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Abstract 

Bone defects due to disease or trauma affect millions of people worldwide. In 

recent years, bone tissue engineering, combining biomaterials, cells and growth 

factors, has emerged as a promising therapeutic approach to treat large bone defects. 

Multipotent mesenchymal stem cells isolated from adipose tissue are an attractive 

option for bone tissue engineering application in comparison with, for example, 

bone marrow-derived stem cells (BMSCs). Human adipose stem cells (hASCs) are 

readily available in substantial amounts and can be differentiated into bone-forming 

cells. Human ASCs have already been used in clinical bone tissue engineering in 

combination with biomaterials and growth factors. However, there is a need for 

more cost-effective approaches to induce osteogenic differentiation of hASCs.  

This study focuses on the optimization of biochemical and mechanical methods 

for the effective in vitro osteogenic differentiation of hASCs. As a first step in this 

study, the component concentrations of osteogenic medium (OM) were optimized 

for hASCs. In order to take this approach towards clinical use, the OM compositions 

were tested using human serum containing medium or xeno-free RegES medium in 

comparison with the commonly used medium supplemented with animal-derived 

fetal bovine serum. Secondly, the efficiency of growth factors such as bone 

morphogenetic protein (BMP)-2 and -7, as well as the vascular endothelial growth 

factor (VEGF), was compared with the optimized OM for the osteo-induction of 

hASCs seeded on 3D biomaterial scaffolds. Biodegradable biphasic calcium 

phosphate and bioactive glass were used as the 3D scaffolds for hASC in the growth 

factor study. In addition to biochemical signals, the effect of mechanical stimulation 

- i.e. vibration loading - was studied on the osteogenic differentiation of hASCs.  

The OM compositions and serum conditions had a significant effect on the 

proliferation and osteogenic differentiation of hASCs. The optimal OM composition 

had lower dexamethasone and higher L-ascorbic acid 2-phosphate concentrations 

than the commonly used OM, which was not able to induce the osteogenic 

differentiation of hASCs efficiently. When compared with the tested growth factors, 
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the optimized OM was more efficient in the in vitro osteo-induction of hASCs. In 

contrast, the clinically used BMP-7 consistently inhibited proliferation and 

osteogenic differentiation of hASCs. Furthermore, hASCs did not become sensitive 

to growth factors when treated with the combination of OM and growth factors. The 

use of the two different biomaterials revealed differential hASC behaviour in the 3D 

environment depending on the biomaterial properties. The biphasic calcium 

phosphate granules enhanced the osteogenic differentiation and collagen production 

of hASCs, specifically when combined with the optimized OM, whereas the 

bioactive glass fiber scaffold mostly stimulated proliferation.  

To date, the osteo-induction of hASCs has mostly relied on biochemical signals, 

although mechanical signals have a significant role in the maintenance of bone mass 

and architecture. Although there is increasing evidence on the mechanosensitivity of 

osteoblasts and BMSCs, only a limited number of studies have reported the effects 

of mechanical signals on hASCs. Therefore, vibration loading was tested in this 

study as a potent new osteogenic inducer of hASCs. The results obtained in this 

study are among the first to demonstrate that hASCs cultured in OM are 

mechanosensitive under high magnitude, high frequency (HMHF) vibration. The 

HMHF vibration in synergy with OM enhanced the osteogenic differentiation of 

hASCs significantly more than OM induction alone. However, induction by OM 

was required for the hASCs to become mechanosensitive, as the HMHF vibration 

did not affect the hASCs cultured in the control medium.  

In conclusion, exogenously added growth factors are not an optimal approach for 

the efficient osteo-induction of hASCs in vitro. In contrast, the optimized OM was 

demonstrated as a cost-effective way to differentiate hASCs in 2D and 3D culture. 

The osteogenic differentiation of hASCs under OM induction can further be 

enhanced by mechanical stimulation, such as HMHF vibration loading. 
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Tiivistelmä 

Erilaiset luukudoksen vauriot vaikuttavat miljoonien ihmisten elämänlaatuun 

maailmanlaajuisesti. Kudosteknologiset menetelmät mahdollistavat täysin 

uudenlaisten luunkorvikkeiden kehittämisen, jotka voivat vastata alati kasvavaan 

tarpeeseen luusiirteille. Kudosteknologisissa menetelmissä yhdistetään kantasoluja, 

biomateriaaleja sekä biokemiallisia tekijöitä vaurioutuneiden kudosten 

korvaamiseksi. Rasvakudoksesta on muodostunut yksi lupaavimmista aikuisen 

kantasolulähteistä, sillä sen eristäminen käy helposti ja kivuttomasti. 

Rasvakudoksen kantasolut kykenevät monikykyisinä kantasoluina erilaistumaan 

useiden eri solutyyppien kuten luusolujen suuntaan. Useita kasvojen ja kallon 

alueen luuston korjauksia on jo suoritettu käyttäen potilaan omia rasvakudoksen 

kantasoluja yhdistettynä biomateriaaliin ja kasvutekijään. Kuitenkin yhä parempia ja 

kustannustehokkaampia kantasolujen erilaistusmenetelmiä tarvitaan luuvaurioiden 

tehokkaaseen korjaamiseen. 

Tämän tutkimuksen tavoitteena oli kehittää edelleen kudosteknologisia 

menetelmiä kasvojen ja kallon alueen luuvaurioiden korjausta varten sekä tehostaa 

rasvakudoksen kantasolujen erilaistumista luusolujen suuntaan. Tutkimuksessa 

kehitettiin nykyistä tehokkaampi kasvatusliuos eli medium rasvakudoksen 

kantasolujen erilaistamiseksi luusolujen suuntaan. Luuerilaistusolosuhteita testattiin 

perinteisesti soluviljelyssä käytetyn naudanseerumi -pohjaisen viljelymediumin 

lisäksi seerumittomalla sekä ihmisen seerumia sisältävällä viljelymediumilla, vieden 

tutkimusta lähemmäksi kliinisiä sovelluksia. Lisäksi optimoitua 

luuerilaistusmediumia verrattiin kliinisessäkin käytössä oleviin kasvutekijöihin 

yhdistettynä erilaisiin kolmiulotteisiin biomateriaalirakenteisiin. Kemiallisten 

menetelmien lisäksi tutkittiin mekaanista kuormitusta rasvakudoksen kantasolujen 

luuerilaistamisessa. 

Viljelymediumin koostumuksella osoitettiin olevan tärkeä merkitys 

rasvakudoksen kantasolujen lisääntymiseen ja erilaistumiseen luusolujen suuntaan. 

Tuloksiin vaikutti merkittävästi myös viljelymediumin seerumiolosuhteet. Lisäksi 
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tulokset osoittivat optimoidun luuerilaistusmediumin olevan kustannustehokkaampi 

menetelmä rasvakudoksen kantasolujen kasvun ja luuerilaistumisen edistämisessä 

kuin viljelymediumiin lisättyjen kasvutekijöiden. Biomateriaalirakenteita 

verrattaessa huomattiin materiaaliominaisuuksien huomattava vaikutus solujen 

käyttäytymiseen; kuitumainen bioaktiivinen lasi lisäsi solujen kasvua, kun taas 

raemainen kalsiumfosfaatti tuki tehokkaammin erilaistumista luusolujen suuntaan. 

Mekaanista kuormitusta tutkittaessa havaittiin korkeataajuuksisen 

vibraatiostimulaation lisäävän rasvakudoksen kantasolujen erilaistumista luusolujen 

suuntaan, mikäli soluja viljeltiin luuerilaistusmediumissa. Vibraatiostimulaatio ei 

kuitenkaan erilaistanut perusviljelymediumissa kasvatettuja rasvakudoksen 

kantasoluja, vaan solut tarvitsivat biokemiallisen sysäyksen luusolujen suuntaan 

tullakseen sensitiiviseksi vibraatiolle.  

Johtopäätöksenä voidaan todeta, että viljelymediumiin lisätyt kasvutekijät eivät 

edistäneet rasvakudoksen kantasolujen luuerilaistumista. Sen sijaan rasvakudoksen 

kantasoluja voidaan erilaistaa tehokkaasti luusolujen suuntaan optimoidulla 

luuerilaistusmediumilla, varsinkin yhdessä biomateriaalirakenteiden tai 

vibraatiostimulaation kanssa. 
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Abbreviations 

ALP  Alkaline phosphatase 
αMEM  Minimum essential medium α 
AsA2-P  L-Ascorbic acid 2-phosphate 
ASC  Adipose stem cell 
ATMP  Advanced therapeutical medicinal product 
β-GP  Beta-glycerophosphate 
BMI  Body mass index 
BMP  Bone morphogenetic protein 
BMPRI/II  Bone morphogenetic protein receptor I/II 
BMSC  Bone marrow-derived mesenchymal stem cell 
BSP   Bone sialoprotein 
β-TCP  Beta tricalcium phosphate 
CD   Cluster of differentiation 
cDNA  Complementary deoxyribonucleic acid 
C/EBPα  CCAAT/enhancer binding protein alpha 
CHO  Chinese hamster ovary 
Dex   Dexamethasone 
DLX5  Distal-less homeobox 5 
DMEM/F-12 Dulbecco’s modified Eagle’s medium: nutrient mixture F-12 
DNA  Deoxyribonucleic acid 
DPBS  Dulbecco’s phosphate buffered saline 
DSC  Dental pulp stem cell 
ECM  Extracellular matrix 
EMA  European Medicines Agency  
EPO  European patent office 
ERK  Extracellular signal-regulated kinase 
ESC  Embryonic stem cell 
FABP4/aP2  Fatty acid binding protein 4 
FBS   Fetal bovine serum 
FCS   Fetal calf serum 
FDA  Food and Drug Administration of USA 
FGF-2  Fibroblast growth factor-2 
FSC   Fetal stem cell 
GAG  Glycosaminoglycan 
GDF-5  Growth/differentiation factor-5 
GMP  Good manufacturing practice 
GTP  Good tissue practice 
HA   Hydroxyapatite 
HDAC  Histone deacetylase 
HLA-ABC  Human leukocyte antigen class I 
HLA-DR  Human leukocyte antigen class II 
HMHF  High magnitude, high frequency 
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HSC  Hematopoietic stem cell 
HS   Human serum 
IBMX  Isobutylmethylxanthine 
ICM  Inner cell mass 
IGF-1  Insulin-like growth factor-1 
IHH   Indian hedgehog 
iPSC  Induced pluripotent stem cell 
ISCT  International society for cellular therapy 
LMHF  Low magnitude, high frequency 
LPL   Lipoprotein lipase 
MAPK  Mitogen activated protein kinase 
MHCI, II  Major histocompatibility complex class I and II 
miRNA  Micro ribonucleic acid 
MRI  Magnetic resonance imaging 
mRNA  Messenger ribonucleic acid 
MSC  Mesenchymal stem cell 
MSX2  Msh homeobox homologue 2 
NELL-1  Nel-like molecule 1 
OC   Osteocalcin 
OM   Osteogenic medium 
OPN  Osteopontin 
OSX  Osterix 
PFA  Paraformaldehyde 
PLGF  Placenta growth factor 
PMMA  Polymethyl methacrylate 
PPRγ  Peroxisome proliferator-activated receptor γ 
qRT-PCR  Quantitative real-time polymerase chain reaction 
RPLP0  Large ribosomal protein P0 
rpm   Rotations per minute 
Runx2  Runt-related transcription factor 2 
SEM  Scanning electron microscopy 
SHH  Sonic hedgehog 
Smad  Sma- and Mad-related protein 
STRO-1  Stromal precursor cell marker 
SVF  Stromal vascular fraction 
TAZ  Transcriptional co-activator with PDZ-binding motif 
TGF-  Transforming growth factor beta 
3D   Three dimensional 
TNF-  Tumor necrosis factor alfa 
VEGF  Vascular endothelial growth factor 
WNT  Int mammalian homologue of drosophila wingless protein 
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1. Introduction 

Bone tissue engineering is an interdisciplinary field that combines cells, 

biomaterials and osteogenic factors to form new bone tissue. Bone tissue 

engineering has raised great expectations to meet the increasing need for bone 

substitutes, and given hope in cases where traditional approaches have failed. For 

example, bone tissue engineering may be the only viable option in the repair of large 

bone defects. Traditionally, bone defects are repaired via bone grafting. 

Autografting with a patient’s own bone typically produces good clinical results and 

is thus considered the ‘gold standard’ of bone reconstruction (Betz, 2002). However, 

problems involved in autografting include a limited amount of bone and pain at the 

harvesting site. Allografting, on the other hand, involves transplanting processed 

bone obtained from an individual other than the patient (Aro and Aho, 1993). 

Allografts are often less successful than autografts mainly because of resorption and 

the absence of viable cells (Betz, 2002).  

Using a patient’s own multipotent stem cells seeded in a biomaterial scaffold is a 

promising approach for bone repair. Human adipose stem cells (hASCs) are of 

particular interest for bone tissue engineering due to their accessibility, abundance 

and multi-lineage potential (Zuk et al., 2001; Gimble and Guilak, 2003). To date, 

hASCs have been shown to possess osteogenic potential in vitro (Halvorsen et al., 

2001b; Rada et al., 2012) and in vivo (Di Bella et al., 2008; Behr et al., 2011), and 

have been used clinically to treat craniomaxillo-facial bone defects (Mesimaki et al., 

2009; Thesleff et al., 2011). 

Various in vivo experiments conducted with hASCs have suggested two critical 

factors for successful bone formation: firstly, the osteogenic commitment of hASCs, 

and secondly, the presence of a mineral component in the biomaterial scaffold (for 

review see Scherberich et al., 2010). However, the most efficient method to induce 

osteogenic differentiation of hASCs is yet to be defined. Although bone tissue 

engineering has been greatly advanced by the progression of stem cell biology, there 

is an increasing need to understand how stem cells respond to various environmental 
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cues, such as biomaterials and osteogenic factors. So far, only bone morphogenetic 

protein (BMP)-2 and BMP-7 have been used as osteogenic inducers clinically, but 

their cost-effectiveness has proven to be controversial (Garrison et al., 2010). Other 

growth factors, including VEGF, have been suggested as potential new osteo-

inductive factors (Behr et al., 2011). Apart from growth factors, osteogenic medium 

(OM) containing dexamethasone (Dex), L-ascorbic acid 2-phosphate (AsA2-P) and 

-glycerophosphate (-GP) is a commonly used osteo-inducer of mesenchymal stem 

cells (MSCs) in vitro (De Ugarte et al., 2003b; Egusa et al., 2007; Liu et al., 2008a). 

OM has also been used in several in vivo studies to enhance the osteogenic 

commitment of ASCs prior to implantation (Cui et al., 2007; Yoon et al., 2007; Di 

Bella et al., 2008; Schubert et al., 2011). However, the currently used OM 

composition is based on studies conducted with BMSCs, and may not therefore be 

optimal for hASCs (de Girolamo et al., 2007). Although BMSCs and ASCs possess 

many similar characteristics, their response to inductive stimuli may not be identical 

(Egusa et al., 2007; Hennig et al., 2007; Shafiee et al., 2011). Therefore, the 

component concentrations of OM require optimization for the efficient 

differentiation of hASCs. 

One of the major shortcomings in most of the osteo-induction studies has been 

the lack of comparison between different serum conditions. Due to quality and 

safety issues, the clinical hASC-based applications need to move from the animal-

derived products to human-derived or, more preferably, to defined and xeno-free 

conditions (Gstraunthaler, 2003). Most of the in vitro studies are still conducted 

using animal-derived fetal bovine serum (FBS). Furthermore, given that the serum 

conditions can significantly affect the cell response, it is crucial to obtain research 

data with more clinical relevance (Lund et al., 2009; Lindroos et al., 2010a).  

In addition to biochemical signals, mechanical stimulation has been suggested as 

an osteogenic inducer of bone precursor cells based on the responsiveness of bone to 

its mechanical environment (Ozcivici et al., 2010). Mechanical stimulation is an 

appealing alternative in particular because it may enable osteo-induction without the 

use of expensive growth factors. Whereas the anabolic effect of mechanical signals, 

such as vibration loading, have been well established in both in vivo studies and 

clinical cases, studies on the cellular level are still limited. 

This doctoral thesis was initiated to optimize and develop approaches for the 

osteogenic differentiation of hASCs using biochemical (growth factors or OM), and 
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mechanical (high frequency vibration) stimulation. Some of these osteo-induction 

approaches were tested together with scaffolds in order to better understand the 

behaviour of hASCs in a clinically relevant 3D environment. Taking this study 

further towards clinical approaches, the composition of OM was optimized for 

hASCs using human serum-based medium and a defined, xeno-free medium in 

comparison with FBS-based medium. 
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2. Literature review 

2.1 Stem cells 

Stem cells are unspecialized cells that possess a remarkable potential to develop 

into specialized cell types. Stem cells are capable of renewing themselves through 

cell division, or, under certain stimuli, they can be induced to differentiate into 

tissue-specific cells (Thomson et al., 1998; Choumerianou et al., 2008; Jensen et al., 

2009a). Therefore, stem cells serve as a reservoir and repair system capable of 

replacing differentiated cells lost either naturally through apoptosis or as a result of 

disease or trauma. The potential of stem cells to renew and differentiate (Figure 1) 

makes them extremely attractive candidates for regenerative medicine (Taupin, 

2007). However, stem cells derived from different sources also possess variable 

capabilities. 

Embryonic stem cells (ESCs) (Figure 1) have an almost unlimited self-renewal 

capacity and potential to differentiate into virtually any cell type of an organism 

(Thomson et al., 1998). Each cell in an early embryo during the first 3 days after 

fertilization is able to generate an entire organism (Choumerianou et al., 2008). 

However, this ability, referred to as totipotency, is only retained up to the 8-cell 

stage of a morula (Wobus and Boheler, 2005). After subsequent cell divisions, a 

blastocyst is formed, which is composed of the outer trophoblast cells and 

undifferentiated inner cell mass (ICM). The cells of the ICM are referred to as 

pluripotent, and have the capacity to form all three primary germ layers - the 

endoderm, mesoderm, and ectoderm - as well as the primordial germ cells, the 

founder cells of male and female gametes (Thomson et al., 1998; Wobus and 

Boheler, 2005).  

Multipotent fetal stem cells (FSCs) (Figure 1) can be found in most if not all of 

the tissues of the fetus (O'Donoghue and Fisk, 2004). Although FSCs may have a 

superior potential to expand and differentiate compared with the stem cells of an 

adult individual, due to ethical reasons alternative tissue sources for cells with the 



18 

capability of FSCs have been examined (O'Donoghue and Fisk, 2004; Pappa and 

Anagnou, 2009). For example, stem cells can be retrieved post-natally from the 

extra-embryonic structures such as umbilical cord blood, amniotic fluid and 

membrane, Wharton’s jelly and placenta (Pappa and Anagnou, 2009). These cells 

exhibit a high proliferation capacity and a differentiation capacity that varies from 

pluripotent to multipotent (Pappa and Anagnou, 2009).  

A new source of pluripotent stem cells was introduced in 2006 when Yamanaka 

and colleagues reprogrammed somatic cells into an embryonic stem cell-like state 

(Takahashi and Yamanaka, 2006). These induced pluripotent stem (iPS) cells can be 

generated from adult cells like fibroblasts by genetically forcing the expression of 

certain genes through viral transfection (Figure 1). Only four factors are needed for 

the reprogramming: Oct3/4, Sox2, c-Myc and Klf4 (Takahashi et al., 2007). To date, 

iPS cells provide useful models for diseases and pharmaceutical development, but 

there are many problems to overcome before entering clinical therapeutic 

applications. Great challenges exist in the field of iPS cells, such as the risk of 

pathogen transfer related to the use of viral vectors, low efficiency of induction, 

genetic instability and risk of tumorigenicity (Zhong et al., 2011; Ibarretxe et al., 

2012a).  

Although the great proliferation and differentiation capacity of ESCs, FSCs and 

iPS cells have stirred hope for regenerative medicine, their use has been limited by 

ethical, legal and political concerns, as well as critical safety issues (Bongso et al., 

2008). In order to circumvent the problems related to ESCs, FSCs and iPS cells, 

research has turned to adult stem cells, which offer several advantages for 

regenerative medicine. In comparison with ESCs, the use of adult stem cells 

involves less ethical issues, and the use of a patient’s own (autologous) cells 

involves no risk of immunogenicity.  

 

 

 

 

 

 

 

 



19 

 
Figure 1. Different sources of stem cells. Pluripotent embryonic stem cells (ESCs) 
can be obtained from the inner cell mass (ICM) of a blastocyst. Induced pluripotent 
stem (iPS) cells can be obtained from somatic cells via genetic reprogramming. 
More restricted stem cells in their differentiation capacity are fetal stem cells (FSCs) 
and multipotent adult stem cells. Image modified from (Shevde, 2012). 
 

Stem cells can be found in virtually any tissue of an adult individual. In some 

tissues and organs, stem cells are more active than in others. For example, stem cells 

in the gut and bone marrow regularly divide and replace lost cells (Yen and Wright, 

2006; Orkin and Zon, 2008), whereas stem cells in the pancreas and heart re-activate 

more rarely (Zulewski et al., 2001; Torella et al., 2006). Stem cells of an adult 

individual are usually able to differentiate into one (unipotent) or several 

(multipotent) cell lineages, presumably restricted by the particular tissue or organ 

(Choumerianou et al., 2008). The stem cells of adult tissues can be classified 

according to the germ layer from which they originate. For example, stem cells of 

endodermal origin include gastrointestinal tract stem cells, pulmonary epithelial 

stem cells, pancreatic and hepatic stem cells (Choumerianou et al., 2008). 

Ectodermal stem cells are, for example, neural, skin and ocular stem cells. Stem 

cells of mesodermal origin, including hematopoietic stem cells (HSCs) and 

mesenchymal stromal stem cells (MSCs), have been of particular interest for 

decades (Choumerianou et al., 2008). 
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2.2 Mesenchymal stem cells 

In contrast with HSCs, cultured MSCs can be identified based on their ability to 

adhere to cell culture plastic, which makes them easy to culture. MSCs are a 

heterogenous population of stem cells with a multipotent capacity to differentiate 

into mesenchymal cells, including osteocytes, adipocytes and chondrocytes 

(Pittenger, 2008). MSCs have also been reported to differentiate into fibroblasts, 

myocytes and cardiomyocytes, and even into cells of non-mesodermal origin, 

including hepatocytes, insulin-producing cells, and neuron-like cells (Jiang et al., 

2002). Although MSCs were originally isolated from bone marrow, MSCs exist in 

various other sites, such as adipose tissue, synovial membrane, synovial fluid, dental 

pulp, periodontal ligament, skeletal muscle, dermis, peripheral blood, periosteum, 

trabecular bone, articular cartilage, umbilical cord blood, placenta, liver, spleen, and 

thymus (Bianco et al., 2001; De Bari et al., 2001; Mimeault and Batra, 2008; Mafi et 

al., 2011; Jones and Pei, 2012). MSCs from different sources display several 

common characteristics, but also vary in their phenotype, proliferation capacity and 

differentiation potential. For example, synovium-derived MSCs exhibit particularly 

high capacity for chondrogenesis (Jones and Pei, 2012). In turn, dental pulp stem 

cells (DSCs), in spite of a comparable osteogenic capacity with BMSCs, may 

exhibit a higher potency towards neurogenic differentiation than BMSCs, probably 

due to the close involvement of neural crest in the formation of ectomesenchyme of 

dental tissues (Miletich and Sharpe, 2004; Huang et al., 2009; Ibarretxe et al., 

2012b). 

Regardless of several alternative sources, the therapeutic potential of BMSCs has 

been under extensive research during recent years. Clinical trials with BMSCs have 

been conducted for the regeneration of lung, kidney, liver, cartilage and bone tissue, 

as well as nervous system and cardiovascular system (Lalu et al., 2012; Minguell et 

al., 2012). BMSCs also hold promise for the treatment of inflammatory and 

immunologic diseases (Lalu et al., 2012). Although BMSCs have been successfully 

used in clinical regeneration of bone defects without significant adverse effects 

(Warnke et al., 2004; Hernandez-Alfaro et al., 2012), the use of BMSCs for clinical 

treatments is still in its early stages. There are also disadvantages related to the use 

of BMSCs. The bone marrow harvesting is a painful procedure, and the yield of 

BMSCs from the bone marrow aspirate is relatively low for the requirements of 
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bone tissue engineering (Pittenger et al., 1999; Muschler et al., 2001; Pittenger, 

2008).  

2.3 Adipose stem cells 

Since the use of BMSCs poses limitations due to the quantity of available cells 

and painful harvesting procedure, adipose tissue has emerged as an alternative 

source of MSCs. Adipose tissue is usually present in plentiful supply, and it can be 

easily accessed and harvested in a simple surgical procedure (Gimble et al., 2007). 

On the verge of the 21st century, the presence of multipotent cells in lipoaspirates 

was identified (Halvorsen et al., 2000; Halvorsen et al., 2001b; Zuk et al., 2001; Zuk 

et al., 2002), although this discovery had been preceded by an extensive work 

involving optimization of the isolation procedure of adipocytes and their precursors 

during 1960-1980 (Rodbell, 1964; Van et al., 1976; Deslex et al., 1987; Hauner et 

al., 1987). 

The increasing number of studies on the plastic adherent cell population isolated 

from collagenase digested adipose tissue has also led to an extensive variety of 

names describing ASCs. Terms such as adipose-derived stem/stromal cells (ASCs), 

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

adipose-derived stromal cells (ADSCs), adipose stem cells (ASCs), adipose 

mesenchymal stem cells (AdMSCs), multipotent adipose-derived stem cells 

(hMADS), processed lipoaspirate (PLA) cells, lipoblasts, pericytes, and 

preadipocytes have appeared in the literature (Gimble et al., 2007; Daher et al., 

2008; Lindroos et al., 2010b). In order to unify the nomenclature, the International 

Fat Applied Technology Society has agreed on the adoption of the term ASC for 

adipose-derived stromal or stem cells (Daher et al., 2008). 

