrich) and 1.5 µM 4’,6-diamidino-2-

phenylindole (DAPI, Invitrogen, Carlsbad, California, USA). Consequently, a green 

staining inside the cell membranes of vital cells, a blue marking of DNA in the nucleus 

and a red staining of damaged cells can be observed. All three layers of the cell-seeded 

scaffolds were evaluated by confocal microscopy (Olympus Fluoview FV10i, Tokyo, 

Japan). 

DNA concentration: Cell proliferation was quantified by determining the amount of DNA 

on the constructs. For lysis of the cells seeded on the gel construct, the gels were first 

incubated in a collagenase type II solution (1 mg/ml, Biochrom GmbH) and 

intermittently mechanically crushed by pipetting the solution up and down. The scaffold 

samples as well as the pretreated gel samples were furthermore digested using a 

papain solution (500 µl, 0.1 mg/ml, Sigma Aldrich). Digestion was performed in a 37°C 

water bath for 3 h under regular shaking. All samples were stored at −80°C until 

measurement. DNA quantification was performed using the Quant-iT PicoGreen Kit 

(Invitrogen), a fluorescent staining that binds particularly to dsDNA. The measurement 

was performed according to the manufacturer’s instructions. Briefly, one part of sample 

and one part of Quant-iT PicoGreen working solution were pipetted into a 96-well plate. 

Following incubation for 5 min at 37°C in the dark, the fluorescence was measured 

(emission: 520 nm, excitation: 485 nm, FLUOstar Omega photometer, BMG labtech, 

Ortenberg, Germany). 
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Evaluation of cell differentiation: ALP-activity, GAG-quantification, gene 

expression 

Alkaline phosphatase activity: Alkaline phosphatase (ALP) is an enzyme marker for 

osteoblastic activity. To measure the activity in the samples, the scaffolds were washed 

with DPBS and incubated with the ALP substrate solution 4-nitrophenyl phosphate di-

sodium salt hexahydrate (Sigma Aldrich). After 30 min, the supernatant was pipetted 

into a 96-well plate. Absorbance was determined at 405 nm and compared to a 

standard curve.  

GAG quantification: Glycosaminoglycans (GAG) represent an important component of 

the ECM of native AC. Quantification of the GAG content in the samples was performed 

using the Blyscan Sulfated Glycosaminoglycan Assay (Biocolor, Carrickfergus, U.K.), 

according to the manufacturer’s instructions. The samples were digested as previously 

described for the DNA quantification. In total, 50 µl sample and 50 µl aqua destillata 

were mixed and 1 ml of Blyscan reagent was added. Following 30 min of incubation at 

room temperature, centrifuging and dissolving in Blyscan dissociation reagent, the 

absorbance was determined at 656 nm. The GAG concentration was determined using 

a prepared standard curve. To achieve comparable results, the GAG concentration 

was reported normalised to the DNA concentration in the same sample.  

Gene expression: To analyse the cell differentiation at the genetic level, samples were 

collected at days 1, 3, 7, 14, 21 or 35 after cell culture. The entire gel samples were 

used for all polymerase chain reaction (PCR) experiments. The entire scaffold samples 

were used for proliferation and apoptosis marker analysis as well as bisected at the 

interface of a cartilage and a bone region for specific differentiation markers. RNA 

isolation was performed using TRI reagent (Sigma Aldrich), frozen at −80°C, followed 

by chloroform extraction and isopropanol precipitation. The nucleic acid concentration 

and purity in the obtained solution was determined using the Hellma TrayCell 

Eppendorf BioPhotometer (Eppendorf AG, Hamburg, Germany). These steps were 

followed by the transcription of the mRNA to cDNA using the First Strand cDNA 

Synthesis Kit (Thermo Fisher, Waltham, MA, USA) and the Eppendorf MasterCycler 

(Eppendorf AG) according to the manufacturers’ instructions. Quantitative real-time 

PCR was performed with SsoFast Eva Green Supermix (Bio-Rad Laboratories Inc., 

CA, USA) in the Bio-Rad CFX96 thermal cycler (Bio-Rad Laboratories Inc.). For all 
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experiments, beta-tubulin was selected as the housekeeping gene. Data is shown as 

fold-change expression in relation to the housekeeping gene. The samples of the gel 

experiments were analysed for the chondrogenesis markers SOX-9, collagen II and 

collagen III as well as for the hypertrophic cartilage markers matrix metallopeptidase-

13 (MMP-13) and collagen X. Apoptosis and proliferation markers were tested with the 

complete samples of the scaffold experiments (bcl-2, Caspase 3, mcm-5, Cyclin D1). 

