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Somewhere, something incredible is waiting to happen. 

 

Carl Sagan (1934 – 1996) 
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Abstract 

Bone tissue engineering, an emerging interdisciplinary research field, sets its focus on the 

development of biological substitutes to regenerate, maintain, or improve bone tissue 

function. The improvement and examination of biomaterials in combination with cellular 

components is a major aim of recent research activities. Essential factors that should be 

considered are the availability of a suitable matrix, a sufficient amount of cells and culture 

conditions that allow the nourishment of three-dimensional (3D) artificial tissue equivalents. 

The first part of this thesis focuses on the evaluation of chemically modified surfaces, created 

by low-pressure plasma discharge and the effect of these modifications on the morphological 

and physiological behavior of human mesenchymal stem cells derived from bone marrow 

(hMSCs) and adipose tissue (hASCs). Electron spectroscopy for chemical analysis (XPS) 

demonstrated that polystyrene substrates modified with ammonia- (NH3), carbon dioxide- 

(CO2), and acrylic acid-plasma (Acc) had significant changes in their chemical surface 

composition after plasma treatment. Furthermore, changes in surface wettability were 

detected by shifts in contact angles of 76.6° ± 3.4 for polystyrene (PS) to 40.5° ± 2.9 (NH3-

plasma treated PS), 19.7° ± 3.6 (CO2-plasma treated PS) and 15.2° ± 3.7 for Acc-plasma 

treated PS samples. In order to identify the most suitable surface functionalization for each 

cell type, the adhesion kinetics and proliferation rates were investigated which revealed a 

significantly higher cell number of 1.7 ± 0.8 x 103 adherent hMSCs, in comparison to tissue 

culture polystyrene (TCPS), showing 1.1 ± 0.1 x 103 adherent hMSCs after 30 minutes of 

adhesion time on aminated surfaces. Consistent with an initial accelerated cell adhesion, a 

significantly increased enzymatic activity (122.6% ± 7.9 to 100% ± 7.6 on TCPS) was 

detected by WST-1 proliferation assay after 72 hours for hMSCs on NH3-plasma treated 

samples. The faster adhesion process of hMSCs and hASCs on aminated samples in 

comparison to the other modified surfaces was associated with an outspread phenotype that 

was analyzed by scanning electron microscope imaging (SEM) and fluorescence staining for 

Actin and Vinculin depicting the formation of focal adhesion complexes. A similar adhesion 

and proliferation tendency was observed for hASCs, however, only a minor preference to the 

aminated surfaces was detected. The NH3-plasma treatment was applied to modify a 

common used biomaterial, Poly (lactic acid) (PLA) blended with hydroxyapatite (HA), in order 

to create more suitable surface characteristics for stem cell culture. A significant increase of 

nitrogen containing groups was detected by XPS. The modification of the atomic composition 

was associated with an increased wettability, promoted adhesion of hMSCs and hASCs, 

which resulted in significant higher cell numbers on the modified surfaces.  
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In addition to human mesenchymal stem cells derived from bone marrow, another promising 

cell source presents adipose tissue which is beneficial due to the minimal invasive operative 

procedure for the patient. Within the scope of this thesis, the evaluation of primary human 

adipose derived stem cells with regard to their differentiation capacity was investigated, 

particularly for their osteogenic differentiation. Cell fractions, obtained by gradient 

centrifugation after enzymatic digestion of lipoaspirate, and an enriched cell fraction 

separated against the surface antigen CD271, were isolated and characterized. These cell 

fractions were compared to hMSCs and skin dermal cells (hSDCs). hMSCs demonstrated 

the potential to differentiate into adipocytes, osteoblasts and chondrocytes. Whereas hASCs 

and hASCsCD271+, showing a high differentiation capacity towards adipocytes, fostered an 

osteoblastic phenotype, but lacked the capacity to form hyaline cartilage within 28 days of 

differentiation time in this study. hSDCs, as a negative control, presented single formed lipid 

droplets inferring an adipocyte phenotype; however, these cells did not exhibit the ability to 

differentiate into osteogenic or chondrogenic lineages. Further data was obtained by 

histological staining and qRT-PCR. The comparison of hMSCs and hASCs differentiation 

within a 3D environment was conducted by seeding and culturing the cells in porous, amino 

functionalized PLA-HA composite scaffolds. The expression of osteogenic related marker 

genes and the formation of a mineralized extracellular matrix were verified, whereas hASCs 

reveal a similar expression pattern of osteogenic related marker genes in comparison to 

hMSCs. hASCs and hMSCs exhibited an osteoblastic phenotype by synthesizing and 

depositing a mineralized matrix. 

Finally, to enable the culture of larger 3D-tissue-substitutes, the implementation of a bio-

reactor system was used to achieve and maintain sufficient cell nourishment in the core 

regions of a scaffold. Within this thesis, a perfusion bioreactor was employed to define and 

validate flow parameters that allow an efficient seeding and culture of larger scaffold sizes, 

displaying a diameter of 10.5 mm and 25 mm of height. An increased flow rate was 

associated with an enhanced seeding outcome within the β-tricalcium phosphate scaffold, 

but also accompanied by an accumulation of lactate dehydrogenase (LDH) in the culture 

media. For subsequent dynamic culture conditions, a continuous flow of 0.8 mL/min was 

adjusted, which led to the induction of stress related genes (SERPIN, SAFB and FAS) 

analyzed on day one and seven. Nevertheless, after a culture period of seven days, similar 

gene expression levels of the apoptosis marker FAS were measured in static and dynamic 

settings. Furthermore, viable cells were detected within the scaffold by live/dead staining and 

cell exposition to shear stress resulted in the induction of osteogenic marker genes. The 

significant up-regulation of ALP, RUNX2 and SP7 without osteogenic supplementation was 
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verified. For SP7, an eight-time higher mRNA level was shown in dynamic culture in 

comparison to static culture after seven days.  

The results presented in this thesis provide fundamental knowledge and the establishment of 

parameters for the culture of human mesenchymal stem cells isolated from bone or fat tissue 

concerning surface modification, differentiation capacity and perfusion culture for their 

application in bone tissue engineering.  
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Zusammenfassung 

Ein wesentliches Ziel des Knochen Tissue Engineerings ist die Bereitstellung von artifiziellen 

Knochen Ersatz zur Stabilisierung und Regeneration von Knochendefekten. Dabei liegt der 

Forschungsschwerpunkt des interdisziplinären Bereichs auf der Entwicklung neuer Bio-

materialien in Kombination mit biologischen Komponenten wie Wachstumsfaktoren oder 

zellulären Elementen. Eine entscheidende Rolle hierbei spielen essentielle Bestandteile wie 

geeignete Gerüststrukturen zur Kultivierung der Zellen sowie Kulturbedingungen, die den 

Aufbau von dreidimensionalen Gewebemodellen ermöglichen. 

Im Rahmen dieser Arbeit erfolgte die Untersuchung chemisch modifizierter Oberflächen 

mittels Niederdruckplasma auf das Adhäsions- und Proliferationsverhalten von Stammzellen, 

isoliert aus Knochen- und Fettgewebe. Polystyrol-Oberflächen zeigten nach 

Funktionalisierung mit Ammoniak- (NH3), Kohlenstoffdioxid- (CO2) und Acrylsäure-Plasma 

(Acc) eine signifikante Änderung in der chemischen Zusammensetzung sowie in der 

Benetzbarkeit. Auf Polystyrol (PS) waren Kontaktwinkel von 76,6° ± 3,4 zu messen, 

hingegen wiesen aminofunktionalisierte PS-Oberflächen Kontaktwinkel von 40,5° ± 2,9, CO2-

Plasma behandelte 19,7° ± 3,6 und Acc-Plasma behandelte Oberflächen die hydrophilsten 

Eigenschaften von 15,2° ± 3,7 auf. Mittels Adhäsions- und Proliferationsstudien auf diesen 

funktionalisierten Materialen ließ sich ein deutlich verändertes Zellverhalten von humanen 

mesenchymalen Stammzellen aus dem Knochenmark (hMSCs) bestimmen. Die Anzahl 

adhärenter Zellen war nach 30-minütiger Adhäsionszeit auf aminofunktionalisierten 

Oberflächen mit 1,7 ± 0,8 x 103 signifikant erhöht. Im Gegensatz dazu ließen sich auf 

kommerziell erhältlichen Zellkulturoberflächen nur 1,1 ± 0,1 x 103 adhärente Zellen nach-

weisen. Die initial erhöhte Zellzahl auf aminofunktionalisierten Oberflächen korrelierte zudem 

mit einer gesteigerten metabolischen Aktivität der Zellen nach 72 Stunden Kulturzeit. Im 

Zuge des Adhäsionsprozesses konnten unterschiedlich ausgeprägte Zytoskelettformationen 

und fokale Adhäsionskomplexe auf den modifizierten Oberflächen beobachtet werden, die 

mittels Fluoreszenzfärbungen gegen Aktin und Vinculin und rasterelektronen-

mikroskopischen Aufnahmen analysiert wurden. Auch Stammzellen des Fettgewebes 

(hASCs) zeigten ein ähnliches Verhalten auf den plasmafunktionalisierten Oberflächen, je-

doch waren keine signifikanten Unterschiede im Adhäsions- und Proliferationsverhalten 

bezüglich der verschiedenen, chemisch aktivierten Oberflächen zu erkennen. Die 

Ammoniakplasma-Behandlung ließ sich auf hydrophobe Polylactid-Hydroxyapatit Komposite 

(PLA-HA) übertragen und führte zur Verbesserung der Oberflächeneigenschaft hinsichtlich 

der Zelladhäsion. Eine signifikante Zunahme der Zellzahl von hMSCs und hASCs auf dem 

modifizierten Material konnte nach 48 Stunden Kulturzeit quantifiziert werden.  
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Neben Knochenmark stellt auch Fettgewebe eine vielversprechende alternative Stammzell-

Quelle dar. Besonders vorteilhaft für den Patienten ist hierbei die minimal invasive Inter-

vention bei der Entnahme. Teil dieser Arbeit war die Untersuchung der hASCs bezüglich 

ihres Differenzierungspotentials, insbesondere der osteogenen Differenzierung. Im Vergleich 

zu hMSCs zeigte sich in diesen Versuchen ein geringeres Differenzierungspotential der 

hASCs zu Osteoblasten und Chondrozyten. Ein adipogener Phänotyp ließ sich bei hMSCs 

und hASCs gleichermaßen nachweisen. Die Evaluierung fand mittels histologischer 

Färbungen sowie qRT-PCR Analysen statt und resultierte in höheren Genexpressionsraten 

von ALP, RUNX2, und BGLAP in der hMSC-Kultur, verglichen mit differenzierten hASCs. 

Der Transfer einer zweidimensionalen Monolayer-Kultur in eine dreidimensionale Umgebung 

erfolgte durch die Besiedlung aminofunktionalisierter, poröser PLA-HA Matrices. Eine Hoch-

regulierung der Expressionsrate osteogeneserelevanter Gene und Proteine sowie die 

Mineralisierung der extrazellulären Matrix konnte sowohl in hASCs besiedelten Scaffolds als 

auch in hMSCs besiedelten 3D-Materialien detektiert werden. Hierbei zeigten hMSCs und 

hASCs vergleichbare Expressionsmuster. hASCs implizieren einen osteoblastären Phänotyp 

auf Gen- und auf Proteinebene und können somit zum Aufbau kalzifizierter Knochenmatrix 

verwendet werden.  

Für die erfolgreiche Kultivierung größerer 3D-Gewebe-Substituenten kann die Bioreaktor-

Technologie zur ausreichenden Nährstoffversorgung und zur Simulation der in vivo Situation 

dienen. Im Rahmen dieser Arbeit erfolgte die Etablierung und Untersuchung von Fluss-

parametern in einem Perfusionsbioreaktor, der eine effiziente Besiedlung und die 

Kultivierung von β-Tricalciumphosphat Zylindern mit 10,5 mm Durchmesser und 25 mm 

Höhe über einen längeren Zeitraum erlaubt. Neben einer verbesserten Besiedlungseffizienz 

mit einer Flussrate von 4 mL/min führte ein kontinuierlicher Fluss von 0,8 mL/min während 

der Kultivierung zu einer Akkumulation von Lactatdehydrogenase im Kulturmedium sowie zur 

Induktion der Stressmarker SERPIN, SAFB und FAS. Allerdings waren nach siebentägiger 

Kultivierung vergleichbare Expressionswerte des Apoptose-Markers FAS in statischer wie in 

dynamischer Kultur erkennbar. Auch konnten vitale Zellen mittels Lebend/Tot-Färbung im 

Matrix-Inneren nach ein- und siebentägiger Kultivierung nachgewiesen werden. Die 

Exposition der Zellen gegenüber flussresultierendem Scherstress führte zur Induktion von 

osteogenen Markergenen. So fand auch ohne Zusatz von Differenzierungsfaktoren im 

Medium eine Hochregulierung von ALP, RUNX2 und SP7 bis zu achtfachen mRNA-

Konzentrationen für SP7 in der dynamischen im Gegensatz zur statischen Kultur statt. Aus 

diesen Ergebnissen lassen sich damit grundlegende Erkenntnisse für die Kultivierung 

humaner mesenchymaler Stammzellen, isoliert aus Knochen- sowie aus Fettgewebe, für die 

Anwendung im Knochen Tissue Engineering ableiten. 
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Abbreviation 

°C     Degree centigrade 

µL     Microliter 

µm     Micrometer 

2D     Two dimensional 

3D     Three dimensional 

Acc    Acrylic acid 

ALP    Alkaline Phosphatase 

BGLAP   Bone gamma-carboxyglutamate protein 

BTE    Bone Tissue Engineering 

CO2    Carbon dioxide 

Col I    Collagen Type I  

CSD    Critical size defect 

ECM    Extracellular Matrix 

FAS    CD95, cell surface death receptor 

FBS    Fetal bovine serum 

FDA    Fluorescein diacetate 

h     Hours 

HA     Hydroxyapatite 

hASCs   Human adipose derived stem/stromal cells 

hMSCs   Human mesenchymal stem cells 

hSDCs   Human skin dermal cells 

LDH     Lactate dehydrogenase 

MACS    Magnetic Activated Cell Sorting 

min    Minutes 

mL     Milliliter 

NH3    Ammonia 

OC     Osteocalcin 

ON     Osteonektin 

OP     Osteopontin 

OPG    Osteoprotegerin 

PBS    Phosphate-buffered saline 

Pen/strep   Penicillin-Streptomycin 

PI     Propidium iodide 
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PLA    Poly (lactic acid) 

PS     Polystyrene 

qRT-PCR   Quantitative real time polymerase chain reaction 

RF     Radio frequency 

rpm    Rounds per minute 

RT     Room temperature 

RUNX2    Runt-related transcription factor 2 

SAFB    Glutathione S-Transferase Fusion Protein 

sec    Seconds 

SEM    Scanning electron microscope 

SERPIN   Serine protease inhibitors 

SPARC   Secreted protein acidic and rich in cysteine 

ß-TCP    Beta-tricalcium phosphate 

SVF    Stromal vascular fraction 

TCPS    Tissue culture polystyrene 

TE     Tissue engineering 

WST-1    Water soluble tetrazolium 

XPS    X-ray photoelectron spectroscopy 
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1 Introduction 

Bone tissue presents an exceeding self-healing potential, nevertheless in some cases of 

musculoskeletal disorders the application of bone grafts are necessary to support the natural 

healing process and to reconstruct the fracture site. In the United States approximately 

5.6 million cases of bone fractures are reported each year and about a quarter of these 

patients require substitute material to induce an adequate bone regeneration [1]. A further 

field of application is extensive bone loss in consequence to osteoporosis that prevalence 

afflicts more than 50 percent of American women at the age of 50 and above [1]. Another 

reason leading to the increasing demand for bone grafts is caused by the demographic 

change in the population and an alternating life style favoring extreme sports. In 

consequence, 28.545 million euros were spent in Germany for the treatment of diseases 

related to the musculoskeletal system1. Due to the major demand of graft material and 

current limitations of available materials, new strategies for an adequate supply with 

customized implant materials are thoroughly investigated.  

In the field of regenerative medicine, biomaterials are developed either as alternative for 

implant material, as three dimensional scaffolds, or as tools for successful cell proliferation in 

vitro [2, 3]. Biomaterials have to fulfill specific requirements in order to guarantee an 

appropriate medical outcome. The design of tailored grafts, featuring properties of the 

particular implementation site and the development of superior implant environments, is the 

focus of recent research efforts. During regeneration processes the interaction of cells with 

the extracellular matrix (ECM) plays a major role in tissue morphogenesis. The 

socioeconomic interest for these customized implants is high [4]. The research field related 

to bone substitute materials and bone treatment has massively expanded during the last 

years regarding the publication of research data and the continuously increasing bone graft 

substitute market [1].  

 

 

 

 

 

                                                 
1https://www.destatis.de/DE/PresseService/Presse/Pressemitteilungen/2010/08/PD10_280_23631.html; 31.01.2014 



 

1.1 B

As an a

organs 

and min

two type

corticali

spongio

The fun

canal ho

[5]. The

region a

surface

cells tha

shown i

Figure 1

osteons

Morpho

and spo

matrix. 

compris

Bone str

anisotropic 

also a majo

neral reserv

es of const

is provides 

osa supplies

nctional unit

osting blood

e cancellous

and represe

, called per

at are activa

n Figure 1.

1.1: Scheme

s including t

ological at t

ongiosa: th

Within the 

sed of cells 

ructure 

tissue, bon

or role in m

voir, particu

titutions, m

the mecha

s a higher e

t of the cor

d vessels a

s bone is ch

ents about 

riosteum, an

ated in case

1.  

e of bone an

the haversia

the nano-st

e bone ma

organic m

and water 

ne plays de

metabolic ph

ularly calciu

ainly media

nical stabili

elasticity an

rticalis prese

nd is surrou

haracterized

20% of the

nd is highly

es of bone 

natomy show

an canal hos

tructural lev

atrix consist

matrix, 90% 

[7]. Merely 

15 

espite mech

hysiological 

um and pho

ated by the

ty and surr

nd allocates

ents the os

unded by a

d by its trab

e total bone

y vasculariz

defects. Th

wing the ca

sting the blo

vel, there a

ts 2/3 of in

represents

3-5% is no

hanical sup

processes 

osphate [5].

 functional 

rounds the m

s space for 

steon, consi

lamellar or

ecular struc

e [6]. An ou

zed containi

he illustratio

ancellous bo

ood vessel s

are no diffe

norganic co

s a collage

on-collageno

pport and p

as hemato

At the ma

demands, 

marrow spa

bone marro

isting of the

rganized ex

cture makin

ter membra

ng osteobla

on of a part 

one, compac

system. Mod

rences betw

omponents 

n network 

ous protein 

protection o

opoiesis, fat

cro-structur

can be fou

ace. The su

ow and fatt

e central Ha

xtracellular s

ng up the sp

ane coats t

asts and pr

of the long

 

ct bone, per

dified from [5

tween the c

and 1/3 of 

and about

responsible

of crucial 

t storage 

ral level, 

und. The 

ubstantia 

y tissue. 

aversian 

structure 

pongiosa 

he bone 

rogenitor 

g bone is 

riost and 

5] 

corticalis 

f organic 

 10% is 

e for cell 



16 

 

attachment and providing active sites for the mineralization process. The inorganic part 

consists mainly (85%) of calcium phosphate in form of hydroxyapatite crystals 

(Ca10(PO4)6(OH)2) that are deposited into the collagen fibrils. Therefore, the bone matrix 

displays a composite material revealing high mineralization and complex structural hierarchy 

that is accountable for the mechanical strength. The bone presents, nevertheless, a highly 

dynamic and adjustable tissue that adapts to the environmental circumstances [8]. The 

regeneration and remodeling process is influenced by several factors e.g. hormones or 

mechanical exposure. Homeostasis is achieved by the interplay of several cell types that 

determine the bone modelling and remodelling process meaning the development during 

embryogenesis and subsequently regeneration and repair of the bone and adaption to 

different environmental conditions. Osteoprogenitors, osteoblasts, osteocytes, osteoclasts 

and bone lining cells are the prevalent bone cells and interact in a complex regulated 

process [9].  