Adipose tissue is composed of adipocytes, stromal cells and neurovascular 

structures in a connective tissue matrix made up of collagen and elastin (Eto et al., 

2009). Upon isolation, ASCs can be isolated by an enzymatic digestion of a minced 

adipose tissue sample. Following digestion, ASCs are separated from the buoyant 

adipocytes by centrifugation (Gimble and Guilak, 2003). The resulting heterogenous 

cell population is called the stromal vascular fraction (SVF), which is rich in ASCs, 

but also contains a variety of other cells, such as vascular endothelial cells and their 
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progenitors, smooth muscle cells and hematopoietic cells. However, plating and 

subsequent passaging selects for the plastic adherent population, enriching ASCs 

within the population. The yield of ASCs from SVF approaches 2%; a very 

significant concentration compared with 0.01-0.001% that has been reported for 

BMSCs (Pittenger et al., 1999; Zuk et al., 2001; Oedayrajsingh-Varma et al., 2006; 

Caplan, 2007).   

The effects of different harvesting procedures on the yield and characteristics of 

ASCs have been studied (von Heimburg et al., 2004; Oedayrajsingh-Varma et al., 

2006; Fraser et al., 2007). Fraser and co-workers found no significant effect between 

two different methods of liposuction (syringe-based and pump-assisted) on the 

number of ASCs obtained (Fraser et al., 2007). Oedayrajsingh-Varma and co-

workers compared three different surgical procedures for adipose tissue harvesting 

(resection, tumescent liposuction and ultrasound-assisted liposuction) and their 

effects on the yield and function of ASCs. The results suggested that resection and 

tumescent liposuction are more preferable due to the reduced yield and proliferative 

capacity of ASCs after ultrasound-assisted liposuction (Oedayrajsingh-Varma et al., 

2006). However, when comparing ASC isolation from adipose tissue obtained from 

either resection or liposuction, it should be noted that liposuction provides readily 

minced tissue fragments, allowing a more efficient enzymatic digestion. The 

recovery of ASCs can also be influenced by the centrifugation step, as excessive 

centrifugation may damage ASCs, but appropriate centrifugation is required for 

sufficient concentration of the cells (Kurita et al., 2008). Comparison of various 

centrifugation conditions suggested an optimal recovery of ASCs with 1200 g, 

whereas centrifugation at more than 3000 g significantly damaged ASCs (Kurita et 

al., 2008). Furthermore, to facilitate the isolation and concentration of ASCs, several 

companies have developed automated devices, often with a closed system to avoid 

exposure to contaminants, for the full processing of the adipose tissue samples. 

Devices such as Celution by Cytori, and Icellator™ by Tissue Genesis, are capable 

of isolating ASCs within a few hours on a point-of-care basis, which enables both 

isolation and therapeutic use of ASCs intraoperatively.  

Since their discovery, ASCs isolated from several species have been shown to 

possess a similar multipotent ability to BMSCs in differentiating towards 

chondrogenic, osteogenic, and adipogenic lineages (De Ugarte et al., 2003b; Zhu et 

al., 2012). Although ASCs and BMSCs are both MSCs capable of multilineage 
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differentiation, they are not identical in all of their characteristics (Jansen et al., 

2010). Several studies have compared the proliferation and differentiation capacity 

of these stem cells. In some cases, higher proliferation rate was reported for ASCs 

(Kern et al., 2006; Vishnubalaji et al., 2012; Zhu et al., 2012), whereas a higher 

osteogenic capacity was found in BMSCs (Shafiee et al., 2011; Vishnubalaji et al., 

2012). In other cases, no such differences were found in proliferation (De Ugarte et 

al., 2003b; Shafiee et al., 2011) or differentiation capacity (De Ugarte et al., 2003b; 

Zhu et al., 2012). It is possible that due to their unique characteristics, ASCs require 

specifically optimized procedures in order to match the differentiation capacity of 

BMSCs. For example, BMSCs have demonstrated a greater chondrogenic capacity 

than ASCs (Afizah et al., 2007), but this difference could be overcome by 

modifying the chodrogenic induction medium of ASCs (Estes et al., 2006; Hennig et 

al., 2007). Nevertheless, the accessibility and high yield of ASCs endorse their 

utility for tissue engineering approaches. 

2.4 Culture of adipose stem cells 

2.4.1 Standard cell culture of adipose stem cells 

 

An appropriate medium is needed during expansion of hASCs to maintain their 

proliferative capacity, while retaining their differentiation capacity. Typically, the 

culture medium consists of a commercial base (DMEM/F-12 or -MEM) 

supplemented with 10% serum, 1% antibiotics (e.g. penicillin and streptomycin), 

and 1% Glutamax (L-alanyl-L-glutamine) (Mosna et al., 2010). Most commonly, 

the serum is animal-derived fetal bovine serum (FBS)/fetal calf serum (FCS) 

(Guilak et al., 2006; Egusa et al., 2007; Haimi et al., 2009a; Shafiee et al., 2011), but 

human serum (HS) or other human-derived alternatives can also be used 

(Kocaoemer et al., 2007; Bieback et al., 2010; Lindroos et al., 2010a). Serum 

provides essential proteins that facilitate cell adhesion and growth, and prevent 

spontaneous differentiation (Steele et al., 1992; Wang et al., 2000). Serum is also 

rich in cytokines, growth factors and other molecules (Tirumalai et al., 2003). 

Although 10% serum is commonly used, different proportions of serum have been 
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tested: increased serum concentration usually correlates with increased proliferation 

of hASCs, but low serum (2-5%) concentration may favor differentiation (Marino et 

al., 2010; Cordonnier et al., 2011). When comparing HS and FBS, Lindroos and co-

workers suggested that 15% allogeneic HS is needed to support a level of cell 

growth equal to 10% FBS with hASCs, at least during the first 7 days of culture 

(Lindroos et al., 2010a). In turn, Kocaoemer and co-workers demonstrated higher 

proliferation of hASCs in HS and platelet-rich plasma than in FCS (Kocaoemer et 

al., 2007). Similarly, comparable or higher proliferation rates for HS-cultured in 

comparison with FBS-cultured hASCs have been reported in other studies (Lindroos 

et al., 2009; Bieback et al., 2010). The variable results may stem from the significant 

lot-to-lot variation of both FBS and HS. It should also be noted that HS and FBS 

can have differential effects on the gene expression of hASCs (Bieback et al., 2010; 

Lindroos et al., 2010a). 

2.4.2 Adipose stem cells for clinical use 

There are concerns regarding the use FBS for the culture of hASCs aimed for 

clinical therapy. Xenogeneic (i.e. animal-derived) reagents pose a risk due to 

possible transmission of infectious agents, allergens and antibodies. Severe immune 

reactions have been reported with patients in such cases (Selvaggi et al., 1997; 

Mackensen et al., 2000). To this end, alternatives for FBS have been explored from 

human-derived products, such as HS, human platelet lysate and platelet-rich plasma 

(Gstraunthaler, 2003; Kocaoemer et al., 2007; Mirabet et al., 2008; Bieback et al., 

2010). In clinical therapy, the use of autologous HS for culture and expansion of 

hASCs may be the easiest option. Although comparable ASC proliferation and 

differentiation capacity has been shown for autologous HS as for FBS (Choi et al., 

2012a), the use of autologous HS has been hindered due to variability and limited 

availability (Stute et al., 2004; Bieback et al., 2009). Therefore, the best option for 

clinical hASC culture would be a well-defined xeno-free (and serum-free) medium 

(van der Valk et al., 2010). 
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2.4.2.1 Serum-free medium 

To date, a few xeno-free formulations are available that have been tested with 

ASCs (Parker et al., 2007; Sefcik et al., 2008; Lindroos et al., 2009; Lund et al., 

2009; Rajala et al., 2010; Chase et al., 2012; Yang et al., 2012). The serum-free 

media often require supplementation with growth factors such as basic fibroblast 

growth factor (FGF)-2 or transforming growth factor beta (TGF)- to support the 

growth of the cells (Jung et al., 2010; van der Valk et al., 2010). At times, xeno-free 

media may contain components from serum, in which case they need to be highly 

purified and well defined. The success of serum-free media and serum replacements 

has varied. In a study by Lund and co-workers, of the three tested serum 

replacements (SR1, SR3 by Sigma and KOSR by Invitrogen), only KOSR was able 

to support hASC growth to a similar level with FCS-based medium (Lund et al., 

2009). However, even KOSR proved to be less consistent than FCS for supporting 

osteogenic differentiation (Lund et al., 2009). In the study by Lindroos and co-

workers, CellGro (CellGenix) and StemPro media (Life Technologies) were 

compared with FBS and HS media (Lindroos et al., 2009). Whereas CellGro was 

unable to support the growth of hASCs, StemPro induced significantly high cell 

numbers. Although StemPro was able to support some level of multipotency, it 

demonstrated to be far from optimal for the osteogenic differentiation of hASCs as it 

resulted in spontaneous adipogenic differentiation in the osteogenic cultures 

(Lindroos et al., 2009). A xeno-free RegES medium defined by Rajala and co-

workers was initially developed for the derivation and maintenance of pluripotent 

hESC lines, but has been shown to support the expansion of iPS cells and hASCs 

while maintaining their characteristics and differentiation capacity (Rajala et al., 

2010). 

Weak attachment of the cells is still a major problem with serum-free media due 

to the lack of serum proteins. Therefore, cell seeding may require defined protein 

supplementation, either as added to the medium or as a coating of the cell culture 

vessel (van der Valk et al., 2010). To circumvent this problem, unconventional 

approaches have also been suggested, such as culture of hASCs as floating spheres 

(Dromard et al., 2011; Kapur et al., 2012). 
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2.4.2.2 Good manufacturing practice 

In Europe, the production of hASC-based tissue engineering products for clinical 

therapy requires compliance with the regulatory requirements defined in the 

directives of the European Commission and the guidelines of the European 

Medicines Agency (EMA) (Schneider et al., 2010). The hASC-based tissue 

engineered products belong under the regulation of advanced therapy medicinal 

products (ATMPs) (Schneider et al., 2010; Sensebe et al., 2011). In the US, cell 

therapies are regulated under the Food and Drug Administration’s (FDA) Good 

Tissue Practices Final Rule (Fink, 2009). The regulations of both the FDA and EU 

categorize procedures according to the degree of manipulation and the level of risk 

(Schneider et al., 2010). For example, cryopreservation, as a minimal manipulation, 

may be conducted under the requirements of less-demanding industrial standards 

referred to as good tissue practice (GTP). However, products with more-than-

minimal manipulation require a higher degree of control and quality assurance by 

the good manufacturing practice (GMP) (Sensebe et al., 2011). Some examples of 

such more-than-minimal manipulations are transduction, ex vivo expansion, 

activation, and combination with non-tissue components (Harvath, 2000). With 

minimally manipulated cell products the safety issues are mainly concentrated on 

prevention of contamination and disease transfer, but cells under more extensive 

manipulation may respectively give rise to a more extensive range of risks, e.g. 

tumorigenicity (Fink, 2009). Some of the safety issues for hASC-based products 

will be discussed in more detail in section 2.8.3. 

In the case of hASC-based tissue engineering products, GMP must be followed 

to guarantee the production of safe, reproducible and functional high-quality 

constructs. In order to reach the GMP goals, all parts of the process must be defined 

and controlled (Sensebe et al., 2011). All critical processes must be validated to 

ensure consistency and compliance. This concerns everything, including the 

facilities, cell isolation, culture methods, procedures, record keeping, materials and 

quality control. Quality control not only addresses microbiological safety and 

phenotyping of the cells but also ensures the genetic stability of the expanded cells. 

The use of xenogeneic reagents should be avoided for safety reasons (Unger et al., 

2008; Sensebe et al., 2011). The hASC-based tissue engineered constructs for the 

regeneration of large bone defects require a large number of cells in a minimal 
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culture time. Hence the culture conditions should be optimized for the rapid 

expansion of the hASCs, but in a way that the hASCs maintain their phenotypic and 

genotypic stability (Sensebe et al., 2011). This may present the most critical 

challenge for the large-scale production of clinical-grade hASC constructs. 

2.4.2.3 Patent landscape in the field of stem cell research 

Stem cell research, like other areas of scientific and biotechnological research, 

aims at innovations that will be utilized as products and therapeutics, some of which 

may be protected by intellectual property rights. In the field of stem cell research, 

patents are the most prevalent form of intellectual property protection (Bergman and 

Graff, 2007). Countries have adopted different points of view on the patentability of 

stem cells and their uses, involving a complex array of legal and ethical 

considerations (Bergman and Graff, 2007). In Europe, inventions involving 

exploitation of human or animal embryos are not patentable, which also prohibits 

claims directed at hESCs, and methods for culturing or differentiating hESCs 

(Wilmut, 2011). However, inventions involving MSCs or iPS cells do not involve 

destruction of embryos, and are therefore patentable in Europe. The European patent 

office (EPO) may deny patents on ethical grounds, if the commercial exploitation of 

those patents is against public order or morality. For example, patents directed at 

therapeutic treatments of humans are not allowed in Europe, but therapeutically 

useful products, such as implants, are considered patentable. In the US, all stem 

cells, including hESCs, and their uses may be patented, and there is no prohibition 

on the patentability of methods for therapeutic treatment practised on humans 

(Bergman and Graff, 2007). The patent landscape of the general stem cell research 

has been introduced in various publications with listings of the most important 

patents in the field of stem cell research (Williams, 2006; Bergman and Graff, 2007; 

Konski and Spielthenner, 2009; Zippel et al., 2010). The focus of the patent 

literature revolves mostly around hESCs and iPS cells, although adult stem cells are 

gaining increasing ground in patent applications.  

Investigation of the patents and patent applications is a useful way to gain access 

to the latest technical information, and it gives a broad overview of what is going on 

in the research and development worldwide. Due to the lengthy patent pendency 
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times, the most recent areas of research are reflected the fastest in the published 

patent applications rather than in the granted patents. Searches for patents and patent 

applications can be conducted on various global or national databases available on 

the Internet. For example, Espacenet offers free access to more than 70 million 

patent documents worldwide (www.espacenet.com). Conducting a search on ASCs 

in Espacenet, a title with “adipose stem” yielded 268 results as opposed to 1,396 

results for “mesenchymal stem” (search conducted on 5th February, 2013). 

However, it should be noted that the number of hits is greatly dependent on the 

search terms and conditions. A search for “adipose stem” for the title and abstract 

expands the results to 558 hits. In addition, some patents and patent applications 

could be found under the title “adult stem” cells (455 hits), or “fat stem” cells (54 

hits). An overview of the search results revealed various patent families, including 

isolation and acquisition of ASCs, propagation and differentiation methods, 

methods to treat various diseases or defects with ASCs, cosmetic and anti-aging 

applications, and production of proteins or extracts using ASCs. Based on this 

grouping, the greatest number of patents and patent applications were found on ASC 

separation devices and other acquisition methods, and claims concerning ASC 

transplants for tissue regeneration. The patents and patent applications to treat 

diseases or defects by ASC-based approaches included methods concerning, for 

example, fistulas, lung injury and disease, cancer, diabetes mellitus, fibrotic lesions, 

allergic rhinitis or asthma, graft versus host disease, incontinence, articular cartilage 

defects, bone defects, soft tissue defects, ischemic limb disease and erectile 

dysfunction. In part, the variety of diseases and defects listed in the claims reflects 

the therapeutic versatility of ASCs. Similarly, patents and patent applications for 

various differentiation methods of ASCs were found, including adipogenic, 

osteogenic, chondrogenic, hepatic, neural and brown adipocyte differentiation. In 

addition, claims for the cosmetic applications of ASCs and ASC-derived extracts 

were reported, including applications for skin regeneration, wrinkle treatment, hair-

growing effect, anti-aging effect, skin elastic maintenance, and promotion of 

keratinocyte proliferation. 

While intellectual property rights play a key role in turning basic research into 

commercially available products and therapeutics, it should be kept in mind that the 

widespread patenting and privatization of stem cell lines, data and technology may 

also hinder medical advances in the field (Mathews et al., 2011). Broad patents on 
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human stem cells or related technologies can create barriers to other researchers in 

the form of expensive licensing fees. Such research barriers can create obstacles to 

the development of products and processes that could have significant medical 

benefit. 

2.5 Characterization of adipose stem cells 

In order to be characterized as multipotent mesenchymal stem cells, ASCs, 

similar to BMSCs, must meet the minimum criteria defined by the International 

Society for Cellular Therapy (ISCT) (Dominici et al., 2006). The cells must be 1) 

plastic adherent under standard cell culture conditions, and 2) be able to differentiate 

towards osteogenic, chondrogenic and adipogenic lineages in vitro under lineage-

specific induction conditions. In addition, 3) the cells should exhibit a certain 

surface marker expression pattern. 

2.5.1 Surface marker expression 

A specific cluster of differentiation (CD) markers are used for the identification 

and characterization of MSCs. The CD markers are molecules expressed on the 

surface of the cells, with various functions ranging from adhesion molecules to 

receptors and ligands. According to ISCT, MSCs should express CD105, CD73 and 

CD90, and lack the expression of CD45, CD34, CD14 or CD11b, CD79 or CD19 

and HLA-DR (Dominici et al., 2006), although a broader panel of CD markers are 

often used.  

The surface marker expression in ASCs and BMSCs shows close similarity 

(Strem et al., 2005; Kern et al., 2006; Rada et al., 2009; Tapp et al., 2009; Shafiee et 

al., 2011) with only a few exceptions; ASCs lack the expression of CD106, which is 

expressed in BMSCs. BMSCs lack the expression of CD49d, that is in turn 

expressed in ASCs (Strem et al., 2005). Both these markers are involved in 

hematopoietic stem cell mobilization (De Ugarte et al., 2003a; Strem et al., 2005). 

Interestingly, the expression of CD106 in BMSCs was shown to be significantly 

downregulated during osteogenic differentiation, and has been suggested as a 

marker to evaluate the stage of differentiation (Liu et al., 2008a). 
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For ASCs, the studies reporting surface marker expression have been rather 

consistent, showing strong expression for CD13, CD29, CD44, CD73, CD90, 

CD105, CD166 and MHC I, whereas moderate expression, i.e. 5-50%, has been 

reported for CD9, CD34, CD49d, CD106, CD146, and STRO-1 (Gronthos et al., 

2001; Strem et al., 2005; Lindroos et al., 2010a; Shafiee et al., 2011). The ASCs 

usually lack the expression of CD31, CD45, CD133 and MHC II. However, the 

expression of some markers can change by time through passaging and plastic 

adherence as the initial heterogenous SVF evolves to a more homogenous 

population. For example, the expression of hematopoietic markers (CD11, CD14, 

CD34 and CD45) detected in SVF or low passages of ASCs often decrease with 

increasing passage (McIntosh et al., 2006; Tapp et al., 2009). 

2.5.2 Adipose stem cell heterogeneity 

Several factors can affect the characteristics of hASCs, such as the sex and age of 

the donor and harvest location of the adipose tissue (van Harmelen et al., 2003; 

Aksu et al., 2008; Alt et al., 2012). For example, it has been suggested that hASCs 

obtained from male donors possess a capacity to differentiate faster and more 

effectively than hASCs from female donors (Aksu et al., 2008). In an animal study, 

visceral ASCs have been shown to have greater osteogenic potential than 

subcutaneous ASCs (Peptan et al., 2006). In humans, site-specific differences have 

been found even between subcutaneous adipose tissue depots (Schipper et al., 

2008). There has been a lot of divergent literature about the effect of age on the 

differentiation and proliferation capacity of ASCs (Alt et al., 2012). According to 

Zhu and co-workers, the osteogenic differentiation capacity of ASCs was hindered 

by increasing donor age, whereas the adipogenic differentiation capacity was not 

affected (Zhu et al., 2009). Similarly, a recent study by Alt and co-workers reported 

declined multilineage differentiation potential in hASCs by age (Alt et al., 2012). In 

addition, ASCs from younger donors have showed more pronounced attachment and 

proliferation capacity, although futher studies are needed to reach a consensus on 

the age-related effects (van Harmelen et al., 2003; Van Harmelen et al., 2004; Shi et 

al., 2005; Khan et al., 2009; Huang et al., 2010; Madonna et al., 2011; Alt et al., 

2012). Similarly, the significance of body mass index (BMI) on hASC 
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characteristics has been inconsistent. Whereas Van Harmelen and co-workers 

reported that increased BMI significantly reduces the ASC number (van Harmelen 

et al., 2003), several other studies did not find a significant correlation between BMI 

and ASC yield or proliferation capacity (Jurgens et al., 2008; Padoin et al., 2008; 

Faustini et al., 2010; Yu et al., 2010; Mojallal et al., 2011). 

In addition to the source-dependent heterogeneity, the isolated cell population 

itself is usually heterogenous with regard to proliferation and differentiation 

capacities. However, it is possible to isolate highly specific hASC subpopulations 

according to their surface marker expression. Using immunomagnetic beads coated 

with antibodies, Rada and colleagues isolated hASCs expressing CD29 (hASCCD29+) 

and STRO-1 (hASCSTRO-1+), and analyzed the osteogenic potential of these two 

subpopulations both in vitro and in vivo (Rada et al., 2012). The results showed a 

higher osteogenic potential for hASCSTRO-1+, especially in vivo. Although interesting 

from a research point of view, the feasibility of such a highly selective approach is 

questionable in light of the high numbers of cells required in clinical treatments. In 

contrast, some recent approaches aim to utilize the heterogeneity of the crude SVF. 

Due to the fact that SVF contains cells from microvasculature, including precursors 

of endothelial and smooth muscle cells, it could offer a viable cell source for the 

engineering of vascularized bone. Furthermore, SVF has been considered for the 

development of one-step, intraoperative approaches for bone tissue engineering, 

which could eliminate the need for the in vitro expansion step (Muller et al., 2010; 

Jurgens et al., 2011; Mehrkens et al., 2012). 

2.5.3 Differentiation potential 

Multipotency, as analyzed by the capacity to differentiate towards at least three 

lineages, is one of the criteria set by ISCT for mesenchymal stem cells (Dominici et 

al., 2006). In the future, the multipotent differentiation capacity of ASCs may show 

applicability in a broad range of renerative approaches. Differentiation of ASCs 

towards adipogenic, chondrogenic and other lineages (Figure 2) will be covered in 

the following chapters. Osteogenic differentiation of ASCs will be introduced more 

thoroughly in section 2.6. 
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2.5.3.1 Adipogenic differentiation 

Under appropriate inductive factors, ASCs readily differentiate towards 

adipogenic lineage (Zuk et al., 2001; Zuk et al., 2002; Guilak et al., 2006). Upon 

differentiation, ASCs accumulate lipid vacuoles that can be detected with Oil Red O 

or Nile Red staining (Halvorsen et al., 2001a; Sen et al., 2001). The expression of 

adipocyte-specific markers, such as peroxisome proliferator-activated recetor  

(PPAR) and CCAAT/enhancer binding protein // (C/EBP //), is upregulated 

during differentiation (Halvorsen et al., 2001a). Early markers of adipogenic 

differentiation include lipoprotein lipase (LPL) and the  chain 2 of type VI 

collagen (a2Col6), whereas leptin, adiponectin and fatty acid binding protein 4 

(FABP4/aP2) are expressed in the later stages of differentiation (Halvorsen et al., 

2001a). 

Routinely, the adipogenic differentiation of ASCs is induced by confluent 

cultivation and a medium containing insulin, biotin, pantothenate, 

isobutylmethylxanthine (IBMX) and Dex (Zuk et al., 2001; Zuk et al., 2002). 

Glucocorticoids such as Dex induce adipogenesis in high concentrations (1000 nM), 

whereas low concentrations (5-100 nM) support osteogenesis. The adipogenic effect 

of glucocorticoids can be enhanced by PPAR ligands such as troglitazone and 

rosiglitazone, members of the thiazolidinedione class (Halvorsen et al., 2001a; 

Prusty et al., 2002). In addition, agents that increase the level of cyclic AMP, such 

as IBMX, may enhance the adipogenic effect of glucocorticoids (Prusty et al., 

2002). In MSCs, IBMX has been shown to upregulate the expression of PPAR and 

LPL, and downregulate the expression of osteogenic genes (Vater et al., 2010). 

Insulin is known to accelerate triglyceride accumulation in MSCs, and the effect of 

insulin can be enhanced by rosiglitazne or troglitazone through PPAR stimulation. 

There are, however, several other factors that are capable of stimulating the 

adipogenic differentiation, including FGF-2, insulin-like growth factor (IGF)-1 and 

thyroid hormone T3 (Boone et al., 2000; Prusty et al., 2002; Vater et al., 2010). 
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Figure 2. Adipose stem cells are capable of differentiating towards multiple cell 
lineages such as myocytes, adipocytes, chondrocytes, and osteoblasts. Image 
modified from (Harada and Rodan, 2003). 

2.5.3.2 Chondrogenic differentiation 

Cartilage is characterized by an abundant extracellular matrix (ECM) rich in 

collagen type II, proteoglycans and glycosaminoglycans, with only a few 

chondrocytes (2-5 % by volume) residing in spaces called lacunae (Bhosale and 

Richardson, 2008). The regenerative capacity of cartilage is poor due to its low cell 

content and avascularity, which further hinders the successful treatment of 

chondrogenic defects (Estes et al., 2010). Cartilage defects due to injury or disease 

affect millions of people world-wide. One of the most common joint diseases, 

osteoarthiritis, is characterized by degeneration of the articular cartilage, which 

covers the surface of the bone in the synovial joints of the body. In turn, 

reconstruction of the elastic cartilage defects of the nose, ear and trachea remains a 

challenging problem in plastic and reconstructive surgery. So far, cartilage tissue 

engineering has mostly relied on the use of primary differentiated chondrocytes, 

hence the use of hASCs presents a viable alternative for the repair of cartilage 
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defects (Estes et al., 2010).  

Although the number of chondrocytes is low in mature cartilage, cell-to-cell 

interactions during the embryonic development play a vital role as the chondrogenic 

differentiation is triggered through the pre-cartilage condensation (Wei et al., 2007). 