The bisected parts of the scaffold experiments were analysed for chondrogenesis 

markers (aggrecan, collagen II, collagen X and SOX-9), as well as for osteogenesis 

markers (collagen I, collagen III, osteocalcin, osteopontin, RUN-X2).   

 

Histology 

Cryohistology preparation: Gel samples were collected after 21 or 35 days of culture. 

Following washing with DPBS, 500 µl 3.7% paraformaldehyde was pipetted on the 

samples. The supernatant was removed after 10 min, and the samples were 

embedded in Tissue-Tek O.C.T. Compound (Sakura Finetek GmbH, Staufen, 

Germany). Following a brief immersion in liquid nitrogen, the specimens were kept 

frozen at −80°C. The samples were cut to 10 µm sections using a cryotome (Cryostat, 

Leica Biosystems, Wetzlar, Germany). Light microscopy of the stained sections was 

performed by light microscopy (Biorevo, BZ9000, Keyence). Scanning of the entire 

section was executed using the software BZ-II Viewer and BZ-II Analyzer (both 

Keyence). 

Paraffin histology preparation: The scaffold samples were harvested after 3 or 5 weeks 

of culture. The samples were washed twice with DPBS and fixed in a 3.7% para 

formaldehyde solution for 24 h. The dehydration process was performed by treating 

the samples in 40% and 70% EtOH solutions. Each step was performed twice for 24 

h. Subsequently, the samples were embedded in a paraffin solution and cut to 7 µm 

sections. 

Haematoxylin and eosin staining (H&E): H&E staining is widely used to obtain an 

overview of the cell distribution and tissue formation. Therefore, the samples were 

rehydrated and stained in a haemalaun solution for 10 min. Following a washing step 

with running tap water for 15 min, the next staining step was performed with eosin 

solution for 5 min. Subsequently, the samples were dehydrated in a series of EtOH 
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solutions of increasing concentration and finally Roti-Histol (Carl Roth GmbH, 

Karlsruhe, Germany). 

Safranin-O/Fast Green: Safranin-O staining is commonly used to detect cartilage-

specific ECM. Therefore, samples were stained with haematoxylin QS solution (Carl 

Roth GmbH) for 5 min, washed with tap water, destained with acid EtOH and 

counterstained with Fast Green solution (Carl Roth GmbH) for another 5 min. 

Subsequently, samples were rinsed with 1% acetic acid solution and stained in 0.1% 

safranin-O solution (Carl Roth GmbH) for 5 min. Following staining, dehydration with 

different concentrations of EtOH and finally Roti-Histol (Carl Roth GmbH) was 

performed.  

Alcian blue: Alcian-blue staining is used to detect sulphated glycosaminoglycans, an 

important component of the ECM of AC. The fixated sections were incubated with 

Alcian blue (Carl Roth GmbH) for 30 min and counterstained with nuclear fast red 

(Sigma Aldrich) for 5 min. Following both these steps, stained sections were washed 

with tap water. Subsequent to staining, dehydration was performed following the steps 

described above.  

Immunohistochemistry: Immunohistochemical staining of the cryohistology sections 

was performed for the cartilage markers Collagens I, II and X. Sections were incubated 

with 3% H2O2 solution for 5 min at room temperature. This was followed by thoroughly 

washing with 50 mM Tris-HCl (pH 7.4) and incubation with Proteinase K (Dako, 

Glostrup, Denmark) for 10 min at room temperature. Following this incubation, 2% 

bovine serum albumin (BSA) was pipetted onto the samples and incubated for another 

60 min at room temperature. Subsequently, the diluted primary antibody solution was 

pipetted on the sections. The samples were incubated overnight in a humidified 

chamber at 4°C. The following dilutions of the antibodies were used (all diluted in 2% 