1.1.1 Osteogenic differentiation of precursor cells 

Osteoblasts are responsible for the matrix synthesis by secreting collagen type I fibrils and 

specific osteoid related matrix proteins interspersed with the collagen network. The cells 

differentiate from osteoprogenitors, found in the bone marrow and the periosteum, and 

descend from mesenchymal stem cells (MSCs). The osteogenic differentiation process can 

be briefly classified into three stages [10]:  

  1. proliferation phase of the cells 

  2. secretion and maturation of the ECM and  

  3. mineralization of the ECM.  

During osteogenic lineage progression, MSCs reveal the expression of characteristic genes 

including the transcriptions factors Runt-related transcription factor 2 (RUNX2) and 

Osterix/SP7 (SP7) and the matrix related proteins Alkaline Phosphatase (ALP), Collagen 

type I (COL I), Osteocalcin (OC), Osteopontin (OP), Osteoprotegerin (OPG), Bone 

Sialoprotein (BSP) and Matrix Metalloproteinase I (MMP I) [11, 12].  

Runx2, also known as core-binding factor subunit alpha-1 (CBF-alpha-1), is described as a 

key transcription factor within the osteoblast phenotype. It regulates several bone related 

genes such as: OC, OP, Col I, MMP I, BSP, ALP, TGFβ receptor 1, C/EBPδ, and RANKL by 

the interaction with their promoter regions [13].  

Another transcription factor, Osterix or SP7, depicts a specific osteoblast marker gene that 

takes place in the regulation of osteoblasts genes similar to RUNX2 [13] (Figure 1.2).  
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Figure 1.2: Regulation scheme of SP7 and RUNX2 and their regulation of ALP, BGLAP and 

COL I as downstream targets. Modified from [14] 

ALP encodes for an ubiquitous protein, an esterase that cleaves phosphor acid monoesters, 

and is localized at the cell surface. In general, ALP is up-regulated with the osteoblastic 

differentiation (up to 14 days) and decreases in expression rate during the mineralization 

phase. ALP is therefore considered as an early marker of osteogenesis. Furthermore, it has 

been demonstrated, that the expression levels of ALP increased in response to mechanical 

force application [15].  

Collagen type I as an unspecific bone related protein can be also detected in numerous other 

tissues. Nevertheless, it is a major component of bone extra-cellular matrix and is highly 

expressed within developing osteoblasts. Col I forms fibrillar structures that strengthen the 

ECM of many connective tissues. Pro-collagen molecules are secreted into the ECM and are 

subsequently processed to long fibrils [16]. Up-regulation occurs early in the osteogenic 

differentiation process and is therefore used as early indicator protein.  

OPG, also known as osteoclastogenesis inhibitory factor, represents a decoy receptor for the 

receptor activator of nuclear factor kappa B ligand (RANKL). It is produced by the osteoblast 

phenotype and by binding of RANKL it inhibits the differentiation process of osteoclasts 

precursors to mature osteoclasts [17]. Therefore, by blocking osteoclasts activity the protein 

inhibits bone absorption and enhances indirectly the synthesis and deposition of new bone 

matrix.  

OC, also known as Bone Gamma-carboxyglutamic Acid-containing Protein (BGLAP), the 

most abundant protein in bone besides collagen type I, is synthesized by osteoblasts and 

secreted into the bone matrix at the time of bone mineralization. It plays a role in the 

mineralization process due to its mineral binding properties as a member of the family of 

extracellular mineral binding Gla protein [12].  

OP is localized at the interface of bone cells and hydroxyapatite and binds to integrins of the 

cell membrane. Even if it cannot be considered as a bone specific protein, it plays a role in 

cell adhesion, migration and survival. It is up-regulated during the proliferation rate in 
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The incorporation of inorganic substances, mainly hydroxyapatite, leads to the mineralization 

of the secreted matrix. Finally, the osteoblasts stop the synthesis of the matrix and are 

surrounded by a calcificated ECM. This cell stage represents the so called osteocytes. These 

mature cells are interconnected by several dendrites within small canals (canaliculi), ending 

in gap junctions that allow chemical and electrical exchange between the cells and guarantee 

among others the calcium homeostasis and sensing of mechanical cues [5].  

1.1.2 Bone remodelling 

As antagonists to matrix building cells, osteoclasts are responsible for bone degradation. 

They form by fusion of hematopoietic precursor cells, and result in multi nucleated cells with 

diameter sizes up to 100 µm [21]. The release of enzymes, such as Cathepsin K or Matrix 

Metallopeptidase 9, associated by the local reduction of the pH-value allows the adsorption 

of bone matrix. A complex interplay between osteoclasts, osteocytes and osteoblasts results 

in the homeostasis of bone tissue and guarantees a constant remodelling in response to 

physiological circumstances and environmental stimuli. Wolff´s law describes this 

remodelling process and consequently the adaption to an optimal bone structure in its 

internal architecture and external form in coherence with tension trajectories [8].  

Bone remodelling also plays an important role in case of a bone fracture. In response to an 

injury, blood coagulates and forms a blood clot, a hematoma emerges between the fracture 

ends. An immediate and intense acute inflammatory response occurs that leads to the 

migration of inflammatory cells. This microenvironment promotes the callus formation, an 

unorganized network of cartilage tissue that derives from cells of mesenchymal origin 

secreting fibrous tissue. The callus bridges the fracture ends and provides an initial stability 

and fixation. By micro environmental cues, as compression, tension or oxygen concentration, 

the cells differentiate either into osteoblasts or chondrocytes. In a reduced oxygen 

environment a prominent hyaline cartilage formation accompanied by glycosaminoglycan 

expression can be found. In dependency on oxygen level and mechanical stimuli, new bone 

formation (enchondral bone formation) takes place [22]. By ingrowing vessels and higher 

oxygen supply, chondroclasts degrade the cartilage tissue and lamellar bone is formed by 

osteoblasts [5]. A secreted collagen network is mineralized by accumulation of calcium 

hydroxyapatite crystals and the final lamellar bone tissue arises. In contrast to the secondary 

bone healing, the process of primary bone healing occurs if the fracture ends are in direct 

contact with each other. This can be maintained by osteosynthesis that rigidly fixes the bone 

ends. A direct bone remodeling takes place by migration of osteoclasts, resorbing the 

adjacent bone layer and followed by osteoblast that synthesize osteoid, the new bone matrix. 
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Even though the bone tissue is a dynamic structure and the only tissue that can heal without 

scar formation, extensive bone defects cannot be bridged by the self-healing capacity. Some 

fracture types may be stabilized and immobilized by internal fixation devices. However, if the 

fracture exceeds a certain defect size a surgical intervention using bone substitute material is 

needed [6]. Such osseous defects can result from different causes such as tumors, cysts, 

bacterial infections, osteoporosis and traumata. In these cases of extended bone loss, a 

bridging of the gap must be accomplished to enable proper osseous regeneration and to 

avoid an instable callus tissue resulting in pseudoarthrosis. 

1.1.3 Common treatment strategies for bone defects 

The medical indication of osteosynthesis depends on fracture size, type, location, patient 

condition, and further associated injuries. External and internal fixation can be applied 

regarding to the specific need of the patient and should conduct primary bone healing. Mostly 

external fixation materials consist of metals such as stainless steel, Ti-based alloys and cast. 

Internal fixators are mostly plates, wires, nails and screws consisting of several materials e.g. 

stainless steel, Cr-Co, or titanium-alloys [23]. Recently, polymer composite materials gained 

more interest. In case of bone defects that require substitution, bone grafts are applied. The 

graft ideally displays an osteoconductive matrix meaning a guiding structure for new bone 

synthesis, featuring a certain stiffness to provide structural support. It ideally presents a 

degradation rate correlating with the time of new bone formation and should allow cell 

migration and neoangiogenesis due to appropriate pore sizes. Important fields of indication 

of bone substitute materials present besides filling larger defect sites, the fusion of spinal 

column (spondylodesis), arthrodesis of several joints and the prophylaxis of bone fracture in 

cases of osteoporosis or lobstein syndrome (osteogenesis imperfecta). The common 

treatment of smaller defect sizes is the filling with autologous bone alone or in combination 

with synthetic substitute material. Several categories of currently applied bone graft 

substitutes exist:  

 autologous (patient own bone) 

 allogeneic (bone of cadavers)  

 xenogenous bone (bone derived from other species) 

 synthetic materials based on metals, ceramics, polymers or their composite 

Autografts are still considered as gold standard, however, the limited availability, the donor 

site morbidity and the need of a second site of surgery lead to the application of alternative 

methods [24, 25]. 
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Xenogenous and allogeneic implants can be used, however, the transfection of diseases is a 

major drawback and the osteoinductive property is reduced by the material processing as 

sterilization and protein removing [26].  

Synthetic materials gained more importance in the last years. The bone graft substitute 

market is relatively new compared to the market offering allografts and demineralized bone 

matrices. It is a fast-growing market and gaining more interest as the clinical acceptance of 

bone substitutes is increasing [1]. Different categories of synthetic materials are 

distinguished: bioactive glasses, glass–ceramics and calcium phosphates (CaP). Companies 

offer products that consist of hydroxyapatite (HA, Ca10(PO4)6(OH)2) or tricalcium phosphate 

(TCP; Ca3(PO4)2), their derivatives and their combinations. HA based ceramics reveal a 

calcium-phosphor ratio of 1.67. The biodegradation kinetic is slower compared to TCP 

materials. Furthermore, disadvantages of these materials represent brittle properties as a 

result of high sinter temperatures and consequently a low bending and torsion capacity. The 

calcium-phosphor ratio of TCP amounts to 1.5 and is available in α-TCP (α-Ca3(PO4)2) and 

ß-TCP (β -Ca3(PO4)2) depending on the sinter temperature [27]. The mechanical properties 

are inferior compared to HA materials, however, the biodegradation is faster as HA. α–TCP 

shows an even faster degradation kinetic than ß-TCP but ß-TCP is commonly used as 

substitute material due to its phase purity. The suitability of ceramic based materials is 

related to the composition of the natural bone that consists mainly of calcium hydroxyapatite 

accompanied by further advantages as biocompatibility and biodegradability. The materials 

feature osteoconductive characteristics, but no osteoinductive properties are described.  

Polymers, degradable and non-degradable ones, are either used alone or in combination 

with other materials. Advantages are their biocompatibility and adjustable degradations 

properties. However, their load-bearing ability exhibits a disadvantage, nevertheless, some 

polymer based solutions, like composite scaffolds fabricated from mPCL, are FDA approved 

and in clinical use [28, 29].  

According to the pitfalls of the treatment possibilities for bone substitution, a material is still 

desired that offers osteoinductive properties, reveals characteristics of the natural bone and 

is available in the needed quantities.  

1.2 Tissue Engineering 

The tissue engineering approach was initially defined by Langer and Vacanti in 1993 [30]. It 

presents a newly established scientific discipline in the mid-1980s, obtained more importance 

in the last decades and aims on the formation of artificial organs and tissues to replace 

damaged tissues in vivo or to be used as physiologically relevant model for biomedical 
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tissue engineering process needs to fulfill several properties to ensure tissue formation 

regarding the targeted application. Ideally the scaffolds possess the qualities of the ECM that 

naturally encloses the cells and provides stimuli comparable to these physiological 

conditions. Superior surface properties could ease cell attachment and therefore facilitate 

host-tissue interactions. The differentiation and maturation process must be supported by 

targeted culture conditions in vitro guaranteeing cell nourishment within the construct and 

furthermore provide stimuli similar to the in vivo situation. These key factors must be 

regarded and fulfilled to accomplish a successful tissue engineering process.  

1.2.1 Bone Tissue Engineering 

Bone substitute materials either natural or synthetic ones, still lack the osteoinductive 

potential meaning the stimulation of osteoprogenitor cells to differentiate into bone cells [34]. 

Vital bone material, created by tissue engineering, however, could provide this required 

osteoinductivity and therefore overcome the current limitations and results in faster bone 

formation and regeneration [28]. Therefore, it is a promising possibility to generate an implant 

that displays some qualities of the human bone and enhances bone formation and graft 

ingrowth by combining synthetic materials and autologous cells, ideally obtained by the 

patient himself [35]. To produce a suitable bone graft several complex issues must be taken 

into account such as scaffold material and architecture, cell source and in vitro culture 

conditions (Figure 1.5).  

The scaffold applied for the Bone Tissue Engineering (BTE) approach should present a high 

mechanical stability, biocompatibility and reveal structural characteristics of the natural bone. 

As depicted in Figure 1.5 mesenchymal stem cells are isolated ideally from the donor itself 

and expanded in vitro.  

Subsequently, the cells are seeded on an auxiliary matrix that presents a high porosity and 

interconnectivity to allow cell migration. The scaffold surface can be optimized for cell 

adhesion and differentiation by several modification strategies to improve the environmental 

cues. For tissue maturation the culture within a bioreactor system provides advantages as 

the nutrient supply of the cells in larger three-dimensional (3D) constructs. The produced 

bone equivalent can be either used as test system or as implant material.  
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dorsal and lumbar spinal injuries. To stabilize the defect, pedicle screws and rod assembly 

were used. The fusion was achieved by applying hydroxyapatite and beta-tricalcium 

phosphate mixed with bone marrow aspirate. Autologous bone graft obtained from iliac crest, 

applied on the other side of the spine as control [42]. They concluded that hydroxyapatite 

and beta-tricalcium phosphate mixed with bone marrow aspirate reveals a similar outcome 

compared to autologous bone substitute material.  

The outcome of an applied tissue-engineered bone construct depends on different factors. 

One crucial factor is the material selection and the surely knowledge about bulk 

characteristics and surface properties. The scaffold serves as environment for the seeded 

cells and provides a matrix for proliferation and differentiation. 

1.3 Cells and the interaction with their surrounding 

In vivo, the activity and fate of living cells is regulated by adhesive interactions with 

neighboring cells and the ECM [43]. By interacting directly with these external physiological 

surfaces, cells gather information about the environment, integrate and interpret this 

information, and subsequently generate an appropriate physiological response such as 

specific differentiation. The information can be of chemical nature but physical and 

topographical signals from the matrix are of equal importance. Several studies [44-47], 

suggest that cells can sense multiple chemical and physical features of the ECM via their 

adhesion receptors, integrate this information, activate specific intracellular signaling 

cascades and respond by altering their adhesion, migration, proliferation, survival or 

differentiation. Cell adhesion and migration is a highly dynamic process and plays an 

important role in embryogenesis, tissue regeneration, immune response, and wound healing. 

Integrins, as transmembrane receptors, anchor the cell to the substratum and furthermore 

enable the transmission of external cues into the cytoplasm of the cells [48]. Subsequently to 

integrin binding, the cells establish a cytoskeleton network consisting of actin filaments, 

intermediate filaments and microtubules. It drives the migration of the cell by the extension of 

the protrusion of the leading edge. Within these leading lamellas, at the periphery of the cell 

body, primarily focal complexes (FC) are found. These structures are short-lived cell-matrix 

interactions maturing to focal adhesion complexes (FA). FC consists mainly of proteins such 

as b3-integrin, vinculin, paxillin, a-actinin and Arp2/3 [49]. Focal adhesion complex connects 

the actin cytoskeleton with the integrin receptor via avb3 integrin, vinculin and paxillin, and 

the focal adhesion kinase (Figure 1.6).  
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The degradation kinetic can be adjusted by chemical composition and configurational 

structure, molar mass, polydispersity (Mw/ Mn), crystallinity, morphology (e.g. porosity) and 

distribution of chemically reactive compounds within the matrix. Therefore, polymers are 

most suitable for a degradable auxiliary matrix. Depending on the stereoisomers of the 

polymer, the absorption rate differs and can be influenced. Poly(lactic acid) for instance, 

consisting of l-lactid needs around 5 years of degradation in contrast to amorphous PLA (or 

PDLLA) that degrades in around one year. The incorporation of additives such as calcium 

phosphates or bioactive glasses can be used to control the degradation rate additionally. 

PLA degradation bases on the random cleavage of the –C–O– ester bonds by water 

molecules. The advantage of the degradation products, fragments of lactic acid, oligomers 

and other water soluble products, is the clearance by the tricarboxylic acid cycle in vivo. 

However, drawbacks occur due to the heterogeneous degradation properties of polymer 

scaffolds. Mostly the degradation velocity differs from the inside of the scaffold to the outside 

[56, 58]. The lack of diffusion and mass transport leads to the accumulation of acidic 

degradation products that autocatalyze the degradation process of the material in the center 

of the bulk material and accelerates the degradation rate. The inhomogeneous degradation, 

also known as “bulk degradation”, may harm the surrounding tissue and must be therefore 

regarded and carefully adjusted [59, 60]. 

Methyl side groups of the PLA constitute the hydrophobic character of the material.  

This leads to inferior conditions which are inconvenient for appropriate cell adhesion. 

Therefore, the investigation of surface modifications for the improvement of scaffold 

materials is as important as the selection of the bulk material for the successful tissue 

engineering process. 

Within the scope of this thesis, a scaffold on polymer basis was investigated. Poly(lactic acid) 

(PLA) and as additive hydroxyapatite (HA) was selected. HA is a natural component of the 

bone and furthermore enhances the mechanical stiffness of the produced scaffold.  

The porous composite PLA-HA material was manufactured by combining freeze-drying, salt 

leaching and foaming technique. Leachable particles are homogeneously incorporated into a 

PLA-HA dispersion in dioxan. By selecting the particle size of applied NaCl and NaHCO3, the 

pore size can be adjusted. By freezing the solution, a thermally induced phase separation is 

induced and leads to a solid phase. The leaching step can be performed in aqueous citric 

acid solution to remove the salt templates and to receive polymeric foams.  

Important for cell infiltration of the scaffold, cell nourishment within the material and for 

neovascularization is an interconnected and highly porous network throughout the scaffold. 

The size of macropores is a key factor to enable the migration of cells as well as the 

neovascularization of the graft. Macropores with ranges of 300 to 500 μm provide optimal 
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conditions for vascularization and migration of bone relating cells [51]. Pore diameter in 

ranges smaller than 100 µm are supposed to be ideal for nutrient supply [57, 61]. 

Micropores, which are defined as the space within the material smaller than 10 μm, 

accelerate the remodeling process by increasing the surface area and allowing circulation of 

body fluids. These pore sizes can be achieved by using different salt templates in the freeze-

drying method.  

1.5 Surface modification 

The targeted control of interface properties is a substantial step in the development and 

improvement of biomaterials for clinical applications as well as for the use in tissue 

engineering. Specific interaction of the substrate surface with the biochemical or biological 

milieu is critical for the outcome of the applied biomaterial and therefore should meet specific 

requirements.  

Surface characteristics determine the interaction between tissue and scaffold and can be 

influenced by surface properties (e.g. chemistry, surface charge, bulk material, morphological 

factors). All these properties determine the protein adsorption of cell culture media in vitro or 

blood components and extracellular proteins in vivo and thus significantly influence cell 

adhesion to the materials [62]. Further objectives of an interface modification can be the 

promotion of cell attachment but also the reduction of cell adhesion or bacteria. Non-fouling 

surfaces, specific and controlled protein adsorption, reduced thrombogenicity, enhancement 

or reduction of degradation and corrosion properties, influence on mechanical properties or 

wettability can be furthermore intended causes for a modification strategy. Therefore, 

interfaces should be thoroughly investigated in order to create suitable modifications that 

accomplish the requirements for the intended use [63]. 