In order to mimic this, the chondrogenic differentiation of ASCs is often conducted 

using a micromass or pellet culture system (Estes et al., 2010). Bioactive factors 

such as AsA2-P, Dex, BMPs, FGF-2 and TGF- are commonly used in the 

induction medium (Awad et al., 2003; Hennig et al., 2006; Hennig et al., 2007; 

Estes et al., 2010). Upon differentiation, the production of ECM proteins such as 

collagen type II, proteoglycans and glycosaminoglycans (GAGs) increases (Estes et 

al., 2010; Schatti et al., 2011). Sox9 is one of the important molecules regulating the 

expression of cartilaginous phenotype (Bell et al., 1997). Indian hedgehog (Ihh) is 

specifically expressed in the prehypertrophic chondrocytes, and plays important role 

also in the endochondral ossification (Long, 2012). 

Originally, the chondrogenic induction of ASCs was conducted under similar 

conditions to BMSCs. However, under these conditions, ASCs demonstrated 

reduced ability to undergo chondrogenic differentiation compared with BMSCs 

(Winter et al., 2003; Afizah et al., 2007). Hennig and co-workers found that in 

contrast to BMSCs, ASCs do not respond to increased concentrations of TGF-3, 

because they lack the expression of TGF- receptor-1 protein (Hennig et al., 2007). 

In the same study, ASCs showed reduced expression of BMP-2, -4 and -6 mRNA 

compared with BMSCs (Hennig et al., 2007). Nevertheless, it has been reported that 

BMP-6 treatment can be used to enhance the chondrogenic capacity of ASCs (Estes 

et al., 2006; Hennig et al., 2007). Consequently, BMP-6 induces the expression of 

TGF- receptor in ASCs, which then sensitizes ASCs for the chondrogenic 

induction by TGF-3 (Hennig et al., 2007). Recently, advances in chondrogenic 

differentiation of BMSCs (Schatti et al., 2011) and ASCs have utilized mechanical 

stimulation, such as cyclic hydrostatic pressure (Ogawa et al., 2009; Puetzer et al., 

2012; Safshekan et al., 2012). 

 



35 

2.5.3.3 Differentiation towards other lineages 

In addition to the adipogenic and chondrogenic differentiation described here, 

and the osteogenic differentiation described in section 2.6, ASCs have shown 

indications for the ability to differentiate along several other lineages, including 

skeletal myocytes (Mizuno et al., 2002; Lee and Kemp, 2006; Choi et al., 2012b), 

cardiomyocytes (Lee et al., 2009), smooth muscle cells (Wang et al., 2010; Harris et 

al., 2011), tenocytes (Uysal and Mizuno, 2010), endothelial cells (Cao et al., 2005; 

Konno et al., 2010), pancreatic cells (Timper et al., 2006), hepatocytes (Seo et al., 

2005; Ruiz et al., 2010), and neuronal-like cells (Safford et al., 2002; Krampera et 

al., 2007). However, further studies will be necessary to fully characterize the 

properties and functionality of the differentiated cells. Nevertheless, these are 

encouraging results with regards to the potential of ASCs for tissue engineering. For 

instance, the potential of ASCs to differentiate into endothelial and smooth muscle 

cells is particularly intriguing because, currently, one of the major limiting factors in 

bone regeneration is vascularisation of the tissue-engineered constructs. Without 

vasculature, diffusion can only support oxygen and nutrient delivery to cells inside a 

tissue-engineered consruct up to a distance of 200-µm. Therefore, utilization of 

hASCs as a single source to provide cells capable of vasculogenesis and 

osteogenesis has been under intensive research lately (Cornejo et al., 2012; Correia 

et al., 2012; Park et al., 2012a).  

2.6 Osteogenic differentiation of adipose stem cells 

Differentiation of MSCs, such as ASCs, towards osteoblastic phenotype is a 

complex process involving cell proliferation, sequential expression of osteoblastic 

markers, deposition and maturation of the organic ECM, and finally the 

mineralization of the collagenous matrix by the accumulation of calcium phosphate 

in the form of hydroxyapatite (Figure 3) (Lian and Stein, 1995; Long, 2012). 

Although the cellular and molecular events during this differentiation process have 

been defined in osteoblasts (Lian and Stein, 1995; Lian et al., 2012; Long, 2012), 

the molecular events that initiate and commit ASCs to osteogenic differentiation 

requires further elucidation. The analysis of the osteogenic differentiation response 
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involves characterization through protein and gene markers, histological stainings 

and morphological properties specific to the osteogenic lineage.  

Osteoblasts can differentiate from MSCs via two processes, either 

intramembraneous or endochondral ossification. In intramembraneous ossification, 

MSCs condense and differentiate into osteoblasts, whereas during endochondral 

ossification MSCs differentiate into osteoblasts via chondrocytic transition (Long, 

2012). The molecular processes from lineage commitment to differentiation are 

regulated by a complex interplay involving the expression of specific transcription 

factors, cellular kinases, growth factors and receptors (Schaffler and Buchler, 2007). 

Runx2, a Runt domain-containing transcription factor, also known as Cbfa1, Osf2 

and AML3, is a key osteogenic transcription factor triggering the osteogenic 

differentiation process during both endochondral and intramembraneous ossification 

(Harada and Rodan, 2003; Long, 2012). However, numerous nuclear factors interact 

with runx2 to regulate its actions during osteogenic differentiation, including TAZ 

(transcriptional co-activator with PDZ-binding motif), DLX5 (Distal-less homeobox 

5), and MSX2 (msh homeobox homologue 2) (Harada and Rodan, 2003; Long, 

2012). DLX5 and MSX2 are transcription factors expressed in the early stages of 

osteoblast commitment and differentiation. DLX5 and MSX2 proteins have 

opposing transcriptional properties, as DLX5 is an activator of osteoblast marker 

gene expression, whereas MSX2 functions as an repressor (Lee et al., 2005; 

Holleville et al., 2007). Osterix (OSX), a zinc finger-containing protein, acts 

downstream of runx2 during osteoblast differentiation, hence the expression levels 

of OSX are often up-regulated following runx2 expression. 

During the osteogenic differentiation process, the expression of several 

osteogenic marker proteins, such as collagen type I, alkaline phosphatase (ALP), 

osteocalcin (OC), osteopontin (OPN or SPP1) and bone sialoprotein (BSP), can be 

analyzed (Figure 3). For example, ALP is a membrane-bound enzyme abundant in 

early osteogenic differentiation (Desai et al., 2012). ALP regulates phosphate 

metabolism by hydrolyzing phosphate esters and functioning as a plasma membrane 

transporter for inorganic phosphates (Orimo, 2010). By transportation of phosphate, 

ALP contributes to the mineralization of the ECM. OPN is expressed in low levels 

during the proliferative phase, although the expression decreases post-

proliferatively, and is again up-regulated during mineralization (Lian and Stein, 

1995). OPN is a highly phosphorylated sialoprotein that has multiple roles in several 
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tissues (Sodek et al., 2000). In turn, OC and BSP are only expressed during the late 

phases of osteogenic differentiation in mature osteoblasts with the onset of 

mineralization (Lian and Stein, 1995). Osteogenic differentiation can also be 

quantified non-specifically by measuring the production of collagenous ECM. 

Differentiating osteoblasts actively synthesize a collagenous matrix, i.e. osteoid, that 

is rich in collagen type I. Consequently, the collagenous matrix is mineralized as the 

maturing osteoblasts secrete calcium phosphate in the form of hydroxyapatite 

(Orimo, 2010). The calcium deposits in the ECM of mature osteoblasts can be 

detected by Alizarin Red staining. Although the temporal expression of various 

osteogenic markers has been delineated, the progress of differentiation is a more 

heterogenous process in practice, because the population contains cells of various 

differentiation phases (Desai et al., 2012). 

 

 

Figure 3. The osteogenic differentiation process and temporal expression of 
osteogenic markers. Image modified from (Lian et al., 2012). 

2.6.1 Osteogenic medium 

Biochemical stimulation can be used to differentiate hASCs towards bone-

forming cells. The differentiation media used for hASCs has been based on previous 

experiments conducted with osteoblasts and BMSCs (Jaiswal et al., 1997; Jorgensen 

et al., 2004). Typically, the culture medium is supplemented with Dex or 1,25-

dihydroxyvitamin D3 (Zhou et al., 2006; Gupta et al., 2007; Liu et al., 2009), AsA2-

P, and -GP to induce the osteogenic differentiation of ASCs (Zuk et al., 2001; Zuk 

et al., 2002). However, several kinds of alternative or additional components have 
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been tested for the osteogenic differentiation of ASCs, including retinoic acid 

(Malladi et al., 2006), Wnt-protein (Santos et al., 2010), growth/differentiation 

factor (GDF)-5 (Zeng et al., 2007), N-terminal Sonic Hedgehog (James et al., 2012), 

NELL-1 growth factor (James et al., 2012) and histone deacetylase inhibitor 

valproic acid (Cho et al., 2005).  

The components of OM exhibit differential functions, for example β-GP is 

routinely added to OM as a source of phophate to promote calcium phosphate 

deposition by MSCs (Maniatopoulos et al., 1988; Coelho and Fernandes, 2000). 

Dex, in turn, is a synthetic glucocorticoid and a traditional component of OM 

(Coelho and Fernandes, 2000; Atmani et al., 2003). Dex has been shown to increase 

runx2 expression in human osteoblasts (Viereck et al., 2002). However, in high 

concentration (100 nM), Dex may suppress extracellular calcium deposition and 

expression of some osteogenic genes (Malladi et al., 2006; Zhou et al., 2006; Liu et 

al., 2009). At 1000 nM concentration, Dex preferentially promotes adipogenesis. It 

has been suggested that the extracellular signal-regulated kinase (ERK)-signaling 

pathway, which is involved in the reciprocal regulation of osteogenesis and 

adipogenesis, transmits the effects of Dex (Liu et al., 2009). At times, it has been 

suggested that OM should be supplemented with vitamin D3 in addition to Dex, or 

that vitamin D3 should be used to totally substitute Dex in OM (Malladi et al., 2006; 

Gupta et al., 2007). When comparing the effects of Dex and vitamin D3, Zhou and 

co-workers found comparable osteogenic capacity with OM containing either Dex 

or vitamin D3 (Zhou et al., 2006). However, the expression of osteocalcin was 

initiated earlier when OM was supplemented with vitamin D3 (on day 14) than with 

Dex (on day 21) (Zhou et al., 2006).  

As a long-lasting derivative of ascorbic acid (i.e. vitamin C), AsA2-P has an 

important role in stimulating collagen synthesis. AsA2-P has been shown to 

stimulate proliferation and osteogenic differentiation of human osteoblasts (Hitomi 

et al., 1992; Torii et al., 1994; Maehata et al., 2007), osteoblast-like cells 

(Takamizawa et al., 2004) and hBMSCs (Maehata et al., 2007; Choi et al., 2008). 

De Girolamo and co-workers reported that OM with 150 µM AsA2-P concentration 

was a more effective osteogenic inducer for hASCs than OM with 50 µM AsA2-P 

(de Girolamo et al., 2007). Concentration as high as 250 µM has been shown to 

increase growth rate, collagen synthesis and ALP activity in human osteoblasts and 

hBMSCs (Maehata et al., 2007). Decreased rate of proliferation has been reported at 
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500 µM-concentration (Choi et al., 2008). In addition to medium supplements, 

biomaterial scaffolds releasing Dex, AsA2-P and/or β-GP have been suggested to 

induce more effective osteogenic differentiation of MSCs in vitro (Kim et al., 2003; 

Oliveira et al., 2009; Shi et al., 2010) and in vivo (Kim et al., 2005; Oliveira et al., 

2010). 

Traditionally, OM supplemented with 50 µM AsA2-P, 100 nM Dex and 10 mM β-

GP has been used for the osteogenic differentiation of MSCs in vitro (Jaiswal et al., 

1997; Zuk et al., 2001; Zuk et al., 2002; Ogawa et al., 2004; Di Bella et al., 2008). 

However, the component concentrations of OM were originally designed for the 

differentiation of BMSCs and may not be optimal for the differentiation of ASCs. 

For example, it has been suggested that lower Dex (10 nM) and higher AsA2-P (150 

µM) concentrations could be more optimal for the osteogenic differentiation of 

ASCs (de Girolamo et al., 2007). 

2.6.2 Growth factors 

For years, researchers have been exploring ways to stimulate the human body to 

regenerate its tissues more quickly and reliably. The discovery of osteoinductive 

morphogens and other growth factors has paved the way for more efficient bone 

regeneration. At present, the state of the art of bone tissue engineering combines 

growth factors and stem cells loaded into biodegradable scaffold materials. 

However, the use of these growth factors will definitely be a challenge since much 

is still poorly understood about the orchestration of molecular events initiated by 

growth factors. 

2.6.2.1 Bone morphogenetic proteins 

In 1965, Dr. Urist, one of the pioneers in the field of osteoinduction, discovered 

that bone contains BMPs, which are able to facilitate the healing process of bone 

itself (Urist, 1965). However, the regeneration capacity of bone had been recognized 

as early as the 1880s, when it was noticed that decalcified bone could induce healing 

of bone defects. In the 1930s, injection of bone crude extracts was found to form 

bone in intramuscular sites (Bessa et al., 2008). Later, it was recognized that a mix 
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of proteins was responsible for the bone formation capacity, and these proteins were 

named BMPs. Cloning of the BMP genes enabled the production of recombinant 

BMPs (Bessa et al., 2008). Thereafter, BMPs have been under a lot of interest for 

clinical bone regeneration. Two FDA-approved BMP products for clinical use 

entered the markets in 2002: rhBMP-2 with a collagen sponge carrier (InFUSE in 

the US and InductOs in the UK, supplied by Wyeth Research Ltd), and BMP-7, also 

known as osteogenic protein-1 or OP-1, with a bovine collagen carrier in granular 

form (OP-1 Putty in the US and Osigraft in the UK, supplied by Stryker Biotech) 

(Bessa et al., 2008). 

BMPs are part of the vast TGF- superfamily. Currently, the BMP family is 

comprised of several members from BMP-2 to BMP-18 (Bessa et al., 2008). The 

biological functions of many BMPs are related to bone and cartilage formation, but 

they play a role in various other tissues and organs as well. Therefore, it has even 

been suggested that BMPs should be named body morphogenetic proteins (Reddi, 

2005). Within the BMP family, the most potent osteo-inductive roles have been 

proposed for BMP-2, -4, -6, -7 and -9 (Kang et al., 2004; Luu et al., 2007). 

The BMP signaling (Figure 4) is initiated by the binding of an extracellular BMP 

to heterodimeric BMP receptors (BMPR). Following the binding, the BMP type II 

receptor (BMPR2) activates the BMPR type I receptor (BMPR1), which causes the 

phosphorylation and activation of intracellular smad signaling molecules (Bessa et 

al., 2008). The following, rather complex, intracellular signaling cascade involves 

several smad proteins, which, upon activation, translocate to the nucleus and 

modulate gene expression (Figure 4).  

 

 

 

 

 

 
Figure 4. Schematic outline of BMP 
signaling. Binding of BMP to a 
heterodimeric BMP receptor results in 
phosphorylation of smads, which may 
then enter the nucleus and regulate gene 
expression. Image modified from (Long, 
2012). 
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The signaling cascade is highly regulated from the receptor level to the 

transcriptional level in order to fine-tune the BMP signaling. For example, at the 

receptor level, different combinations of type I and type II receptors result in 

different cell responses (Sebald et al., 2004). In addition, the same heterodimeric 

receptors may transmit different signals, depending on the differentiation status of 

the cell (Kaps et al., 2004). Furthermore, preformed receptor complexes usually 

induce the smad pathway, but receptor complexes induced by, e.g., BMP-2 were 

found to result in the activation of a p38-mitogen-activated protein kinase (MAPK) 

pathway instead of the smad activation (Hassel et al., 2003). These studies clearly 

demonstrate that it is critical to fully understand the receptor oligomerization in 

order to estimate the signaling outcome.  

When translocated to the nucleus, smads modulate gene expression at the 

transcriptional level by interacting and binding to specific DNA sequences and 

DNA-binding proteins, such as transcriptional factors (Miyazono et al., 2000; 

Miyazono et al., 2005), although smads may also be involved in the post-

transcriptional regulation through microRNAs (miRNAs) (Lian et al., 2012). 

Recently, several miRNAs have been reported as critical negative and positive 

regulators of hASC osteogenesis (Luzi et al., 2007; Huang et al., 2012; Zeng et al., 

2012). Up-regulation of miR-22 was found to promote osteogenic differentiation of 

hASCs as detected by enhanced ALP activity, mineralization and increased 

expression of osteo-specific genes (Huang et al., 2012). The downstream target of 

miR-22 in hASCs was recognized as histone deacetylase 6 (HDAC6); inhibition of 

endogenous HDAC6 by miR-22 overexpression stimulated osteogenesis and 

suppressed adipogenesis (Huang et al., 2012). Several HDACs have been found to 

regulate differentiation through modulating the chromatin structure and suppressing 

the activity of transcription factors, such as runx2 (Lian et al., 2012). Overall, the 

BMP signaling is modulated by a complex crosstalk between several pathways in a 

very elaborate network of interacting molecules (for reviews see Bessa et al., 2008; 

Lian et al., 2012; Long, 2012). 

At present, BMP-2 and -7 are probably the most studied growth factors for bone 

tissue engineering due to their approval for clinical use. However, the translation of 

BMP-2 and -7 to clinical use has been hindered by various problems, including high 

administration dosage, safety issues, short half-life and high cost relative to efficacy 
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(Garrison et al., 2007; Giannoudis et al., 2007; Wysocki and Cohen, 2007; Axelrad 

et al., 2008; Garrison et al., 2010; Carragee et al., 2011; Devine et al., 2012). For 

example, the clinically used amounts of BMP-2 range from 3.5 to 12 mg per defect, 

and BMP-7 from 3.5 to 7 mg (Garrison et al., 2007), although as high dosage as 40 

mg of BMP-2 has also been reported (Devine et al., 2012). According to animal 

studies, the half-life of BMP-2 in systemic circulation is only 7-16 mins due to fast 

degradation by proteinases (Wegman et al., 2011). However, the half-life depends 

on the site and the administration route. For example, subcutaneously injected 

rhBMP-2 has a half-life of approximately 7 hours (Ruhe et al., 2006), whereas 

locally implanted rhBMP-2 released from a collagen sponge may have a half-life of 

up to 8 days (Poynton and Lane, 2002; Wegman et al., 2011). Examples of the BMP 

amounts and concentrations used in cell culture are presented in Discussion (Table 

4). Furthermore, the consensus on the use of BMP-2 and BMP-7 for osteogenic 

differentiation of BMSCs and ASCs has been hampered by the lack of systematic in 

vitro studies. 

2.6.2.2 Vascular endothelial growth factor 

In addition to BMPs, there are other factors that play an important role during 

bone formation and regeneration. VEGF-A, generally referred to as VEGF, is a 

fundamental mediator of angiogenesis, but is also involved in bone development 

(Dai and Rabie, 2007; Maes et al., 2010). VEGF-A is a member of the VEGF family 

that includes the placenta growth factor (PLGF), and VEGF-B, -C, -D, -E, and –F 

(Veikkola and Alitalo, 1999). Moreover, the VEGF-A gene can be alternatively 

spliced to generate at least 6 distinct isoforms termed VEGF-A121, VEGF-A145, 

VEGF-A165, VEGF-A189, VEGF-A206, and VEGF-A165b, which is a variant of 

VEGF-A165 (Tischer et al., 1991). However, VEGF-A165 is physiologically the most 

abundant isoform of VEGF-A. 

During the endochondral ossification, cells of the hypertrophic cartilage secrete 

VEGF-A to facilitate the invasion of blood vessels to the area, which brings MSCs 

to the site (Brandi and Collin-Osdoby, 2006). These events finally lead to the 

replacement of the cartilage matrix and the formation of mineralized bone. VEGF 

plays an important role during this process and has multiple functions, not only in 
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bone angiogenesis, but also in chondrocyte and osteoblast differentiation, and 

osteoclast recruitment (Zelzer and Olsen, 2005). 

The involvement of VEGF in bone healing in vivo through vascularization is 

rather straight-forward, but the mechanism for how the addition of VEGF in an in 

vitro culture could enhance osteogenic differentiation may not be that self-evident. 

During the in vivo bone repair, the invading vasculature serves not only as a conduit 

for the recruitment of MSCs but also provides key signals necessary for 

osteogenesis. It has been suggested that intercellular crosstalk between bone cells 

and endothelial cells of the vasculature is present during bone formation (Brandi and 

Collin-Osdoby, 2006). It seems that by expressing VEGF-A, osteoblasts could 

induce endothelial cells to express factors such as BMPs, which, in turn, regulate 

osteoblastic activity (Zelzer and Olsen, 2005; Brandi and Collin-Osdoby, 2006). 

Supporting this hypothesis, endothelial cells have been shown to secrete BMPs in 

response to VEGF stimulation, and BMPs are known to stimulate the expression of 

VEGF in osteoblasts (Deckers et al., 2000; Deckers et al., 2002). Besides targeting 

endothelial cells, VEGF also acts directly on osteoblasts, acting as an autocrine 

regulator of osteoblastic differentiation (Brandi and Collin-Osdoby, 2006) (Mayer et 

al., 2005; Dai and Rabie, 2007; Maes et al., 2010). Interestingly, the osteogenic 

effects of VEGF may be mediated through runx2 (Zelzer et al., 2001).  

The results from in vivo studies with VEGF and biomaterials (no added cells) for 

bone regeration have been variable (Dai and Rabie, 2007; Khojasteh et al., 2012). In 

successful cases, the formation of new vasculature has preceded the osteogenic 

front, and the increased blood vessel formation appears to correspond to the 

increased bone formation (Kleinheinz et al., 2005; Khojasteh et al., 2012). Studies 

on the osteogenic effects of VEGF with hASCs are still limited in number (Behr et 

al., 2011; Zhang et al., 2012). Behr and co-workers presented increased osteogenic 

healing of critical-sized calvarial defects in nude mice by the combination of hASCs 

and VEGF when compared with hASCs or VEGF alone (Behr et al., 2011). In the 

accompanying in vitro study, VEGF increased the osteogenic differentiation of 

hASCs (Behr et al., 2011). Recently, VEGF has also been studied in synergy with 

other growth factors, such as BMP-2 (Song et al., 2011), BMP-6 (Cui et al., 2010; 

Zhang et al., 2012) and BMP-7 (Roldan et al., 2010), for the enhanced osteogenic 

differentiation of various cells. However, whether exogenously added VEGF could 

act as a potential osteogenic inducer for hASCs in vitro needs to be verified. 
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2.6.3 Mechanical stimulation 

Bone is a tissue capable of altering its structure and mass according to the 

mechanical loading it is placed under. This adaptation process occurs through the 

mechanosensitive activation of bone-forming and -resorbing cells (osteoblasts and 

osteoclasts, respectively). In 1892, Julius Wolff introduced the general concept of 

bone adaptation to its mechanical environment, referred to as “Wolff’s law” (Frost, 

2004). As a refinement of Wolff’s law, Harold Frost described the bone’s 

mechanostat model in the 1960s (Frost, 2004). According to the bone mechanostat, 

below certain mechanical threshold, bone reduces its mass through resorption, 

whereas above another threshold, bone increases its mass to match the strength 

needed to bear the ‘greater than typical’ peak loads (Frost, 2004).  

Consequently, a multitude of studies have provided substantial evidence that 

reduced mechanical loading results in decreased bone mass (Leblanc et al., 1990; 

Vico et al., 2000; Sievanen, 2010), and that increased mechanical loading can be 

utilized to enhance bone formation in vivo (Oxlund et al., 2003; Judex et al., 2007; 

Luu et al., 2009; Ozcivici et al., 2010) as well as in clinical cases (Rubin et al., 

2004; Ward et al., 2004; Verschueren et al., 2004; Gilsanz et al., 2006). The in vivo 

studies have demonstrated the feasibility of low magnitude, high frequency (LMHF) 

vibration for enhancing bone formation (Judex et al., 2007; Ozcivici et al., 2007; 

Luu et al., 2009). It has been hypothesized that a high loading frequency (20-100 

Hz) enables utilization of a low loading magnitude. LMHF vibration loading has 

already been tested in several clinical cases, for example to treat osteopenia, a 

condition associated with lowered bone mass (Rubin et al., 2004; Gilsanz et al., 

2006). In these clinical case studies, increases in bone mass were achieved by 

LMHF (e.g. 0.2 g and 30 Hz) applied as whole body vibration.  

Animal and human studies have led to the investigation of mechanical loading 

under in vitro models. Studies conducted with osteoblasts (Tjandrawinata et al., 

1997; Rosenberg et al., 2002; Tanaka et al., 2003; Rath et al., 2008), BMSCs (Kim 

et al., 2012b; Park et al., 2012b) and ASCs (Diederichs et al., 2010; Charoenpanich 

et al., 2011; Pre et al., 2011) have demonstrated that bone cells and their pre-cursors 

exhibit mechanosensitivity in vitro, and upregulate markers of osteogenic 

differentiation in response to various mechanical stimuli. Furthermore, the ability of 

mechanical stimulation to enhance bone formation appears to be coupled to the 
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suppression of adipogenic differentiation (Rubin et al., 2007; Luu et al., 2009; 

Huang et al., 2010; Sen et al., 2011). 

Several kinds of mechanical loading regimes have been studied in vitro for the 

cellular excitation of ASCs, including tensile strain (Wall et al., 2007; 

Charoenpanich et al., 2011), fluid flow (shear) (Knippenberg et al., 2005; Tjabringa 

et al., 2006), stretching (Huang et al., 2010) and compression (Park et al., 2012b). 

All of these studies used low frequency (0.5-5 Hz) mechanical stimulation. In vitro 

studies with osteoblastic cells (Rosenberg et al., 2002; Patel et al., 2009; Pre et al., 

2009) and BMSCs (Kim et al., 2012b) support the use of high frequency vibration 

as well. So far, only one study has explored the effects of low magnitude, high 

frequency (LMHF) vibration on osteogenic differentiation of ASCs (Pre et al., 

2011), whereas high magnitude, high frequency (HMHF) vibration has not yet been 

studied on ASCs. Although the utilization of LMHF vibration may be the most 

feasible approach in clinical applications, HMHF could be used for example to 

enhance the ex vivo production of bone tissue engineered constructs.  