BSA): Collagen type 1 (Col 1, rabbit polyclonal antibody) 1:100, Collagen type 2 (Col 

2, rabbit polyclonal antibody) 1:200, Collagen type 10 (Col10, mouse monoclonal 

antibody) 1:1000, non-specific rabbit antibodies 1:200, non-specific mouse antibodies 

(all Abcam, Cambridge, UK) 1:1000. Subsequently, the sections were washed with 

Tris-HCl and incubated with the secondary antibody (DAKO Envision Dual Link 

System-HRP, Dako) for 30 min at room temperature. Following another washing step 

with Tris-HCl, incubation with 3,3-Diaminobenzidine (DAB) solution (1:50, DAKO liquid 
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DAB + substrate Chromagen System, Dako) was performed. This was followed by 

washing with Tris-HCl and counterstaining with haematoxylin solution (Carl Roth 

GmbH). Dehydration was performed following the above-described protocol.  

 

Biomechanics 

For the biomechanical experiments, gel cultivation was achieved in specialised self-

developed three-dimensional-printed gel holders. The wells were designed with a 

diameter of 7.5 mm and a depth of 5 mm. To provide suitable conditions for 

measurement, each well was filled to the upper rim. To supply the gels with culture 

media, the cultivation of the entire four-well-gel-holder was performed in six-well-

plates. The production of the gel holders was performed using an Ultimaker 3D printer 

(Ultimaker B.V., Geldermalsen, The Netherlands). Copolyester was used as the 

material for the gel holder. Cultivation of the gels was performed as above described 

for 21 and 35 days. Measurement of gel micro-elasticity was performed using a novel 

nano-indentation instrument (Piuma Nanoindenter, Optics 11, Amsterdam, The 

Netherlands). The device combines fibre-optical Fabry-Perot interferometry with a 

monolithic cantilever-based probe. Therefore it is possible to analyse local micro-

elasticity of low-modulus materials with high accuracy and precision. (Chavan et al. 

2012) For all performed measurements, a probe with 0.088 N/m spring constant and a 

spherical indentation tip (25 µm) was used to determine load-indentation and load-time 

data. The measurement was performed as follows: The tip was brought into contact 

with the gel surface and automatically indented for 18.32 µm at a displacement velocity 

of 9.16 µm/s. The Hertz model was used to calculate the Young’s Modulus from the 

load-indentation curves. To obtain reliable results, four gels of each condition were 

analysed as well as different points on each gel (distance of 100 µm). To evaluate the 

homogeneity of the surface, a Young’s Modulus mapping was performed in a 100 µm 

squared grid, with 25 single measurements performed at a distance of 20 µm. The 

results were depicted in a colour-coded 3-dimensional area diagram.   
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Figure 4: Biomechanical measurements of collagen gels. This figure was modified and reproduced from the publication 
included in this thesis (Amann et al. 2017) with permission from Elsevier. 

 

Oxygen levels of cell-loaded gels 

Dissolved oxygen levels were determined using a 50 µm diameter fibre-optical 

microsensor system (Microx TX3, PreSens, Regensburg, Germany). The 

measurement was performed after 21 and 35 days of culture in all different gel and co-

culture compositions. Biological triplicates were used and a minimum of six 

measurements per gel were performed at a predetermined penetration depth in a 37°C 

incubator under 21% O2 and 5% CO2.  

 

Bioactivity assay of the scaffolds 

Bioactivity is defined as the capacity of materials to form a bone-like apatite layer on 

their surface. The bioactivity potential of the scaffolds was analysed using simulated 

body fluid (SBF). SBF was prepared according to previously published protocol. 

(Oyane et al. 2003) The solution was produced by dissolving NaCl, NaHCO3, KCl, 

K2HPO4*H2O, MgCl2*6H2O, CaCl2, Na2SO4 and TRIS (all reagents: Merck KGaA, 

Darmstadt, Germany) in ion-exchanged and distilled water, and the pH adjusted to 

7.40 at 36.5°C using 1.0 M-HCl. For the experimental set-ups, tubes containing 10 ml 

SBF solution, with or without (control group) adding a scaffold were prepared. The 

tubes were incubated in a water bath at 37°C under steady agitation for 1, 3 or 7 days. 