A wide range of modification techniques has been developed and investigated to fabricate 

superior interfaces. The altering of atoms or molecules on the surface by chemical or 

biological approaches is one possibility to achieve a targeted control of cell-material 

interaction [64, 65]. Also, the coating of the surface by biological agents that promotes host-

tissue interaction can be an option. A simple and effective approach is the use of low 

pressure gas-discharge plasmas where an activated gas leads to the insertion of chemically 

reactive functionality onto non-reactive substrates [66-71]. Depending on the usage of the 

initial gas, certain chemical groups can be either covalently bound to the surface or by 

polymerization a thin layer is deposited on the surface [72]. Several studies applied and 

investigated the effect of plasma modification on cell adhesion, proliferation and 

differentiation and characterized it as a promising technique for biomedical uses [66, 73-76]. 

Parameters like chemical composition, wettability and charge of the interface can be easily 
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modified without affecting the bulk material. Plasma is defined as the fourth state of matter 

and is composed of electrons, ions and possibly of neutrals and photons that arise in an 

ionized gas. Radiofrequency (RF) and microwave (MW) plasma are widely used in industrial 

application. RF plasma typically operates at 13.56 MHz from radio transmitter while mw 

plasma are generated by microwave ovens at 2.45 GHz. Different reactor types can be used 

to generate the plasma, commonly used a parallel plate reactor as seen in Figure 1.8. 

 

Figure 1.8: Parallel plate plasma reactor to create low radiofrequency plasma. The reactor 

chamber can be evacuated and perfused by a specific gas. The plasma is generated by an associated 

power source.  

Furthermore, it can be distinguished between plasma etching, plasma treatment and plasma 

deposition. Plasma deposition results in thin films deposited from the gas state onto the 

surface by the fragmentation of organic monomers. For example the usage of acrylic acid 

gas leads to the polymerization plasma. Etching occurs in the presence of a reactive gas that 

provides high energy ions or neutral radicals that interact with the surface atoms. Plasma 

treatment bases on gases such as Ar, N2, O2, NH3, and CF4 to insert or substitute chemical 

functionalities onto a substrate or to create radicals for crosslinking. Surfaces can be 

consequently generated that reveal carboxy, hydroxy, amine, or aldehyde groups, that show 

an influence on the surface properties as wettability or charge or can be used for further 

immobilization of proteins or peptides. Nevertheless, the introduction of just simple reactive 

functionalities leads to surface properties that promote cell adhesion [76].  

It has been already demonstrated that plasma-modification influences the wettability of the 

treated samples, the protein adsorption to the surface as well as cell behavior on plasma 

activated materials [77-81]. For example, negatively charged carboxylated surfaces have 

been evaluated concerning adhesion of different cell types like endothelial cells, 

keratinocytes or fibroblasts [82-86]. The influence of CFx groups, introduced by pulsed radio-

frequency plasma on polystyrene was investigated by Barz et al. [87]. They showed an 

enhancing effect of fluorocarbon polymer coatings on the attachment of human dermal 

fibroblasts by using a small amount of fluorocarbon. Higham et al. examined surfaces 

containing carboxylic and/or hydroxyl groups and demonstrated an increased attachment of 

keratinocytes and fibroblasts [83]. Ertel et al. described this effect on bovine aortic 
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endothelial cells [85]. Additionally, an enhanced effect on cell adhesion and proliferation was 

shown on aminated surfaces [88-90]. Positive charged surfaces were used in studies by 

Finke et al. and Bergemann et al. and showed a significant increase of adherent cells as well 

as higher proliferation rates of osteoblasts [88, 90]. Biaxially oriented polypropylene (BOPP) 

films and Nylon-6 PA modified by ammonia glow discharges were investigated by Mwale et 

al. [91]. They observed an influence on cell attachment and osteogenic differentiation of 

mesenchymal stem cells on the modified substrates.  

1.6 Cell source 

1.6.1 Mesenchymal stem cells and the application in bone tissue engineering 

In recent years, human mesenchymal stem cells have gained great interest for therapeutic 

use and constitute a potential source for the repair of damaged tissues and the field of tissue 

engineering. MSCs are non-hematopoietic multipotent, uncommitted progenitor cells that 

give rise to multiple progenies of the mesenchyme. They display certain requirements for 

BTE such as their ability of self-renewal to produce a sufficient amount of cells to be seeded 

on an auxiliary matrix. Furthermore, the multi lineage differentiation capacity enables the 

differentiation into an osteoblastic phenotype by the supplementation of the cell culture 

media in vitro. Besides these qualities, it´s been shown, that the cells reveal 

immunomodulatory and suppressive properties, particularly convenient for the application in 

regenerative medicine [92]. They secrete a variety of factors that stimulate the innate and 

adaptive immune systems.  

They were first described by Friedenstein and colleagues in 1966 as colony-forming unit-

fibroblast (CFU-F) [93-95]. The cells present a spindle, fibroblast-like phenotype and display 

the capability to differentiate into mesodermal lineages such as adipocytes, chondrocytes 

and osteoblasts. Furthermore, the potential of the cells to differentiate into endodermal and 

ectodermal lineages such as lung retinal pigment, skin, sebaceous duct cells, renal tubular 

cells, and neural cells (reviewed in [96]) has been described and shown in Figure 1.9.  
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considered as a potential alternative to mesenchymal stem cells derived from bone marrow 

[106, 107]. It has been shown that the cells present a multi lineage potential and may be 

used for several applications like the usage in orthopaedic tissue repair [108-110]. The 

differentiation potential of the cells has been studied in vitro and in vivo, in combination with 

biocompatible scaffolds as tissue engineering approach, but also as pure cell application 

[104, 111-119]. 

In 2001 Zuk and coworkers discovered the possibility to receive a cell pool out of adipose 

tissue. The obtained stromal vascular fraction revealed the property of multilineage 

differentiation and express similar cell surface markers compared to stem cells derived from 

the bone marrow [110]. A different nomenclature for the isolated cell population can be found 

in the literature. Zuk et al. first proposed processed lipoaspirate (PLA) cells, furthermore the 

terms adipose-derived adult stem (ADAS) cells, adipose derived adult stromal cells, adipose-

derived stromal cells (ADSC), and adipose stromal cells (ASC), adipose mesenchymal stem 

cells (AdMSC), and adipose-derived stromal/stem cells (ASCs) are also present in the 

literature. To achieve a consensus and to eliminate confusion within the nomenclature, the 

International Fat Applied Technology Society (IFATS) determined the term “adipose-derived 

stromal/stem cells” that identifies plastic-adherent, proliferative, multipotent cell populations 

isolated from adipose tissue [120]. Therefore, within this thesis, these cells are called 

adipose derived stromal/stem cells (ASCs).  

A great advantage of this ubiquitous cell source is the availability of the tissue related to a 

minimal invasive procedure for the patient and additionally, a higher frequency of stem cells 

within adipose tissue [106, 121]. Fraser and colleagues reported that 500-fold more stem 

cells can be found in the stromal vascular fraction from adipose tissue than from bone 

marrow [106]. Several research groups deal with this stem cell source to evaluate the 

suitability of the cells for several clinical applications. A clinical study with ASCs was 

conducted in 2004, treating a large calvarial bone defect [122]. A tracheomediastinal fistula 

was approached with ASCs resulting in a complete closure of the fistula [123]. The EU 

Project ADIPOA (Adipose Derived Stromal Cells for Osteoarthritis Treatment) includes the 

injection of adipose stromal cells into the diseased articulation to activate the regeneration of 

the cartilage. First clinical trials are scheduled.  

However, the cell characterization and the direct comparison of the differentiation potential of 

these cells and hMSCs derived from bone marrow are poorly examined [124, 125]. Within 

the second part of this thesis the differentiation potential, especially the osteogenic 

differentiation of hASCs, is addressed and compared to cells derived from bone marrow and 

skin. The intention was to draw out conclusions of this comparative study about the 

practicality and efficiency of hASCs for a bone tissue engineering application. Furthermore, 
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an enrichment of the hASC fraction against CD271 was conducted to achieve a more 

homogenous cell population after the isolation process. CD271 is also called LNGF (low-

affinity nerve growth factor receptor), a surface antigen which is known to be expressed on 

mesenchymal stromal cells from bone marrow aspirate and lipoaspirate and described as a 

marker for multipotent mesenchymal stromal cells [126, 127]. The enriched cell fraction 

(CD271+) was included in the osteogenic differentiation study.  

1.7 Process of tissue regeneration 

Besides matrix selection, surface modification and an appropriate cell source for a 

prosperous tissue engineering process, an appropriate in vitro culture condition remains as 

aspect for successful forming of an artificial tissue construct.  

In vivo cells are directed by their surrounding environment, posed by the ECM and the 

neighboring cells. Growth factor, cell-cell interaction, stiffness of the ECM, mechanical 

nature, and soluble inductors - this complex interplay of several factors lead to cell 

development or maintenance. Furthermore, tissues are supplied by a quantity of smallest 

blood vessels. The diffusion process is limited and averages a distance about 20 µm [128]. In 

vitro the diffusion distance is mostly not sufficient to nourish cells cultured in a 3D-scaffold, 

especially in larger constructs. Therefore, alternatives must be developed and applied to 

guarantee appropriate cell maintenance in vitro. The 3D environment allows cellular cross 

talk and physiological condition more similar to the in vivo situation [129]. In order to 

guarantee a successful 3D-culture, the field of bioreactor technology obtained more interest 

recently. Bioreactors for all kind of applications were designed and provide, besides cell 

nourishment, features like blood flow simulation, mechanical stimulation of the cells, but also 

the potential to decrease costs and ease labor-intensive manual tasks [130]. For the use in 

BTE, a bioreactor system should fulfill certain criteria to be used as a system for an efficient 

seeding of scaffolds with cells, an appropriate nutrient supply within the matrix, and in 

addition the simulation of the in vivo situation like shear stress and mechanical compression 

that experience the cells in vivo. An in vitro process must be established to achieve suitable 

culture conditions for tissue engineered bone grafts, that provide sizes for treating large bone 

defects, whether primarily for large animal models like sheep and dog or for the application in 

clinical settings. Different dynamic culture systems have been developed and investigated: 

spinner flask, rotating wall bioreactors and perfusion bioreactors [131-135]. Spinner flasks 

and rotating wall bioreactors introduce a stirring of the media and therefore an improved 

convective transport of nutrients to the surface of the cultured constructs, however, the cells 

in the core center of the scaffolds are not affected. This can be avoided by using a flow 

perfusion bioreactor that allows the ability to mitigate both external and internal diffusional 
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1.8 Aim of the thesis 
The implementation of a bone tissue engineering approach to create an artificial tissue 

provides several benefits: the mechanical properties of the natural bone could be 

approached, no immunological risks by using autologous, the patient own cells, and by 

vitalizing the substitute material the implant could provide osteoinductive potential to induce 

accelerated bone regeneration. Within the scope of the PhD thesis, three parts referring to 

the bone tissue engineering process were addressed:  

 the evaluation of a low pressure plasma treatment concerning stem cell behavior on 

the modified surfaces  

 the potential of adipose derived stem cells regarding their differentiation capacity in 

comparison to bone derived stem cells  

 the investigation of optimal culture conditions for larger three-dimensional scaffolds.  

The microenvironment of an applied substrate determined by material composition, 

properties and surface functionalities are important to guide and influence cell behavior. The 

first part of the work analyzed the influences of different plasma treatments of polystyrene, 

the most common material for cell culture ware, in order to identify the most suitable surface 

chemistry for the culture of human bone derived mesenchymal stem cells (hMSCs) and 

adipose derived mesenchymal stem cells (hASCs). As these cells are promising candidates 

for the use in tissue engineering and clinical applications, improved in vitro culture conditions 

as well as functionalization strategies for implant materials are desired [146]. Three different 

plasma treatments were applied (acrylic acid, ammonia and carbon dioxide plasma) to 

introduce different chemical functionalities to create activated interfaces for the investigation 

of the influence on cell adhesion, proliferation and cell functions. The choice of the plasma 

gas can determine the incorporation of functional groups such as primary amines or 

carboxylic groups on the surface of a polymer. Positively charged surfaces were created by 

the use of ammonia plasma. An acrylic acid plasma procedure resulted in solvent-stable 

films containing carboxylic groups [147]. Carbon dioxide plasma was chosen to incorporate 

basic functionalities onto the polystyrene surface [148]. The influence of these different 

chemical groups on cell behavior should be evaluated.  

In bone tissue engineering, mesenchymal stem cells display the ability of self-renewal and 

generate a sufficient amount of cells to be used for the seeding of an auxiliary matrix. MSCs 

derived from bone marrow are used for research applications for decades and also for the 

use in clinical trials. However, due to the painful, invasive isolation procedure for the patient 

and the low amount of stem cells within the isolated fraction, an alternative cell source is 

under investigation. Cells derived from adipose tissue depict several advantages like a more 
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comfortable isolation procedure for the patient by liposuction and a higher stem cell 

frequency. Within the scope of this work an isolation method to isolate stem cells from the 

stromal vascular fraction of lipoaspirate has been established, the characterization of these 

cells was performed and their differentiation potential was compared to stem cells form bone 

marrow and skin dermal cells. The focus was set on the osteogenic differentiation due to the 

consideration of the cells as potential, abundant cell source for bone tissue engineering. To 

analyze the differentiation capacity in a 3D-environment a porous poly(lactic acid) composite 

material was selected. To improve the surface properties an ammonia plasma modification, 

based on the results of the first part, was applied and analyzed concerning initial cell 

adhesion and the osteogenic differentiation outcome.  

In the third part of the thesis, an in-house constructed perfusion bioreactor was applied to 

seed ß-TCP scaffolds (Cerasorb® M, Curasan) with hMSCs and to maintain a dynamic flow 

throughout the construct. The aspects of cell nourishment during an extended culture period, 

the improvement of the seeding efficacy by using a bioreactor system and furthermore, cell 

response to the applied shear stress were evaluated in this part. A challenge tasks presents 

the homogenous seeding of larger scaffolds suitable for critical size defects. Therefore, 

exceeding the state of the art in bone tissue engineering, larger bone substitute materials 

displaying a size of 30 mm height and a diameter of 10.5 mm were seeded and cultured for 

an extended time period. This scaffold parameter approaches the proposed size in sheep, 

not able of spontaneous self-healing, of a critical size bone defect. Especially such large 

defects, arisen from trauma or disease related resection, present a challenge for an 

appropriate treatment. Therefore, the infiltration of cells within a synthetic bone substitute 

material promises advantages for the patient. The influence of the seeding conditions and 

the applied oscillatory flow on cell viability in comparison to a static culture set up was 

addressed. Furthermore, the adjustment of flow parameters was characterized to reveal the 

influence of a dynamic cell culture on the altered gene expression in human mesenchymal 

stem cells concerning stress related and osteogenesis related genes.  
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2 Materials and Methods 

2.1 Material related methods 

2.1.1 Preparation of planar and porous poly(lactic acid)- hydroxyapatite 

scaffolds 

The scaffold preparation was conducted by Dr. Thomas Schiestel and co-workers of the 

department GTM at Fraunhofer IGB in Stuttgart.  

8 g poly(lactic acid) (PLA, 50 - 80 kDa, Nature Works/Resinex) was dissolved in 92 g of 

1.4 dioxane (Merck) by stirring for 48 h at 60 °C. The solution was cooled down, transferred 

to a ball mill (Fritsch, PULVERISETTE 7) and 2 g of hydroxyapatite (HA, Fluka) was added. 

Milling for 15 min at 250 rpm let to a homogeneous dispersion of within in the PLA solution. 

For nonporous, 2D samples the dispersion was poured onto a glass plate and spread using a 

doctor blade with a height of 0.6 mm. Subsequently, the sample was transferred in a vacuum 

oven at 40 °C for 24 hours in order to evaporate the dioxane. The resulting solid foil was 

washed in distilled water for separation from the glass without damaging the film.  

For the porous, 3D samples 10 g of the dispersion was poured into a PTFE mold (diameter: 

40 mm, height: 25 mm). 10 g of NaCl and 10 g NaHCO3 were added and mixed manually 

with a stirring rod. The used salt particles were sieved prior to use by a vibratory sieve 

shaker type AS200 from Retsch Co. In order to sort the particles in different sizes, four 

sieves with mesh sizes of 50, 100, 315 and 1000 μm were applied. In case of NaCl a size 

range from 100-315 µm was chosen, while for NaHCO3 salt a particles sizes smaller than 

50 μm were utilized. The samples were kept for 2 hours in a refrigerator at 4 °C to 7 °C to 

solidify and cool down gradually. Subsequently the samples were transferred to -30 °C. After 

freezing for 24 hours, the samples were removed from the fridge and a freeze drying process 

was performed for 24 h. For leaching the salt templates out the samples, an aqueous citric 

acid solution (20 wt.-%) was added for 24 hours at room temperature and the scaffolds were 

washed with distilled water until the electrical conductivity of the washing water reached 

values below 40 μS/cm. Finally, the samples were dried for 24 hours in a vacuum oven  

at 40 °C. 
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The samples show an open porous structure with a porosity above 90% (determined by 

weighing dried and wet samples) and a pore surface area of 45 m2/g (determined by mercury 

instrusion porosimetry).  

2.1.2 ß-Tricalcium phosphate 

Pure-phase, multiporous ß-tricalcium phosphate cylinder with a diameter of 10.5 mm and a 

length 25 mm of were used, provided by curasan AG. Cerasorb® M presents interconnecting, 

open multi porosity with micro, meso and macro pores (5 µm - 500 µm) and a total porosity of 

approximately 65% (brochure curasan).  

2.1.3 Plasma modification of polystyrene petri dishes and PLA-HA foils 

A low-pressure radio frequency (RF) plasma treatment on inert polystyrene samples was 

applied in order to activate surfaces with different chemical groups. Ammonia-, acrylic acid 

and carbon dioxide-plasma was performed under low pressure conditions in an in-house 

constructed parallel plate reactor. Polystyrene petri dishes (Ø 35 mm Greiner Bio-One, 

Frickenhausen, Germany) were placed on a grounded electrode. The reactor was evacuated 

down to a base pressure lower than 7 x 10-4 mbar and a defined gas flow was adjusted.  

Ammonia plasma parameter 

Gas flow: 25 sccm 

Pressure: 0.059 mbar 

Power: 40 W 

Treatment time: 13 s 

Acrylic acid plasma parameter 

Gas flow: 2 sccm 

Pressure CO2: 0.08 mbar 

Pressure CO2 + Acc: 0.204 mbar 

Power: 20 W 

Treatment time: 13 s 

Carbon dioxide plasma parameter 

Gas flow: 2 sccm 

Pressure: 0.110 mbar 

Power: 40 W 

Treatment time: 13 s 
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dehydration of the samples, the incubation in increasing ethanol concentrations was 

performed. For 4 min each, starting with 25%, 50%, 75%, 2 x 96% and finally pure 

isopropanol was rinsed over the probes. The alcohol evaporated over night at RT. The 

samples were kept dry at RT until a sputter-coating of platinum layer (2.5 nm) was applied to 

increase the conductivity of the cells for SEM imaging.  

2.2 Biological methods 

2.2.1 Isolation of primary human mesenchymal stem cells from bone  

marrow aspirate 

Bone marrow aspirate was purchased from Lonza (USA). The aspirate was carefully layered 

over 1:1 Biocoll (Biochrom, Berlin, Germany). Centrifugation was performed at 400 x g for 

20 min at RT. The mononuclear cell layer was removed from the interface and filled up with 

PBS and 0.5% FCS (Lonza, USA). Another centrifugation step was done at 400 x g for 

7 min, supernatant was removed and cell culture media was added. After centrifugation at 

400 x g for 5 minutes, cells were seeded into culture flasks. After a 72 h incubation time at 

37 °C in a 5% CO2 humidified atmosphere, non-adherent cells were removed and adherent 

cells were expanded. Attaining cells of 80% sub confluence, cells were detached and used 

for further experiments. Medium was aspirated and cells were rinsed with PBS. In order to 

detach the cells, 0.05 mL/cm2 0.05% trypsin/EDTA in Versene (Invitrogen GmbH, Darmstadt, 

Germany) was added and incubated for 2 min at 37 °C. 10% FCS was added and the cell 

suspension was transferred to centrifugation tubes. Cell suspension was centrifuged for 

5 min at 1000 rpm (200 x g; Multifuge 3 R-S) at RT. The supernatant was discharged, cells 

were resuspended in media according to the cell number and counted by CASY-1 Cell 

Counter Model TTC. Cells were used at passages 1-3.  