In addition to magnitude and frequency, it has been suggested that other 

parameters, such as distribution of the loading cycles or bouts, may play an 

important role in the mechanical stimulus (Robling et al., 2001; Srinivasan et al., 

2002; LaMothe and Zernicke, 2004). Hence, dynamic rather than static loading 

should be used in mechanical stimulation (Turner, 1998). Sen and co-workers 

suggested that the schedule of mechanical signals could be at least as important as 

the signals themselves (Sen et al., 2011). For example, insertion of short rest periods 

between the stimulations can prevent saturation of the adaptive response (LaMothe 

and Zernicke, 2004).  

To date, bone cells and their pre-cursors have been shown to respond to a broad 

range of vibration regimes from low to high magnitude vibration combined with 

variable frequencies. Thus, there is no consensus on the most effective combination 

of vibration loading parameters for osteo-induction. As such, the ability of vibration 

loading to stimulate osteogenic differentiation through variable regimes suggests a 

partly overlapping mechanosensory system that could enable the cells to respond to 

a broad range of mechanical stimulus (For review, see Scott et al., 2008). 

Nevertheless, given the wealth of encouraging in vivo and in vitro studies, vibration 

loading is of particular interest for directing ASC osteogenic differentiation. 
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2.7 Biomaterials for bone tissue engineering 

Bone has an intrinsic healing capacity, but the natural repair process may fail if 

the bone defect is too large (critical-sized). Permanent bone substitutes, such as 

metals or polymethyl methacrylate (PMMA), can be used to replace lost bone, 

whereas bone tissue engineering aims to restore bone using combinations of cells, 

bioactive molecules and biodegradable scaffolds. In bone tissue engineering, the 

biodegradable scaffold is replaced by the newly forming functional bone tissue. The 

requirements for scaffold materials in bone tissue engineering are numerous and 

challenging, and also vary depending on the anatomical site of the bone defect. 

Hence, it is not surprising that even after two decades of intense material 

investigation there is no ideal scaffold for bone regeneration that would fulfill all the 

requirements (Hench, 1998). However, as the recent advances in the field of 

composite biomaterials gives hope for the future, the current solutions should aim to 

fulfill as many of the scaffold requirements as possible.  

An optimal scaffold for bone tissue engineering should provide a suitable 

environment for cells to migrate, proliferate and differentiate. In addition, it should 

promote the formation of new bone, resorb as the bone regenerates, but yet provide 

mechanical support during the bone formation (Langer et al., 1990; Hench, 1998; 

Rezwan et al., 2006). In order to reach these criteria, the scaffold must be 

biocompatible and safe, i.e. should not elicit inflammatory, immunological or 

cytotoxic response (Rezwan et al., 2006). The scaffold should degrade with time 

into non-toxic products. The scaffold has to be highly porous with interconnected 

pores to facilitate cell seeding (in vitro), infiltration of native cells (in vivo), nutrient 

transport, tissue ingrowth, and vascularization (Jones, 2005; Rezwan et al., 2006). 

The scaffold should have sufficient mechanical properties until the tissue has 

regenerated. As with all clinically used materials, the scaffold must be easily 

sterilizable. Finally, an ideal bone scaffold should also allow the migration of native 

osteoprecursors (osteoconductive) and support the growth of new bone 

(osteopromotive), or, in the best case, stimulate the differentiation of the seeded 

stem cells (osteoinductive) (Hench, 1998; LeGeros, 2002). 

Numerous natural and synthetic biodegradable materials have been piloted for 

bone tissue engineering (Rezwan et al., 2006). These materials can be roughly 

categorized into three groups: polymers, ceramics and composites. Whereas 
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polymers often lack bioactivity and mechanical properties for bone regeneration 

applications, certain ceramics and glasses are among the most promising 

biomaterials for the use of bone tissue engineering due to their capacity to form 

bone-like apatite layers in contact with physiological fluids, a reaction which 

facilitates their high bioactivity and strong bonding to bone (Hench, 1998). 

Naturally produced ceramics, such as corals, have good biocompatibility, an 

interconnected porous structure and sufficient mechanical properties, but the high 

dissolution rate has limited the use of coralline calcium carbonate in clinical 

applications. Synthetic calcium phosphates are of particular interest for bone tissue 

engineering due to their biocompatibility, and bioactive and osteoconductive 

properties (Dorozhkin and Epple, 2002; Barrere et al., 2006). However, ceramics are 

often limited by fragility when high porosity is needed and are not suitable for load-

bearing sites. Composite scaffold materials have emerged from the need to combine 

the advantageous properties of two or more material types (Haimi et al., 2009c; 

Gomide et al., 2012). For example, enhanced mechanical properties and increased 

bioactivity can be achieved by the combination of ceramics and polymers (Davies et 

al., 2010; Kon et al., 2011; Gomide et al., 2012).  

2.7.1 Calcium phosphate ceramics 

Synthetic calcium phosphates, such as hydroxyapatite (HA), tricalcium 

phosphates (-TCP, -TCP) and biphasic calcium phosphates (varying ratios of HA 

and TCP) have been studied extensively for the use of bone tissue engineering due 

to their chemical resemblance to native bone mineral (Barrere et al., 2006). Calcium 

phosphate ceramics have been in clinical use since the 1980s. Initally, pure HA was 

used, but it did not result in sufficient bone formation and remodeling due to chronic 

inflammation associated with the slow resorbability (Ghanaati et al., 2012). In turn, 

β-TCP may exhibit too rapid degradation kinetics to match the rate of new bone 

formation. Typically, biomaterials of pure HA are considered non-resorbable or 

slowly resorbable, whereas TCP materials are more soluble and hence degrade 

faster (Bohner, 2000; Rezwan et al., 2006). The properties of calcium phosphate 

materials can be tailored by changing the ratio of more stable and more soluble 

calcium phosphates (Jensen et al., 2009b). For example, biphasic calcium 
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phosphates consist of varying ratios of hydroxyapatite (HA) and tricalcium 

phosphate, most often β-TCP. With slowly resorbing HA and more soluble β-TCP, 

the ratio 60/40 wt-% of HA/β-TCP has been widely used as it offers controlled 

degradation and optimal osseous substitution (Frenken et al., 2010; Rokn et al., 

2011; Ghanaati et al., 2012). The biodegradability properties of biphasic 

formulations of HA with β-TCP have been well-documented (Nery et al., 1992; 

LeGeros, 2002). Similarly to other types of calcium phosphate bioceramics, the 

biphasic calcium phosphates react in body fluid to form bone-like apatite on their 

surface, which facilitates bonding to the host bone after implantation, giving rise to 

a strong interface (Barrere et al., 2006). Regardless of the various compositions, 

several studies have demonstrated that calcium phosphates are osteoconductive and 

support the attachment, proliferation and osteogenic differentiation of MSCs 

(Arinzeh et al., 2005; Marino et al., 2010; Reddy et al., 2012), which makes them 

attractive for bone tissue engineering. 

However, even with the same chemical composition, biomaterials may induce 

differential responses both in vitro and in vivo due to differences in crystallinity, 

porosity, and surface roughness (Barrere et al., 2006; Jensen et al., 2007). 

Crystallinity refers to the degree of calcium phosphate engaged in a structural 

crystal lattice in contrast to the fraction present in an amorphous phase (Lee et al., 

2012). The crystal characteristics such as size, shape and distance between the 

crystals are responsible for the creation of the microporosity of the material (pores 

smaller than 10 m). Microporosity has an important role in the adhesion and 

penetration of macromolecules and fluids (Lee et al., 2012). Macroporosity, on the 

other hand, is a prerequisite for the ingrowth of bone-forming cells and vasculature. 

Consequently, when material characteristics are engineered, it is crucial to test the 

effects of the modifications on the bioactivity and cyto/biocompatibility initially 

with in vitro studies, and later with in vivo studies. The in vitro studies provide 

crucial information on the cell-biomaterial interactions, which facilitate the 

understanding of the in vivo response. 

 



49 

2.7.2 Bioactive glasses 

Bioactive glasses belong to a group of surface reactive amorphous biomaterials, 

which are able to bond with bone due to the formation of a surface apatite layer 

(Hench, 1998; Will et al., 2011). In addition, the reactivity of bioactive glass surface 

results in release of soluble ions, such as silica and calcium, which can recruit and 

stimulate osteoprogenitor cells (Xynos et al., 2000a). The bioactive glasses were 

discovered in the early 1970s by Hench and colleagues, who developed the most 

widely known bioactive glass composition 45S5 with the trade name Bioglass® 

(Hench, 2006). The bioactivity of bioactive glasses is greatly dependent on the 

composition and the relative proportion of the main components. The original 

Bioglass® contains 45.0 mol-% SiO2, 24.5 mol-% CaO, 24.5 mol-% Na2O, and 6.0 

mol-% P2O5. The typical and essential characteristics for silicate bioactive glasses, 

which distinguish bioactive glasses from regular inert glasses, include high Na2O 

and CaO content, high CaO/P2O5 ratio and SiO2 content less than 60 mol-% (Will et 

al., 2011). However, several variations of the original 45S5 composition, as well as 

some completely novel compositions, have been developed since the discovery of 

bioactive glasses. In addition to the different ratios of the original components, 

elements such as fluorine, magnesium, strontium, iron, silver, boron, potassium or 

zinc have been tested in the bioactive glass compositions (Rahaman et al., 2011; 

Will et al., 2011). Further advances have been achieved by various manufacturing 

techniques and engineering of different structures (Itälä et al., 2002; Moimas et al., 

2006; Pirhonen et al., 2006; Jones et al., 2009; Arcos et al., 2010). The in vitro and 

in vivo studies on bioactive glasses are as manifold as the different compositions and 

forms available. In general, the bioactive glasses and their dissolution products have 

been reported to support and enhance the growth and differentiation of osteoblasts 

and MSCs (Xynos et al., 2000a; Xynos et al., 2000b; Meseguer-Olmo et al., 2008), 

as well as hASCs (Haimi et al., 2009a; Haimi et al., 2009b; Waselau et al., 2012). 

Nevertheless, only a few studies have been conducted with hASCs and bioactive 

glass scaffolds so far. 
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2.8 Bone tissue engineering using adipose stem cells  

Each year there are more than 6.2 million bone fractures in the US alone, of 

which 10% fail to heal properly (Fu et al., 2011). Worldwide, an estimated 2.2 

million bone graft procedures are performed annually to repair bone fractures and 

defects (Giannoudis et al., 2005). In 2007, the market value of bone tissue 

regeneration and repair was $1.1 billion, which is estimated to increase to $1.6 

billion by 2014 (Boccaccio et al., 2011). ASC-based bone regeneration is motivated 

by the great number of patients who suffer from large bone defects, particularly in 

cases where the traditional bone grafting is not possible or has failed. 

Research on ASC-based bone tissue engineering has evolved rapidly during 

recent years. Yet there is no consensus on the most efficient ASC-based approach to 

treat critically sized bone defects. This is partly due to the variable types and sites of 

defects, which, in turn, influence the choice of scaffold, cell manipulation and 

inducing factors. The outcome is a combination of the influences of the osteogenic 

(bone forming), osteoinductive (bone inducing) and osteoconductive (bone 

supporting) properties of the construct, and the potential of the surrounding tissue 

for in-growth, vascularization and osteogenesis (Frohlich et al., 2008; Bodle et al., 

2011). Various experimental set-ups for bone regeneration by ASC-based constructs 

have been evaluated in animal studies, and in a limited number of clinical cases, 

which will be discussed in this chapter. 

2.8.1 In vivo studies 

In order to assess the intrinsic osteogenic capacity of ASCs in vivo, the tissue 

engineered constructs can be implanted into ectopic sites (e.g., subcutaneously). The 

purpose of the ectopic model is to test whether the osteo-inductive signals arise from 

the construct itself, particularly when there are no osteogenic resident cells present. 

On the other hand, subcutaneous or intra-muscular sites provide extensive 

vascularization, which may not always reflect the clinical situation. The ectopic 

bone formation capacity of ASC-based constructs have been evaluated in several in 

vivo studies, of which many have demonstrated successful bone formation (Hicok et 

al., 2004; Justesen et al., 2006; Hattori et al., 2006; Jeon et al., 2008; Liu et al., 

2008b; Hao et al., 2010; Scherberich et al., 2010), whereas in other cases bone 
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formation was less successful (Hattori et al., 2004; Hayashi et al., 2008; Muller et 

al., 2010).  

The osteogenic capacity of ASCs has also been studied in orthotopic models by 

implantation of the construct into non-load-bearing bone (e.g., calvarium) or load- 

bearing bone (e.g., femur, tibia). In orthotopic sites the surrounding tissue itself has 

osteo-inductive and osteogenic capacity, which can provide osteogenic signals to 

ASCs. Although orthotopic models provide clinically and physiologically relevant 

data, it is difficult to evaluate the role of the implanted ASCs, and, on the other 

hand, the role of the resident osteogenic cells. Successful orthotopic bone formation 

with ASCs has been demonstrated with various scaffold types in non-load-bearing 

sites (Cowan et al., 2004; Li et al., 2009; Levi et al., 2010; Behr et al., 2011; Kim et 

al., 2012a) and load-bearing sites (Hao et al., 2010; Choi et al., 2011; Zou et al., 

2011). In a few cases, the implanted ASCs did not enhance the bone formation more 

than the control (Bohnenblust et al., 2009; Chou et al., 2011; Smith et al., 2011). 

Different kinds of stimuli have been tested in the in vivo studies to enhance the 

osteogenic capacity of ASCs, including BMP-2 (Cowan et al., 2005; Jeon et al., 

2008; Chou et al., 2011; Levi et al., 2011b; Mehrkens et al., 2012), VEGF-A (Behr 

et al., 2011), OM (Cowan et al., 2004; Conejero et al., 2006; Dudas et al., 2006; Di 

Bella et al., 2008; Schubert et al., 2011; Zou et al., 2011), perfusion flow (Cui et al., 

2007; Scherberich et al., 2007; Guven et al., 2011), and platelet-rich plasma (Cui et 

al., 2007; Liu et al., 2008b; Niemeyer et al., 2010). Some of these studies have 

indicated that OM induction of ASCs before implantation enhances bone 

regeneration in comparison with undifferentiated ASCs (Conejero et al., 2006; 

Dudas et al., 2006; Yoon et al., 2007; Di Bella et al., 2008; Schubert et al., 2011). In 

contrast, in some cases, bone regeneration was not affected by the pre-implantation 

osteoinduction (Niemeyer et al., 2008; Li et al., 2009). The interpretation of the 

various in vivo results is hindered by the various experimental set-ups and 

procedures, which press for more systematic studies in the future. The animal 

models themselves pose some challenges. Examination of human cells is only 

possible with immunodeficient animal models, whereas the other animal models are 

limited to the use of autologous cells from the species under investigation. However, 

the rodent models may give overly optimistic results due to their differential 

response to, for example, growth factors (Osyczka et al., 2004) and some 

biomaterials (Reilly et al., 2007), and also because of the miniaturization of critical-
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sized defects and the corresponding constructs. Larger animal models could better 

match the reality of the bone formation and vascularization capacity of clinically 

relevant-sized constructs.  

Due to the variable outcomes of the in vivo studies, the mechanism by which 

ASCs contribute to bone regeneration is not yet clear. Besides the general 

hypothesis that ASCs differentiate into bone-forming cells in the defect site, it has 

been postulated that the effects of ASCs would be merely paracrine through the 

secretion of osteo-inductive growth factors, stimulation of vascularization, or via 

recruitment of native precursor cells (Levi et al., 2011a). However, it is likely that 

the effect of ASCs is a combination of all of these. 

2.8.2 Clinical case studies 

 

Human clinical cases with ASC-based bone tissue engineering are still limited to 

case reports (Lendeckel et al., 2004; Kulakov et al., 2008; Mesimaki et al., 2009; 

Taylor, 2010; Pak, 2011; Thesleff et al., 2011). Craniomaxillo-facial bone defects 

were regenerated in most cases, with the exception of Pak, who reported 

regeneration of the femoral head in the hip (Pak, 2011). Taylor described the use of 

autologous SVF that was obtained intraoperatively (Taylor, 2010), whereas 

Lendeckel and Pak used ASCs isolated intraoperatively (Lendeckel et al., 2004; 

Pak, 2011). Two of the cases used bone grafts, either autologous bone (Lendeckel et 

al., 2004) or allogeneic bone (Taylor, 2010). Synthetic granular -TCP was used in 

cases reported by Thesleff (Thesleff et al., 2011) and Mesimäki (Mesimaki et al., 

2009). BMP-2 was used in two of the studies (Mesimaki et al., 2009; Taylor, 2010). 

Of note, the cases reported by Mesimäki, Thesleff and co-workers were conducted 

in collaboration with the University of Tampere, Finland (Mesimaki et al., 2009; 

Thesleff et al., 2011). 

The study by Mesimäki and colleagues described reconstruction of a 

maxillofacial defect using autologous ASCs, -TCP granules and BMP-2 

(Mesimaki et al., 2009). The ASCs were expanded under xeno-free conditions in 

clean rooms according to GMP regulations. After expansion, a pre-formed titanium 

cage was filled with ASCs and -TCP, and the construct was implanted into the 
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patient’s abdominal muscle to allow ectopic bone formation and vascularization. 

After 8 months, the construct was resected and transplanted to the maxillofacial 

defect. The construct integrated into the bone site successfully and without 

complications.  

Pak and co-workers described the use of ASCs in regeneration of bone in a 

weight-bearing site (Pak, 2011). Autologous ASCs were used along with hyaluronic 

acid, platelet-rich plasma and calcium chloride as an intraoperative injection to treat 

hip osteonecrosis of the femoral head in two patients. In the post-treatment follow-

up by week 12, MRI showed probable bone formation and the patients had an 

improved range of motion with less pain. 

Successful bone formation has been reported in these clinical cases with ASCs, 

but results from long-term follow-ups are needed. Although the treatment regimes 

were highly distinct in all of these clinical cases, no adverse effects were reported 

for the administration of ASCs or SVF. To this end, these clinical cases have 

provided evidence to support the clinical translation of ASC-based tissue 

engineering for regeneration of bone. The diversity of these cases emphasizes not 

only the challenge to create individualized, custom tailored treatments, but also 

stresses the need for up-to-date international guidelines for standard operating 

protocols for bone tissue engineering. 

2.8.3 Safety issues 

Although the ASC-based applications are promising, the potential risks need to 

be considered as well. Rubio and co-workers reported that prolonged culture (>4 

months) may expose hASCs to malignant transformation (Rubio et al., 2005). They 

reported karyotypic abnormalities at a frequency of approximately 30%, and tumor 

formation in immunodeficient mice at a frequency of 50%. However, this study was 

later retracted (de la Fuente et al., 2010). In contrast, Safwani and co-workers 

demonstrated no significant changes in the form of mutations or telomerase activity 

in hASCs after in vitro culture up to 20 passages (Safwani et al., 2012a). In vivo 

implantation of hASCs at P20 into the nude mice did not induce tumor formation 

during the 4 months follow-up (Safwani et al., 2012b). In general, the long-term in 

vitro expansion of hASCs appears safe, although not recommended in clinical use 
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due to the progressive growth arrest and senescence of the cells (Safwani et al., 

2012a). 

However, precautions should be taken when treating patients with a history of 

cancer or tumors. Theoretically, hASCs might promote any pre-existent tumors or 

cancer cells. This risk may be based on the immunosuppressive capacity of hASCs, 

or on their ability to secrete angiogenic factors that favor tumor growth. Indeed, co-

transplantation studies with hASCs and various cancer cells have suggested 

increased tumor growth in vivo (Yu et al., 2008; Kucerova et al., 2010; Prantl et al., 

2010; Heo et al., 2011; Akimoto et al., 2012; Chandler et al., 2012). The tumor-

promoting effect of co-transplanted hASCs has been demonstrated with 

glioblastoma cells (Yu et al., 2008; Akimoto et al., 2012), prostate cancer cells 

(Prantl et al., 2010), breast cancer cells (Zimmerlin et al., 2011; Chandler et al., 

2012), lung cancer cells (Yu et al., 2008; Heo et al., 2011), and melanoma cells 

(Kucerova et al., 2010) in subcutaneous murine models. Interestingly, Kucerova and 

co-workers reported a tumor-promoting effect when hASCs were co-transplanted 

with melanoma cells, but a tumor-suppressive effect with glioblastoma cells 

(Kucerova et al., 2010). In turn, Zimmerlin and co-workers showed that hASCs 

promote the growth of active breast metastatic pleural effusion cells, but not the 

growth of resting tumor cells (Zimmerlin et al., 2011). Furthermore, Cousin and co-

workers demonstrated reduced growth of pancreatic adenocarcinoma cancer cells in 

the presence of hASCs in vitro and in vivo (Cousin et al., 2009). Nevertheless, the 

use of hASC-based therapy in patients previously treated for cancer should be 

carefully considered.  

On the other hand, transplantation of hASCs alone has demonstrated no 

tumorigenic effects (Lopez-Iglesias et al., 2011; Ra et al., 2011; MacIsaac et al., 

2012). Lopez-Iglesias, MacIsaac and co-workers studied the effects of 

subcutaneously implanted hASCs in immunodeficient mice and no malignancies 

were detected at the injection sites within a year of observation (Lopez-Iglesias et 

al., 2011; MacIsaac et al., 2012). These studies demonstrated that the 

subcutaneously implanted hASCs do not migrate from the initial site (Lopez-

Iglesias et al., 2011; MacIsaac et al., 2012) but differentiate into fibroblasts and 

adipocytes (Lopez-Iglesias et al., 2011). However, migration to various sites in the 

body is more likely when hASCs are administrated intravenously. Thus the risk of 

hASC homing into tumor sites may be increased if the cells are injected 
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intravenously. Ra and co-workers studied the intravenous infusion of hASCs in both 

nude mice and humans (Ra et al., 2011). In mice, no adverse effects or tumor 

formation was detected even at the highest cell dose (2 x 108 ASC/ kg) within 26 

weeks of observation. In the clinical case, 8 male patients received hASCs at a dose 

of 4 x 108 cells with no adverse effects during the 3 months follow-up (Ra et al., 

2011). 

2.9 Hypotheses 

This thesis started off from the need for more efficient methods to induce 

osteogenic differentiation of hASCs in vitro. Most of the hASC culture methods, 

including differentiation protocols, are based on approaches that have been 

originally optimized for osteoblasts or BMSCs. Yet it is becoming evident that due 

to their unique characteristics, hASCs may require specifically optimized protocols. 

The first study of the thesis was based on the hypothesis that the commonly used 

OM (referred as OM1 hereafter), which has been optimized for BMSCs, does not 

support the osteogenic differentiation of hASCs efficiently and that OM with higher 

AsA2-P and lower Dex concentrations would be more effective. Furthermore, there 

was a need to compare the effects of these OM compositions under different serum 

conditions. Based on the literature, different serum conditions can have a significant 

effect on the propagation of hASCs and it was hypothesized that the serum 

conditions can have a significant effect on the osteogenic differentiation potential of 

hASCs as well. Hence three OM compositions (OM1-3) with different AsA2-P and 

Dex concentrations were compared using HS-medium and defined, xeno-free 

RegES medium, with FBS-medium functioning as a control condition.  

In the second study of the thesis, the efficiency of the optimized OM from study I 

was compared with BMP-2 and -7, which are already in clinical use, and VEGF, 

which is a potent new osteo-inductive factor. Based on the existing literature, it was 

expected that BMP-2 would act as an efficient osteo-inducer of hASCs, to which the 

efficiency of the optimized OM could be compared. In addition, the comparison of 

growth factors and OM was carried out on a 3D culture using two different 

biomaterials. The hypothesis was that the biomaterials would exert differential 

responses in hASCs due to their properties such as form and chemical composition.  
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Finally, since vibration loading has been shown to favor bone formation in vivo 

and osteogenesis of BMSCs in vitro, it was hypothesized that vibration stimulation 

could be used to enhance the osteogenic differentiation of hASCs under control or 

osteogenic conditions. Studies on the effects of vibration loading on hASCs have 

been limited in number, and the present study was the first to study the osteogenic 

effect of HMHF vibration on hASCs. The hypothesis was that mechanical 

stimulation such as vibration loading could be used as an osteo-inducer of hASCs 

without the use of additional biochemicals (growth factors or OM), although both 

control and osteogenic conditions were studied. 
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3. Aims of the present study 

 

 

The aim of the study was to evaluate new biochemical and mechanical methods 

for the differentiation of hASCs towards bone-forming cells. In the first study, the 

osteogenic differentiation medium was optimized under different serum conditions. 

In the second study, the osteogenic differentiation efficiency of the optimized OM 

was tested against growth factors in a 3D culture. In addition to biochemical signals, 

mechanical stimulation - i.e. vibration loading - was tested as an osteogenic inducer 

of hASCs. The specific aims for each study are as follows: 

 

I. To optimize OM composition for the efficient osteogenic differentiation of 

hASCs, and to evaluate the differential effect of FBS, HS and defined, xeno-

free RegES conditions on the proliferation and osteogenic differentiation 

capacity of hASCs. 

II. To demonstrate the efficiency of the optimized OM from study I by 

comparing it with the osteogenic differentiation capacity of clinically used 

BMP-2 and BMP-7, and a potent new osteo-inducer VEGF in 3D culture. 

To compare the effects of two 3D biomaterials on hASC proliferation and 

osteogenic differentiation.  

III. To test whether high frequency, high magnitude vibration (HMHF) loading 

could enhance the osteogenic differentiation of hASCs under control or 

osteogenic conditions, and suppress the adipogenic differentiation of 

hASCs.  
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4. Materials and methods 

 

 

4.1 Adipose stem cell isolation and culture 

The study was conducted in accordance with the Ethics Committee of the 

Pirkanmaa Hospital District, Tampere, Finland (ethical approval R03058). The 

hASCs were isolated from adipose tissue samples that were acquired from surgical 

procedures in the Department of Plastic Surgery, Tampere University Hospital, 

Tampere, Finland, with the patients’ written consent. The adipose tissue samples in 

study I were obtained from 6 female donors (mean age 53 ± 16), in study II from 11 

donors (10 female and 1 male, mean age 50 ± 14), and in study III from four female 

donors (mean age 56 ±13 years). 