At the defined time, the scaffolds were removed from the solution, washed with ultra-

pure water and dried in a desiccator. The remaining solutions were used for pH 

measurement and determination of the elemental concentrations of calcium and 

phosphorus by ICP-OES as described above. Each of the scaffold samples was 
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analysed for changes in morphology and chemical structure using XRD, SEM, EDS, 

FTIR-ATR and µCT as described above. For µCT, the samples were scanned without 

any iodine staining.  

 

Figure 5: Representative SEM image showing bioactivity of the bone region of the scaffolds after 7 days of incubation in SBF. 
Magnification used was 2500x. 

 

Statistical evaluation 

All statistical evaluation was performed by GraphPad Prism version 6.00 

(GraphPadSoftware, La Jolla, CA, USA). The data are presented as the mean value ± 

standard error of the mean. All studies were performed out in two or more individual 

experiments with measurements at least in triplicates. For data that was normally 

distributed, the D’Agostino-Pearson test was used. Non-normally distributed data was 

analysed by the Kruskal-Wallis test with Dunn’s correction for multiple comparisons. 

Comparisons of two groups were performed by t-test, and more than two groups by 

one-way analysis of variance followed by the Tukey’s test. A probability of p < 0.05 

was considered to be statistically significant.  
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Discussion 

 

Tissue engineering is a complex and extensive field of research, particularly in terms 

of cartilage and bone regeneration. The ultimate aim of all research efforts is to achieve 

an optimal solution to treat patients with cartilage or osteochondral defects. The aim of 

our research was to increase the possibilities for a cell-based cartilage therapy by 

modifying different influencing factors.  

From a surgeon’s point of view, certain aspects have to be considered to achieve a 

satisfactory solution. The treatment should be easy to learn and apply. Moreover, it 

should be economical, widely available and customisable. To reduce the risks 

associated with multiple-stage procedures, future techniques should be minimally 

invasive and feasible as a single operation. In particular, the option of customising a 

scaffold exactly to the size and shape of the defect may improve the clinical outcome. 

In our study, we decided to use well known materials, including collagen, hyaluronic 

acid and chitosan, in the form of a gel or sponge that is readily adaptable to different 

defect sizes and shapes. Moreover, the selected materials have been extensively used 

for cartilage and bone engineering, (De Mori et al. 2018; Doulabi, Mequanint, and 

Mohammadi 2014) having been shown to be biocompatible and biodegradable. 

(Doulabi, Mequanint, and Mohammadi 2014; Liu et al. 2017) 

In the recent decades, tissue engineering of cartilage has made enormous progress 

and several options are already available for clinical treatment. Nevertheless, the 

results, particularly in long-term-research, are very inhomogeneous and inconsistent. 

The currently most-used techniques in clinics are microfracture, OAT and cell-based 

therapies like MACI/MACT and ACI/ACT. They have been described in detail in 

previous chapters of this thesis. 

Although microfracture is the easiest of all the described techniques, it also produces 

inferior results compared to ACI or MACI. In particular, in a long-term follow-up, 

microfracture groups had significantly higher re-operation rates. (Riboh et al. 2017) 

Salzmann et al. published a large retrospective study in 2013 that showed a failure 

rate of > 25% in microfracture treatment, with a reoperation required after a mean of 

1.6 years. (Salzmann et al. 2013) Even when only small cartilage defects were treated, 

the failure rate was considerable. (Rosa et al. 2017) The group of Bentley et al. in 2012 
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evaluated the clinical outcome of ACI vs. microplasty (OAT) of symptomatic cartilage 

defects of the knee. A significantly higher failure rate of up to 55% was reported for the 

OAT group compared to ACI with a reported failure rate of 17%. (Bentley et al. 2012) 

Other studies support these findings. Ulstein et al. did not find any significant difference 

in the clinical outcome of microfracture versus the OAT technique. (Ulstein et al. 2014) 

Only for smaller lesions (<2 cm²) were satisfactory results achieved. (Richter et al. 