2.2.2 Isolation and cell culture of human adipose derived stem cells 

About 800 mL lipoaspirate was used for cell isolation that was obtained from the clinic 

Charlottenhaus in Stuttgart and approved by an ethic commission (# F-2012-078) and a 

patient agreement. To isolate the stromal vascular fraction (SVF), lipoaspirate was agitated 

(50 rpm) with collagenase solution (1% BSA and 0.1% Collagenase NB4 in PBS) for 1 h at 

37 °C. The digested lipoaspirate was centrifuged for 10 min at 300 x g at RT. Lipids, 

adipocytes and undigested ECM were aspirated and the remnant part was washed with PBS, 

another centrifugation step (10 min; 300 x g at RT) was performed subsequently. The SFV 

was passed through a 100 µm nylon mash to remove undigested ECM and centrifuged for 
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10 min at 700 x g. The supernatant was aspirated completely and the cell pellet was 

resuspended in DMEM (Invitrogen GmbH, Darmstadt, Germany) with 10% FCS and 1% 

Penicillin-Streptomycin solution. For further purification the cell suspension was transferred 

on Histopaque®-1077 (Sigma-Aldrich, Munich, Germany) and centrifuged for 30 min at 

400 x g without acceleration. The mononuclear phase was collected, diluted 1:4 with PBS 

and centrifuged for 10 min at 300 x g. After aspirating the supernatant, cells were either 

plated at a density of 4 x 10^4 mononuclear cells/cm2 in ADSC-GM (Lonza, Basel, 

Switzerland) or used for MACS separation (as depicted in Figure 2.3).  

Figure 2.3: Scheme of the isolation process of primary human adipose derived stem cells from 

lipoaspirate. Two cell fractions were obtained at different isolation stages and used for cell 

characterization and differentiation studies.  

To subculture cells that reached 80% sub confluence, medium was aspirated and cells were 

rinsed with PBS. Cell detachment was achieved by adding 0.05 mL/cm2 of 0.05% 

trypsin/EDTA in Versene (Invitrogen GmbH, Darmstadt, Germany) and an incubation time of 

5 minutes at 37 °C. 10% FCS was added to stop the enzymatic activity and the cell 

suspension was centrifuged for 5 min at 1000 rpm (200 x g; Multifuge 3 R-S) at RT. The 

supernatant was discharged, cells were suspended in medium, counted by CASY-1 Cell 

Counter Model TTC and used for further experiments.  

2.2.2.1 Magnetic Activated Cell Sorting (MACS©) cell separation 

The stromal vascular fraction was furthermore purified by enrichment against the cell surface 

antigen CD271. MACS© separation was performed immediately to cell isolation from 

lipoaspirate. The CD271 Microbead Kit (PE) (Miltenyi Biotec, Bergisch Gladbach, Germany) 

was used and the separation was accomplished according to the manufacturer’s manual. 

Briefly, all solutions were cooled to 4 °C in advance. The volumes were calculated for 10^7 

cells. The SVF, isolated by density gradient centrifugation, was centrifuged 10 min at 300 x g 

at 4 °C, aspirated completely and suspended in 80 µL MACS buffer. 10 µL Blocking Reagent 

Collagenase 
digestion

Density gradient 
centrifugation

MACS separation 
(CD271)

1. hASCs 
(density gradient)

2. hASCs
CD271+

  
(MACS eluent)
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and 10 µL CD271-PE antibody were added, mixed quickly and incubated for 10 min at 4 °C. 

Subsequently, cells were washed with 1 mL MACS buffer and centrifuged for 10 min at 

300 x g at 4 °C. The supernatant was discharged and the cells were resuspended in 70 µL 

MACS buffer. 10 µL Blocking Reagent and 20 µL Anti-PE-beads were added, mixed and 

incubated for 15 min at 4 °C. The cells were washed with 1 mL MACS buffer, centrifuged for 

10 min at 300 x g at 4 °C. The supernatant was aspirated and the cells were resuspended in 

500 µL MACS buffer and passed through a 100 µm mash. A MS column from Miltenyi Biotec 

was put into the MiniMACSTM Separator (Miltenyi Biotec) and equilibrated with 3 mL MACS 

buffer, loaded with the cell suspension and washed three times with 3 mL MACS buffer. The 

column was removed from the magnetic field and the CD271 positive cells were eluted by 

adding 3 mL MACS buffer and firmly pushing the plunger into the column. The column was 

washed once again with 3 mL MACS buffer. The flow through and the eluent were 

centrifuged for 5 min at 1000 rpm (200 x g; Multifuge 3 R-S) at RT, resuspended in ADSC-

GM and plated at a density of 6000 cells/cm2.  

2.2.3 Isolation and cell culture of primary human skin dermal cells 

Primary human skin dermal cells were isolated as described in [149] from foreskin biopsies. 

The dermal and epidermal layers were separated by digestion for 16 hours in a 2 U/mL 

dispase solution in PBS (Invitrogen GmbH, Darmstadt, Germany) at 4 °C. The dermal layer 

was cut and treated for 45 min with 0.45 U/mL collagenase solution (Invitrogen GmbH, 

Darmstadt, Germany). Cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM; 

Invitrogen GmbH, Darmstadt, Germany). The medium was changed every 2–3 days. 

Fibroblasts were used at passage 2–5. To subculture cells that reached 80% sub confluence, 

the medium was aspirated and the cell layer was rinsed with PBS. To detach the cells 

0.05 mL/cm2 0.05% trypsin/EDTA in Versene (Invitrogen GmbH, Darmstadt, Germany) was 

added to the cells and incubated at 37 °C for 2 minutes. 10% FCS was added and the cell 

suspension was centrifuged for 5 min at 1000 rpm (200 x g; Multifuge 3 R-S) at RT. The 

supernatant was aspirated, cells were suspended in medium and used for further 

experiments.  

2.2.4 Cell culture on plasma treated polystyrene substrates  

hMSCs and hASCs (passages 1-3) were seeded at a density of 5 x 104 cells on sterilized, 

plasma treated substrates (ø = 35 mm). Tissue culture polystyrene (TCPS) (Greiner Bio One, 

Frickenhausen, Germany) served as positive control and untreated polystyrene dishes (PS) 

were applied as negative control. Cells were incubated at 37 °C and 5% CO2 in air 
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atmosphere. Cells were analysed for cell functionality, proliferation and cell-material 

interactions, respectively. 

2.2.5 Seeding of an 3D PLA composite  

The seeding of porous 3D-scaffolds was performed by a step wise protocol. 1 x 10^6 cells 

were suspended in 100 µL MSC-GM medium and 50 µL were applied onto the material. 

Subsequently, a centrifugation step was done for 1 min at 1000 rpm (200 x g; Multifuge 3 R-

S). Further 25 µL of the cell suspension was applied on the scaffold followed by shaking for 

20 sec on Mixer Eppendorf 5432. This step was repeated and finally 2 mL MSC-GM medium 

was added for cell culture in 37 °C and 5% CO2. Osteogenic differentiation was induced after 

3 days of proliferation time. The medium was changed every 2–3 days. The seeded scaffolds 

were either used for molecular analysis by qRT-PCR or prepared for histological staining. 

Therefore the samples were fixed in 4% PFA (Roti® Histofix) for 72 hours at 4 °C. The 

scaffolds were washed in aqua bidest and embedded in paraffin for cross sectioning.  

2.2.6 Fluorescence-activated cell sorting (FACS) 

Flow cytometry can be used to perform multiparametric analysis of a cell population. The 

quantification of expressed surface proteins, specific for a cell type, allows the 

characterization and evaluation of an isolated cell fraction. A marker profile of CD14, CD31, 

CD44, CD45, CD73, CD90, CD105, CD133, CD146, CD166, CD271 and CD310 was 

compiled by FACS analysis. The detached or freshly isolated cells were counted and 

centrifuged for 5 min at 1000 rpm (200 x g; 5810 R) at RT. The supernatant was discharged 

and cells were resuspended in staining buffer (FBS) (2 x 106 cells/mL). Fc blocking was 

added and incubated for 45 minutes at RT. For each antibody, 1- 2 x 105 cells were stained 

for 20 min at RT in the dark with 1 µg antibody per 1 x 106 cells. The cells were washed with 

200 µL staining buffer (FBS), centrifuged for 3 min at 1000 rpm (200 x g; 5810 R) at RT, 

aspirated and washed once again with 200 µL staining buffer (FBS) (centrifugation: 3 min, 

1000 rpm (200 x g; 5810 R) at RT). Cells were finally resuspended in 200 µL staining buffer 

(FBS). An auto sample without antibody staining and an isotype control against IgG1 (PE 

and APC) were used as control group. 5000 cells were counted per sample. 
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2.2.7 Multilineage Differentiation of hMSCs, hASCs and hSDCs 

2.2.7.1 Adipogenic differentiation 

The adipogenic differentiation can be induced by supplements within the media. For this 

purpose, cells (hASCs, hMSCs and hSDCs) were plated in 4 well Permanox® chamber slides 

at a density of 3 x 104 cells/cm2. After three days of proliferation in DMEM + 10% FCS and 

1% Pen/Strep the differentiation was induced by adipogenic medium. 

Adipogenic medium 

1 µM dexamethasone 

500 µM IBMX 

1 µg/mL insulin 

100 µM indomethacin 

in DMEM, 10% FCS, 1% Pen/Strep 

Medium was changed three times a week. On day 14 cells were fixed for oil red O staining. 

As negative control, cells were grown in proliferation medium (DMEM + 10% FCS and 1% 

Pen/Strep). 

2.2.7.2 Chondrogenic differentiation 

Chondrogenic differentiation was conducted as pellet culture. 2.5 x 105 cells were transferred 

in a 15 mL tube and centrifuged for 5 min at 200 x g (Multifuge 3 R-S). The cell pellets were 

grown in 1 mL StemPro® Chondrogenesis Differentiation medium from Invitrogen (Invitrogen 

GmbH, Darmstadt, Germany) for 4 weeks. As negative control a cell pellet was grown in 

DMEM + 10% FCS and 1% Pen/Strep. The medium was changed twice a week. 

2.2.7.3 Osteogenic differentiation 

For the evaluation of the osteogenic differentiation, cells were seeded either in 4 well 

Permanox® chamber slides for immunofluorescence analysis, or plated into 12 well plates for 

gene expression determination. A density of 3 x 104 cell/cm2
 was used for all experiments. 

After a proliferation phase of three days in proliferation media (DMEM + 10% FCS and 1% 

Pen/Strep), the osteogenic differentiation was induced by adding osteogenic supplements.  

Osteogenic media 

500 µg/mL L-ascorbic acid 2-phosphate  

10 mM ß-glycerophosphate  

100 mM dexamethasone  

in DMEM, 10% FCS, 1% Pen/Strep 
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Media changes were performed twice a week. As negative control cells were grown under 

same condition in DMEM, 10% FCS, 1% Pen/Strep without supplementation.  

2.2.8 Histochemical analysis 

2.2.8.1 Oil Red O staining 

To evaluate the adipogenic differentiation capacity of the cells, Oil Red O staining was 

performed. Therefore, after 14 days of differentiation, the cells were rinsed with PBS and 

fixed by adding Histofix® (Roticlear) for 10 minutes. The cells were washed with PBS and 

aqua dest. respectively, permeabilized with 60% isopropanol for 5 min and stained with Oil 

Red O solution (0.3% Oil Red O in 60% isopropanol) for 10 min. The cells were washed 

twice with aqua dest. and treated with Mayers Haemalum solution for nuclei staining. To 

complete the staining the cells were rinsed with water for 10 min and covered with Aquatex®. 

The analysis was done using a light microscope Eclipse TS100 from Nikon.  

2.2.8.2 Embedding and sectioning of chondrogenic cell pellets 

After 28 days of cell culture in either differentiation media or in control media, cell pellets were 

washed with PBS and fixed in Histofix® for 1 h. The pellets were embedded in an embedding 

automate applying a standard protocol that is listed in Table 2.1 (Shandon Citadel 1000). The 

embedded pellets were sectioned by using the microtome Leica RM 2145.  

Table 2.1: Protocol for paraffin embedding.  

Time Solution 

1h H2O I 

1h H2O II 

1h 70% ethanol 

1h 90% ethanol 

1h 96% ethanol 

1h Isopropanol I 

1h Isopropanol II 

1h Isopropanol/xylene (v/v, 1:1) 

1h Xylene I 

1h Xylene II 

3h Paraffin 

3h Paraffin 
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2.2.8.3 Alcian blue pH 1.0 staining 

As cationic dye, alcian blue enables the staining of acid glycosaminoglycans (GAGs) that are 

related to a chondrogenic phenotype and are predominantly expressed during the 

differentiation process. The sections were incubated for 10 min in Roticlear® (Roth, 

Karlsruhe, Germany), another 3 min in Roticlear®, 2 min in 96% ethanol, and further 2 min in 

96% ethanol. The samples were transferred for 2 min to 70% ethanol, another 2 min in 70% 

ethanol, 2 min in 50% ethanol, 30 sec aqua dest., and 3 min 0.1 M HCl. The final staining 

process was performed for 30 min in an alcian blue solution (1% alcian blue 8GX in 0.1 M 

HCl, pH 1.0). Sections were rinsed for 30 sec in 0.1 M HCl. The nuclear fast red solution was 

prepared of 5% aluminiumsulfate and 0.1% nuclear fast red in aqua dest. to counterstain cell 

nuclei. Therefore, the sections were incubated for 4 min and rinsed subsequently with aqua 

dest. The mounting of the sections was accomplished with Isomount (Labonord, 

Templemars, France).  

2.2.8.4 Antibody staining against Collagen II 

Type II collagen is predominantly found in articular and hyaline cartilage and can be 

considered as specific marker protein. Sections of cell pellets, either exposed to 

differentiation media or to proliferation media for 28 days, were incubated for 15 min at 60 °C 

and subsequently incubated as followed: for 15 min in Roticlear I, 15 min in Roticlear II, 

2 min in 96% ethanol I, 2 min 96% in ethanol II, 2 min in 70% ethanol, 2 min in 50% ethanol, 

30 sec in aqua dest. (agitate), 2 min in washing buffer, 12 min in pronase, 2 min in washing 

buffer, 5 min in 3% H2O2, 2 min in washing buffer, 20 min in blocking buffer, 2 min in washing 

buffer, overnight in diluted antibody solution (1:400 diluted, isotype 1:60), 3 x 2 min in 

washing buffer; 30 min in Multilink Antibody in Multilink diluent (secondary antibody), 3 x 

2 min in washing buffer, 20 min in Streptavidin Peroxidase in Diluent Streptavidin 

Peroxidase, 3 x 2 min in washing buffer, 5 min (exact) AEC-Chromogen in AEC-Substrate 

buffer, 2 min in aqua dest., 10 sec in Mayers Haemalum and finally the samples were 

washed for 1 min in water. The sections were covered with Aquatex®. Washing buffer 

consisted of 150 mM NaCl, 50 mM Tris base adjusting to pH 7.6 (HCl). The blocking buffer 

was made of 2% BSC, 5% FCS solved in washing buffer. The antibodies were diluted as 

followed: Anti-Collagen II IgG 2a 1:600; Anti-IgG 1 1:300. Light microscopy analysis was 

performed using Eclipse TS100 from Nikon.  

2.2.8.5 Alizarin red staining 

To stain calcium deposition and therefore to evaluate the mineralization process of the ECM, 

alizarin red staining was conducted. Cell layers were washed in PBS and fixed in Histofix® for 
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10 min. Samples were washed again with water and stained with Alizarin Red solution (1% 

Alizarin Red S, 0.25% ammonia) for 30 min. The cells were washed twice with water and 

evaluated with the light microscope Eclipse TS100 from Nikon.  

2.2.9 Analysis of gene expression  

2.2.9.1 RNA isolation 

Total RNA was isolated from two dimensional cultures by applying the RNeasy® Plus Micro 

Kit, Qiagen (Hilden, Germany). Therefore, samples were washed with PBS and lysed for 

1 min with RLT buffer with 1% ß-mercaptoethanol and detached by a cell scratcher. To 

disrupt the ECM, Molecular Grinding Resins (G-Biosciences, St. Luis, USA) were added. The 

ECM was destroyed by applying mechanical forces by using a pistil and grinding beads. After 

centrifugation (1 minute at 10.000 x g) the cell lysate was pulled throughout a needle 

(ᴓ = 0.6 mm) for further mechanical cues. To remove the resins, the lysate was centrifuged 

for 1 min at 10.000 x g. The supernatant was used for further RNA isolation according to the 

manufactures’ instructions. The concentration and quality of the isolated RNA was proven 

with the ExperionTM RNA Std Sens Analysis Kit (Bio-Rad, Munich, Germany). All samples 

were kept at -80 °C.  

The RNA isolation of 3D PLA-HA constructs was conducted by using InnuSPEED Tissue 

RNA Kit (Analytic Jena, Hilden, Germany) according to the manufacturer’s instructions. 

Briefly, cells were lysed and the scaffold was homogenized by 450 µL Lysis Solution RL in 

the continuous mode within the SpeedMill. 15 minutes incubation on a rotating plate followed 

as well as 1 min centrifugation (10.000 x g) subsequently. RNA isolation was performed 

according to the protocol. Finally the elution of the RNA was achieved by 20 µL RNAse free 

water.  

2.2.9.2 cDNA synthesis 

The cDNA synthesis was done with the Transkriptor First Strand cDNA Synthesis Kit (Roche, 

Mannheim, Germany). To determine the cDNA concentration the Qubit® ssDNA Assay Kit 

(Invitrogen, Karlsruhe, Germany) was used.  

2.2.9.3 Quantitative real-time PCR 

To evaluate the expression of a certain gene profile in response to external stimuli as 

differentiation media or exposure to extensive shear stress, quantitative real-time PCR (qRT-

PCR) was performed. A QuantiFast® SYBR® Green PCR Kit (Qiagen, Hilden, Germany) was 

used in combination with the Thermal Cycler C1000TM. The cDNA was diluted with RNase 
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free water to a concentration of 2 ng/µL. 5 µL cDNA (10 ng) and 20 µL of the primer master 

mix, according to the supplier instruction, were used for the reaction and added to the 

template cDNA. Following qRT-PCR cycles were set: 

1. Heat activation of the polymerase for 5 min at 95 °C 

2. DNA denaturation for 10 sec at 95 °C 

3. Primer annealing and polymerization for 30 sec at 60 °C 

Steps 2 and 3 were repeated for 40 cycles. Afterwards the melting curve was determined by 

heating the samples from 65 °C to 95 °C by increasing the temperature every 5 sec for 

0.5 °C. The RT-PCR data were analyzed by using Bio-Rad CFX Manager 2.0 and 

subsequent by Excel filing. Genes were normalized to GAPDH. Three technical replicates 

were analyzed per primer. All used primers were purchased from Qiagen (Hilden, Germany) 

and their relating genes are summarized in Table 2.2. 

Table 2.2: Gene names and function for qRT-PCR studies. 