The adipose tissue was manually chopped into small fragments and digested with 

collagenase type I (1.5 mg/mL; Invitrogen, CA, USA) in a water bath at +37°C for 

60 min, and then the hASCs were isolated by centrifugation. Following isolation, 

the hASCs were expanded in T75 cm2 polystyrene flasks (Nunc, Roskilde, 

Denmark) in a medium consisting of Dulbecco’s modified Eagle’s medium: nutrient 

mixture F-12 (DMEM/F-12 1:1) (Invitrogen, Paisley, UK), 1% antibiotics (100 

U/mL penicillin; 100 U/mL streptomycin; Lonza Biowhittaker), 1% L-alanyl-L-

glutamine (GlutaMAX I; Invitrogen), and either 10% fetal bovine serum (FBS; PAA 

Laboratories GmbH, Pasching, Austria, and Invitrogen, Paisley, UK) (I, II) or 10% 

allogeneic human serum (HS; Paa Laboratories GmbH, Pasching, Austria) (Table 1) 

(I, III). In study I, hASCs from each donor were isolated into both FBS and HS 

medium. Upon passaging, 1% trypsin (Lonza Biowhittaker, Verviers, Belgium) was 

used to detach hASCs cultured in the FBS medium, and TrypLE Select (Life 

Technologies) for HS-cultured hASCs. 
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For xeno-free conditions in study I, the hASCs were first isolated and expanded 

in HS medium, and the defined, xeno-free RegES medium was added after the 

hASCs were seeded onto well plates. The composition of the RegES medium is 

shown in Appendix 1. A CELLstart (Invitrogen) pre-coating of polystyrene well 

plates was used to facilitate the cell attachment in the RegES medium.  

 

Table 1. Different conditions used for the culture of hASCs in the studies I-III. 

 
*IBMX removed from culture after 24h. 
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Cells from passages 3-4 were used in studies I and III, and passages 2-4 in study 

II. The cell seeding densities used were dependent on the well plate format and 

biomaterial employed in the studies. In studies I and III, the hASCs were plated on 

12-well plates at a density of 7 x 103 cells per cm2 in 1 ml of medium. In study II, 

the hASCs were seeded onto BoneCeramic granules at a density of 9.7 x 104 cells 

per well, and similarly to the BioRestore scaffolds at a density of 9.7 x 104 cells per 

scaffold. With the biomaterials, the cells were allowed to attach while suspended in 

a small volume of medium (50 µl) at +37°C for 3 hours before adding 1 ml of the 

corresponding medium (Table 1). Fresh medium was changed three times per week 

in all studies. 

4.2 Adipose stem cell characterization 

 

4.2.1 Adipose stem cell surface marker expression 

 

After the primary cell culture (at passage 1-2), the hASCs were characterized by 

flow cytometry (FACSAria; BD Biosciences, Erembodegem, Belgium) to confirm 

the mesenchymal origin of the cells. Monoclonal antibodies against CD14-PE, 

CD19-PE, CD49d-PE, CD73-PE, CD90-APC, CD106-PE, (BD Biosciences, 

Erembodegem, Belgium); CD45-FITC (Miltenyi Biotech, Bergisch Gladbach, 

Germany); CD34-APC, HLA-ABC-PE, HLA-DR-PE (Immunotools GmbH 

Friesoythe, Germany); and CD105-PE (R&D Systems Inc, MN, USA) were used (I-

III). The analysis was performed on 10,000 cells per sample and unstained cell 

samples were used to compensate for the background autofluorescence levels.  
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4.2.2 Analysis of multipotent differentiation capacity 

In study I, the RegES-cultured hASCs were analyzed for their capacity to 

differentiate towards osteogenic, chondrogenic and adipogenic lineages under 

corresponding induction conditions. For the multipotency analysis under xeno-free 

RegES medium, CELLstart pre-coating was used for the well plates in all 

differentiation procedures except for chondrogenic differentiation. The multipotent 

differentiation capacity of the hASCs was only determined in the RegES medium 

since the multipotency of the hASCs in FBS and HS medium has been shown 

previously by Lindroos and co-workers (Lindroos et al., 2010a). In addition, 

adipogenic differentiation was used in study III to analyze the effect of vibration 

loading on adipogenesis. 

For osteogenic differentiation, the hASCs were seeded on 12-well plates at a 

density of 2.5 x 103 cells/cm2 in HS medium (I). After 24 hours, the HS medium 

was replaced by OM3 in RegES medium (Table 1). The osteogenic differentiation 

was detected by ALP staining at the 14-day time point. Briefly, the cell cultures 

were fixed with 4% paraformaldehyde (PFA; Sigma-Aldrich) and stained with a 

leukocyte ALP kit according to Sigma procedure 86 (Sigma-Aldrich, MO, USA).  

For the chondrogenic differentiation in study I, a micromass culture technique 

was used where 1 x 105 cells were seeded on 24-well plates in a 10 µl volume, and 

allowed to adhere for 3 hours at +37oC prior to the addition of RegES medium with 

chondrogenic supplements (Table 1): 1% ITS+1 (Sigma-Aldrich), 50 µM AsA2-P 

(Sigma-Aldrich), 55 µM sodium pyruvate (Life Technologies), 23 µM L-proline 

(Sigma-Aldrich), 10 ng/ml transforming growth factor β (Sigma-Aldrich). The 

chondrogenic differentiation was confirmed by histological Alcian Blue (Sigma-

Aldrich) staining after 14 days of culture. The micromass pellets were fixed in 4% 

PFA, embedded in paraffin and sectioned at 5-µm thickness. Alcian Blue (pH 1.0) 

solution was used to detect sulphated GAGs characteristic in cartilaginous matrices. 

Nuclear Fast Red (Biocare Medical, Concord, MA, USA) was used as a 

counterstain. 

For the adipogenic induction in study I, the hASCs were seeded on 12-well plates 

at a density of 2 x 104 cells/cm2 in HS medium. After 2 days, RegES medium with 

adipogenic supplements was added (Table 1): 33 µM biotin (Sigma-Aldrich), 1 µM 

Dex (Sigma-Aldrich), 100 nM insulin (Life Technologies, Paisley, UK), and 17 µM 
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pantothenate (Fluka, Buchs, Switzerland). In addition to other adipogenic 

supplements, 250 µM isobutylmethylxanthine (IBMX; Sigma-Aldrich) was used for 

the first 24 hours of adipogenic induction. After 14 days of culture, the intracellular 

lipid accumulation was detected by Oil Red O staining. The cell cultures were fixed 

with 4% PFA, followed by treatment with 60% isopropanol (Sigma-Aldrich), and 

stained with 0.5% Oil Red O solution (Sigma-Aldrich) in 60% isopropanol.  

For the analysis of adipogenesis in study III, the hASCs were seeded on 12-well 

plates at a density of 1.4 x 104 cells/cm2 and induced with the afore mentioned 

adipogenic medium, but using HS medium as a base. The adipogenic induction 

cultures were treated with 50 and 100 Hz vibration loading, and control cells were 

similarly cultured without vibration. The adipogenic differentiation was analyzed at 

7 and 14-day time points using Oil Red O staining as described. The stained cells 

were visualized qualitatively by light microscopy and epifluorescence using a 560 

nm excitation/emission filter. For quantification, the dye was dissolved in 2-

propanol (Sigma-Aldrich) and the absorbance was measured at 450 nm with a 

microplate reader (Victor 1420 Multilabel Counter; Wallac; Turku, Finland). 

4.3 Biomaterial scaffolds 

In study II, the commercially available biomaterials, Straumann® BoneCeramic 

(Straumann AG, Basel, Switzerland) biphasic calcium phosphate granules and Inion 

BioRestoreTM (Inion Oy, Tampere, Finland) bioactive glass scaffolds were used as 

scaffolds. The structure, morphology and surface topography of both materials were 

examined using scanning electron microscopy (SEM; Philips XL-30). The 

biomaterial samples were air-dried and sputter coated with gold prior to analysis 

with SEM.  

The fully synthetic, granular form Straumann® BoneCeramic is composed of 

biphasic calcium phosphate with 60% HA (100% crystalline) and 40% β-TCP. 

BoneCeramic has a porosity of 90%, and a granule size between 0.5 and 1.0 mm 

with interconnected pores of 100-500 µm in diameter. For cell culturing, 0.25 g 

aliquots of sterile BoneCeramic granules were transferred onto 24-well plates 

(Nunc) using an analytical balance that was placed inside a laminar hood (II). The 
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granules were incubated in 1 ml of corresponding medium (Table 1) for 48 hours 

prior to cell seeding.  

The Inion BioRestoreTM bioactive glass scaffolds had a nominal composition of 

11.1-12.0 wt-% Na2O, 15.0-17.1 wt-% K2O, 2.8-3.3 wt-% MgO, 12.7-15.2 wt-% 

CaO, 2.7-3.8 wt-% P2O5, 1.0-1.4 wt-% B2O3, 0.0-0.6 wt-% TiO2, and 48.5-52 wt-% 

SiO2. The porous bioactive glass scaffolds were manufactured from fibers as 

described previously (Moimas et al., 2006). Briefly, bioactive glass fibers of 75 µm 

diameter and 3 mm length were produced by melt spinning. The fibers were sintered 

under defined conditions to obtain the desired structural and mechanical properties. 

Scaffolds with a porosity of 70% and dimensions of 7 x 7 x 3 mm were used. Before 

cell seeding, the bioactive glass scaffolds were sterilized with 70% ethanol followed 

by several steps of washing with Dulbecco’s phosphate-buffered saline (DPBS; 

Lonza Biowhittaker; Verviers, Belgium), and incubated in 1 ml of corresponding 

medium (Table 1) for 48 hours. 

 

4.4 Adipose stem cell morphology, viability and number 

In studies I and III, the morphology of hASCs was observed by light 

microscopy. Light microscopy was used to verify the results of proliferation 

analysis, but also to observe changes in cell morphology during osteogenic 

induction. 

Cell attachment and viability were evaluated qualitatively using Live/dead-

staining probes (Molecular Probes, Eugene, OR, USA) in studies II and III. The 

viability was evaluated using at least 7- and 14-day time points. In addition, 1-day 

time points were used in study III, and 3-day time points in study II to evaluate the 

attachment of the cells. Briefly, the hASCs were incubated for 45 mins at room 

temperature with a mixture of 0.5 µM calcein acetoxymethyl ester (Molecular 

Probes) and 0.25 µM ethidium homodimer-1 (Molecular Probes). Images of the 

viable cells (green fluorescence) and dead cells (red fluorescence) were obtained 

using an Olympus IX51 phase contrast microscope with fluorescence optics and an 

Olympus DP30BW camera (Olympus Corporation, Tokyo, Japan). 
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The cell number was analyzed in all studies (I-III) quantitatively by determining 

the amount of total DNA with a CyQUANT Cell Proliferation Assay Kit 

(CyQUANT; Molecular Probes; Invitrogen) according to the manufacturer’s 

protocol. CyQUANT GR dye expresses fluorescence when bound to cellular nucleic 

acids. The cell number was analyzed at days 1, 7 and 14 (I, III), or at days 3, 7, and 

14 (II). On the day of the time point, the cells were washed with DPBS and lysed 

with 0.1% Triton-X 100 buffer (Sigma-Aldrich). The Triton cell lysates were frozen 

and stored at -70°C until analysis. After thawing, three parallel 20 µL samples of 

each cell lysate were pipetted onto a 96-well plate (Nunc) and mixed with 180 µL of 

working solution containing CyQUANT GR dye. Fluorescence was measured at 

480/520 nm with a microplate reader (Victor 1420 Multilabel Counter). 

4.5 Induction of hASCs towards bone-forming cells 

4.5.1 Optimization of osteogenic medium 

In study I, three different compositions, OM1-OM3 (Table 1), were tested under 

FBS, HS and xeno-free RegES conditions. A fully defined xeno-free medium 

RegES, which has been previously developed in our institute for the culture of ESCs 

and iPS cells (Rajala et al., 2010), was used in this study. See Appendix 1 for the 

composition of the RegES medium. It must be noted that the RegES medium 

contains a high basal level of AsA2-P (50 µg/ml, which corresponds to 170 µM). As 

a consequence, the additional AsA2-P in the osteogenic compositions raised the 

total concentrations of AsA2-P in RegES-based OM1, OM2 and OM3 to 220, 320 

and 420 µM respectively. The AsA2-P, Dex and β-GP used in all OM compositions 

were all purchased from Sigma-Aldrich. In study I, the hASCs cultured in the FBS 

control medium were used as a reference to standardize the results obtained with HS 

and RegES conditions. Based on study I, the OM3 composition was used in studies 

II and III. 
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4.5.2 Growth factors 

In study II, recombinant human BMP-2 (rhBMP-2; Genscript, NJ, USA), BMP-7 

(rhBMP-7; Sigma Aldrich, MO, USA) and VEGF-A (rhVEGF165; R&D Systems 

Inc, MN, USA) were tested for the osteogenic differentiation of hASCs (Table 1). 

The growth factors were added either to the control medium or to OM3 (II). The 

medium was changed three times per week, and media containing growth factors 

were always freshly prepared before each medium change. The concentrations of 

BMP-2 (Barr et al., 2010), BMP-7 (Shen et al., 2010) and VEGF (Behr et al., 2011) 

used were based on the literature. 

4.5.3 Vibration loading 

A controllable vibration loading device, designed and built at the Biomedical 

Engineering Department, Tampere University of Technology, Finland, was used in 

study III. The device was composed of a sound-producing Lab 12 subwoofer 

(Eminence Speaker LLC, KY, USA) driven by a microcontroller-based signal 

source that was provided with a direct accelerometer feedback. The ADXL321 

accelerometer (Analogue Devices Inc., MA, USA) was mounted on the same 

attachment system as the cell culture plates (Figure 5). 

 

 

 

 

 

Figure 5. The vibration 
loading device inside a 
cell culture incubator. The 
accelerometer (a) was 
attached to the top plastic 
plate (b) that was holding 
the cell culture plates (c) 
in place when the 
loudspeaker cone (d) was 
vibrating vertically. Scale 
bar 6 cm. 
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The modulated square wave signal was amplified by a T.AMP E800 audio 

amplifier (Musikhaus Thomann e.K., Germany) to produce the desired g-force. A 

peak acceleration of 3 g was achieved by adjusting the amplitude of the output 

signal, corresponding to the vertical displacement magnitude of the cone. The 

frequency was set manually and was accurate within 1 Hz. The vibration loading 

device was placed inside a cell culture incubator and stimulation was conducted 

under standard cell culture conditions (37oC, 5% CO2).  

Vibration loading was started 48 h after plating the hASCs on well plates. The 

cells were vibrated with a peak acceleration of 3 g, using a square wave at either 50 

or 100 Hz with an effective vibration period of 1.5 h during a 3 h period. The 

stimulation pattern for 3 h consisted of 1 s of vibration followed by a 1 s rest period. 

The 3 h stimulation period was applied every day for 1, 7 or 14 days. The control 

cells were cultured similarly under standard cell culture conditions without vibration 

loading. 

4.6 Analysis of osteogenic differentiation 

4.6.1 Alkaline phosphatase activity 

ALP activity was analyzed quantitatively to detect early osteogenic 

differentiation of hASCs (I-III). In the procedure, ALP cleaves phosphate group 

from p-nitrophenol phosphate at pH 10.4 to liberate yellow colored p-nitrophenol 

and phosphate. The rate of p-nitrophenol formation is proportional to the catalytic 

concentration of ALP in the sample. At time points, the cells cultured on well plates 

were lysed with 0.1% Triton-X 100 (I, III). In study II, the cell-seeded scaffolds 

were transferred to new wells before lysing with 0.1% Triton-X 100. The Triton cell 

lysates were frozen and stored at -70°C until analysis. After thawing, the samples 

were incubated with an alkaline buffer solution (2-amino-2-methyl propanol; 1,5 M; 

pH 10.3; Sigma Aldrich) and p-nitrophenol phosphate (Sigma-Aldrich) for 15 mins 

at +37°C. The reaction was stopped by adding 50 µL of NaOH (1 M, Sigma-

Aldrich) and the color intensity was determined with a microplate reader (Victor 

1420 Multilabel Counter) at 405 nm. The ALP activity was determined from the 

same Triton-X 100 cell lysates as the cell number. 
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4.6.2 Collagen production 

The amount of collagen was determined at 7- and 14-day time points by Sircol 

Soluble Collagen Assay (Biocolor Ltd; Carrickfergus, Northern Ireland) (II, III). 

The assay is based on the binding of Sirius red dye to [Gly-X-Y] peptide sequence 

of mammalian collagen types I-V. For the analysis, medium was removed and the 

samples were briefly washed with DPBS. The acid-soluble collagen was extracted 

from the cultures by incubation with 0.5 M acetic acid (Merck KGaA, Darmstadt, 

Germany) containing 0.1 mg/mL porcine gastric mucosa pepsin (Sigma-Aldrich) for 

2 hours at +4°C. For the monolayer cell culture (III), the collagen extraction was 

followed by a concentration step according to the manufacturer’s protocol. The 

concentration step was not required for the 3D culture in cell-seeded biomaterials 

(II). The collagen samples were incubated with Sircol Dye reagent (Biocolor Ltd; 

Sirius Red and picric acid). After incubation, the samples were centrifuged and 

washed with an Acid-Salt buffer (acetic acid, sodium chloride and surfactants; 

Biocolor Ltd) to remove unbound dye. Finally, an alkali reagent (0.5 M sodium 

hydroxide solution, Biocolor Ltd) was added to release the dye, and the intensity 

was determined with a microplate reader at 540 nm (Victor 1420 Multilabel 

Counter). 

Although a fast and simple method for the analysis of collagen amounts in cell 

cultures, the Sircol Collagen Assay has some limitations. The method is not able to 

distinguish between different collagen types, as the Sirius Red dye binds to all 

collagen types, although preferably to collagen type I and III e.g. over type IV 

(Tullberg-Reinert and Jundt, 1999). Thus this analysis should be used to measure 

the production of the total collagenous matrix. When evaluating osteogenic 

differentiation, other analyses should be used together with the Sircol Collagen 

Assay to confirm the osteoblastic phenotype of the cells. In addition, the analysis is 

sensitive to non-specific binding of the dye to serum proteins, specifically serum 

albumin, which may result in overestimation of the collagen content (Lareu et al., 

2010). However, such interference is mostly prominent when analyzing both the 

culture medium and the cell layer fraction, whereas in the present studies the 

medium was removed from the samples followed by a brief washing step with 

DPBS. Nevertheless, it is possible that some serum proteins were present in the 

samples, but even in this case, the amount should be comparable in the parallel 
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samples, and should not affect the relative comparison of the samples when the 

exact amount of collagen produced is not a priority of the analysis. 

4.6.3 Mineralization 

The Alizarin Red S method was used at 7 and 14 days to detect calcium 

compounds deposited in the ECM of monolayer-cultured hASCs. It was not possible 

to use the Alizarin Red S method with calcium containing bioactive glass scaffolds 

or calcium phosphate granules due to the extensive background staining. Briefly, the 

cells were fixed with 4% PFA and stained with 2% Alizarin Red S solution (Sigma-

Aldrich; pH 4.2), followed by several steps of washing with H2O. For qualitative 

analysis, the cells were photographed with a digital camera (I, III). For quantitative 

analysis, the dye was extracted with 100 mM cetylpyridinium chloride (Sigma-

Aldrich) at a gentle shaking for 3 h (I, III). The dye intensity was determined at 540 

nm with a microplate reader (Victor 1420 Multilabel Counter). 

4.6.4 Real-time quantitative PCR 

Quantitative real-time reverse transcription polymerase chain reaction (qRT-

PCR) analysis was used to compare the relative expression of osteogenic genes 

under different culturing conditions in study I. The total RNA was isolated from the 

cells at 7 and 14-day time points with Nucleospin kit reagent (Macherey-Nagel 

GmbH&Co.KG, Düren, Germany) according to the manufacturer’s instructions. 

First-strand cDNA was synthesized from the total RNA using the High-Capacity 

cDNA Reverse Transcriptase Kit (Applied Biosystems, Foster City, CA, USA). The 

expression of osteogenic genes including runx2A, DLX5, ALP, collagen type I and 

osteocalcin was analyzed. Isoform A of runx2 was analyzed due to its specificity for 

osteogenic differentiation in comparison to isoform C (Banerjee et al., 2001; 

Komori, 2010). The data was normalized to the expression of RPLP0 (human acidic 

ribosomal phosphoprotein P0), a housekeeping gene, which has shown to have 

stable expression under several experimental conditions (Gabrielsson et al., 2005; 

Fink et al., 2008). The primer sequences (Oligomer Oy, Helsinki, Finland) and 

accession numbers are presented in Table 2. 
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Table 2. The list of primers for quantitative real-time PCR (I). 

 

 

 The qRT-PCR mixture contained 50 ng cDNA, 300 nM forward and reverse 

primers, and SYBR Green PCR Master Mix (Applied Biosystems). The reactions 

were conducted with an AbiPrism 7000 Sequence Detection System (Applied 

Biosystems) with initial enzyme activation at 95oC for 10 minutes, followed by 45 

cycles of denaturation at 95oC for 15 seconds and anneal and extend at 60oC for 60 

seconds. The expression levels of all differentiation cultures were compared with 

the expression level of the FBS control cultures at day 7. 

4.6.5 Statistical analysis 

Statistical analyses were performed with SPSS version 19 (IBM, USA). In all 

studies, the data was reported as mean and standard deviation (SD). In study I, the 

effects of different culture conditions on cell number, normalized ALP activity, 

mineralization and relative gene expression were compared with non-parametric 

statistics using Kruskal-Wallis one-way analysis of variance by ranks, with the 

Mann-Whitney post hoc test to analyze the specific sample pairs for significant 

differences. The significances obtained were corrected using Bonferroni adjustment 

in order to justify multiple comparisons. The effect of culture duration on cell 

number was analyzed similarly using Kruskal-Wallis, Mann-Whitney and 

Bonferroni adjustment. In studies II-III, the effects of different culture conditions 

on cell number, ALP activity, mineralization and collagen content were compared 

using a one-way analysis of variance (ANOVA) with the Tukey post hoc test. The 

effect of culture duration was analyzed using a Student’s t-test for independent 

samples when comparing two time points (7 and 14-day time points), and one-way 
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ANOVA when comparing three time points (1 or 3, 7 and 14-day time points). Thus 

the Student’s t-test was used in collagen analysis (II, III) and adipogenesis (III), 

and one-way ANOVA in the cell number (II, III) and ALP activity (II, III) 

analyses to compare the effect of culture duration. The results were considered 

significant when p<0.05. 

The experiments were repeated 3 times in study I, and 3-6 times in study II using 

a different donor in each repeat. The experiments in study III were repeated 3 times 

using a pooled cell population combined from 4 donors. 
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5. Results 

 

5.1 Adipose stem cell characterization 

5.1.1 Surface marker expression confirmed the mesenchymal 
origin of the adipose stem cells 

The surface marker analysis was performed in all studies (I-III) to confirm the 

mesenchymal origin of the cells. Both HS- and FBS-cultured hASCs used in studies 

I-III (Table 3) expressed the surface markers CD73, CD90, CD105, and lacked the 

expression of the CD14, CD19, HLA-DR, the haematopoietic marker CD45, and the 

vascular cell adhesion molecule CD106. The expression of hematopoietic marker 

CD34 was moderate (17-27%), and the expression of CD49d and HLA-ABC varied 

greatly, from 20% to 70% between studies I-III. The presence of the hematopoietic 

marker CD34 has been reported for hASC populations in low passages, whereas the 

expression often decreases along with increasing passage (McIntosh et al., 2006).  

In study I, the hASCs from the same donors were isolated simultaneously in both 

FBS and HS medium, and could therefore be directly compared. The HS-cultured 

hASCs in study I showed a higher expression of CD49d (35.4% ± 10.1) than the 

FBS-cultured hASCs (12.7% ± 2.5). Otherwise, only moderate differences could be 

detected in the expression patterns of FBS and HS-cultured hASCs in study I. These 

findings are in agreement with the results obtained by Lindroos and co-workers, 

which showed no significant differences in surface marker expression of hASCs 

cultured in 10% FBS and 15% HS (Lindroos et al., 2010a). Overall, the flow 

cytometric results from studies I-III verified the mesenchymal origin of the hASCs 

(Dominici et al., 2006; McIntosh et al., 2006; Lindroos et al., 2010a).  
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Table 3. Surface marker expression of undifferentiated hASCs analyzed by flow 
cytometry (studies I-III). The results are displayed as mean percentage ± standard 
deviation of surface marker expression. 

 

5.1.2 RegES-cultured adipose stem cells are multipotent 

 

The differentiation capacity of RegES-cultured hASCs towards multiple lineages 

in study I was analyzed by culturing cells under conditions that support osteogenic, 

adipogenic and chondrogenic differentiation (Figure 6). The osteogenic 

differentiation was confirmed by a positive ALP staining at day 14 (Figure 6A). 

Adipogenic differentiation (Figure 6B) was verified by Oil Red O staining, showing 

the lipid droplets present in the differentiated cells. Chondrogenic differentiation 

(Figure 6C) was confirmed by the formation of aggregates as well as Alcian Blue 

staining. The chondrogenically induced hASCs formed aggregates that were 

intensively stained by Alcian Blue, indicating the presence of sulphated GAGs 

typical of cartilage.  

 

 

Figure 6. Representative images showing the multilineage differentiation potential 
of hASCs cultured in the RegES medium. ALP staining for the osteogenic 
differentiation (A), Oil Red O staining for the adipogenic differentiation (B), and 
Alcian Blue staining for the chondrogenic differentiation (C) of hASCs. Scale bar 
100 µm in all images. 
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5.2 Stucture and topography of the biomaterials 

The SEM images illustrated the structure and topography of the biomaterials (II). 