2016) Similar procedures like sterilised and decellularized osteochondral allografts 

(SDOCA) displayed failure rates of nearly 75% and were excluded as possible options 

for clinical use. (Farr et al. 2016) There are only a few studies that examined the 

different existing techniques in a long-term follow-up. Behrens et al. evaluated the 

outcome of MACI/MACT at localised lesions in the knee after 5 years. (Behrens et al. 

2006) Improvement in clinical scores was shown, but there remained a high failure 

rate. The authors reported of transplant detachment, a weak consistency of the 

transplant in re-arthroscopy and unsatisfactory results on histological examination. 

(Behrens et al. 2006) Kon et al. reported a 10-year follow-up after MACT at chondral 

lesions in the patellofemoral joint and found promising results. (Kon et al. 2016) This 

leads us to postulate that cell-based therapies are superior in their clinical outcome.   

Earlier studies even showed a good clinical outcome of cartilage defects in weight-

bearing areas of the knee without any specific cartilage repair treatment, and found 

comparable clinical results to the first generation of periosteum implantation or ACI as 

published by Homminga et al. and Brittberg et al. (Messner and Maletius 1996; 

Brittberg et al. 1994; Homminga et al. 1990) Recent studies frequently do not use 

control groups or just compare different techniques and use microfracture as a control 

group rather than a placebo treatment. (Kon et al. 2016; Bentley et al. 2012; Ulstein et 

al. 2014) This raises the question whether patients really benefit from the currently 

applied treatments with all the possible related risks. This brings us even more 

succinctly to the conclusion that established treatments should be improved.  

As previously explained in the introduction section, tissue engineering is a triangle of 

biomaterials, cells and different bioactive agents. As bioactive agents, growth factors 

are frequently used.  

In our study, we did not use the path of applying growth factors for cartilage 

engineering. Although there are many studies with promising results, there remain 
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numerous issues that have to be considered regarding the clinical translation. Current 

research shows Insulin-like growth factor 1 to be a well-studied growth factor in 

cartilage engineering. Although considerable safety has been reported, only a limited 

impact on arthritic cartilage was found. By contrast, TGF-β and bone morphogenetic 

protein 2 enhance proteoglycan production, particularly in arthritic chondrocytes, 

without noticeably influencing healthy cartilage. (van den Berg et al. 2001) However, it 

was shown that these growth factors lead to chondrophyte/osteophyte formation and 

cartilage formation in ligaments, and thereby joint stiffening. (van den Berg et al. 2001) 

Additionally, systemic side effects are detectable, including fibrotic diseases of the 

kidney, liver and skin. (van den Berg et al. 2001; Border and Ruoslahti 1992)  To obtain 

approval for the use of these growth factors as a common clinical treatment, much 

research remains lacking, including the evaluation of the outcome in long-term studies 

and the analysis of the dosage per joint or patient, among others.  

In the work that comprises this thesis, we focused on improving tissue engineering in 

terms of reducing the above discussed side effects and potential causes of failure.  

One of the side effects we were aiming to resolve was donor-site morbidity. By using 

a co-culture of chondrocytes and AMSCs, we were able to show that it’s possible to 

reduce the number of chondrocytes needed by 25% without lowering the tissue quality. 

Other studies, like Morrison et al., showed that a further reduction the chondrocytes is 

possible. (Morrison et al. 2018) This is quite important because Andrade et al. showed 

in a detailed review article that there is a relevant percentage of donor-site morbidity 

after knee-to-knee or knee-to-ankle osteochondral transfer. (Andrade et al. 2016) The 

mean donor-site morbidity was up to 17% of all patients. The authors described 

symptoms of persistent knee effusion and pain, particularly when climbing stairs and 

in a kneeling position, patellofemoral malfunction and postoperative crepitation of the 

knee. (Andrade et al. 2016; Matsuura et al. 2019; Quarch et al. 2014) Reducing the 

amount of cartilage harvested may also lower the risk for donor-site morbidity.  

Using a co-culture system also improves another previously described issue: the tissue 

quality. We were able to show that replacing a certain percentage of chondrocytes by 

MSCs led to reduced hypertrophy and improved biomechanical properties of the tissue 

compared to a monoculture of MSCs or chondrocytes. (Zou, Bai, and Yao 2018) The 

co-culture reduced the rate of chondrocyte dedifferentiation and helped to regenerate 
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the bone and cartilage layer of osteochondral defects. (Zhang et al. 2018; Hubka et al. 