Gene name Function 

RUNX2 Osteoblast differentiation 

OC Osteoblast differentiation 

BGLAP Osteoblast differentiation 

SP7 Osteoblast differentiation 

ALP Osteoblast differentiation 

COL I Matrix Protein 

FAS Apoptosis 

SERPIN Heat shock protein 47 

SAFB Heat shock protein 27, HSPB1 

GAPDH Housekeeping 

2.2.10   Cell adhesion, viability and proliferation of hMSCs and hASCs on  

  plasma modified samples  

2.2.10.1 DNA quantification by Hoechst 33342 

The quantification of DNA amount, correlating with the actual cell number resulted of varied 

adhesion and proliferation ability on different surface modifications was conducted by 

Hoechst 33342 staining and subsequent fluorescence measurements. Therefore, cells were 

washed with PBS and 1 mL H2O dd was added. For cell lysis, the cells were frozen at -80 °C 

overnight. The cells were thawed for 30 min at 37 °C, the frozen at -80 °C for 15 min, again 

thawed, frozen and thawed as before. 100 µL cell lysate and 100 µL of a 1 µg/mL Hoechst 
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33342 solution (in PBS) were mixed and kept in the dark for 10 min before the DNA amount 

was measured with an excitation wavelength of 355 nm and emission wavelength of 465 nm. 

2.2.10.2 Viability assay 

After different adhesion times, cells were washed with PBS to remove non-adherent cells. 

Adherent cells were stained with ethidium homodimer D1/calcein (Life Technologies GmbH, 

Germany) and incubated for 15 minutes. Cells were washed with PBS and fixed with 

Histofix® (Carl Roth GmbH + Co. KG, Germany) for 10 minutes and analyzed using a 

fluorescence microscope (Axiovert 200 M, Zeiss, Germany). For counting cell nuclei, DAPI 

staining was performed. After 10 minutes of incubation in DAPI solution, the sample was 

washed with PBS. The evaluation of the fluorescence images was performed with the 

program ImageJ. 

2.2.10.3 Enzymatic activity assay (WST-1) 

The WST-1 assay (Water soluble tetrazolium (4-[3-(4-Iodophenyl)-2-(4-nitrophenyl)-2H-5-

tetrazolio]-1,3-benzenedisulf-onate)) assay (Roche Diagnostic GmbH, Mannheim, Germany), 

reveals the enzymatic activity within a cultured cell population. To determine the proliferative 

status of the cells, the 2D-monolayer was washed with PBS after 72 h of cell culture and 

incubated with a 10% WST-1 solution in PBS at 37 °C for 2 h. A blank value (10% WST-1 

solution) was incubated under same conditions. From each sample 100 µL (triplicates) were 

transferred into a 96-well plate and the absorption was measured using a microtiter plate 

reader (Model 550; Bio-Rad Laboratories GmbH, München, Germany) at 450 nm with a 

reference wavelength of 620 nm. 

2.2.11   Immunofluorescent staining  

For immunofluorescent staining, cells were fixed in Cytoskelfix® (Cytoskeleton, Denver, USA) 

supplemented with 0.1% Triton X 100 or Histofix® (Roth, Karlsruhe, Germany) for 

10 minutes. All subsequent steps were performed at RT. 

Fixed cells were permeabilized with 0.1% Triton X 100 in PBS for 10 min. The samples were 

rinsed three times with wash buffer for 2 minutes and incubated for 1 h in primary antibody 

solution (concentration see table 1). Afterwards, cells were washed three times in wash 

buffer for 2 min and when necessary, incubated in secondary antibody solution. Cells were 

washed three times in wash buffer for two min and mounted with ProLong Gold® and DAPI 

(Sigma Aldrich; Steinheim, Germany). After drying, the staining were analyzed using a 

fluorescence microscope (Axiovert 200 M, Zeiss, Germany) and relevant filter sets. 
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culture media. hMSCs were trypsinized, resuspended in proliferation medium (MSCGM, 

Lonza, USA) and counted. 5 x 106 hMSCs were injected by a 5 mL syringe air bubble-free 

through a sterile sampling site coupler (Fenwal, Illinois, USA) in front of the bioreactor 

cassette (5 mL in 2 min, applied pressure was controlled by a pressure sensor). 

Subsequently, the cell suspension was pumped through the bioreactor cassette in alternating 

cycles (10 s forward flow, 3 s backward flow) for 1 h. The pump was turned off for one hour 

to enable the cell adhesion process. 

2.3.3 Dynamic cell culture  

After the seeding procedure the seeded scaffold was perfused in the bioreactor with a 

constant flow rate of 0.8 mL/min for 1 day and 7 days (37 °C with 5% CO2). Medium change 

was performed on day 1 and 4. 

2.3.4 Static cell culture  

To compare the dynamic culture conditions and static culture conditions, a dynamically 

seeded scaffold was transferred from the bioreactor into a flask and cultured in the media 

used for the seeding procedure under same conditions as the dynamic approach excluding 

the medium perfusion (37 °C with 5% CO2). Medium was changed on day 1 and 4. 

2.3.5 DAPI staining 

To evaluate the cell distribution within the scaffold, a cross section, lengthways of the 

cylinder was accomplished and cells were fixed on the scaffold by adding 4% PFA (Roti® 

Histofix) overnight. The scaffold was washed in PBS and incubated in DAPI solution 

(1µg/mL) for 15 min. After rinsing with PBS, the staining was analyzed using a fluorescence 

microscope (Axiovert 200 M, Zeiss, Germany) and relevant filter sets. 

2.3.6 Live Dead Assay 

The cell viability within and on the surface of the scaffold was assessed by Live/Dead 

staining. The scaffolds were cut lengthways and washed twice in PBS (37 °C). Thereafter the 

scaffolds were incubated in a PBS staining solution with ethidiumhomodimer (EthD-1, 1%) 

and calcein acetoxymethyl (calcein-AM, 0.15%) purchased by Life Technologies (Darmstadt, 

Germany) for half an hour. The scaffolds were washed in PBS and fixed in 4% PFA (Roti® 

Histofix) overnight. The evaluation of the Live/Dead staining was performed by using a 

fluorescence microscope (Axiovert 200 M, Zeiss, Germany) and mosaic pictures were taken 

from the whole longitudinal section. 
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2.3.7 Viability assay (LDH) 

To monitor cell viability during the seeding and culture procedure, the release of lactate 

dehydrogenase (LDH) was assayed at relevant time points. The method bases on the 

measurement of the cytosolic enzyme that is released into the media after the loss of 

membrane integrity of the cells. Therefore, cell viability can be defined indirectly by the LDH 

concentration in the media. 500 µL media samples were taken via a septum included in the 

bioreactor system in specific time intervals and analyzed by the cytotoxicity detection Kit 

(Roche Applied Science, Mannheim, Germany). Therefore, medium was mixed 1:1 with the 

supplied reaction substrate by the cytotoxicity detection Kit and incubated for 5 min in 96 well 

plates. The absorbance of the samples was measured at a wavelength of 492 nm using a 

microtiter plate reader (Model 550; Bio-Rad Laboratories GmbH, München, Germany). 

2.4 Data Analysis 

Statistical significance was assessed by the software OriginPro 8G using one factor analysis 

of variance (ANOVA). Data were expressed as mean values ± standard deviation. P-values 

less than 0.05 were defined as statistically significant. *Denotes a significant difference 

between two experiment groups (*p ≤ 0.05; **p ≤ 0.01). 
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3 Results 

 

Low-pressure discharge plasma treatment of polystyrene surfaces 
to enhance initial adhesion of primary human stem/stromal cells  

3.1 Effects of different plasma treatments concerning surface 

chemistry  

X-ray Photoelectron Spectroscopy (XPS) allows the analysis of the chemical composition of 

the first 10 nm of a material surface. XPS analysis was performed on Polystyrene (PS), 

Tissue Culture Polystyrene (TCPS), and ammonia (NH3), carbon dioxide (CO2), and acrylic 

acid plasma (Acc) activated PS dishes. Results are summarized in Figure 3.1 showing the 

elemental compositions of the modified surfaces.  

Figure 3.1: XPS analysis of plasma treated polystyrene surfaces and the associated change in 

chemical surface composition. Tissue Culture Polystyrene (TCPS), acrylic acid plasma, carbon 

dioxide plasma, ammonia plasma-treated Polystyrene (PS), and pure PS were analyzed by XPS after 

plasma treatment to determine the chemical composition of the surfaces. A prominent C1s peak was 

detected for PS that alters in consequence of the surface treatment according to the selected plasma 

type. Ammonia plasma led to a nitrogen incorporation of 9 atomic % whereas no other surfaces 

revealed the peak with a binding energy of 399.5 eV. Acc-plasma treated surfaces displayed the 

highest oxygen concentration in consistency with carboxy-specific bondings (n = 4) *p ≤ 0.07 non-

treated PS versus plasma treated PS. (Data are published in [76])  
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On PS petri dishes, a prominent C1s peak (99.7 ± 0.1 atomic percentage) with the binding 

energy of approximately 284.6 eV was detected that is dedicated to carbons in -C-C- groups. 

In comparison, the intensity of the C1s peak of TCPS was significantly lower (62.3 ± 1.9 

atomic percentage). Amino and carbon dioxide functionalized surfaces showed a C1s signal 

of approximately 70 atomic percentage and the highest shift revealed acrylic acid treated 

surfaces to 39.6 ± 2.2 atomic percentage. Application of ammonia plasma allows 

incorporation of nitrogen-containing functionalities and led to a significant increase of 

nitrogen on the surface up to 9.4 ± 0.4 atomic percentage, and is located in amine (-C–NH-), 

imine (C=N), and/or amide (-C=O-NH-) groups. On the other surfaces, no peak with the 

binding energy of 399.5 eV and thus, no nitrogen-incorporation could be detected. CO2-

plasma treatment resulted in oxygen accumulation (12.3 ± 0.9 atomic percentage) on the 

surface. The XPS data of the acrylic acid plasma-treated samples showed a carboxy-group 

specific 2:1 ratio between oxygen and carbon. The peak of carbon bonds with a binding 

energy of 284.6 eV declined to 39.6 ± 2.2 atomic percentages accompanied with a shift of 

oxygen bonds to 31.8 ± 1.0 atomic percentage. Furthermore, the peak of characteristic 

carboxy-specific bondings with a binding energy about 290 eV increased to 17.0 ± 0.5 atomic 

percentage. 

3.2 Analysis of surface wettability in consequence to plasma treatments 

The chemical surface composition influences other parameters such as wettability, surface 

charge and energy. Therefore, 24 hours after plasma activation of polystyrene petri dishes, 

the contact angle θ between a water droplet and the surface was measured. Untreated 

polystyrene dishes revealed a contact angle of 76.6° ± 3.4, TCPS a more hydrophilic angle of 

55.8° ± 2.5 and amino-functionalized surfaces resulted in contact angles of 40.5° ± 2.8. 

Carbon dioxide-functionalized surfaces showed more hydrophilic properties with contact 

angles of 19.7° ± 3.6. On acrylic acid plasma treated surfaces, the lowest contact angle in a 

range of 15.2° ± 3.7 was detected (Table 3.1).  
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Figure 3.6: Determination of the enzymatic activity of hMSCs cultured for 72 h on PS, TCPS, 

acrylic acid-, carbon dioxide- and ammonia plasma modified polystyrene samples by WST-1 

proliferation assay. TCPS as control surface was set to 100%. A significant higher metabolic activity 

of 122.6% ± 7.9 was measured on ammonia plasma treated samples whereas cells revealed a 

comparable enzymatic activity on carbon dioxide and acrylic acid plasma treated surfaces in 

comparison to TCPS (n = 7). *p ≤ 0.05 plasma modified PS versus TCPS 
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Figure 3.11: Analysis of hASCs proliferation on ammonia, carbon dioxide and acrylic acid 

modified polystyrene surfaces after 72 hours of cell culture. The enzymatic activity and the DNA 

amount of adherent cells were determined by WST-1 assay and Hoechst 33342 quantification and 

normalized to TCPS. Significant higher cell numbers correlated with higher enzymatic activity of the 

cells were detected on all plasma modified surfaces compared to pure PS. TCPS, which was set to 

1.0, revealed similar cell numbers and enzymatic activity of the cells analogous to cells cultured on 

plasma modified samples. n = 5 

Similar cell numbers on plasma modified surfaces compared to TCPS were detected by actin 

and vinculin staining after 72 hours of cell culture and are consistent with previously collected 

data by quantifying the DNA amount of adherent cells. Microscopic analysis revealed a 

homogenous hASCs layer on all surfaces except for pure PS and is summarized in 

Figure 3.12. Cells cultured on TCPS, NH3 and CO2 plasma treated samples revealed a 

parallel organized alignment whereas cells on carboxylated surfaces do not feature any 

orientation that may be related to the different surface modification and plasma type.  
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Figure 3.12: Detection of cytoskeleton organization and cell-material interactions by focal 

adhesion formation visualized by immunofluorescence staining against Actin and Vinculin. 

hASCs were cultured for 3 days on different chemical modified PS surfaces. A homogenous cell layer 

was detected on all modified samples as well as on TCPS. Cell nuclei were stained by DAPI (K-O), 

Vinculin was marked by FITC coupled antibody (A-E), the Actin cytoskeleton was stained by 

Rhodamine coupled Phalloidin (F-J), and the merged images are shown in (K-O). Scale bar equals 

50 µm. 

3.5 Evaluation of ammonia plasma treatment of poly (lactic acid)- 

hydroxyapatite composite materials concerning cell adhesion of hMSCs 

and hASCs 

On basis of the results gained by adhesion studies of hMSCs and hASCs on different plasma 

activated polystyrene dishes, ammonia plasma treatment revealed the best outcome for 

initial cell adhesion and proliferation. Consequently, this modification strategy was translated 

to poly (lactic acid)- hydroxyapatite (PLA-HA) foils, which present a promising substitute 

material in the field of orthopedics and traumatology. The ammonia plasma parameters were 

applied to activate PLA-HA composites and were evaluated whether advanced cell culture 

conditions for hMSCs and hASCs can be created. Primarily, the surface properties of the 

amino functionalized planar PLA-HA samples were characterized. With XPS measurements 

a significant N1s peak, indicating nitrogen containing groups on the surface after the NH3 

plasma treatment at a binding energy of 398.9-402.7 eV was verified (Figure 3.13 A). This 

peak was not found on non-functionalized samples. Furthermore, an increase of the surface 
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Consistent with a higher cell number on aminated surfaces, detected by fluorescence 

staining, the quantitative analysis of the cell number revealed a relative cell number of 

164.2% on the modified samples in comparison to non-treated surfaces that was set to 100% 

(Figure 3.14 E). To evaluate the enhanced cell attachment that was seen by hMSCs on 

ammonia plasma treated PLA-HA surfaces, the same experiments were performed  

with hASCs. 

Immunofluorescence staining after 48 hours of cell culture on non-functionalized and amino 

functionalized PLA-HA soils indicated a significant higher cell number on the modified 

samples (Figure 3.15). A more homogenous cell distribution was detected on the 

aminofunctionalization whereas few cells were evidenced on the non-modified surfaces. 

Weak unspecific interaction of the applied antibodies and the material was detected on 

materials without cells and is demonstrated in Figure 3.15 C. A cell number of 

234.9% ± 38.5.4 was quantified on the modified surfaces in contrast to non-modified PLA-HA 

samples that were set to 100% (Figure 3.15 E).  
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3.8 Multi-lineage differentiation potential 

hMSCs, hASCs, hASCsCD271+, and hSDCs were differentiated by media supplementation into 

adipogenic, osteogenic and chondrogenic lineages to evaluate the differentiation potential of 

each cell fraction. hSDCs were assumed as negative control (Figure 3.18). Oilred O staining 

displayed a strong formation of cytoplasmic lipid droplets in hASCs and hMSCs in contrast to 

hSDCs after 14 days of cell culture (Figure 3.18 A). The expression of lipid vacuoles is 

related to an adipogenic differentiated phenotype and was strongly pronounced in hMSCs, 

hASCs and hASCsCD271+. A restricted differentiation capacity of hSDCs into adipocytes was 

verified, seen by single formed lipid droplets. No adipogenic differentiation was detected in 

proliferation media applied, used as negative reference. Alizarin red staining after 21 days of 

cell exposition to osteogenic media presents stronger calcium deposition in hMSCs 

compared to hASCs and the enriched CD271+ hASCs fraction. No staining was observed in 

hSDCs or in negative controls where the cells were cultured in presence of proliferation 

media (Figure 3.18 B). As calcium forms an Alizarin Red S-calcium complex in a chelation 

process, the presence of calcific deposition by cells of an osteogenic lineage can be 

demonstrated. Stained calcium depositions are marked in Figure 3.18 by black arrows. The 

analysis of the chondrogenic differentiation in a pellet culture after 28 days, was performed 

by Alcian blue and collagen type II staining. hMSC pellet cultures revealed a peripheral layer 

formation and within the pellets a characteristic lacunae formation containing chondrocytes. 

hASC and hSDC pellets did not reveal such structural characteristics rather maintaining an 

immature fibroblastic tissue appearance, also seen in the pellet size that slightly increased in 

hASC pellets as exposed to chondrogenic media. Alcian blue was prominent stained in 

hMSCs, slightly expressed hASCs fractions and almost no staining was detected in hSDC 

pellet cultures stimulated by chondrogenic media over a period of 28 days (Figure 3.18 C). 

hASC and hSDC pellets did not exhibit features of hyaline cartilage formation as no 

collagen II staining was detected. A weak staining in hASCs (see black arrow in Figure 3.18 

C) was seen but not comparable to the extensive expression in hMSCs pellets.  
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3.9 Comparison of the osteogenic differentiation on molecular level 

The expression profile of osteogenic marker genes has been evaluated on day 0, 1, 7, 14, 

and 21 in order to monitor the differentiation process on molecular level (Figure 3.19).  

hMSCs showed a significant higher gene expression for ALP in comparison to the other 

analyzed cell fractions. A continuously increasing RNA expression was measured for ALP on 

all time points starting with a relative gene expression of 0.026 ± 2.7x10-2 on day zero up to 

0.055 ± 1.9x10-2 relative gene expression on day 21 for hMSCs. A similar up-regulation  

was detected in hASCsCD271+ exhibiting higher mRNA values than the non-enriched hASCs 

fraction at time points 7, 14 and 21. On day 21 hASCsCD271+ displayed a relative  

gene expression of 0.042 ± 2.3x10-2 whereas for hASCs 0.020 ± 0.01 was measured. hSDCs 

revealed, in contrast, no gene expression compared to the other cell fractions (Figure 3.19 A).  

RUNX2, as an early transcription factor, depicts a constant up-regulation of the relative gene 

expression in hMSCs from day 0 (4.72 x 10-3 ± 1.85 x 10-3) up to day 21 (8.5 x 10-3 

± 9.59 x 10-4) of differentiation (Figure 3.19 B). hASCsCD271+ and hASCs revealed lower 

mRNA levels compared to hMSCs, but profile a similar expression kinetic of a steadily up-

regulation of RUNX2. The RUNX2 expression of hSDCs did not alter in mRNA levels (Figure 

3.19 B). 

An up-regulation of COL I appeared in all analyzed cell pools on day 1. hMSCs showed a 

significantly increased expression on day 1, 7, and 21 compared to day 0. hASCs and 

hASCsCD271+ indicated the highest peak of 1.14 ± 0.84 and 1.49 ± 0.79 relative gene 

expression on day one followed by a down regulation in the subsequent time points (Figure 

3.19 C). Relative gene expression levels of 0.70 ± 0.40 and 0.86 ± 1.43 were detected in 

hSDCs on day 1 and day 14.  

The measurements of SPARC revealed a constantly increase in hMSCs starting from day 

zero. The increase was significant on day 7 (1.06 ± 0.26), 14 (1.02 ± 0.37) and day 21 

(1.15 ± 0.28) compared to day 0 (0.17 ± 0.1 rel. gene expression). In contrast, hASCs and 

hASCsCD271+ featured an expression peak on day 1, proceeding with a decreasing gene 

expression until 21. hSDCs exposed a significantly lower gene expression on the other cell 

types at each time point, depicting no gene regulation (Figure 3.19 D).  