Based on the SEM images (Figure 7), a larger surface area may be expected for 

BioRestore due to the connected fiber structure. The SEM images verified a fiber 

diameter of 75 µm for the BioRestore scaffolds. Regarding the surface topography, 

a smooth surface topography was detected in the BioRestore fibers with greater 

magnification (500x), whereas the BoneCeramic exhibited more surface roughness. 

Overall, the SEM images confirmed the high porosity of both biomaterials. 

 

 

Figure 7. SEM images illustrating the fiber structure of the BioRestore scaffold (A; 
scale 1 mm), and granule structure of the BoneCeramic (B; scale 1 mm). The greater 
magnification shows the smooth surface topography of a single BioRestore fiber (C; 
scale 20 µm), and the rough surface of a single BoneCeramic granule (D; scale 20 
µm). 

5.3 Cell morhology, viability and number 

5.3.1 Cell morphology and viability 

Light microscopy was used to verify the results of the cell number analysis, and 

to observe changes in the cell morphology during osteogenic induction. In study I, 

distinct differences in morphology under control conditions could be detected in 

hASCs cultured in the xeno-free RegES medium in comparison with the FBS and 
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HS-cultured hASCs. At day 3, the RegES-cultured cells had more spindle-shaped 

morphology than the FBS and HS-cultured hASCs (Figure 8). 

 

Figure 8. Morphology of hASCs after 3 days of culture in FBS, HS and RegES 
medium. Scale 500 µm. 
 

 

Figure 9. Morphology of hASCs after 14 days of culture in control or osteogenic 
(OM1-3) FBS, HS and RegES medium (I). Scale 500 µm. 
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Figure 10. Morphology of hASCs cultured in control or OM3 HS medium under 
static conditions in study III. Scale 500 µm. 
 

Under osteogenic induction, the RegES-cultured hASCs formed dense areas, 

likely osteoid, by day 14 (Figure 9). The morphology of the HS-cultured cells 

(Figure 9 and 10) changed under osteogenic induction from flattened and cubical to 

spindle-shaped, partly due to the greater cell number in OM3 than control medium 

(I, II). 

Viability was observed qualitatively by Live/dead assay in the biomaterial study 

(II) (Figure 11) and vibration loading study (III) (Figure 12). In study II, good 

cytocompatibility was observed with both BioRestore and BoneCeramic, as only a 

few dead cells could be detected in the hASC-seeded biomaterials at all times 

(Figure 11). The number of cells increased over time under all conditions as 

evaluated qualitatively. However, the Live/dead assay revealed some differences 

between BioRestore and BoneCeramic. BioRestore supported the spreading and 

proliferation of hASCs more than BoneCeramic. Overall, there was no effect from 

growth factors on viability and cell number when compared with the control in 

study II, except for the slightly reduced proliferation in the BMP-7 group. The 

effect by BMP-7 was more pronounced in hASCs grown on BoneCeramic (II). 

In study III, the vibration loading did not greatly affect the viability of the 

hASCs (Figure 12), although some minor effects on the attachment of the cells were 

observed. The vibrated cells attached less homogenously than the control cells, and 

also tended to grow in clusters during the first week of culture. However, by day 14, 

there was no notable difference in viability or attachment between the vibrated and 
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control cells. In the control medium, the cells detached more easily under vibration, 

and small areas of dead or detached cells were occasionally observed.  

 
Figure 11. Fluorescence images of viable (green fluorescence) and dead (red 
fluorescence) hASCs after 14 days of culture on BioRestore bioactive glass and 
BoneCeramic granules (II). Scale 500 µm. 

 

 
 
 
 
 
 
 
 
 
 
Figure 12. Vibration loading did 
not affect the viability of the 
hASCs. Fluorescence images of 
viable and dead hASCs after 14 
days of culture under static 
culture (0 Hz) or vibration 
loading (50 and 100 Hz) (III). 
Scale 500 µm. 
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5.3.2 Cell number 

The number of cells (Figure 13) was verified by quantitative analysis of the total 

DNA in all of the studies (I-III). Based on these studies, three main factors affecting 

the hASC number could be recognized; serum conditions, osteogenic inducers and 

biomaterials. 

In study I, the numbers of hASCs cultured in FBS, HS and xeno-free RegES 

medium were compared (Figure 13A). All different control media (FBS, HS and 

RegES) were able to support the proliferation of hASCs as the cell numbers 

increased significantly (p<0.05) with time when comparing day 1 and 14, or day 1 

and 7, within each serum condition. However, the serum conditions had a notable 

effect on hASC number. The cell number in the RegES control culture was 

significantly higher at day 14 (p<0.05) when compared with the HS and FBS control 

cultures. The increased growth rate of hASCs cultured in the RegES control medium 

was already evident after 7 days of culture. There was no significant difference 

between cell numbers in the FBS and HS control cultures in study I, although the 

growth rate in HS seemed lower than in FBS. 

Study I compared three different OM compositions under several serum 

conditions. All osteogenic media (OM1-3) increased the cell number significantly in 

the HS and RegES media when compared with the respective control at day 14 

(Figure 13A). In HS, the effect on cell number was the greatest with OM2 and 

OM3, which have a high AsA2P concentration. Although a similar trend could be 

detected in the FBS medium at day 14, there were no significant differences 

between the control and the different OM compositions in the quantitative analysis. 

The RegES control medium resulted in a high cell number that was further 

enhanced, on an equal intensity, by OM1, OM2 and OM3. The OM3 composition 

defined in study I was also used in studies II and III. The inductive effect of OM3 

on cell number was evident in studies II and III as well, since a significantly higher 

cell number was detected in OM3 than in the control cultures after 14 days. 

 

 



78 

 

Figure 13. Quantitative analysis of cell number. A) The hASCs cultured in the 
RegES control medium showed superior proliferation rates compared with FBS and 
HS-cultured cells (I). However, the OM compositions increased the cell number of 
HS-cultured hASCs significantly. B) BioRestore supported cell proliferation 
significantly more than BoneCeramic in both the control medium and OM3 (II). C) 
Growth factors combined with OM3 did not enhance cell proliferation more than 
plain OM3 in the 3D culture (II). D) Vibration loading with 50 and 100 Hz 
frequency did not affect the cell number (III). OM3 induced a significantly higher 
cell number than the control medium. *p<0.05 between the indicated groups. 
**p<0.05 with respect to other groups within that time point. (Figure A reproduced 
with the kind permission from Stem Cell Research & Therapy; Figures B and C 
reproduced with the kind permission from eCM journal; Figure D copyright by 
Royal Society Interface; all reproduced with permission). 
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Study II analyzed the effect of BMP-2, BMP-7, and VEGF on hASCs (Figure 

13B). BMP-2 and VEGF had no effect on cell number, but BMP-7 resulted in a 

significantly lower cell number than the control at day 14 with BioRestore (Figure 

13B). Combining the growth factors with OM3 did not result in a higher cell 

number than OM3 alone (Figure 13C). However, when BMP-7 was combined with 

OM3, the adverse effect of BMP-7 could be rescued (Figure 13C). In study III, the 

vibration loading had no significant effect on cell number when compared with the 

static control (Figure 13D) in OM3 or the control medium. 

In study II, the BioRestore and BoneCeramic scaffolds were compared for the 

culture of hASCs. BioRestore supported cell proliferation significantly more than 

BoneCeramic in both the control medium (p=0.026) and OM3 (P=0.002) at day 14 

(Figure 13B). 

5.4 Osteogenic differentiation of adipose stem cells 

5.4.1 Comparison of the osteogenic medium compositions 

In study I, ALP activity and mineralization were analyzed to compare the 

osteogenic induction efficiency of OM1-3 under FBS, HS and RegES conditions. 

Under HS conditions, OM3 with high AsA2P and low Dex concentrations was 

shown to induce the mean ALP activity to the greatest degree (Figure 14A). A 

similar trend was present in FBS-cultured hASCs, but the effect was not statistically 

significant. Interestingly, the ALP activity was notably lower in hASCs cultured in 

the FBS medium than in the HS or RegES medium during the osteogenic 

differentiation. Figure 14B demonstrates the donor variability in the case of ALP 

activity in study I. For example, under FBS conditions, two of the three donors 

reacted in a similar fashion to OM induction, whereas one donor did not respond to 

OM induction. In the RegES medium, one donor exhibited a high basal ALP 

activity level in the control medium in contrast to the two other donors. 
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Figure 14. Normalized ALP activity at day 14 (I). The ALP activity presented as 
mean from 3 donors (A), and by donors (B). Notice the difference in scale between 
FBS, HS and RegES conditions (B). *p<0.05 in (A). 
 

In the HS cultures, OM2 and OM3 resulted in significantly higher mineralization 

than the control and OM1 at the 14-day time point (Figure 15A). Although the 

difference between OM2 and OM3 in HS was not significant in the quantitative 

analysis of mineralization, the qualitative Alizarin Red staining showed more 

intense mineralization by OM3 than OM2. In the FBS cultures, OM3 increased 

mineralization the most at day 14, but the difference with the control was not 

significant (Figure 15A). Overall, mineralization was weak under FBS conditions. 

In the RegES cultures, all OM compositions induced significantly higher 

mineralization than the RegES control after 14 days of culture, with no significant 

differences between the different OM. 

In addition to ALP activity and mineralization, qRT-PCR was used to analyze the 

relative expression of osteogenic marker genes runx2A, DLX5, ALP, collagen type 

I, and osteocalcin (Figure 15B-E) (I). The relative expression of runx2A, one of the 

key osteogenic transcription factors, was significantly induced by the osteogenic 

components in FBS and HS conditions (Figure 15B). At day 7, all OM compositions 

significantly up-regulated runx2A expression when compared with the control under 

both FBS and HS conditions. At day 14, only OM3 exhibited significantly higher 

runx2A expression than control in FBS medium (p=0.048), and similar trend was 

detected for OM3 in HS medium, although the difference to control was not 
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statistically significant due to donor variation. The expression of DLX5 (Figure 

15C), activator of runx2, was significantly up-regulated by all OM compositions on 

day 7 under FBS conditions when compared with FBS control (p=0.024). However, 

there were no significant differences on day 14. The level of DLX5 expression was 

low under HS and RegES conditions. 

In general, the level of ALP mRNA expression was low in the FBS medium 

(Figure 15D). Nevertheless, a significantly higher expression of ALP mRNA was 

detected by FBS OM2 and OM3 when compared with the FBS control (p=0.024) at 

day 14. In the HS medium, OM3 showed a significantly higher level of ALP 

expression at day 14 than OM1 (p=0.024) and OM2 (p=0.048), but not when 

compared with the HS control. The expression of collagen type I, a major 

component of organic bone matrix, was significantly increased by OM2 and OM3 

only under FBS conditions (Figure 15E). At day 7, FBS OM2 and OM3 had a 

significantly higher expression of collagen type I than the FBS control and OM1 

(p<0.05), and at day 14, higher than OM1 (p=0.024).  

In the RegES cultures, there were no statistically significant differences between 

the OM compositions and the control for the expression of runx2A, collagen type I, 

or ALP, likely due to the high basal expression levels in RegES MM. The only 

significant differences in the RegES medium were detected with osteocalcin, which 

was down-regulated by OM1, especially at the 14-day time point, where the level of 

osteocalcin in OM1 was significantly lower than in all the other RegES groups 

(Figure 15F). Otherwise, notable differences were observed between the serum 

conditions; the level of collagen type I expression was generally lower in RegES, 

whereas the expression of ALP was notably up-regulated in RegES, when compared 

with the FBS and HS cultures. 

The qRT-PCR results of runx2A, collagen type I, and ALP confirm that the 

hASCs are responsive to OM compositions, with increased expression in response 

to increasing AsA2-P and decreasing Dex concentrations. However, the timing and 

magnitude of the changes detected in the mRNA levels varied from those detected 

in the ALP activity and mineralization. It should be noted that the route of mRNA to 

protein takes some time, and this process is regulated on several levels i.e. by 

miRNAs and mRNA stability. Recently, several miRNAs have been recognized as 

critical negative and positive regulators of hASC osteogenesis (Luzi et al., 2007; 

Huang et al., 2012; Zeng et al., 2012). Furthermore, Egusa and co-workers suggest 
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that the differentiation of ASCs may be as dependent on specific gene silencing as 

acquired markers (Egusa et al., 2007). 

 

 

Figure 15. Mineralization (A), and relative expression of runx2A (B), DLX5 (C), 
ALP (D), collagen type I (E) and osteocalcin (F) mRNA (I). All results were 
standardized to the FBS control. Statistical significances at (p<0.05): a relative to 
control; b relative to control and OM1; c relative to OM1, OM2 and OM3; d relative 
to OM1; e relative to OM1 and OM2. 
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5.4.2 Osteogenic medium is a more efficient osteo-inducer than 
exogenously added growth factors 

In study II, the efficacy of OM3 from study I was compared with the osteo-

induction capacity of growth factors (BMP-2, BMP-7 and VEGF) using the 

BioRestore and BoneCeramic scaffolds and FBS medium. Overall, efficient 

osteogenic differentiation was only achieved with OM3; the growth factors tested in 

study II did not enhance ALP activity or production of collagenous matrix. In 

contrast, OM3 enhanced the ALP activity (Figure 16) and collagen production 

(Figure 17) significantly more than the control or growth factors with BoneCeramic. 

With BioRestore, OM3 significantly enhanced collagen production compared with 

the control and growth factors, and ALP activity compared with BMP-2 and BMP-7 

at day 14. The growth factors BMP-2 and VEGF did not increase the ALP activity 

of hASCs compared with the control medium with either biomaterial. By contrast, 

BMP-7 resulted in significantly lower ALP activity than the control at day 14. When 

BMP-7 was combined with OM3, the inhibitory effect of BMP-7 was rescued, but 

overall the combination of growth factors and OM3 had no greater effect than OM3 

alone (II).  

In addition to the comparison of growth factors vs. OM3, the results of study II 

revealed significant differences on hASC behaviour dependent on the biomaterial. 

The ALP activity of the hASCs (Figure 16) was supported equally by both 

biomaterials under control conditions, but the induction by OM3 was more 

significant and consistent in BoneCeramic. For example, in BoneCeramic, the ALP 

activity was enhanced by OM3 2-fold when compared to the control, 3-fold to 

BMP-2, 8-fold to BMP-7 and 2-fold to VEGF. In BioRestore, the ALP activity 

induced by OM3 was only higher than with BMP-2 (1.7-fold) and BMP-7 (4.5-

fold). Likewise, BoneCeramic supported the collagen production of hASCs 

significantly more than BioRestore (Figure 17). At day 14, the amount of collagen 

was 5 times higher in BoneCeramic than in BioRestore under control conditions, 

and 2 times higher under OM3-induction in BoneCeramic than in BioRestore. 
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Figure 16. ALP activity of hASCs was induced significantly by OM3 in 3D culture 
(II). A) Growth factors in control medium: ALP activity of hASCs cultured with 
control medium, OM3 or growth factors in control medium. *p<0.05 between the 
indicated groups. **p<0.05 with regard to other groups within that time point. B) 
Growth factors in OM: ALP activity of hASCs cultured with OM or growth factors 
in OM. No significant differences in panel B. Figure has been reproduced with kind 
permission from eCM journal. 
 

 

Figure 17. Collagen production of hASCs was induced significantly by OM3 in 3D 
culture (II). A) Growth factors in control medium. *p<0.05 between the indicated 
groups. **p<0.05 with regard to other groups within that time point. B) Growth 
factors in OM. No significant differences in panel B. Figure has been reproduced 
with kind permission from eCM journal. 
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5.4.3 Vibration loading is an efficient osteogenic inducer in 
synergy with osteogenic medium 

In study III, the HMHF vibration loading was tested as an osteogenic stimulus 

with hASCs under control and osteogenic conditions (OM3). Cells cultured in the 

control medium did not respond to vibration loading, but the ALP activity and 

collagen production in hASCs cultured in OM3 was significantly enhanced by 

vibration loading (Figure 18). Both 50 and 100 HZ frequencies increased the ALP 

activity equally under OM3-induction (Figure 18A), but the production of 

collagenous matrix was specifically enhanced by the 100 Hz frequency vibration 

(Figure 18B). The quantitative analysis of mineralization (Figure 18C) showed no 

significant effect by vibration loading, mainly due to great variation between the 

experimental repeats. However, according to the qualitative analysis, vibration with 

100 Hz frequency increased mineralization in the OM3-cultured cells, detected as 

areas of more intense Alizarin Red staining (Figure 18D).  

 

Figure 18. Vibration loading enhanced the osteogenic differentiation of hASCs 
when used in synergy with OM3 (III). A) Normalized ALP activity, B) production 
of collagenous matrix, C) quantitative analysis of mineralization, D) qualitative 
mineralization, i.e. Alizarin Red staining. *p<0.05 between the indicated groups. 
**p<0.05 with regard to other groups within that time point. (Study III copyright by 
Royal Society Interface, reproduced with permission). 
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Furthermore, vibration loading reduced the adipogenic differentiation of hASCs 

as evaluated by fluorescence microscopy and quantitative analysis of Oil Red O 

staining (Figure 19). The effect of vibration appeared similar with both frequencies 

as evaluated by the qualitative images (Figure 19B), but, according to the 

quantitative analysis (Figure 19A), the effect was only significant between the 100 

Hz frequency and the static control. 

 

 

Figure 19. Vibration loading suppressed adipogenic differentiation of hASCs (III). 
A) Quantitative analysis of adipogenesis, *p<0.05 between the indicated groups. B) 
Fluorescent images of Oil Red O staining, scale 500 µm. (Study III copyright by 
Royal Society Interface, reproduced with permission). 
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6. Discussion 

6.1 Serum conditions affect the proliferation and 
differentiation capacity of adipose stem cells 

 

The first step towards the development of a safe cell therapy product is to remove 

all xenogeneic components from the culture conditions, because animal-derived 

reagents predispose the patient to severe immune reactions (Selvaggi et al., 1997; 

Mackensen et al., 2000). Therefore, FBS in the culture medium of hASCs should be 

replaced by human-derived alternatives such as HS, human platelet lysate or platelet 

rich plasma (Gstraunthaler, 2003; Bieback et al., 2010; Bieback et al., 2012). HS has 

been reported to support the proliferation and multilineage differentiation capacity 

of hASCs on a comparable level to FBS (Lindroos et al., 2009; Bieback et al., 

2010). However, the use of HS may be hindered due to a lot-to-lot variation related 

to allogeneic HS and limited availability of autologous HS. Therefore, the best 

option for clinical culture of hASCs would be a defined xeno-free (and serum-free) 

medium. Given that the serum conditions can significantly affect the cell behaviour, 

the hASC response under the different serum conditions should be investigated. So 

far, only a limited number of studies have explored the effects of HS medium 

(Lindroos et al., 2010a; Bieback et al., 2012; Choi et al., 2012a) and serum-free 

and/or defined, xeno-free medium (Lindroos et al., 2009; Lund et al., 2009; Rajala 

et al., 2010) on hASC culture in comparison with FBS, and even fewer have defined 

the capacity of xeno-free medium to support the osteogenic differentiation of hASCs 

specifically (Sefcik et al., 2008). Consequently, study I was the first to 

systematically compare the effects of FBS, HS and defined, xeno-free RegES 

medium on the osteogenic differentiation of hASCs specifically. 

Based on the results of study I, the different effects of FBS, HS or RegES media 

were evident in the morphology and proliferation, as well as in the differentiation 

capacity of hASCs. Regarding the cell morphology, the hASCs cultured in FBS and 
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HS control media in study I exhibited similar cubical morphology, whereas the 

RegES-cultured hASCs were elongated and spindle-shaped on day 3. Although the 

morphology may be affected by the composition of the RegES medium itself, the 

role of the CELLstart coating could also be involved. Weak attachment of the cells 

is a major problem with serum-free media due to the lack of serum proteins (van der 

Valk et al., 2010). The CELLstart coating was therefore required to facilitate the 

attachment of hASCs in the RegES medium. CELLstart inevitably enhanced the 

attachment of hASCs in RegES, and may have affected the cell morphology, but as 

was confirmed by the cell number analysis on day 1, the cell plating efficiency was 

equal between the FBS, HS and RegES conditions.  

When comparing the cell number of control cultures under FBS, HS and RegES 

conditions, the proliferation rate was significantly higher in the defined, xeno-free 

RegES medium. The high proliferation rate in the RegES medium may result from 

the high basal AsA2-P concentration of the RegES composition. The proliferation of 

hASCs in the HS medium was slightly weaker than in the FBS medium. Previous 

studies have shown comparable or weaker proliferation by HS medium in 

comparison with FBS medium (Lindroos et al., 2010a), although higher 

proliferation by HS medium in comparison with FBS medium has also been 

reported (Kocaoemer et al., 2007; Lindroos et al., 2009). The differences between 

the studies may result from a lot-to-lot variation, which is a typical problem 

associated with the use of both FBS and HS. Nevertheless, based on the present 

study, the best propagation efficiency of hASCs under control conditions was 

achieved in the RegES medium. On the other hand, study II demonstrated that the 

proliferation efficiency is also dependent on the culture substrate. In comparison 

with the poor hASC proliferation in the FBS medium in the 2D culture of study I, a 

notably higher proliferation rate was achieved in study II, where FBS-cultured 

hASCs were grown on a 3D biomaterial, specifically when using bioactive glass.  

 In addition to differences in morphology and proliferation, study I demonstrated 

that serum conditions could affect the differentiation capacity of hASCs. 

Interestingly, hASCs cultured in the plain RegES medium demonstrated a tendency 

towards osteogenesis. The basal level of ALP activity in the RegES control cultures 

(i.e. without any osteogenic supplements) was significantly higher than in the FBS 

culture. Consistently, the expression of ALP mRNA was up-regulated in the RegES 

control medium, in particular on day 14. In addition, hASCs cultured in the RegES 
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control medium exhibited high basal runx2A expression, and were able to 

mineralize to some extent. In contrast, no mineralization was detected in the FBS or 

HS cultures without osteogenic supplements. The RegES medium contains a high 

basal level of AsA2-P (50 µg/ml or 170 µM), which may account for the osteogenic 

effect of the RegES medium, although several growth factors and cytokines in the 

RegES composition may play a role as well. The analysis of the multipotent 

differentiation capacity demonstrated the ability of RegES to support hASC 

differentiation towards osteogenic, adipogenic and chondrogenic lineages under 

corresponding induction conditions, with a moderately pronounced osteogenic 

capacity. Despite the fact that the RegES-cultured cells exhibited pronounced 

osteogenic capacity without osteogenic supplements, more mature osteoblastic 

phenotype was achieved with OM supplementation. 

Under osteogenic differentiation (i.e. supplementation with AsA2-P, Dex and -

GP), the HS-cultured cells were the most sensitive to the induction triggered by the 

different OM compositions. In general, the FBS conditions supported the osteogenic 

differentiation of hASCs poorly in study I. However, a high expression of the early 

osteogenic marker, DLX5, was detected in the FBS-cultured hASCs, whereas the 

expression of DLX5 was low in the HS and RegES-cultured hASCs. Because DLX5 

plays a role immediately in the early osteogenic commitment of the osteoprecursor 

cells (Holleville et al., 2007), the results could indicate that the osteogenic 

differentiation process was initiated more slowly in the FBS-cultured hASCs, 

whereas in the HS and RegES-cultured hASCs, the expression of DLX5 had already 

decreased as the differentiation process had progressed further. Of note, an 

additional time point should be used in future to observe the progression of the early 

osteogenic marker expression. 

6.2 OM3 is a more efficient osteo-inducer of adipose 
stem cells than the commonly used OM1 

In study I, the osteogenic differentiation of hASCs by three different (OM1-

OM3) compositions was tested under FBS, HS and RegES conditions. According to 

the findings of study I, the commonly used OM1 supported the osteogenic 

differentiation of hASCs poorly under both FBS and HS conditions. Occasionally, 



90 

the effect of OM1 did not differ from the control. In addition, OM1 seemed to 

down-regulate the expression of ALP and osteocalcin mRNA in HS and RegES 

media, with significant down-regulation of osteocalcin mRNA expression in RegES. 

This effect may be induced by the high Dex (100 nM) concentration of OM1. 

Suppression of osteocalcin expression by Dex has been reported with osteoblasts 

(Viereck et al., 2002). Thus the use of OM1 composition is not recommended for 

the osteo-induction of hASCs.  

Instead, OM with higher AsA2-P and lower Dex i.e. OM2 or OM3 should be 

used for the osteogenic differentiation of hASCs. Although there were no significant 

differences between OM2 and OM3, the stimulative effect of OM3 was more 

consistent. OM3 significantly induced ALP activity, mineralization, runx2A and 

ALP mRNA expression in comparison with the control or OM1, particularly under 

HS conditions. OM2 had an inductive effect as well, although not as evident and 

significant as OM3. The effectiveness of OM3 under HS conditions was also 

demonstrated in study III, where OM3 increased mineralization 4-fold, ALP 

activity 2.8-fold, and collagen production 2.6-fold in comparison with the control 

under static culture at day 14. In comparison to the HS conditions, the effect of 

OM3 was not as significant under FBS conditions in study I; in fact, none of the 

osteogenic media (OM1-3) were able to induce significant increases in ALP activity 

or mineralization in FBS-cultured hASCs. However, there was a trend similar to the 

HS-cultured cells, with increased ALP activity and mineralization by OM3 in FBS 

medium, although the difference with the control was not statistically significant. 

This was partly due to the notable donor-dependent variation in the FBS-cultured 

hASCs, which caused a large standard deviation. Considerations of the donor 

variation will be discussed in more detail in section 6.5. Nevertheless, some 

significant effects by OM2 and OM3 under FBS conditions were detected on the 

gene expression level. Runx2A, DLX5 and ALP mRNAs were up-regulated by 

OM2 and OM3 in comparison with the FBS control. In addition, although the FBS 

medium supported the hASC differentiation poorly in study I, OM3 was able to 

induce significant osteogenic differentiation in FBS-cultured hASCs under 3D 

culture in study II.  