2014) Furthermore, in-vitro and in-vivo studies demonstrated a satisfactory production 

of neo-cartilage in histological analysis. (Morrison et al. 2018; Waters et al. 2013) This 

is supported by the results of our study. The co-culture system displayed a good 

collagen I and II production while there was a reduced collagen X expression compared 

to the mono-cultures of MSCs or chondrocytes.  

Furthermore, fixation and potential loosening of the implants are important issues of 

clinical translation. Studies showed that bioactive materials present a much more rapid 

bonding to the living bone compared to non-bioactive materials. (Pina et al. 2018) This 

does not only work by producing an apatite-like layer on the surface but also by 

stimulating osteogenesis of the surrounding osteoblasts. Such materials promote cell 

adhesion and proliferation, bond tightly to the collagen fibrils of the surrounding bone 

and improves biomechanical properties of the engineered tissue.  (Moncada-Saucedo 

et al. 2019; Marionneaux et al. 2018) We demonstrated that the bony part of the 

multilayered osteochondral scaffold was capable of forming an apatite layer. This may 

be beneficial for scaffold fixation as well as healing of additional bone defects. Abdullah 

et al. published an extensive review of different bioactive implants in orthopaedic 

surgery. In conclusion, they found that bioactive materials lead to better 

osteointegration and mechanical strength of the implants. (Abdullah et al. 2015; Al 

Mugeiren and Baseer 2019) Studies show that bioactive materials can reduce the risk 

for implant loosening, using the example of dental implants. (Jiang et al. 2020) 

Therefore, the layered structure of our scaffolds with a bioactive bony segment can 

lead to improved integration into the osteochondral defect without any major influence 

of the cartilage segment.   

 

Summary and Outlook 

 

Our project demonstrates that it is possible to improve the quality of cartilage 

regeneration by influencing different variables. A smart scaffold design and 

combination of different cell types are promising approaches for enhanced cartilage 

tissue engineering. 
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As the next steps to clinical translation, animal experiments for an in-vivo examination 

should be performed. Additionally, a combination of the gel and scaffold project would 

be desirable. Using a co-culture of stem cells and chondrocytes on a multilayered 

scaffold may even increase the amount and quality of de-novo tissue formation. In 

summary, cartilage tissue engineering will be able to display good clinical results and 

less complications by modifying certain parameters.  
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Summaries of publications included in this thesis 

 

Summary of publication #1 - Hyaluronic acid facilitates chondrogenesis and 

matrix deposition of human adipose derived mesenchymal stem cells and 

human chondrocytes co-cultures 

 

The aim of this project was to evaluate chondrogenesis of a chondrocyte - stem cell 

co-culture in different compositions of COL-HA gels.  

For all experiments, both different co-culture conditions and different gel-compositions 

were used and evaluated for cell viability, proliferation, gene expression, 

glycosaminoglycan production, tissue formation in histology and 

immunohistochemistry assays, biomechanical properties and oxygen distribution. Five 

different co-culture conditions were performed (I. 100% human AMScs (hAMSCs), II. 

75% hAMSCs + 25% hACs, III. 50% hAMSCs + 50% hACs, IV. 25% hAMSCs + 75% 

hACs and V. 100% hACs) and three different gel compositions (type I bovine collagen 

solution with 0%, 1% or 5% hyaluronic acid solution) were used.  

Cell viability, evaluated by MTT and LDH-assay, displayed the best results in gel-

compositions with a higher amount of hyaluronic acid. Cell proliferation was analysed 

by quantifying the dsDNA content. The highest proliferation rates were detected in the 

groups of only AMSCs, whereas ACs displayed the lowest proliferation rate. In all 

examined cell-compositions, the addition of HA led to significantly higher proliferation 

rates compared to the plain collagen gel.  