The highest expression of BGLAP was measured on day one in hMSCs  

(6.25 x 10-3 ± 3.4 x 10-3) followed by continuously decrease of the mRNA level. At all time 

points, after osteogenic induction, a significantly higher expression level for hMSCs on the 

other cell types was obtained. In hASCs, hASCsCD271+ and hSDCs a stable expression of 

BGLAP was measured, comparable to the starting level of undifferentiated cells on day  

zero (Figure 3.19 E).  
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To sum up the results hMSCs expressed, except for COL I, the highest expression levels for 

all analyzed genes. A higher ALP expression can be measured for the purified hASCs 

population against the surface protein CD271 in comparison to the non-separated cells.   

 

3.10 Evaluation of osteogenic differentiation of hMSCs and hASCs in 3D 

amino functionalized poly (lactic acid)- hydroxyapatite composites  

The evaluation of the functionalization success of ammonia plasma treatment of the 3D-

scaffolds was performed by XPS measurements. Chemical composition on the surface of the 

sample and of the interior region was determined (Figure 3.20). A prominent N1s peak 

(4.3 atomic %) with the binding energy of 399.4 eV was detected on the top of the sample.  

Figure 3.20: XPS analysis of ammonia plasma treated, 3D PLA-HA scaffolds concerning the 

chemical composition on top of the porous sample and in the core region of the material. A 

prominent N1s peak of 4.3 atomic % can be measured on the scaffold surface, however, in the interior 

part of the scaffold no nitrogen containing groups were detectable. n = 1 

No nitrogen-incorporation was obtained in the interior of the scaffold at a depth of 2 mm, 

revealing 0.1 atomic percentages at a binding energy of 399.4 eV. 

Primarily, cell infiltration into the scaffold and the proliferation status was examined and is 

summarized in Figure 3.21. A macroscopic image of the applied 3D porous scaffold 
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the cell number declines. Three days after scaffold loading, the cells were analyzed 

concerning their proliferation to exclude toxic or negative influences of the scaffold material 

or the seeding procedure. Immunofluorescence staining of the proliferation marker Ki76 

revealed the expression in the cell nuclei and demonstrated proliferative cells within the 

material (Figure 3.21 E). 

The expression profile of osteogenic related genes of hMSCs and hASCs cultured in 3D-

amino-functionalized PLA-HA scaffolds is shown in Figure 3.22. An up-regulation of COL I 

was detected in hMSCs and hASCs showing a similar expression kinetic revealing an 

expression peak at day 14 (hMSCs: 2.11 ± 1.05; hASCs: 1.28 ± 0.36) and decreasing on day 

21 to the initial level of day 1. Same trend was measured for RUNX2 expressing mRNA 

levels of 0.018 ± 0.01 in hMSCs and 0.022 ± 1.00 x 10-3 in hASCs. BGLAP reached an 

expression peak on day 14 in hMSCs and hASCs, whereas the mRNA level was significantly 

higher in hMSCs (0.012 ± 5.00 x 10-3). hMSCs depicted the highest BMP2 expression on 

day 1 (0.005 ± 6.9 x 10-4), hASCs on day 14 (0.005 ± 6.06 x 10-4).  
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4 Discussion 

The emerging research field of bone tissue engineering addresses current drawbacks in the 

treatment of musculoskeletal defects by the development and examination of newly 

designed, tailor made biomaterials. Although several commercially available biomaterials 

achieve good performance, a lack of successful treatment strategies related to extensive 

bone loss is still a problem. A paradigm shift is required, focusing on tissue engineering (TE) 

approaches instead of applying synthetic materials or tissue grafts. The TE attempt includes 

the usage of degrading and porous material scaffolds in combination with a biological 

component, viable cells or biomolecules to aim on tissue regeneration. In recent years, 

substantial progress has been made toward developing tissue-engineered alternatives to 

autologous bone grafting that is still considered as gold standard in bone substitution [150]. 

The interaction of cells and biomaterial surfaces is a determining factor for the clinical 

outcome and is addressed by the third generation of biomaterials. These materials aim on 

the stimulation of specific cellular responses by controlled surface and material properties. 

As cells sense and respond to biological signals and mechanical properties of the ECM a 

focus was set on the characterization and the adjustment of the ECM properties. Engler et al. 

postulated in 2006 that material stiffness directs stem cell lineage commitment [47]. The 

elasticity of the substrate was strongly correlated with the developed phenotype of the cells. 

This observation was confirmed by Zouani and colleagues in 2013. Additionally, they 

reported that surface functionalization e.g. adhesion molecules or growth factors alters cell 

behavior such as osteogenic differentiation [151]. As cells are surrounded in vivo by an 

individual and tissue specific ECM, each cell type requires different external cues ideally 

displayed by the culture substrate in vitro. To evoke a specific cell response by material 

properties, the applied cell type must be well characterized, fundamental principles must be 

known and the applicability of the cells for cell-based strategies must be granted. The 

progress in stem cell biology as well as advancements in culture conditions, allow the 

application of stem cells for regenerative medicine and tissue engineering approaches. A 

sufficient cell number can be achieved and the differentiation process is inducible by media 

supplementation in vitro. Protocols for cell isolation from a variety of tissues are available 

[152-155]. Nevertheless, detailed analysis of stem cells behavior derived from different tissue 

is worthwhile and set into focus of several research efforts. To control the process of tissue 

formation in vitro, the basic understanding of cell biology, material science, environmental 

cues and developmental processes must be targeted.  
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4.1 Surface functionalities as a tool to influence cell behavior  

Interaction of the substrate surface with the biochemical or biological environment is crucial 

for the outcome of the applied biomaterial and therefore should meet specific requirements 

regarding the chemical composition, wettability, elasticity, roughness, and charge. As the 

surface is exposed initially to body fluids in vivo or to culture media in vitro, it has a huge 

impact on biological responses. Materials, intended for a vascular application, should exhibit 

for example anti-thrombogenic properties possessing high blood compatibility [156]. In 

musculoskeletal applications the ingrowth of the medical device has priority. Therefore, an 

adequate cell attachment is desired to achieve stable graft integration. Thorough knowledge 

of favored cell-substrate interaction for the majority of cells is advantageous. Optimized 

biomaterials mimicking some features of the native extracellular matrix improve cell adhesion 

and subsequent developmental processes [157, 158]. Surface modifications can be 

introduced by peptide or protein binding to the surfaces [159-164]. For example, bone-

morphogenetic protein 2 (BMP-2) is widely used to induce osteogenisis and is mixed with 

bone substitute materials to accomplish osteoinduction [165]. The coupling of proteins is, 

however, difficult to achieve, it must be proven if the biological effect is still available after 

covalently binding, and if the proteins just operate at the site it is desired and furthermore it 

presents an economic, cost intensive factor [166]. Therefore, a more simple modification 

strategy that shows an impact on cell behavior is preferable. Plasma modification offers such 

a convenient, reproducible and no cost intensive method that can be applied in an industrial 

standard [167]. One pitfall displays the lack of specific induction of signal pathways, however, 

an influence on cell attachment and cell spreading has been shown in several studies [80, 

81, 91]. 

4.1.1 Low-pressure discharge plasma modification of polystyrene samples 

effects initial cell adhesion 

The altering of surface properties of biomaterials without affecting the bulk material is a 

promising strategy that can be obtained by the treatment with low pressure discharge 

plasma. Basic chemical groups are introduced and influences surface properties such as 

chemical composition, wettability, charge and consequently the physicochemical interaction 

between cells and the surface. These activated surfaces can furthermore be used for protein 

immobilization such as adhesion molecules performed by Xu et al. [168]. Nevertheless, only 

the simple chemical modified of surfaces cause an altered cell behavior of mammalian cells. 

Diverse cell types were analyzed and revealed an enhanced cell adhesion, proliferation and 

differentiation on different plasma modified materials [78, 89, 90, 169, 170]. A recent study by 
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MacDonald and coworkers described the enhanced osseointegration of titanium alloy 

implants in vivo after pretreatment of heat and radiofrequency plasma [171]. Also Guastaldi 

et al. published the improved osseointegration by an Ar-based non thermal plasma 

modification [74]. Plasma modification results in different chemical compositions, basing on 

the applied gas, the plasma parameter as treatment time and intensity. 

4.1.2 Chemical composition of the plasma treated surfaces and the influence 

on wettability and protein adsorption  

The purpose of the study was to gain insight into the relation of surface properties, as 

chemical composition, charge and wettability, and the influence on cell adhesion, spreading, 

cytoskeleton organization and proliferation. Therefore, polystyrene culture dishes were 

modified by applying ammonia, carbon dioxide and acrylic acid plasma. The successful 

functionalization of polystyrene surfaces was demonstrated by X-ray Photoelectron 

Spectroscopy analysis showing the chemical composition of the upper 10 nm of the surface.  

NH2-functional surfaces were created by ionized NH3 gas. An incorporation of nitrogen-

containing groups on the surfaces was surveyed by the elemental spectrum revealing an N 

peak. A high resolution scan of the N 1s signal at 399.5 reveals amines on the surfaces 

whereas a signal at 400.0 eV represents amide groups. Both signals were detected on the 

ammonia plasma treated samples, proving aminated surfaces. The amide groups may occur 

by the post-plasma oxidation that converts amines into amides and was tried to be prevented 

by the sample storage in an argon atmosphere. No N 1s peak was present neither on the 

other plasma treated samples nor on polystyrene or TCPS. The treatment time in this study 

was 13 seconds in order to create high NH2 densities. These results are consistent with 

treatment times and the outcome as described in [78]. 

CO2 plasma treatment causes an increase in the O/C ratios to be found in carboxy, hydroxys, 

aldehydes, ketones and esters and should be similar to the chemical composition of 

commonly used tissue culture polystyrene (TCPS) that reveals mainly oxygen-containing 

groups. The CO2 plasma results in carboxylic groups that create an acidic environment, 

whereas aminated surfaces present a mainly basic surface.  

Acrylic acid plasma accomplishes carboxylated surfaces by monomer polymerization with 

various oxygen-containing groups such as hydroxyl, carboxyl and carbonyl residues. By the 

monomer polymerization a higher density of carboxy-groups can be deposited in comparison 

to CO2 plasmas. However, the deposited film may be more instable than the covalently 

bound carboxy-groups [78]. 

The plasma treatments resulted in aminated, hydrophilic and basic surfaces by an activated 

ammonia gas, carboxylated surfaces by either covalently binding from CO2-plasma or 
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deposition from Acc monomer polymerization resulting in an acidic milieu. The insertion of 

chemically reactive functionalities led to a change in the wettability of the interfaces. This was 

measured by static (water) contact angles revealing PS as the most hydrophobic surface; in 

comparison, acrylic acid plasma-treated samples presented the most hydrophilic surface 

within the study. A contact angle approximately 56° was measured on TCPS, while ammonia 

plasma-treated substrates revealed an angle about approximately 40° [76]. The wettability of 

a surface in parts reflects its surface chemistry that correlates with surface charge. In 

general, a positively charged surface is hydrophilic that is consistent with the low contact 

angle of the positively charged aminated surfaces within this study by ammonia plasma. 

4.1.3 Correlation of surface functionalities, protein adsorption and cell 

adhesion 

Arima and Iwata [45] described the correlation of surface wettability and surface functional 

group with protein adsorption and cell adhesion and drew the conclusion that surface 

wettability is an important factor determining cell behavior. Additionally, they saw differences 

between cell types, using HUVECS and HELAS, and concluded that a surface wettability 

approximately 40°– 60° presents a suitable parameter for these cell types. Within the present 

work similar effects were obtained. A clear difference in wettability due to different chemical 

composition was observed and a higher adhesion of hMSCs and hASCs to contact angles 

around 40° and 55° that were produced by ammonia-plasma treatment. A preference of the 

cells to adhere to amino functionalized surfaces was detected. Daw et al. and France et al. 

reported that attachment did not correlate with increased surface wettability, but correlates 

with surface functional group chemistry [172, 173]. In recent studies, Bergemann et al. 

showed an increase of human osteoblastic cell attachment due to ammonia-plasma 

treatment on polycarbonate [90]. Amino- and carboxy-groups are common functional groups 

in proteins in vivo and therefore have the potential to provide a biomimetic chemical 

environment. The positively and negatively charged amino- or carboxy-groups could possibly 

lead to distinctive orientation and conformation of proteins adsorbing to the substrate from 

the media [174]. As it was previously reported, orientation and conformation of proteins from 

the media, which adsorbed to the substrate before cell contact occurs, affected cell response 

to the surface [62, 175-177]. From the present study, it is yet not clear whether the higher 

proliferation of hMSCs on amino-functionalized surfaces is due to a general preference of 

these cells to positively charged surfaces or direct interaction of the cells with amino-

functions or mediated by altered protein adsorption to the modified substrate surfaces. 

Furthermore, the higher cell number could result from the increased initial cell adhesion on 

amino functionalized surfaces. The hypothesis that the adhesion effect depends on an 
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altered protein adsorption at the surface is substantiated by [178-180]. Proteins, exhibiting 

binding sites for cell adhesion, are present in serum that is supplemented to in vitro growth 

media for most cell types. The integrin-binding proteins as fibronectin and vitronectin can 

adhere to the surfaces in coherence with the surface charge, chemical composition and 

wettability. Steele et al. postulated in their study that the fibronectin and vitronectin 

adsorption to nitrogen-containing surfaces differs from oxygen-containing surfaces [181]. 

Their repletion experiments revealed a stronger fibronectin adsorption to amide-containing 

surfaces. Additionally, they propose a different activity for cell attachment resulting from the 

conformational arrangement on different chemically modified surfaces not clearly shown if 

determined by the chemical composition or the wettability. In previous studies they pointed 

out that TCPS or oxygen-containing plasma films bind more vitronectin but fail to adsorb 

efficiently fibronectin of the culture media [182]. The experiments of Sipehia evidence the 

high binding affinity of ammonia plasma treated surfaces for fibronectin. He postulated that 

“ionic interaction between proteins solution and plasma treated surfaces may be caused of 

the increased attachment of these biological molecules” [179].  

The serum glycoproteins fibronectin and vitronectin stimulate cell adhesion due to their 

exhibition of specific tri-peptide sequence, the arginyl-glycyl-aspartic acid-motif (RGD) that 

are binding sides for integrins on the cell surface [183]. The varied protein adsorption to 

aminated and oxygen-containing surfaces determine presumably the altered cell adhesion 

kinetic observed for hMSCs and hASCs within this thesis. On hydrophobic surfaces, such as 

pure polystyrene, fibronectin adsorption is compromised and results in a diminished cell 

attachment [182, 184]. The initial cell adhesion experiments within the thesis, already after 

one hour of adhesion time, revealed more spread phenotypes and a highly expressed actin 

cytoskeleton within cells cultured on ammonia plasma treated samples. The formation of 

focal adhesion occurred mostly in the peripheral region of the cells and was more 

pronounced in cells cultured on TCPS and aminated PS. The formation of the cytoskeleton of 

the cells refers to their adhesion status. The formation of stress fibers plays an important role 

in cell adhesion and motion. Ventral stress fibers, transverse arcs, and dorsal stress fibers 

are related to different stages of cell adhesion and movement [185]. Transverse arcs are 

mainly detected in cells cultured on acrylic acid and carbon dioxide plasma treated samples. 

This observation shows that the cells are still motile in adhesion. Cells on ammonia plasma 

treated PS and TCPS samples feature more dorsal stress fibers that end in focal adhesion 

complexes that present stable cell-matrix interaction in comparison to focal complexes that 

are initial adherence points and were more detected in cells culture on CO2- and Acc-plasma 

treated samples.  
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A significant higher enzymatic activity of hMSCs was measured on amino-functionalized 

surfaces compared to TCPS dishes that were used as positive control. If the higher cell 

number results to the faster initial cell adhesion or by an advanced proliferative environment 

for the cells must be further examined.  

4.1.4 Ammonia plasma modification of poly(lactic acid)- hydroxyapatite 

composites 

Polymers are widely used as biomaterial due to their biocompatibility and biodegradability. 

However, a disadvantage of the synthetic polymers displays their hydrophobic character 

ascribed to the absence of hydrophilic groups [186]. Furthermore, methyl side groups feature 

the hydrophobic character. Therefore, several methods are applied to modify the material in 

order to create more hydrophilic surfaces that facilitates cell adhesion and thus results in 

advanced material properties. Plasma functionalization introduces, depending on the 

selected gas, several functional groups on the material surface without affecting the bulk 

material. Polymeric membranes or 3D-scaffolds were successfully treated by Air, NH3, SO2, 

CO2, O2 or other organic compounds [168, 169] and resulted in enhanced cell adhesion  

and differentiation.  

Gugala et al. analyzed membranes made of poly(L/DL-lactide) treated by different plasma 

types concerning adhesion and growth of rat osteoblasts and showed that the modification 

with ammonia plasma was most efficacious [75]. The results correlate with the comparison of 

different plasma types within this thesis, resulting in the best outcome of ammonia plasma 

treatment of polystyrene samples for cell adhesion of hMSCs and hASCs. As consequence, 

a PLA-HA membrane was functionalized by ammonia plasma, resulting in a prominent N1s 

peak displaying amine, amides and imides on the surface analyzed by XPS measurements. 

A more hydrophilic contact angle of 52.6° ± 11.0 was measured in comparison to unmodified 

materials with a contact angle of 83.0° ± 5.4. These results are consistent with the outcome 

of the study by Zhou et al. that state 83.2° ± 1.6 of a unmodified poly (l-lactide) surface and 

58.3° ± 2.2 of an ammonia plasma treated surface [187]. The varying contact angles can be 

related to slightly different process plasma parameter and a variance in the plasma reactor. 

An enhanced cell number could be detected on the modified surfaces in comparison to non-

treated samples. As described earlier, a protein layer is deposited onto a material surface in 

case of media or blood contact. The protein adsorption can be selectively and be influenced 

by surface properties and therefore influence cell adhesion. The introduced active groups by 

ammonia plasma on the PLA composite may lead to an enhanced binding of ECM proteins 

by polar interaction and hydrogen bonding. Alternatively, the direct interaction of cells with 

the reactive groups can cause the improved adhesion process.   
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4.2 The potential of bone and fat derived stem cells for 

applications in bone tissue engineering 

Stem cells present a high benefit for therapeutic solutions as stem-cell based therapies or 

the regeneration of tissues and organs. Embryonic stem cells, as pluripotent cells, feature 

the ability to form each cell type of the organism and are consequently highly beneficial, 

however, due to ethical and regulatory reasons disadvantageous. Induced pluripotent stem 

cells are an alternative source, but, in respect to the genetic manipulation, they are currently 

not considerable for clinical applications. Therefore, post-natal adult and non-genetically 

altered stem cells are promising and already implemented as stem cell therapies. 

Mesenchymal stem cells represent an appropriate cell type that fulfills the requirements for 

regenerative medicine and tissue engineering approaches. The ability of self-renewal and the 

capacity to differentiate into several lineages presents high potency. hMSCs can be isolated 

of various tissues such as skeletal muscle [188], fat [110], umbilical cord blood [189], 

placenta [154] and amniotic fluid [190]. As the isolation procedure from bone marrow is 

painful for the patient and a low isolation capacity of around 0.01% nucleated cells within the 

stromal fraction was found, the focus has been set on identifying an alternative cell source 

[191]. Since Zuk et al. reported in 2001 the possibility to obtain stem cells from adipose 

tissue a high number of studies dealt with these cells for several applications such as the 

repair of skeletal defects. Fraser et al. reported a higher frequency of stem cells isolated out 

of adipose tissue and accompanied by a surgical intervention less painful and complicated 

for the patient, adipose tissue presents an ideal cell source [106]. The International Society 

for Cellular Therapy (ISCT) defined minimal criteria to characterize MSC [97]: plastic 

adherence, a specific profile of surface antigens and the differentiation capacity into 

adipocytes, chondroblasts and osteoblasts. hASCs have been characterized and examined 

intensively, however, just a few studies concentrate on the comparison of cells isolated from 

bone with cells from lipoaspirate [124, 192-194]. Within this part of the thesis, the focus was 

set on the evaluation of the cell source and the osteogenic differentiation capacity in 2D and 

3D-experiments. Side-by-side studies were performed to evaluate the differentiation potential 

of human adipose derived stem cells in comparison to bone derived cells in respect to the 

applicability for bone tissue engineering.  