Interestingly, OM3 was able to induce high proliferation simultaneously with 

enhanced osteogenic differentiation. Typically, the proliferation gradually decreases 

when cells start to differentiate along the osteoblastic lineage (Lian and Stein, 
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1995). However, it has been reported that a high AsA2-P concentration may 

stimulate cell proliferation without the reciprocal loss of differentiation potential 

(Takamizawa et al., 2004; Choi et al., 2008). In addition to increased collagen 

production, a high AsA2-P concentration (250 µM) has been reported to stimulate 

proliferation of BMSCs and osteoblast-like cells (Maehata et al., 2007; Choi et al., 

2008). With clinical utility in mind, the ability to enhance both cell proliferation and 

differentiation could reduce the time for in vitro expansion and facilitate faster bone 

formation in vivo. Whereas the use of OM3 for the osteogenic differentiation of 

hASCs in vitro is strongly encouraged by the data presented here, in vivo studies are 

needed to confirm the utility of OM3 treatment for the regeneration of bone. 

 In the RegES medium, the three OM compositions induced osteogenic 

differentiation and proliferation of hASCs equally more than the RegES control 

medium, with no notable differences between OM1, OM2 or OM3. Although the 

RegES medium alone was able to induce a moderate level of osteogenic 

differentiation, supplementation with Dex and β-GP in addition to AsA2-P was 

required for efficient osteo-induction and maturation of hASCs cultured in RegES. 

However, due to the composition of RegES, an OM composition with both low 

AsA2-P (e.g. 50 M) and low Dex (5 nM) could be most efficient, but this should 

be confirmed by additional experiments. 

In summary, according to the results of study I, OM3 should be used for the 

osteogenic differentiation of hASCs under HS and FBS conditions instead of OM1. 

The high AsA2-P concentration of OM3 increases the production of collagenous 

matrix and cell proliferation. The formation of the collagenous matrix itself may act 

as a nucleator driving the precipitation of bone mineral (Silver and Landis, 2011; 

Wang et al., 2012). In contrast, the low Dex concentration appears to be optimal for 

the induction of osteogenic differentiation, whereas high Dex may compromise 

osteo-induction of hASCs by suppressing the expression of osteogenic genes 

(Malladi et al., 2006). However, although OM3 was able to initiate the osteogenic 

differentiation process in hASCs, further development of the OM composition may 

be needed in the future to achieve more mature osteoblastic phenotype within the 

relatively short, 14-day culture period. Of note, the induction period should be kept 

as short as possible in order to minimize the costs and risks of the in vitro culture of 

clinically applied hASCs. The present results showed induction of the early markers, 

ALP and runx2A, and some induction of the intermediate marker collagen type I, 
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but no induction of the late marker osteocalcin. ALP activity is a prerequisite for 

mineralization, because of its role in the pyrophosphate hydrolysis that provides 

inorganic phosphate to promote mineralization (Orimo, 2010). However, ALP 

activity is typically induced very early in the differentiation process and, 

furthermore, cannot be used alone to evaluate the true depth of osteogenic 

differentiation due to its tissue unspecificity, even though it is predominantly 

expressed at high levels in hard tissues (Hoshi et al., 1997). Although the ALP 

activity and mineralization did correlate significantly in study I, the intensity of 

Alizarin Red staining demonstrated mostly immature mineralization. Signs of more 

intense mineralization were shown in study III, with red staining instead of different 

shades of purple in Alizarin Red as induced by the synergy of OM3 and HMHF 

vibration loading.  

Thus, in order to achieve more mature osteoblastic phenotype in a short culture 

time, HMHF vibration could be used in synergy with OM3, as is discussed in more 

detail in section 6.5. Another approach could be further modification of the OM 

composition. Based on the existing literature, such modifications could include 

elevated ionic calcium concentration (McCullen et al., 2010) and addition of vitamin 

D3 (Malladi et al., 2006; Zhou et al., 2006; Gupta et al., 2007; Song et al., 2011) or 

retinoic acid (Wan et al., 2006). McCullen and co-workers achieved effective 

mineralization in hASCs by 7 days of culture when the Ca2+ concentration of OM 

was increased to 8 mM in comparison with the standard Ca2+ concentration of 1.8 

mM in the culture medium (McCullen et al., 2010). Zhou and co-workers reported 

faster expression of osteocalcin when OM was supplemented with vitamin D3 in 

contrast to Dex (Zhou et al., 2006). Testing of such supplements together with OM3 

could provide even more efficient and faster osteogenic differentiation of hASCs in 

the future. On the other hand, it should be considered whether it is necessary for 

hASC-based applications to achieve mature osteoblasts prior to implantation, or if it 

is sufficient that the cells have had an initial "push" towards the osteoblastic 

phenotype. Nevertheless, this is a question that should be further investigated with 

systematic in vivo studies. 
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6.3 Exogenously added BMP-2, BMP-7 and VEGF do 
not enhance the osteogenic differentiation of 
adipose stem cells 

In study II, the efficiency of OM3 from study I was compared with the osteo-

induction capacity of the growth factors BMP-2, BMP-7 and VEGF using 

BioRestore bioactive glass and BoneCeramic calcium phosphate scaffolds and FBS 

medium. The growth factors were tested as exogenously added to the control 

medium. In addition, the combined effect of growth factors and OM3 was studied. 

As a result, OM3 showed superior osteogenic differentiation capacity over 

exogenously added BMP-2, BMP-7 and VEGF in a 3D culture. In fact, BMP-2 or 

VEGF treatment did not enhance the osteogenic differentiation of hASCs more than 

the control conditions with either biomaterial. In addition, BMP-7 consistently 

inhibited proliferation and ALP activity in the hASCs, an adverse effect that was 

detected consistently with both biomaterials. Moreover, tests were conducted to see 

whether OM3 could sensitize hASCs to growth factors in order to yield greater 

osteo-induction. However, the combination of BMP-2, BMP-7 or VEGF with OM3 

resulted in a similar level of osteo-induction as plain OM3, suggesting that 

induction by OM3 alone is sufficient to trigger osteogenic differentiation. 

Interestingly, the adverse effect of BMP-7 was rescued when BMP-7 was combined 

with OM3. 

In contrast to the initial hypothesis, none of the growth factor groups tested in 

study II could enhance the osteogenic differentiation or proliferation of hASCs. 

Instead, the most efficient osteo-induction of hASCs was achieved with OM3. In 

contrast to the present findings, some studies have suggested that exogenously 

added BMP-2 (Knippenberg et al., 2006; Song et al., 2011), BMP-7 (Al-Salleeh et 

al., 2008) and VEGF (Behr et al., 2011) could have an osteo-inductive effect on 

ASCs. Of these growth factors, BMP-2 has been studied the most thoroughly with 

ASCs (Table 4)  (Knippenberg et al., 2006; Wan et al., 2006; E et al., 2010; Panetta 

et al., 2010; Song et al., 2011; Zuk et al., 2011; Cruz et al., 2012; Mehrkens et al., 

2012; Overman et al., 2013). Various concentrations and experimental set-ups have 

been used in the growth factor studies (Table 4). Although BMP-2 concentrations 

from 50 to 100 ng/ml have successfully induced osteogenic differentiation of ASCs 

in some studies (Knippenberg et al., 2006; Song et al., 2011), Zuk and co-workers 
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found no effect with doses ranging between 10-100 ng/ml (Zuk et al., 2011). Similar 

to the findings of the present study and those reported by Zuk and co-workers, two 

recent studies showed no effect by BMP-2 at 50 ng/ml concentration (Cruz et al., 

2012; Mehrkens et al., 2012). However, Mehrkens and co-workers suggested that a 

10 times higher concentration, 500 ng/ml, could stimulate osteogenic differentiation 

of hASCs in vitro (Mehrkens et al., 2012). In turn, this is in contrast to two studies, 

where a short, only 15 mins, treatment with 10 ng/ml BMP-2 was able to support 

osteo-induction of ASCs for 14-21 days (Knippenberg et al., 2006; Overman et al., 

2013). Hence, there is no consensus on the most optimal concentration or the effect 

of BMP-2 on ASCs, and further systematic in vitro and in vivo studies are required. 

 

Table 4. In vitro studies on the effects of BMP-2, BMP-7 or VEGF on ASCs. 

 
 

Only a limited number of studies have explored the osteogenic effects of BMP-7 

(Knippenberg et al., 2006; Al-Salleeh et al., 2008) and VEGF (Behr et al., 2011; 

Zhang et al., 2012) on ASCs. However, the osteogenic effect of BMP-7 has been 
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studied more extensively with BMSCs (Diefenderfer et al., 2003; Neumann et al., 

2007; Shen et al., 2010; Zhi et al., 2011). Similar concentrations to the present study 

were shown to stimulate osteogenic differentiation of BMSCs (Shen et al., 2010). In 

turn, murine ASCs were shown to differentiate towards bone-forming cells under 

induction with 250 ng/ml BMP-7 (Al-Salleeh et al., 2008). In contrast, one of the 

major findings of study II was the significant and consistent inhibitory effect of 

BMP-7 on the proliferation and ALP activity of hASCs. Consistent with the present 

findings with hASCs, the failure of exogenous BMP-7 treatment to induce 

osteogenesis has been reported with BMSCs (Diefenderfer et al., 2003; Neumann et 

al., 2007). Interestingly, in a study by Knippenberg and co-workers, BMP-7 at a low 

concentration (10 ng/ml) was found to stimulate chondrogenic rather than 

osteogenic phenotype in goat ASCs (Knippenberg et al., 2006). In addition to 

osteogenic and chondogenic differentiation, BMP-7 has shown an ability to initiate 

adipogenic differentiation of BMSCs (Neumann et al., 2007), and potential to 

promote brown adipocyte differentiation (Tseng et al., 2008). Thus BMP-7 might 

play a role in multiple differentiation pathways depending on the culture conditions.  

Only a few prior studies on the osteogenic effect of VEGF with hASCs can be 

found (Behr et al., 2011; Zhang et al., 2012). Although it is easy to understand how 

VEGF facilitates bone healing in vivo through the increased vascularization, the 

mechanism behind the in vitro osteogenic effect of VEGF may not be that 

axiomatic. During the in vivo bone repair, the invading vasculature serves not only 

as a conduit for the recruitment of bone forming cells, but also provides key signals 

necessary for osteogenesis. Evidence reviewed from several studies suggests that 

intercellular cross talk between bone cells and endothelial cells of the vasculature is 

present in bone formation (Brandi and Collin-Osdoby, 2006; Dai and Rabie, 2007). 

VEGF appears to have a dual, auto/paracrine role, especially during endochondral 

bone formation (Mayer et al., 2005). However, whether exogenously added VEGF 

is a potential osteogenic inducer in vitro has not been verified. Behr and co-workers 

presented increased osteogenic healing of critical-sized calvarial defects in nude 

mice by a combination of hASCs and VEGF when compared with hASCs or VEGF 

alone (Behr et al., 2011). In the accompanying in vitro study, VEGF in OM (100 

g/ml ascorbic acid, 10 mM -GP) resulted in increased ALP activity of hASCs on 

day 7 and mineralization on day 14 (Behr et al., 2011). Nearly equal osteo-induction 

efficiency was achieved by 20 ng/ml as with 200 ng/ml of VEGF (Behr et al., 2011). 
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As a pitfall, the number of biological samples used in the in vitro experiment was 

not mentioned in this study.  

Why did the growth factors tested in study II fail to enhance the osteogenic 

differentiation of hASCs in vitro? Overall, the utility of growth factors in the in 

vitro osteo-induction of hASCs seems contradictory and lacks consensus. Several 

factors may explain the variable outcomes of the growth factor studies, including the 

use of various growth factor concentrations and sources, the differential effect of 2D 

versus 3D culture, various cell densities, and the culture media (control medium or 

OM). For example, it is widely reported that rodent MSCs respond more efficiently 

to BMPs (Diefenderfer et al., 2003; Osyczka et al., 2004) than human MSCs, but the 

results from studies conducted with human ASCs have varied as well (Table 4). One 

plausible source of variation arises from the glycosylation state of the recombinant 

growth factors. Native BMPs are post-translationally modified through N-linked 

glycosylation, which may affect the solubility and bioactivity of BMPs (van de 

Watering et al., 2012). In the recombinant BMPs, glycosylation is present if 

produced in mammalian cells, whereas bacterially produced BMPs lack this 

glycosylation. In most of the studies, the production origin of BMPs has not been 

mentioned. In the present study, the BMP-7 used was produced in mammalian 

Chinese hamster ovary (CHO)-cells, whereas BMP-2 was produced in bacteria and 

VEGF in insect cells. However, Mehrkens, Hanseler and co-workers recently ruled 

out the effect of glycosylation state on the bioactivity of BMP-2 (Hanseler et al., 

2012; Mehrkens et al., 2012). According to their findings, CHO and bacterially-

produced rhBMP-2 had a similar effect on the osteo-induction of hASCs in vitro 

(Mehrkens et al., 2012). 

Another point to consider is that in several studies, growth factors have been 

tested in combination with osteogenic supplements (Knippenberg et al., 2006; Behr 

et al., 2011; Song et al., 2011; Zuk et al., 2011) rather than with a control medium. 

In study II, the growth factors were tested with both a control medium and OM, but 

no significant effect was detected between growth factor+control medium and plain 

control, or between growth factors+OM and plain OM. It has been suggested that 

Dex may “mask” the potential effects of BMPs, and therefore some studies have 

tested growth factors in OM without Dex i.e. using only ascorbic acid and -GP 

(Knippenberg et al., 2006; Behr et al., 2011; Overman et al., 2013). However, Zuk 

and co-workers tested BMP-2 for the induction of hASCs with and without Dex, 



97 

and found no such masking effect by Dex (Zuk et al., 2011). In addition, their work 

elucidated the molecular mechanisms that may lie behind the failure of at least 

BMP-2 treatment with hASCs (Zuk et al., 2011). The results by Zuk and co-workers 

suggested that the problem with BMP-2 treatment may originate from an 

insufficient activation of downstream signaling related to phosphorylation and 

nuclear translocation of smads, the intracellular target proteins involved in BMP-2 

signaling (Zuk et al., 2011). Unfortunately, studies on the molecular mechanisms 

behind the failure or success of the growth factor treatments with hASCs have only 

just begun. Moreover, various explanations have been suggested for the failure of 

exogenous BMP induction, including short half-life, sensitivity to enzymatic 

degradation and up-regulation of BMP antagonists, such as noggin, chordin and 

gremlin (Zimmerman et al., 1996; Blader et al., 1997; Pereira et al., 2000). 

Advanced delivery systems such as hydrogels with growth factor-binding proteins 

have been studied for the retention and sustained release of BMPs as a solution for 

the short half-life (Kolambkar et al., 2011; Xu et al., 2011). It is evident that several 

aspects of cell signaling, including timing, dosage, and the complex interplay 

between different effectors and inhibitors, need further elucidation to master the 

effect of growth factors. Despite the fact that multiple BMPs are expressed during 

bone healing in vivo (Samartzis et al., 2005), adding BMPs exogenously to the 

culture medium in order to enhance the differentiation of hASCs may prove to be an 

overly simplistic approach to a complex question. 

6.4 Adipose stem cell response is dependent on 
biomaterial characteristics 

Review on the literature of in vivo experiments conducted with ASCs suggests 

two critical requirements for successful bone formation: firstly, the osteogenic 

commitment of ASCs, and secondly, the presence of a mineral component in a 

scaffold (Scherberich et al., 2010). In study II, the mineral-containing biomaterials 

BioRestore (Moimas et al., 2006; Clozza et al., 2012a; Clozza et al., 2012b) and 

BoneCeramic (Jensen et al., 2007; Jensen et al., 2009b; Frenken et al., 2010; Rokn 

et al., 2011) were studied, both which have shown osteoconductivity and the ability 

to heal bony defects in clinical and in vivo studies. However, the successful bone 
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formation ability of these biomaterials may require enhancement via ASCs and 

osteo-inductive stimulus. For instance, although capable of orthotopic bone 

formation, BoneCeramic failed to form ectopic bone together with BMSCs in 

subcutaneous rodent models (Zimmermann et al., 2011; Mrozik et al., 2012). In a 

clinical study of 13 patients, BioRestore alone was able to induce formation of 

woven bone in tooth extraction sockets, but failed to induce mature lamellar bone 

within a 6-month healing period (Clozza et al., 2012b). Hence, hASCs and 

osteogenic induction by OM3 and/or growth factors were tested in vitro together 

with BioRestore and BoneCeramic in study II. 

The biomaterials, BioRestore and BoneCeramic, used in study II were chosen 

because they represent prospective candidates for hASC-based bone tissue 

engineering approaches. Importantly, the findings indicate that the 3D biomaterials 

can have a significantly differential effect on hASC behaviour.  

In study II, the most significant difference between the 3D biomaterials, 

BioRestore and BoneCeramic, was detected in their ability to stimulate the collagen 

production of hASCs. BoneCeramic induced significantly higher amounts of 

collagenous matrix than BioRestore under control conditions, and the effect was 

further enhanced with OM3. Although different types of collagens are present in 

several tissues, the onset of osteoblastic differentiation is strongly related to the 

formation of an organic matrix, mainly consisting of collagen type I, which is 

subsequently mineralised, a process that is in turn facilitated by the accumulation of 

phosphate as a function of the ALP enzyme. Interestingly, the two biomaterials had 

a differential ability to support the ALP activity of hASCs under OM3 stimulation. 

In combination with BoneCeramic, the OM3-induced hASCs exhibited significantly 

higher ALP activity than the control hASCs. With BioRestore, the effect of OM3 

was less consistent i.e. donor-dependent and exhibited no significant difference to 

the control medium. Furthermore, BioRestore was found to support cell 

proliferation significantly more than BoneCeramic. In summary, the biphasic 

calcium phosphate BoneCeramic supported the osteogenic differentiation of hASCs 

more than the bioactive glass BioRestore, whereas BioRestore was found to 

stimulate the hASC proliferation more than BoneCeramic. 

Several studies have reported that ionic dissolution products of bioactive glass 

enhance the attachment, proliferation and differentiation of osteoblastic cells in vitro 

(Xynos et al., 2000a; Xynos et al., 2000b; Yao et al., 2005; Jones et al., 2007). 
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Hence bioactive glass scaffolds can have the ability to induce differentiation of 

BMSCs into mature ECM-producing osteoblasts (Radin et al., 2005). However, 

calcium phosphate materials have a comparable ability to enhance osteogenic 

differentiation, possibly through the effects of Ca2+ and PO3-
4 ions (E et al., 2010; 

Marino et al., 2010; Barradas et al., 2012). Therefore, the differential effect of 

bioactive glass BioRestore and biphasic calcium phosphate BoneCeramic in study II 

could be dependent on properties other than dissolution of ions. For example, 

surface topography can have a significant effect on both the proliferation and 

differentiation of osteoblastic cells (Li et al., 2011). Typically, when the roughness 

and disorder of the surfaces increase, cell differentiation and synthesis of ECM 

increases, with a corresponding reduction in cell proliferation (Kieswetter et al., 

1996; Schwartz et al., 1999; Wilson et al., 2005). Li and co-workers demonstrated 

the importance of microstructure on the osteogenic differentiation of hASCs by 

comparing two kinds of biphasic calcium phosphate discs with the same chemistry, 

but different microporosity and surface area, showing that greater microporosity 

could promote increased ALP activity and mineralization in hASCs (Li et al., 2011). 

The SEM analysis in study II revealed a higher surface roughness in BoneCeramic 

than in BioRestore, which could account for the increased collagen production in 

hASCs and more consistent induction of ALP activity under osteogenic induction. 

Although the lower proliferation in BoneCeramic may be due to the simultaneous 

osteogenic differentiation, the effect on proliferation was likely dependent on the 

different formats of the biomaterials. The interconnected fibers of BioRestore 

provide a large surface area, allowing the cells to spread more easily throughout the 

scaffold. BoneCeramic provides less contact area between the loose granules, which 

may hinder the spreading of the cells. This hypothesis was further supported by the 

viability assay, where some BoneCeramic granules were fully populated with 

hASCs whereas other granules in the same well had no or very few cells. Therefore, 

a larger initial cell seeding concentration is recommended for BoneCeramic when 

considering clinical approaches to guarantee a sufficient and evenly distributed cell 

population over the biomaterial. 

It is also plausible that the differential effects of the two environments may stem 

from the surface properties of the materials. The physicochemical properties of the 

biomaterial surface control the quantity and conformation of adsorbed proteins, 

which, in turn, affect cell attachment, proliferation and differentiation (El-Ghannam 
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et al., 1999; Chastain et al., 2006). Chastain and co-workers reported significant 

differences in the osteogenic response of MSCs in two different polymeric 3D 

scaffolds due to the differential adherence of vitronectin and collagen type I, 

dependent on the biomaterial properties (Chastain et al., 2006). For example, it has 

been suggested that MSC adhesion via collagen type I fosters osteogenesis more 

than adhesion via fibronectin (Murphy et al., 2005). To postulate, the differential 

protein adsorption due to biomaterial surface properties may have affected the 

outcome of study II as well. It has been shown that a porous bioactive glass adsorbs 

more fibronectin than hydroxyapatite (Murphy et al., 2005), which favors a 

proliferative phenotype of the cells on bioactive glass, consistent with the high 

proliferation of hASCs detected on BioRestore over BoneCeramic in this study. 

6.5 Vibration loading in synergy with OM3 is an efficient 
osteo-inducer of adipose stem cells 

To date, only a limited number of studies have reported the effects of mechanical 

loading specifically on ASCs (Wall et al., 2007; Huang et al., 2010; Charoenpanich 

et al., 2011; Pre et al., 2011). LMHF was mostly used in these studies. In study III, 

HMHF vibration loading was tested as an osteogenic inducer of hASCs for the first 

time. High-frequency vibration has been previously shown to exhibit an osteogenic 

effect on MSCs (Luu et al., 2009; Ozcivici et al., 2010) and osteoblasts or 

osteoblast-like cells (Rosenberg et al., 2002; Patel et al., 2009; Pre et al., 2009; 

Dumas et al., 2010). Whereas most of these studies have been conducted using low 

magnitude vibration, high magnitude vibration was used in the present study. 

The most significant finding in study III was that hASCs cultured under 

osteogenic conditions are sensitive to vibration loading, and that their osteogenic 

differentiation could be intensified with high-frequency vibration. Because vibration 

loading had no significant effect on hASCs cultured in the control medium, it is 

likely that hASCs become sensitive to mechanical stimulation as they begin to 

differentiate towards osteogenic lineages when cultured in OM3. In addition, the 

HMHF vibration reduced the adipogenic differentiation of hASCs. 

Both 50 and 100 Hz vibration frequencies induced significantly higher ALP 

activity and collagen production of OM3-cultured hASCs when compared with the 
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static culture in OM3. The two vibration frequencies did not differ in their effect on 

ALP activity, but the 100 Hz vibration stimulated collagen production significantly 

more than the 50 Hz vibration. Accordingly, the qualitative Alizarin Red analysis 

showed more intense mineralization in hASCs stimulated with the 100 Hz than the 

50 Hz frequency, whereas the quantitative analysis of mineralization was unable to 

confirm this due to notable variation between the experiment repeats. Considering 

that only minor differences were detected between the effects of 50 and 100 Hz 

frequencies, it is possible that the effect of this particular vibration loading approach 

is more dependent on acceleration. However, confirming this conclusion would 

require further comparison of various accelerations and frequencies. To date, there 

are only a few studies that have compared the in vitro effect of different vibration 

frequencies (Rosenberg et al., 2002; Pre et al., 2009). Rosenberg and co-workers 

reported optimal proliferation of osteo-blastic cells at stimulation with 20 Hz 

frequency, but increased ALP activity at higher frequencies (40-60 Hz) (Rosenberg 

et al., 2002). In turn, Pre and co-workers tested frequencies spanning 10-60 Hz, and 

found the highest osteogenic effect at 30 Hz in comparison with the lower 

frequencies (10 and 20 Hz) and higher frequencies (40 and 60 Hz) (Pre et al., 2009). 

However, comparison of these results is challenging due to the differential 

experimental set-ups. 

The findings of study III suggest that the osteogenic culturing conditions are 

required for vibration stimulation of hASCs to facilitate enhanced cell attachment 

and to sensitize hASCs to the mechanical signals. During the vibration stimulation, 

enhanced attachment of the cells was detected under the OM3 culture, whereas 

hASCs cultured in the control medium occasionally detached under vibration 

loading. The OM3 from study I with a high concentration of AsA2-P (250 M) was 

used in study III. Increased secretion of ECM proteins such as collagen by AsA2-P 

(Choi et al., 2008) may have enhanced the attachment of the cells under osteogenic 

differentiation. Synergistic effects by OM and mechanical stimulation for the 

enhanced osteogenic differentiation of hASCs has been demonstrated by 

Charoenpanich and co-workers when using tensile strain with a low frequency 

(Charoenpanich et al., 2011). However, these results also suggest that mechanical 

stimulation alone is not sufficient to induce the osteogenic differentiation of hASCs, 

but biochemical cues are required together with mechanical signals in this process. 

In summary, the findings regarding ALP activity, collagen production and 
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mineralization are consistent with other vibration-loading studies conducted with 

various cells. High-frequency vibration has been reported to stimulate the ALP 

activity of osteoblastic cells (Rosenberg et al., 2002; Patel et al., 2009), 

mineralization of pre-osteoblasts (Patel et al., 2009) and collagen accumulation of 

fibroblasts (Wolchok et al., 2009) in vitro. Similarly consistent with the existing 

literature (Luu et al., 2009; Huang et al., 2010; Sen et al., 2011), the high-frequency 

vibration used in this study was able to suppress the adipogenic differentiation of 

hASCs. 