The quality of chondrogenesis was evaluated by gene expression of cartilage and 

hypertrophy markers, assessment of GAG production, histology and 

immunohistochemistry evaluation as well as examination of the biomechanical 

properties. Supplementation of the gel with 1% HA displayed the best results in all 

experiments. It was also shown that replacing 25% of the ACs with AMSCs led to a 

similar tissue formation compared to the condition of 100% ACs. Furthermore, this 

addition of 25% AMSCs led to less hypertrophy and even better biomechanical 

properties.  
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To summarise, the research performed demonstrated that a co-culture of 75% ACs 

and 25% AMSCs displayed the best results in gene-expression and ECM production. 

Furthermore, a combination of type I collagen with 1% HA promoted an optimal 

environment for chondrogenesis of the aforementioned cell composition.  

As first author of this publication, it was my task to perform the major part of the work 

including all material and cell experiments, data collection and treatment and statistical 

analysis as well as writing the first draft of the publication. The study design, planning 

and funding as well as manuscript correction and review were performed by Elizabeth 

R. Balmayor and Martijn van Griensven. The measurements of biomechanical 

properties were performed by me with the support of Ernst Breel, Optics 11, 

Amsterdam. The oxygen measurements were part of the project “Happihypo” funded 

by the Bayerische Forschungsstiftung and performed by me with the support of Paul 

Wolff.  

 

 

Summary of publication #2 - A graded, porous composite of natural biopolymers 

and octacalcium phosphate guides osteochondral differentiation of stem cells 

 

The aim of the project was to develop a new graded scaffold for directed stem cell 

differentiation. Osteochondral lesions affect the hyaline cartilage as well as the 

subchondral bone. Bone and cartilage tissues are connected by an interface,  termed 

the osteochondral interface, which is rich in calcified cartilage. 

The scaffold was produced using a layer-by-layer freeze-drying process. The different 

layers consisted of collagen, chitosan and at the bony region OCP. A comprehensive 

characterization was performed to analyse the structure, biocompatibility and 

bioactivity of the scaffold.  

µCT analysis showed a fluent transition between all layers with a homogenous porous 

structure and wall thickness. Bioactivity was evaluated by incubating the scaffolds for 

up to 7 days in a SBF. By using various methods, it was shown that the scaffold was 

able to form an apatite-like layer first at the bony part and, following a longer incubation 

time, also on the rest of the scaffold.   
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To analyse the biocompatibility of the scaffolds, AMSCs were seeded on each scaffold 

and cultivated up to 35 days. In a first step, the optimal cell density was determined by 

analysing cell toxicity and viability of the different cell concentrations used. A total of 

105 cells per scaffold displayed the best results and was, therefore, used for all further 

experiments. 

Calcein-AM/PI/DAPI-staining showed an even distribution of the cells on the entire 

scaffold at each point of observation. Furthermore, SEM demonstrated the 

homogenous distribution of the cells and changes of morphology in the different layers. 

At the bony layer, mineral deposition was also visible and detectable by SEM-EDS. 

Gene expression was specifically evaluated by sectioning the scaffold in two parts – 

bone and cartilage parts. Osteogenic markers were upregulated in the bony part as 

well as chondrogenic markers in the cartilage part. The production of a cartilage-like 

matrix was also observable by a more intense Safranin-O staining after 35 days.  

Our study demonstrated that it is possible to promote the differentiation of stem cells 

along different pathways on a single scaffold by using an intelligent scaffold design.  

As first author of the described project, I performed all the experiments, data collection 

and analysis as well as writing the first draft of the publication. The scaffold design and 

production were performed by Amisel Amirall, Francisco J. Sola Dueñas and Gastón 

Fuentes Estévez of the Biomaterials Center, University of Havana, Cuba. This project 

was executed on the frame of a scientific collaboration of my thesis supervisor, 

Elizabeth R. Balmayor, and the Biomaterials Center in Cuba. The scaffold 

characterisation was performed during an internship at the 3B's Research Group, 

University of Minho, Portugal with the great support of Albina R. Franco, Isabel B. 

Leonor and Rui L. Reis. My research internship at the 3B’s Research group in Portugal 

was funded by the TUM Graduate School. The study design, funding and planning as 

well as the correction and review of the manuscript were performed by Elizabeth R. 

Balmayor and Martijn van Griensven. 
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