4.2.1 Phenotypic evaluation of bone and adipose derived stem cells  

One criterion to characterize mesenchymal stem cells is the ability to adhere to plastic ware 

in in vitro settings. hMSCs and hASCs showed a spindle like fibroblastoid morphology and 

clustered to colony forming units after the isolation process. No phenotypic differences were 
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detected between the two cell populations, also reported by Noel et al. [194]. Bone marrow 

and adipose tissue are reliable tissue sources for the isolation of a stromal vascular fraction 

to expand stem cells that reveal plastic adherence and spindle like formed cells.  

The expression of specific cell surface proteins is an important feature to identify and 

characterize the isolated cell pool. Each cell type expresses, accordingly to the origin and 

descent, different surface proteins that fulfill particular tasks. In most cases a specific surface 

marker profile for a cell population has been identified and enables the characterization of 

the desired cell pool. To isolate specific cells out of the heterogonous cell population, a 

certain expressed surface marker can be tagged with monoclonal antibodies labeled by a 

fluorescent dye or by a magnetic bead and sorted with fluorescence-activated cell sorting 

(FACS) or magnetic activated cell sorting (MACS). As the marker profile of endothelial cells 

or hematopoietic stem cells is clearly defined, until now there is no specific marker set for 

adult human mesenchymal stem cells. A combination of positive marker proteins and the 

absence of marker for other cell types are therefore utilized for the identification. Typically 

expressed surface proteins are adhesion related proteins such as integrins (CD29, CD49e), 

receptor molecules for cell-cell interactions (CD44, CD144), surface enzymes (CD73), 

transmembrane glycoproteins (CD90, CD105, CD166, CD271). No expression should be 

detected for hematopoietic or endothelial related marker (CD14, CD45, CD133,  

CD31, CD146).  

Phenotypically characterization by FACS analysis was performed in this study for the 

isolated cells from bone marrow and adipose tissue. Flow cytometry, analyzing a panel of 12 

different surface markers, revealed no differences between the cell sources and isolation 

procedures. CD44, CD73, CD90, CD105 and CD166 were expressed on hMSCs as well as 

on hASCs and are consistent with the expression profile described in [97, 109, 194, 195]. A 

slightly different expression pattern for the CD44 transmembrane glycoprotein family and the 

activated leukocyte cell adhesion molecule CD166 was obtained for hASCs pointing out a 

heterogeneous cell population. To achieve a more homogeneous cell population a magnetic-

activated cell sorting (MACS) [196] against CD271 as surface marker for stem cells was 

applied [197, 198]. The MACS separated cell fraction showed similar expression profiles to 

bone derived stem cells. CD146 [199], CD271 [127, 198] or STRO-1 [197] are suggested as 

marker for MSC characterization. An enrichment of 40% could be achieved by MACS 

separation. This is less than described by the manual protocol as they proposed an 

enrichment of 90%. In this study however, this purification grade could not be achieved. 

Issues for troubleshooting could be an insufficient labeling of the cells or an inadequate 

loading of the column. Altogether, the panel of surface markers tested revealed a close 

phenotypic profile between the isolated cells from different origin. 
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4.2.2 Multilineage differentiation capacity of hASCs  

The induction of the differentiation by specific media components into osteogenic, 

chondrogenic and adipogenic-like lineages is recommended to prove the multipotent 

potential in vitro [97]. The differentiation process can be achieved by histological methods. 

Kern et al. applied safranin O staining for chondrogenic, oil Red O for adipogenic, alkaline 

phosphatase (ALP) expression and Kossa staining for osteogenic differentiation [193]. Al-

Nbaheen et al. performed a more detailed differentiation study by applying microarray-based 

gene expression, however, just addressing adipogenic and osteogenic differentiation with no 

regard to chondrogenic development. They propose a lineage “imprinting” pointing out the 

differentiation potency of the cells varies due to their origin [192]. The data of the thesis imply 

the highest differentiation potential for bone derived cells for osteogenic and chondrogenic 

differentiation, whereas hASCs reveal a high adipogenic differentiation potential supporting 

the “imprinting” hypothesis for cells. In accordance with Barry et al. who described that the 

“…differentiation potential may reflect the local environment” [200].  

No differences were seen in adipogenic differentiation between hMSCs and hASCs by 

Oilred O staining revealing the formation of cytoplasmic lipid droplets in consequence to the 

differentiation process. As expected, no staining was observed in undifferentiated cells. Even 

hSDCs were stained for some lipid formation. This observation is evidenced by Al-Nbaheen 

et al. as they detected a slightly up-regulation of adipogenic related marker genes in hSDCs 

in their study [192].  

More striking differences were seen in the chondrogenic and osteogenic differentiation 

potential in the comparative experiments of hMSCs, hASCs and hSDCs. Alcian blue or 

Safranin O are used as standard marker and stain proteoglycans rich parts. The synthesis of 

glycosaminoglycans (GAGs) in response to chondrogenic differentiation stimulating 

conditions was observed mainly in hMSCs, also in hASCs and in minor parts in hSDCs. A 

major difference was detected in the synthesis of collagen type II that was not expressed in 

hASCs or hSDCs, but prominently stained in hMSCs pellet culture after 28 days exposed to 

chondrogenic differentiation media. The staining of alcian blue indicates GAG secretion into 

the ECM within these cells, however, no detection of collagen II, a selective marker for 

chondroblasts, was detectable in contrast to the hMSCs culture where an intensive staining 

was recorded. Furthermore, the formation of smaller cell pellets resulted from hASCs 

differentiation in comparison to hMSCs. A different phenotype appeared in hASCs pellets, as 

no characteristic lacunae formation containing chondrocytes was seen on day 28. hASCs 

seem to form solely chondrogenic progenitor cells and no hyaline cartilage. Several studies 

addressing the differentiation potential of hASCs did not perform chondrogenic differentiation 

concerning col II expression [192, 193]. In the study by Vidal et al., a comparison of the 
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chondrogenic potential in equine mesenchymal stromal cells derived from adipose tissue and 

bone marrow was performed and revealed a similar outcome analogous to the results within 

the thesis [201]. They described the synthesis of GAGs in ASCs cultures, however, no 

collagen type II expression during a culture period of three weeks. This is in accordance with 

the observations within this thesis using primary human cells. Furthermore, an identical 

phenotype of the pellet culture can be seen. The center parts of the pellets, mostly observed 

in the larger pellets obtained in hMSCs differentiation, reveal a less pronounced staining of 

GAGs by alcian blue or COL II on day 28. This may result to the inefficient media supply 

within the static pellet culture. The diffusion process may not be sufficient to provide nutrient 

and differentiation factors into the center of the matrix. In vivo cartilage is mechanical 

demanded and by compression of the tissue, the diffusion process is facilitated. By 

mechanical stimulation a higher differentiation potential and a sufficient nutrient supply 

throughout the entire structure could be achieved in vitro and should be considered for 

chondral tissue engineering.  

Even if the lack of COL II evidences a hampered chondrogenic differentiation potential of 

hASCs, it does not manifest a differentiation restriction of these cells. An extended culture 

period may lead to COL II expression and should be addressed in further studies. The 

selected end point for analysis could have been too short in order to achieve chondroblasts 

development from hASCs. Nevertheless, in the same time frame, a clear staining within the 

hMSCs population was detected and therefore these cells reveal obviously a higher 

chondrogenic differentiation potential.  

The in vitro osteogenic activation can be induced by the presence of β-glycerol-phosphate, 

ascorbic acid-2-phosphate, dexamethasone and fetal bovine serum. In monolayer culture the 

presence of these supplements evoke an up-regulation of several genes and the deposition 

of a calcium-rich mineralized extracellular matrix. The staining of calcium deposition into the 

matrix exhibits a criterion for osteoblast formation. No staining for calcium was detected in 

hSDCs cultures revealing no development of an osteoblastic phenotype. A more intensive 

formation of mineralized nodular structures was detected in hMSCs cultures than in hASCs 

whereas the hASCsCD271+ fraction in turn revealed a higher matrix production than the non-

separated cells. Ugarte et al. reported in their study that hASCs reveal a similar osteogenic 

differentiation potential compared to hMSCs and propose the cells as an alternative for 

hMSCs [124]. Their ALP and calcium content measurements reveal high donor variability but 

the mean values do not exhibit a differences between the populations. Histological analysis 

by von Kossa staining was performed in experiments by Noel at al. resulting in same staining 

intensities for both cell populations [194]. The qRT-PCR data addressing the analysis of SP7, 

ALP and OC, however, reveal a difference in the gene expression rate in hMSCs and 
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hASCs. SP7 and ALP mRNAs were stronger up-regulated in differentiated hMSCs than in 

differentiated hASCs.  

The quantification of calcium depositions within the formed ECM would be reasonable and 

was targeted in experiments of the thesis. By resolving the previously Alizarin red 

complexes, the adsorption can be photometrically determined and provides quantitative data. 

Due to methodical problems, the quantification could not be achieved but should be 

considered in future studies. To gain a more detailed knowledge about the osteogenesis, 

further comparative and quantitative genomic approaches have been assessed to analyze 

the susceptibility towards osteoblasts and are discussed in the next section (4.2.3).  

4.2.3 Gene expression profile of hASC, hMSCs and hSDCs during osteogenic 

differentiation 

Induction of the osteogenic differentiation triggers several molecular events within the cells 

as the activation of signal transduction pathways and expression of osteogenic marker genes 

including COL1A1 (collagen 1A1), ALPL (alkaline phosphatase), RUNX2 (runx related factor 

2), SPARC (osteonectin), and BGLAP (osteocalcin) [202]. In order to address the ex-vivo 

differentiation of hASCs, hASCs and hSDCs in more detail, molecular events were monitored 

by quantitative real time PCR (qRT-PCR). The expression of osteoblast specific marker 

genes was analyzed to prove the osteoblast phenotype. The results indicate, in consistency 

with histological staining of calcium nodules, that hMSCs reveal higher expressions of the 

osteogenesis-related genes than hASCs, hASCsCD271+ or hSDCs. In accordance with other 

reports hMSCs showed an increase in expression level of ALP during exposure to 

differentiation factors [194]. A similar expression kinetic, but at a lower expression level, was 

detected for hASCsCD271+. The non-separated hASCs showed even less mRNA values for 

ALP during the differentiation process. The expression of Runx2, an essential transcription 

factor that is required for osteogenesis, experienced a gradually increase during the period of 

differentiation. Higher values are detected in hMSCs than in hASCs and hASCsCD271+ that 

reveal similar expression data. Also SPARC showed a nearly constant up-regulated 

expression level with its maximum on day 21 of differentiation for hMSCs, as also seen in 

studies by [203, 204] whereas it reaches it maximum expression in hASCs and hASCsCD271+ 

on day 1 with a decrease during the rest of the culture. BGLAP is described as an important 

gene related to the mature osteoblast phenotype. A significant up-regulation could solely be 

detected in hMSCs culture on day 1. Noel et al. reported a higher gene fold expression of OC 

in hASCs [194]. As expected and also pointed out in the histological analysis by alizarin red 

staining, hSDCs did not show an up-regulation in response to an osteogenic differentiation 
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induction by supplemented media. ALPL, RUNX2, SPARC and BGLPA did not show any 

alteration in gene expression.  

Summarizing the results, following conclusions can be drawn out of the gene expression 

profiling: hMSCs reveal a higher expression rate of the osteogenic-related genes in 

comparison to hASCs and hASCsCD271+. hASCsCD271+ seem to express higher gene levels 

than the non-separated hASCs. No osteogenic differentiation occurred within hSDCs 

according to the expression rate of the analyzed genes. However, high variations in the data 

occur due to the cell isolation of donors differing in age, gender and constitution. More 

donors should be included to reveal a global effect and ideally compare fat and bone derived 

cells from one donor as performed in Ugarte et al. [124]. They described no significant 

differences in multi-lineage differentiation capacity between hMSCs and hASCs when cell 

were isolated from the same donor. 

Cells originated from different compartments reveal a divers differentiation capacity. This 

may be explained by the heterogeneous cell population within the isolated fractions. As the 

stromal fraction derived from bone marrow or spongiosa contains pre-osteoblastic,  

pre-chondroblastic as well as pre-adipocytic cell populations in addition to the stem cell 

fraction [199, 205], the stromal fraction derived from adipose tissue may lack these cells or 

feature in a minimized extend. The better osteogenic differentiation of hMSCs seen within 

this study could be explained by mature osteoblasts within the isolated fraction. These 

already committed cell types may lead to a faster marker expression and ECM formation, 

that is determined as part of the differentiation process. An extended culture period, to allow 

a more progressed differentiation may lead to terminal differentiated cells descending of 

hASCs as well.  

4.2.4 Osteogenic differentiation of hMSCs and hASCs within a 3D environment 

Cell development and behavior is influenced significantly by culture in 3D-systems in 

comparison to 2D flat culture models and is therefore an important factor to be considered 

[129]. 2D environment poorly represents the 3D architecture of complex tissues or organs. 

Cells, cultured as 2D-layers on flat polystyrene substrates, experiences different stimuli as 

they are exposed mainly to culture media and are anchored to the surface. Using a 3D 

auxiliary substrate, presents a more complex environment that approaches the in vivo 

situation by providing geometrical and physiological cues, enables complex cell-cell contacts 

and cell-matrix interaction and therefore simulates relevant in vivo aspects displaying a 

sophisticated culture model [129]. Differences in cell behavior and characteristics has been 

demonstrated in 3D experiments including altered morphology and gene expression, 
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proliferation and differentiation potential, and responses to external stimuli provided by the 

complex environment [206-208].  

To confirm data gained from 2D experiments, the transfer to a 3D-model is required and was 

conducted within the thesis. A 3D-scaffold made of poly (lactic acid) and hydroxyapatite 

(PLA-HA), prepared by freeze drying and salt leaching to obtain a porous, interconnected 

scaffold was applied to be seeded with hMSCs and hASCs in order to analyze osteogenic 

differentiation in a mimicked in vivo environment. The combination of a polymer and an 

inorganic mineral leads to an increased mechanical stiffness and furthermore presents a 

component of the natural bone as HA is the main constituent of the natural bone [209]. HA is 

considered to introduce osteogenic differentiation and is therefore an ideal additive in 

materials for bone regeneration [210]. Furthermore, the biodegradable properties qualify the 

synthetic polymer composite as scaffold material. One disadvantage, however, is the 

hydrophobicity of the PLA surface that hampers cell adhesion. Therefore, the ammonia 

plasma treatment of the first part of the thesis was conducted in order to enhance initial cell 

adhesion. Faster cell spreading and adhesion occurred on ammonia plasma treated  

PLA-HA surfaces.  

hMSCs and hASCs were seeded into the 3D-matrix and several time points were selected to 

confirm osteogenic differentiation. Primarily, cell distribution and the proliferation of the cells 

within the 3D-scaffold were analyzed. A homogenous seeding was achieved and showed a 

significantly higher cell number after 21 days of cell culture compared to the first day after 

cell incorporation. The XPS data revealed a modification success on the surface of the 

scaffold, however, no nitrogen-containing groups within the material. Nevertheless, cell 

migration into the scaffold was detected, cell distribution occurred throughout the entire 

scaffold but showing a concentration toward the peripheral areas where cell adhesion may 

be stimulated by nitrogen containing groups and an altered protein composition. By 

modifying the process parameter, a more homogenous amino functionalization could be 

achieved and should be addressed in future studies. As a consequence of a static culture of 

3D-scaffolds occur a diminished diffusion of nutrients and growth factor [211]. A shift from 

static to dynamic culture conditions within bioreactor systems may solve the limitation as 

reported in a study by revealing a homogenous hASCs distribution within a decellularized 

bone material [212]. A further solution is presented by Declercq and colleagues, seeding 

hASCs on microcarrier that form, within a spinner flaks reactor, larger congregated 

constructs by cell-cell and cell-matrix contacts [113]. 

The proliferation marker Ki67, which is known to be expressed within the nuclei during 

mitosis [213], could be detected within the cultured cells after three days. Therefore, the 

material can be considered as a suitable and proliferation enabling matrix that reveal an 
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interconnected pore structure for cell migration. An initial cell adhesion can be achieved by 

the plasma modification.  

Analogous to the 2D cell culture, hMSCs expressed higher mRNA level of osteogenesis 

related marker genes (ALP, COL I, RUNX2) in the 3D environment compared to hASCs. The 

expression profile was similar within the two populations, reaching an expression peak on 

day 14 after the exposure to osteogenic media. The gene expression varies slightly from the 

2D data but is consistent with some studies that revealed similar expression profiles of the 

analyzed genes in 3D-models reviewed by Zanetti et al. [116].  

The ECM secretion, evaluated by fluorescent staining of certain ECM proteins, was similar in 

hMSCs and hASCs culture. A fibrillar network of collagen fibers developed during the 

differentiation process with a maximum formation on day 21. The expression of Alp and the 

increased secretion of Osteopontin into the extracellular matrix during the differentiation 

process foster the osteoblastic development in the 3D environment. These results are 

consistent with other studies where they tracked the osteogenesis of hASCs and concluded 

a multi potency of the cells [214]. Lee et al. also performed differentiation studies of hASCs 

within 2D and 3D PLA scaffolds and they revealed calcium deposition after 4 weeks of cell 

culture [215]. This observation is compliant with the calcification process on day 21 within 

this study. Calcified ECM nodules appeared during the culture period and indicate an 

osteoblastic phenotype of the cells.  

hMSCs and hASCs show differences in the gene expression level but both form a collagen 

network and synthesize osteogenesis related proteins in vitro as well as present a 

calcificated matrix. Extended culture periods should be considered. Furthermore, the 

application of a bioreactor system providing further differentiation stimuli, achieving a 

homogenous nutrient and growth factors allocation and a mechanical loading, could enhance 

the hASCs osteogenesis and lead to an improved differentiation outcome. Therefore, hASCs 

can be considered as a potent cell type to construct bone like structures whose benefits are 

clearly in the availability and isolation procedure for the patient.  
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4.3 Cell culture in bioreactor systems influences seeding efficacy and cell 

behavior within 3D-scaffolds 

Cell culture within 3D-models presents a sophisticated opportunity to approach the in vivo 

situation and to provide external stimuli that direct cell behavior. Conventional TE has 

fundamental problems of poor cell transport throughout the matrix and problems related to 

the mass transfer of oxygen and nutrients. Mostly for 3D-cultures in TE approaches, smaller 

scaffolds are used to prevent insufficient cell nourishment in the core region of the scaffolds. 

As in vivo a complex blood system exists to provide nutrients and oxygen to the cells in each 

part of the body, one key challenge in tissue engineering is the vascularization and therefore 

the appropriate maintenance of the developed constructs [216]. Diffusion processes are 

limited to 200 µm, therefore, the application of smaller constructs enables cell survival by 

simple diffusion processes within the 3D-matrix. After implantation of bigger implants, 

however, tissue necrosis occurs due to a shortage of nutrients and tissue rejection may 

occur. The pre-vascularization is required to prevent loss of the tissue engineered constructs 

after implantation. To a certain extent, the seeding and pre-commitment of cells can be 

useful to induce neo-vascularization but also for faster implant-host integration. In the field of 

bone substitution in animal studies and first case studies could be shown that even without 

an appropriate vascularization the healing process was stimulated by the cells within the 

applied material. The pre-seeding of a synthetic implant material leads to an advanced bone 

formation and ingrowth in vivo [39, 217, 218]. Therefore, the seeding technique and the in 

vitro culture condition for larger artificial bone constructs are crucial and have to be 

addressed. Critical size defects (CSD) in animal models are used to evaluate new developed 

and improved graft materials, their bone ingrowth and the healing capacity. The size of the 

CSD, where spontaneously bone healing does not occur naturally and must be supported by 

implant material, depends on the model organism. CSD for mouse were defined as 4 mm 

defect size [219], rabbit defect sizes should exhibit a length of 6 mm and larger animal 

models more than 12 mm [220]. The pre-seeding of the scaffold material with cells were 

performed in different ways like incubation within a cell suspension [133, 139, 221, 222], 

centrifugation [223] or shaking of the cell suspension with the applied material. In these 

studies they claim a good seeding efficacy with uniformly distributed cells within the 

scaffolds. These scaffolds were examined in small animal models concerning ingrowth and 

degradation of seeded and non-seeded materials in CSD [224-226]. However, the applied 

material sizes were not accordingly to a CSD model for large animal models as revealing 

smaller sample sizes. The need of a sufficient seeding of larger 3D-constructs is therefore 

required and must be evaluated in more detail. The goal of this part of the thesis was to 

establish a seeding protocol that allows the incorporation of human mesenchymal stem cells 
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into cylindrical scaffolds presenting a diameter of 10.5 mm and a length of 25 mm that is 

convenient for the treatment of CSDs in larger animal models.  

4.3.1 Static versus dynamic cell culture: stress and viability assessment  

As described previously, the seeding technique of applying a cell suspension onto the 

scaffold by static incubation, shaking or centrifugation, led to a homogenous seeding 

efficacy. However, the comparison of these seeding methods in this study resulted in an 

insufficient seeding outcome within the ß-TCP cylinder. Other studies analyzed seeding 

efficacy of scaffold sizes about 1-10 mm thickness in correlation with of a dynamic culture 

system that revealed satisfying cell distribution [135, 227-230]. Therefore, an in-house 

constructed perfusion bioreactor system was applied to increase cell distribution within the 

scaffold and observed the best outcome by adjusting an oscillatory flow of 4-5 ml/min for the 

seeding process. The evaluation of the seeding efficacy was performed by DAPI staining 

right after the seeding procedure and determining cell death by LDH release during the 

process. Around 4 mm seeding depth was achieved by applying an oscillatory flow resulting 

in homogenous and viable allocated cells in the ß-TCP scaffolds. The oscillatory flow during 

the seeding process was selected due to a higher cell viability and a more gently procedure, 

also observed in other studies [229, 231, 232]. A higher perfusion rate correlated with higher 

cell lysis that was also reported by Cartmell et al [139]. They correlated a higher perfusion 

rate with higher cell death. The seeding efficacy could be enhanced by two site seeding of 

the scaffold, whereas in this study just one site was addressed. As another material 

(poly(LLA-co-e-CL)) of equal sizes was analyzed, applying the same seeding parameter, a 

difference on cell distribution within the material was seen (data not shown within this thesis). 

The core region of the ß-TCP could not be efficiently seeded even by applying high perfusion 

rates during the seeding procedure. In contrast, the poly(LLA-co-e-CL) material, revealed an 

almost homogenous seeding outcome even in the core region of the cylinder. The 

differences, as could be assumed, may due to the pore sizes and properties of the materials. 

Pore size disposes an important factor and plays a crucial factor for cell infiltration and 

migration. Interconnectivity and small pores sizes are furthermore relevant for nutrient supply 

to the cells. However, a higher porous network is associated with a loss of stability and load 

bearing of the implant material. It must be considered which application requires which type 

of scaffold.  

For further cell culture the flow was restricted to 1 ml/min to prevent excessive shear stress 

to the cells. Sufficient media flow is important to provide nutrients to the cells and to remove 

waste products, however, an intense flow can lead to extensive shear stress that may 

negatively influence cell viability. To evaluate the effect of the dynamic culture on cell viability 
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and cell stress, live/dead staining and released LDH into the cell culture media was 

performed over a period of seven days. The static control was seeded with analogous 

parameter but subsequently no further flow was applied during the culture period. Cross 

sectioning of the scaffolds and subsequently staining on day one, revealed a similar viability 

of cells within the scaffold with no differences according to the culture conditions. A 

difference in cell distribution was observed in the dynamic set up, as a higher penetration of 

the cells into the scaffold was achieved, related to the applied flow of 0.8 mL/min. Volkmer et 

al. and Du et al. demonstrated in their studies that after a culture period of 6 or 7 days solely 

dead cells were found in a static culture whereas, the dynamic culture revealed a high 

viability of cells within the entire scaffold [222, 229]. Volkmer et al. used cylindrical scaffolds 

of bovine demineralized bone matrix (depth 5 mm) and Du et al. ß-TCP cylinder (depth 

8 mm) featuring a porosity of 75% and pore sizes of 100 – 400 μm. Despite the similarities of 

the used material, these results could not be reported within this study. After 7 days of 

dynamic cell culture viable cells were detected in both approaches, but cells exposed to 

dynamic culture reveal more dead cells that are accumulated in clusters. These clusters of 

dead cells may be associated with locally extensive shear stress caused by clogged pores or 

smaller pore diameters that result in increased flow velocity. Furthermore, a significantly 

higher LDH release into the culture media was measured, supporting the observation of 

higher cell death in dynamic culture conditions, as consequents of the convective flow. As 

stem cells are in general sensitive to hydrodynamic shear stress, an extensive flow may lead 

to apoptosis [233]. Cartmell et al. conducted experiments concerning different flow velocities 

and the influence on cell viability. They postulated that a flow rate of 1 mL/min lead to 

extensive cell death whereas lower velocities lead to higher cell viability [139].  

4.3.2 Evaluation of induced shear stress by qRT-PCR 

In order to evaluate the stress induced by shear stress resulting of the dynamic culture, the 

gene expression of a marker related to general stress (Heat shock protein 47/Serpinh1), a 

shear-stress related marker (SAFB) and an apoptosis marker (FAS) was determined. A 

significant increased gene expression of FAS was measured on day one. However, the gene 

expression was not significantly increased and revealed same expression levels compared to 

cells in static culture conditions after 7 days of flow exposure. The expression profile of 

Serpinh1, a chaperone protein relevant for the maturation of collagen molecules [234], was 

up-regulated on day 1 and significantly higher on day 7 displaying the shear stress the cells 

are exposed to. This observation was proven by another stress marker SAFB, the scaffold 

attachment factor B, taking part in stress regulation and also in differentiation processes. 

This marker was selected due to its correlation to fluid shear stress [235]. As expected and 
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related to the extensive shear stress, an up-regulation of SAFB gene expression was 

detected on day one and seven.  

4.3.3 Mechanical stimulation by dynamic cell culture and the influence on 

osteogenic gene expression 

According to the study of Cartmell et al., a reduction of the flow velocity within the perfusion 

bioreactor correlated with an increased cell viability, furthermore correlated with a reduction 

of the expression of osteogenesis related marker genes [139]. Mechanical stimulation plays 

an essential role in bone generation and can influence the proliferation and orientation of 

osteoblast as well as the expression of bone related proteins [236]. Therefore, 3D-models 

should include dynamical processes such as interstitial fluid flow and local chemotactic 

gradients. Mygnid et al. demonstrated, that hMSCs react on mechanical stimuli of fluid shear 

stress by increasing the proliferation rate as well as an evaluated expression of ALP, COL I, 

RUNX2, Osterix, BSP I and Osteonektin [237].  

The selected marker for gene analysis within this thesis, correspond to early differentiation 

processes during osteogenesis. RUNX2, ALP and SP7 were evaluated concerning their 

expression profile in response to dynamic culture accompanied by shear stress induction on 

day one and day seven. On day one ALP and RUNX2 revealed a twofold gene expression as 

SP7 shows an even four times higher expression over static culture conditions. On day 

seven ALP is displays a twofold, RUNX2 a 1.5 fold up-regulated, and SP7 nine times higher 

gene expression in comparison to the static cells. SP7 regulates genes such as osteocalcin, 

osteonectin, osteopontin, bone sialoprotein and collagen type I and is identified to be strongly 

up-regulated in the osteoblast phenotype. 

Cartmell et al. verified an enhanced RUNX2 expression in the dynamic culture [139]. In 

contrast, Stiehler et al. indicate an up-regulated RUNX2 expression not until day 21 but 

depict a difference of SP7 expression already on day 7 [133]. The selected marker present 

early osteogenic related marker, however, further analysis on later time points is 

recommended as conducted in Myginds experiments, where an expression maxima of the 

genes was detected after 14 days of cell culture [237]. Even more pronounced differences in 

culture conditions were reported by involving additional marker and extended culture times. 

In contrast, these studies added osteogenic differentiation media that furthermore stimulates 

the differentiation process [132, 133, 135, 139, 226, 230]. The aim of this study was to 

examine the environmental influence of flow induced shear stress on cell response as stress 

induction and expression of osteogenic marker genes without the exposure to addition 

osteogenic stimulating factors. Although shear stress induces cell stress and apoptosis it 
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also can target the osteogenic differentiation process. This is shown by the obtained data 

that reveal a shear stress induced gene expression that correlates with osteogenic 

differentiation. This advantage could be used to trigger stem cells toward the osteogenic 

lineage even without the supplementation of the culture media. Without the application of 

growth factors, just the mechanical stimulation of the cells could be sufficient for a first 

lineage specification of the cells.  
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4.4 Conclusion 

The evaluation of surface modification of biomaterials that lead to controlled cell-material 

interaction and consequently to a better outcome of an applied implant material was 

addressed within this thesis. An improvement of surface properties of inert polystyrene and 

of potential implant composite material on basis of poly(lactic acid) and hydroxyapatite was 

achieved by low-pressure plasma treatment. Especially an ammonia-plasma modification 

that incorporated nitrogen-containing groups on the surface and revealed more hydrophilic 

properties resulted in altered adhesion rates of hMSCs and hASCs. This was expressed by 

the cytoskeleton organization that differed consequently to the progressing adhesion process 

and the formation of cell-matrix contacts in terms of focal- and adhesion complexes. A faster 

adhesion process, resulting in more flattened and spread cell phenotypes, occurred on 

ammonia plasma compared to acrylic acid and to carbon dioxide plasma treated samples 

within the first 30 - 60 minutes. The higher number of attached cells is related, most likely, to 

a varied protein layer due to the modulation of surface charge and chemical composition that 

lead to differed protein adsorption as reported in other studies [177, 181, 187]. The 

accumulated proteins, that offer binding sites as the RGD-motive, may allow the faster 

anchorage of the cells to the substratum. Bone and fat derived primary human stem cells 

revealed a more spread phenotype on ammonia-plasma treated surfaces. Furthermore, an 

increased cell number during the adhesion process was detected that resulted in augmented 

cell numbers after 72 hours of culture time. This phenomena was also observed on 

poly(lactic acid)-hydroxyapatite composite foils when aminated by ammonia-plasma 

treatment. More hydrophilic surfaces accompanied with positively charged groups, facilitate 

cell attachment and, therefore, provoke a denser cell layer on the material. As low-pressure 

plasma presents a feasible and reproducible modification strategy, the process can be 

transferred to different kinds of bulk materials in order to achieve a faster integration of an 

implant material into the surrounding tissue or to use as culture substrate for in vitro cell 

propagation. Bone related cells, as well as endothelial cells, demonstrated in [76], present an 

accelerated adhesion behavior on ammonia-plasma treated polymer surfaces. The 

development of biointerfaces, promoting cell-material interaction, is a substantial step 

forward tailor-made substitute materials.  

Adipose tissue is a promising cell source beneficial due to the minimal invasive operative 

procedure for the patient. In this thesis, the differentiation potential of hASCs derived from 

lipoaspirate was evaluated and compared to bone derived stem cells as well as human skin 

dermal cells. Adipogenic differentiation was demonstrated in 2D-models successfully. hASCs 

and hMSCs form lipid droplets that are associated with an adipogenic phenotype. A high 
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chondrogenic differentiation potential was mainly detected in hMSCs approaches and to a 

minor extent in hASCs cultures. This observation leads to the conclusion, that hASCs 

represent a more heterogeneous cell pool with a lower differentiation potential. Cells found 

within the isolated cell fraction are still capable to differentiate, however, in the experimental 

set up that was used within the thesis, no convincing chondrogenic differentiation was 

obtained in comparison to hMSCs. Either hASCs must be furthermore purified to achieve a 

more homogenous cell pool or the culture conditions must be extended in order to use these 

cells for a chondrogenic application. The differentiation towards an osteogenic phenotype 

could be proven for hMSCs as well as hASCs. HASCs and hASCCD271+ secrete a bone 

related ECM, consisting of a fibrillar network of collagen type I, that exhibits a certain 

mineralization by calcium deposition within the matrix and furthermore the expression of 

osteogenic related genes was verified. Although hASCs and hASCCD271+ revealed gene 

expressions in a lesser extent than hMSCs, the availability and the higher cell number, 

obtained by isolation from lipoaspirate, represent the advantages of this cell source. The shift 

from 2D to 3D environmental conditions enhanced cell commitment and ECM production in 

consistency with the observation made by Page and colleagues [129]. hMSCs and hASCs 

were cultured in a 3D-model system, using an ammonia plasma treated biocompatible poly 

(lactide acid)- hydroxyapatite (PLA-HA) scaffold. The examination of cell differentiation in this 

more complex, in vivo imitating environment revealed that hASCs express marker genes 

related to an osteogenic phenotype and synthesize proteins of bone ECM similar to bone 

derived cells. A similar expression kinetic in the 3D environment was observed for hASCs in 

comparison to hMSCs. The cells exhibit an osteogenic differentiation potential and  

can be considered as an abundant cell source for the usage in bone tissue engineering.  

The combination of hASCs and a polymer based scaffold can be used to create 

osteoinductive substitute material that approaches the mechanical and physical properties of 

the natural bone.  

The nourishment of cells in larger constructs, intended as treatment strategy for critical size 

defects, was achieved by the application of a perfusion system. Environmental parameters 

were defined to maintain cell functions and to influence cell behavior within a porous ß-TCP 

scaffold. A correlation between applied fluid velocities, higher seeding efficacy and increased 

cell stress by higher apoptosis marker expression in the first 24 hours of cell culture in a 

dynamic set up was demonstrated. The culture conditions lead to initial cell stress but cells 

adapt to the environmental situation as the apoptosis marker expression level in dynamic 

conditions approximated the static conditions within seven days. The induced shear stress 

results in significantly higher stress marker expressions and can be assumed as trigger 

factors for the significantly increased expression of osteogenic related marker genes in the 
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dynamic culture. The evaluated culture parameter lead to higher cell stress but are also 

associated with an osteogenic lineage commitment that present a tool to induce cell 

differentiation besides supplement factors in the growth media. The system can be used for 

different materials that display an interconnected porous structure and cell types to construct 

larger bone equivalents in vitro. Beneficially, the bioreactor technology, in specific the 

perfusion system, allows a long term culture of artificial bone constructs providing a sufficient 

nutrient supply and external stimuli representing parts of the in vivo situation.  

To draw a conclusion from the thesis, it could be shown that already simple chemical surface 

modification has an impact on the cell adhesion process. This finding can be translated to 

modify further materials that are considered as scaffolds in bone tissue engineering or as 

implant material, in this work a degradable PLA-HA composite material was selected. hASCs 

present an alternative cell source for bone derived stem cells and can be differentiated 

towards an osteogenic phenotype in two dimensional settings as well as in three dimensional 

scaffolds. To guarantee sufficient cell nourishment and to provide in vivo simulated culture 

conditions, such as mechanical stimulation, the developed perfusion bioreactor system can 

be applied in order to create an artificial bone equivalent. 
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4.5 Outlook 

As the multidisciplinary research field of tissue engineering was developed in the late 1980’s, 

expectation and optimism arose by first sophisticated and pioneering attempts to replace and 

regenerate damaged tissue. Some pitfalls occurred such as necrosis of the implanted tissue 

due to the lack of sufficient blood circulation, the up-scaling of the processes as well as the 

translation into clinical settings [32]. The focus of current research has been set on the 

fundamental principles for the ex vivo creation of biological implants. In recent years, 

progress in bone tissue engineering has been achieved, pre-clinical trials feature promising 

results, however, significant issues remain in need of improvement namely the optimization 

of the cell source, selection and characterization of the applied biomaterial, the in vitro cell 

culture and the delivery to an in vivo use.  

Material properties, such as the selection of bulk materials but also surface characteristics, 

present a key factor upon medical implementation and may lead to implant improvements by 

advanced biomimetic properties. A common body reaction to materials is the formation of a 

fibrous tissue around the implant, resulting in reduced functionality, failure and may demand 

revision surgery. Basic understandings in cell-material interaction in response to surface 

characteristics but also the interaction of blood and interstitial fluid with the material upon 

implantation must be further regarded. The evaluation of in vitro processes is a fundamental 

step. Nevertheless, further insights referring to the in vivo situation must be gained as the 

implant environment in vivo exhibits different properties compared to material interfaces ex 

vivo [177]. Conducting assays observing the haemocompatibility of the created plasma 

treated surfaces should be the next step as well as the examination of surfaces mediated 

complement activation that consequently lead to thrombosis and rejection of the  

implanted material.  

The seeding of a 3D PLA-HA composite with hMSCs and hASCs could be successfully 

achieved and the expression of osteogenic marker genes and proteins were verified. To 

monitor the changes in mechanical properties due to the produced ECM and the calcification 

of the matrix, the young´s modulus of the construct should be measured at different time 

points. Thus, the stiffness and the elasticity of the artificial bone construct can be determined 

and aligned to the properties of natural bone. In consequence, a culture timeframe may be 

selectable for the most convenient outcome as bone substitution. To prove the benefit of a 

pre-seeded scaffold the next step involves animal studies concerning implant ingrowth, 

remodelling, stability and immune responses. Considering the pre-culture time and 

conditions as the usage of differentiation media, the positive effect of autologous cells upon 

implantation must be evaluated. If cell separation by MACS purification against a surface 
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marker such as CD271 or STRO1 is necessary and results in a positive effect, has to be 

surveyed in more detail. A recent study by Liu et al. indicated that a pre-sorting of hASCs 

does not enhance the osteogenic potential in vivo in comparison to non-sorted hASCs [238]. 

Nevertheless, it may be advantageous to gain a more homogenous cell population and 

accelerate the differentiation process. Furthermore, malignancy and allocation of the 

implanted cells in vivo has to be taken into account as well as the degradation rate of the 

PLA-HA scaffold in a physiological environment.  

Reproducible and controllable processes are demanded and can be achieved by 

technologies like cell culture in bioreactor systems [130]. The culture conditions are 

maintained, adjusted and surveyed within the enclosed system. This is crucial for the 

generation of functional 3D-tissue-equivalents. Within this dissertation a ß-TCP material was 

applied and revealed a poor seeding outcome that could be enhanced by flow perfusion. 

Other materials, as the examined PLA-HA scaffold, should be furthermore considered and 

used as auxiliary matrices. Besides cell stimulation by shear stress, mechanical loading 

should be adopted to achieve an even higher differentiation outcome. Bilgen et al. published 

recently the design of a biaxial mechanical loading bioreactor for tissue engineering 

applications that could be promising improvement to simulate the in vivo surrounding [239].  

The translation from in vitro produced bone structures to the application in a clinical setting is 

still a demanding task [240]. Commercial available and Food and Drug Administration (FDA) 

approved products on the market including viable cells are still restricted to skin and cartilage 

applications. Their success is attributable to the thin structure and the possibility to sustain 

the tissue by solely diffusion process in vivo. The main limitation in larger tissues presents 

the lack of blood vessels that can be connect to the host. Consequently, an alternative must 

be found to implement larger tissue structures into a clinical application. Focusing on co-

culture systems including endothelial cells that form vessels is one promising strategy. A 

highly sophisticated attempt is the printing of vessel structures surrounded by the desirable 

tissue. This may be an alternative to the attempt that was pursued within this thesis. 

Nevertheless, cell source, material selection and the definition of culture parameter are still 

the main requirements for a successful tissue engineering process no matter which strategy 

is chased.  
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