These findings, together with previous studies, show that vibration loading can 

be used to enhance the osteogenic differentiation of bone pre-cursor cells towards 

bone-forming cells. Nevertheless, there is no consensus on the best combination of 

parameters for the optimal enhancement of osteogenesis. Because successful results 

were obtained by various set-ups and parameters, including different combinations 

of low and high magnitudes and frequencies, a partly overlapping mechano-sensory 

system has been suggested that would enable bone cells to respond to a broad range 

of mechanical stimuli (Scott et al., 2008). However, the specific molecular 

mechanisms behind the cellular responses remain to be elucidated. 

6.6 Donor variation 

Donor sample variability affects the interpretation of the results, regardless of 

method of analysis, and diminishes the statistical significance by increasing the 

standard deviation. Donor variation of hASCs may stem from different variables, 

including donor age (Zhu et al., 2009; Alt et al., 2012), sex (Aksu et al., 2008), 

health (Cramer et al., 2010), BMI (van Harmelen et al., 2003; Jurgens et al., 2008), 

and the harvesting site (Peptan et al., 2006; Schipper et al., 2008) of the adipose 

tissue. In the studies in this thesis, the isolation procedure should not be a source of 

variation because of the standardized isolation protocol used in our laboratory. In 

addition, as the donors are individuals, the corresponding hASCs show individual 

characteristics in their proliferation and differentiation capacity as well. 

In the present studies, variation between the hASC donor samples was detected, 

particularly in ALP activity (I, II). In study I, two out of three donors exhibited a 

notable increase in ALP activity in response to osteogenic stimulation (OM2 and 
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OM3) under FBS and HS conditions, whereas one donor did not seem to respond to 

the OM induction. In study II, hASCs cultured on the bioactive glass BioRestore 

scaffold had a similar donor-dependent response to induction by OM3. Cells from 

one donor resulted in increased ALP activity when cultured on OM3+BioRestore 

compared with the control, but in the other two cases there was no induction at all. 

However, less variation in ALP activity was detected with OM3+BoneCeramic even 

though the same donor cells were used. Therefore, in study II, the variability might 

have been related to the properties of the bioactive glass scaffold. For example, 

Reilly and co-workers reported similar donor-dependent variability in the ALP 

activity of hASCs cultured on bioactive glass and induced with ascorbic acid and 

Dex (Reilly et al., 2007). In study III, donor variation was avoided by using a cell 

population pooled from 4 donors. Due to the “proof-of-concept” nature of study III, 

the use of pooled cells was acceptable, although pooling of donor cells should 

generally be avoided (Stoddart et al., 2012). Although a pooled cell population was 

used in the experiments in study III, variation was not totally avoided due to subtle 

technical changes between the experiments. Indeed, experiments with pooled cells 

measure the reproducibility of the execution rather than the reproducibility of the 

phenomenon within a population (Stoddart et al., 2012). 

The problem of donor variability has already been recognized with ASCs (Guilak 

et al., 2006; Zuk et al., 2011; Bieback et al., 2012) and BMSCs (Jaiswal et al., 1997; 

Phinney et al., 1999; Siddappa et al., 2007; Schatti et al., 2011). With BMSCs, 

Jaiswal and co-workers showed that the basal level of ALP activity, as well as the 

timing of the peak ALP activity, varied greatly between the different donor samples, 

irrespective of donor age (Jaiswal et al., 1997). The relative fold induction in ALP 

activity varied from 1.5 to 6.4-fold, depending on the donor. A similar kind of 

variation has been detected with ASCs as well (Guilak et al., 2006; Zuk et al., 2011; 

Bieback et al., 2012). Although donor variability hinders the significance of the 

results and complicates the interpretation, it also reflects the clinical situation. At the 

moment, there is no method to validate whether bone defect patients would be 

“suitable” for ASC-based therapy with regard to their bone regeneration ability. The 

reality is, however, that ASC-based bone regeneration might not work with all of the 

patients. This is illustrated by in vitro studies, where hASCs from one donor may 

show superior osteogenic capacity over another, and some hASCs may not respond 

to osteogenic induction at all. Therefore, the possibility of using allogeneic ASCs 
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has been under extensive research lately. Allogeneically transplanted ASCs have 

already been tested for the treatment of graft-versus host disease (Yanez et al., 2006; 

Fang et al., 2007) due to their immunosuppressive properties. The use of allogeneic 

ASCs in bone regeneration could enable the manufacture of “off-the-shelf” tissue 

engineering products in the future, where cells from donors with the most potential 

osteogenic capacity could be utilized, if found to be a safe approach. 

6.7 Future perspectives 

During the past decade, ASCs have been established as a potent alternative for 

BMSCs in the field of bone tissue engineering. To date, a wealth of literature on the 

isolation, culture, characterization, differentiation, and pre-clinical testing of ASCs 

has been produced. Based on the evidence provided by these studies, a few clinical 

cases with ASCs or SVF cells have been conducted and reported (Lendeckel et al., 

2004; Kulakov et al., 2008; Mesimaki et al., 2009; Taylor, 2010; Pak, 2011; 

Thesleff et al., 2011). The successful bone regeneration reported in these case 

studies has provided further evidence for the translation of ASC-based tissue 

engineering for clinical therapy. Yet there are various aspects that require further 

elucidation before the full potential of ASC-based bone tissue engineering can be 

harnessed. 

Due to safety and quality issues, clinical stem cell therapies need to move from 

animal-derived products to human alternatives, or to defined xeno-free reagents. 

However, most of the in vitro studies are still conducted under FBS conditions. In 

order to obtain research data with more clinical relevance, the effects of various 

serum conditions should be investigated. According to the present and previous 

studies, the serum conditions can significantly affect the cell response (Lindroos et 

al., 2009; Lund et al., 2009; Bieback et al., 2010; Lindroos et al., 2010a). 

In clinical bone tissue engineering it is critical to reduce the total time required to 

regenerate functional bone tissue. A large number of cells are required in minimal 

culture duration. At present, the pre-implantation expansion of hASCs takes several 

weeks, and the bone formation after implantation of the construct takes several 

months. Hence more efficient approaches are needed: firstly, to accelerate the 

expansion of hASCs, secondly to enhance the pre-implantation (in vitro) 
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differentiation, and thirdly, to increase the in situ bone formation capacity of the 

tissue engineered construct. So far, great reliance has been put on the osteo-

inductive effect of BMPs (Garrison et al., 2007; Clokie and Sandor, 2008), but their 

cost-effectiveness and safety have been subject to controversy lately (Garrison et al., 

2010; Carragee et al., 2011; Zuk et al., 2011; Devine et al., 2012). The present study 

found no enhancement in the in vitro osteogenic differentiation of hASCs by 

exogenously added BMP-2, BMP-6, BMP-7 or VEGF.  

In this regard, induction by OM3 would offer a highly cost-effective way to 

enhance both the osteogenic differentiation and proliferation of hASCs during the in 

vitro culture preceding implantation of the construct. The OM3-induction could be 

combined with dynamic culture conditions mimicking the mechano-environment of 

bone, such as vibration loading. The modified OM3 optimized in study I for hASCs 

showed superior osteo-induction capacity in vitro when compared with the tested 

growth factors in clinically relevant 3D biomaterials. However, the effectiveness of 

OM3 over growth factors should be further verified by in vivo study. 

To date, there is no consensus on the best practices and methods to achieve bone 

regeneration using the ASC-based tissue engineering. The in vivo studies have not 

been consistent, even with regard to the mechanism by which ASCs contribute to 

the regeneration of bone. If the effect is merely paracrine, the use of undifferentiated 

ASCs would be preferable. On the other hand, several in vivo studies have shown 

enhanced bone formation with osteo-induced over undifferentiated ASCs (Conejero 

et al., 2006; Dudas et al., 2006; Yoon et al., 2007; Di Bella et al., 2008; Schubert et 

al., 2011). In this regard, efficient methods for the in vitro and in situ osteo-

induction of ASCs should be pursued. Taken together, the future of ASC-based 

tissue engineering is still encompassed by a multitude of open questions. 
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7. Conclusions 

In this study, biochemical and mechanical methods for the osteogenic 

differentiation of hASCs were evaluated and optimized. On the basis of these 

studies, the main findings and conclusions are: 

 

I. The commonly used OM1 did not support the in vitro osteo-induction of hASCs 

efficiently. Instead, OM3 with higher AsA2-P and lower Dex concentration should 

be used under FBS and HS conditions. The serum conditions can have a significant 

effect on the hASC behaviour. A weaker osteogenic differentiation of hASCs was 

detected under FBS conditions in comparison with HS conditions. The RegES 

medium was able to induce early osteogenic differentiation of hASCs without 

osteogenic supplements, although supplementation with Dex, AsA2-P and β-GP 

was needed to achieve mineralization.  

 

II. The optimized OM3 from study I enhanced the osteogenic differentiation of 

hASCs significantly more than BMP-2, BMP-7 and VEGF. The exogenously added 

growth factors did not increase the osteogenic differentiation or proliferation of 

hASCs more than the control. In contrast, BMP-7 consistently inhibited the 

proliferation and osteogenic differentiation of hASCs. There was no significant 

benefit from combining growth factors and OM3. The biomaterials had differential 

effects on hASC behaviour; BioRestore supported more cell proliferation, whereas 

BoneCeramic stimulated osteogenic differentiation more than BioRestore. 

 

III.	 The HMHF vibration loading can be used to enhance the osteogenic 

differentiation of hASCs in synergy with OM3. However, induction by OM3 was 

necessary for the hASCs to become sensitive to vibration loading, as hASCs 

cultured under control conditions were not responsive to HMHF vibration loading. 

HMHF vibration suppressed the adipogenic differentiation of induced hASCs, 

consistent with the reciprocal relationship between osteogenesis and adipogenesis.  
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These findings indicate that OM3 with high AsA2-P and low Dex concentrations 

should be used instead of the commonly used OM1, or exogenously added BMP-2, 

BMP-7 or VEGF, to obtain successful osteogenic commitment of hASCs in vitro. 

Culture conditions, such as serum or 3D biomaterial, can have significant effects on 

hASC behaviour, which should be taken into account when designing in vitro 

studies. Finally, the OM3-induction can be combined with HMHF vibration loading 

to achieve more significant differentiation of hASCs towards bone-forming cells.  
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9. Original publications 

CORRIGENDA 
 
There is one error in the original publications: 
 
Study I: 
 
Figure 7: Relative expression of Runx2A on day 7: letter c should be letter g, and 
should indicate statistical difference (p<0.05) of HS OM3 in comparison to HS MM 
and OM1. 
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Abstract 

Introduction:  Currently, human adipose stem cells (hASCs) are differentiated 

towards osteogenic lineages using culture medium supplemented with L-ascorbic acid 

2-phosphate (AsA2-P), dexamethasone (Dex) and β-glycerophosphate (β-GP). 

Because this osteogenic medium (OM1) was initially generated for the differentiation 

of bone marrow-derived mesenchymal stem cells, the component concentrations may 

not be optimal for the differentiation of hASCs. After preliminary screening two 

efficient osteogenic media (OM2 and OM3) were chosen to be compared with the 

commonly used osteogenic medium (OM1). To further develop the culture conditions 

towards clinical usage, the osteo-inductive efficiencies of OM1, OM2 and OM3 were 

compared using human serum (HS)-based medium and a defined, xeno-free medium 

(RegES), with fetal bovine serum (FBS)-based medium serving as a control.  

Methods: To compare the osteo-inductive efficiency of OM1, OM2 and OM3 in 

FBS-, HS- and RegES-medium, the osteogenic differentiation was assessed by 

alkaline phosphatase (ALP) activity, mineralization, and expression of osteogenic 

marker genes (runx2A, DLX5, collagen type I, osteocalcin, and ALP).  

Results: In HS-medium, the ALP activity increased significantly by OM3, and 

mineralization was enhanced by both OM2 and OM3, which have high AsA2-P and 

low Dex concentrations. ALP activity and mineralization of hASCs was the weakest 

in FBS-medium, with no significant differences between the OM compositions due to 

donor variation. However, the qRT-PCR data demonstrated significant up-regulation 

of runx2A mRNA under osteogenic differentiation in FBS- and HS-medium, 

particularly by OM3 under FBS conditions. Further, the expression of DLX5 was 

greatly stimulated by OM1-3 on day 7 when compared to control. The regulation of 



collagen type I, ALP, and osteocalcin mRNA was modest under induction by OM1-3. 

The RegES medium was found to support the proliferation and osteogenic 

differentiation of hASCs, but the composition of the RegES medium hindered the 

comparison of OM1, OM2 and OM3.  

Conclusions: Serum conditions affect hASC proliferation and differentiation 

significantly. The ALP activity and mineralization was the weakest in FBS-medium, 

although osteogenic markers were up-regulated on mRNA level. When comparing the 

OM composition, the commonly used OM1 was least effective. Accordingly, higher 

concentration of AsA2-P and lower concentration of Dex, as in OM2 and OM3, 

should be used for the osteogenic differentiation of hASCs in vitro. 



Introduction 

The osteogenic potential of human adipose stem cells (hASCs) has recently stimulated 

interest in clinical bone tissue engineering [1, 2]. This multipotent population of cells, 

isolated from the stromal vascular compartment of adipose tissue, was originally 

characterized by Zuk and co-workers [3]. It was soon discovered that hASCs are able 

to differentiate toward osteogenic, adipogenic, myogenic, and chondrogenic lineages 

in vitro, when treated with appropriate inducing factors [3]. Since their discovery, 

different approaches have been developed to enhance osteogenic capacity of hASCs. 

Much of the research has concentrated on the osteo-induction of hASCs via growth 

factors such as bone morphogenetic proteins (BMPs) [4-6]. Although considerable 

research has been devoted to BMPs, their cost-effectiveness and safety in clinical use 

have been under controversy [7-10]. Recent studies have also questioned whether 

hASCs are responsive to BMPs at all [11]. Therefore, efficient methods for osteo-

induction of hASCs are still required. 

Commonly, osteogenic differentiation of mesenchymal stem cells (MSCs) in in 

vitro culture has been managed by supplementing the growth medium with 50 µM L-

ascorbic acid 2-phosphate (AsA2-P), 100 nM dexamethasone (Dex) and 10 mM β-

glycerophosphate (β-GP) [11-14]. Because this osteogenic medium (OM) was initially 

generated for the differentiation of bone marrow-derived mesenchymal stem cells 

(BMSCs) [15], the component concentrations may not be optimal for the 

differentiation of hASCs [16]. Although BMSCs and ASCs possess many similar 

characteristics, their response to inductive stimuli may not be identical [12, 17, 18]. 

Whereas the combined and separate effects of Dex and AsA2-P have been largely 

studied with BMSCs [15, 19-21], there are only limited studies with hASCs [16, 22]. 



For example, de Girolamo and co-workers suggested that OM with lower Dex and 

higher AsA2-P concentration could be more effective with hASCs than the commonly 

used OM [16]. However, this study was conducted using two donor cell lines and 

more importantly only fetal bovine serum (FBS)-containing medium. Therefore, we 

conducted a preliminary screening using different osteogenic supplement 

concentrations in human serum (HS)-based medium. Based on these preliminary 

results, two efficient compositions (OM2 and OM3) were chosen for further 

comparison in different serum conditions with the commonly used OM (referred here 

as OM1). 

So far, the effects of OM on hASC differentiation have been defined mostly 

using FBS-containing medium [12, 13, 16]. While FBS-based medium may be 

acceptable for the in vitro experiments, exposure to undefined animal-derived 

products poses a risk in clinical stem cell therapies [23, 24]. Replacing animal-derived 

products such as FBS with human serum, human platelet lysate, platelet rich plasma 

or defined xeno-free alternative, significantly enhances the safety and quality of stem 

cells for therapeutic approaches [23, 25]. In addition to safety issues, serum conditions 

can have a significant effect on stem cell characteristics such as differentiation 

capacity and proliferation [26, 27]. In order to define how serum conditions affect the 

osteogenic differentiation of hASCs, we tested HS-based medium and a defined, 

xeno-free medium (RegES) in comparison to FBS-based medium to evaluate the 

efficiency of three different OM compositions. The fully defined xeno-free medium 

formulation RegES was previously developed in our institute for stem cell culture 

[28]. 



In order to produce clinically relevant in vitro data the effects of three different 

OM compositions on hASCs were compared in the present study using FBS, HS and 

xeno-free RegES medium.  

 

Materials and methods 

Ethics statement 

This study was conducted in accordance with the Ethics Committee of the Pirkanmaa 

Hospital District, Tampere, Finland (R03058), to obtain adipose tissue samples for 

research purposes. The hASCs were isolated from adipose tissue samples acquired 

from surgeries performed in the Department of Plastic surgery, Tampere University 

Hospital. The subcutaneous adipose tissue samples harvested from either abdomen or 

breast were obtained with a written informed consent from 6 female donors (mean age 

53 ± 16).  

Isolation and cell culture 

Human ASCs were isolated from adipose tissue samples by mechanical and 

enzymatic method as described previously [26, 29]. Briefly, the adipose tissue 

samples were minced into smaller pieces and digested with collagenase type I (1.5 

mg/ml; Invitrogen, California, USA), followed by centrifugation and filtering steps. 

The isolated hASCs were maintained and expanded in maintenance medium (MM) 

consisting of Dulbecco’s Modified Eagle Medium/Ham’s Nutrient Mixture F-12 

(DMEM/F-12 1:1; Invitrogen) supplemented with 1% L-alanyl-L-glutamine 

(GlutaMAX; Invitrogen), 1% antibiotics (100 U/ml penicillin, 0.1 mg/ml 

streptomycin; Invitrogen), and either 10% allogeneic HS (PAA Laboratories GmbH, 



Pasching, Austria) (referred as HS MM) or 10% FBS Gold (PAA Laboratories 

GmbH, Pasching, Austria) (referred as FBS MM). FBS Gold was used for the 

experiments, because it has been reported to eliminate the need for extensive and time 

consuming batch testing due to its constant quality. The hASCs from each donor were 

isolated into both HS and FBS maintenance medium. The hASCs isolated and 

expanded in HS medium were detached using TrypLE Select (Life Technologies), 

whereas hASCs in FBS medium were detached using 1% trypsin (Lonza 

Biowhittaker, Verviers, Belgium). For xeno-free conditions, hASCs were first isolated 

and expanded in HS MM, and xeno-free RegES medium was added after hASCs were 

seeded onto well plates. The composition of RegES maintenance medium (RegES 

MM) is shown in Additional file 1. A CELLstart (Invitrogen) pre-coating of 

polystyrene well plates was required for the cell attachment under RegES conditions. 

The experiments were carried out at passages 3-4.  

Characterization of the cells 

In order to verify the mesenchymal origin, hASCs must meet several criteria defined 

by the International Society for Cellular Therapy [30]. The mesenchymal origin of 

hASCs used in this study was confirmed by their adherence to plastic, differentiation 

capacity to osteogenic, chondrogenic and adipogenic lineages in vitro, and by their 

surface marker expression. 

Flow cytometric surface marker expression analysis 

Flow cytometry was used to characterize the surface marker expression of hASCs 

cultured in FBS and HS maintenance medium. Flow cytometric characterization 

comparing the surface marker expression of hASCs cultured in HS medium and xeno-

free RegES medium has been reported previously [28]. Briefly, hASCs cultured in 



FBS and HS maintenance medium were analyzed by a fluorescence activated cell 

sorter (FACSAria; BD Biosciences, Erembodegem, Belgium) as described by 

Lindroos and co-workers [26]. Monoclonal antibodies against CD14-PE, CD19-PE, 

CD49d-PE, CD73-PE, CD90-APC, CD106-PE, (BD Biosciences); CD45-FITC 

(Miltenyi Biotech, Bergisch Gladbach, Germany); CD34-APC, HLA-ABC-PE, HLA-

DR-PE (Immunotools GmbH Friesoythe, Germany); and CD105-PE (R&D Systems 

Inc, MN, USA) were used. Analysis was performed on 10, 000 cells per sample and 

unstained cell samples were used to compensate for the background autofluorescence 

levels. 

Analysis of multipotent differentiation capacity 

The multipotent differentiation of hASCs was conducted in RegES medium 

supplemented with corresponding adipogenic, osteogenic and chondrogenic 

components. The multipotent differentiation capacity of hASCs cultured in FBS and 

HS medium has been shown previously by Lindroos and co-workers [31].  

For multipotency analysis, CELLstart pre-coating was used for well plates in all 

differentiation procedures except for chondrogenic differentiation. For osteogenic 

induction analysis, hASCs were seeded on 12-well plates at a density of 2.5 x 103 

cells/cm2 in HS MM. After 24 hours, the HS medium was replaced by OM3 in RegES 

medium (Table 1). The osteogenic differentiation was detected by alkaline 

phosphatase (ALP) staining at 14-day time point. Briefly, cell cultures were fixed 

with 4% paraformaldehyde (PFA) and stained with a leukocyte ALP kit according to 

Sigma procedure 86 (Sigma-Aldrich, MO, USA).  

For the adipogenic induction, hASCs were seeded on 12-well plates at a density 

of 2 x 104 cells/cm2 in HS MM. After 2 days, RegES medium with adipogenic 



supplements was added: 33 µM biotin (Sigma-Aldrich), 1 µM Dex (Sigma-Aldrich), 

100 nM insulin (Life Technologies), and 17 µM pantothenate (Fluka, Buchs, 

Switzerland). In addition to other adipogenic supplements, 250 µM 

isobutylmethylxanthine (IBMX; Sigma-Aldrich) was used for the first 24 hours of 

adipogenic induction. After 14 days of culture, the intracellular lipid accumulation 

was detected by Oil Red O staining. Cell cultures were fixed with 4% PFA, followed 

by treatment with 60% isopropanol, and stained with 0.5% Oil Red O solution 

(Sigma-Aldrich) in 60% isopropanol. 

A micromass culture technique was used for the chondrogenic differentiation, 

where 1 x 105 cells were seeded on 24-well plates in a 10 µl volume, and allowed to 

adhere for 3 hours in +37oC prior to the addition of RegES medium with 

chondrogenic supplements: 1% ITS+1 (Sigma-Aldrich), 50 µM AsA2-P (Sigma-

Aldrich), 55 µM sodium pyruvate (Life Technologies), 23 µM L-proline (Sigma-

Aldrich), 10 ng/ml transforming growth factor β (Sigma-Aldrich). The chondrogenic 

differentiation was confirmed by histological Alcian Blue (Sigma-Aldrich) staining 

after 14 days of culture. The micromass pellets were fixed in 4% PFA, embedded in 

paraffin and sectioned at 5 µm thickness. Alcian Blue (pH 1.0) solution was used to 

detect sulphated glycosaminoglycans (GAGs) characteristic in cartilaginous matrices. 

Nuclear Fast Red (Biocare Medical, Concord, MA, USA) was used as a counterstain. 

Osteogenic medium compositions 

For the comparison of the different OM compositions, hASCs were plated on 12-well 

plates at a density of 7 x 103 cells/cm2. The cells were plated in either HS or FBS MM 

and allowed to attach for 24 hours before starting the osteogenic differentiation. For 

xeno-free conditions, the well plates were pre-coated with CELLstart and hASCs 



were plated in HS MM for 24 hours to facilitate attachment of the cells before 

medium was replaced by RegES MM or RegES with osteogenic supplements (Table 

1). Three different osteogenic medium compositions, OM1, OM2 and OM3, were 

compared in FBS, HS and xeno-free conditions (Table 1). Based on literature OM 

with lower Dex and higher AsA2-P concentration than in the traditionally used OM 

(OM1) was suggested to be more optimal for osteo-induction of hASCs in FBS-based 

medium [16]. We conducted a preliminary screening to test different concentrations 

of AsA2-P and Dex in HS-based medium (Additional file 2). Based on these results, 

OM2 and OM3 with low Dex and high AsA2-P concentrations were chosen for 

further comparison with the traditionally used OM1. AsA2-P, Dex and β-GP used in 

the osteogenic media were all purchased from Sigma-Aldrich. The hASCs cultured in 

FBS MM were used as a reference in all the analyses. It must be noted that RegES 

maintenance medium contains a high basal level of AsA2-P (50 µg/ml that 

corresponds to 170 µM). As a consequence, the additional AsA2-P in the osteogenic 

compositions raised the total concentrations of AsA2-P in RegES-based OM1, OM2 

and OM3 to 220, 320, and 420 µM, respectively. 

Morphology and cell number 

Cell number, based on the total amount of DNA per sample, was determined using a 

CyQUANT® Cell Proliferation Assay Kit (CyQUANT; Molecular Probes, 

Invitrogen, Paisley, UK) as described previously [32]. Briefly, at 1-, 7- and 14-day 

time points the cells were lysed with 0.1% Triton-X 100 buffer (Sigma-Aldrich) and 

analyzed after a freeze-thaw cycle. Fluorescence was measured with a microplate 

reader (Victor 1420 Multilabel Counter; Wallac; Turku, Finland) at 480/520 nm. 



Morphology of the cells was observed at 1-, 3-, 7- and 14-day time points using light 

microscopy. 

Alkaline phosphatase activity and mineralization 

The osteogenic differentiation capacity of hASCs was determined at 7 and 14 days by 

analyzing ALP activity and mineralization. ALP is a generally used marker for early 

osteogenic differentiation, whereas mineralization of the extracellular matrix is a 

characteristic of late osteogenic differentiation. The quantitative ALP analysis was 

performed on the same samples as the analysis of cell number, using the ALP Kit 

(Sigma-Aldrich) as reported previously [32]. A quantitative Alizarin Red S method 

was used at 7 and 14 days to detect mineralization as described previously [32]. 

Briefly, the ethanol fixed cells were stained with 2% Alizarin Red S solution (Sigma-

Aldrich), and photographed after several steps of washing. Cetylpyridinium chloride 

(Sigma-Aldrich) was used to extract the dye, followed by absorbance measurement at 

540 nm with a microplate reader (Victor 1420). 

Quantitative real-time PCR 

Quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR) 

analysis was used to compare the relative expression of osteogenic genes under 

different culturing conditions. For qRT-PCR analysis, hASCs were seeded on 6-well 

plates at a density of 7 x 103 cells/cm2. A CELLstart pre-coating of well plates was 

used in xeno-free conditions. Total RNA was isolated from the cells at 7- and 14-day 

time points with Nucleospin kit reagent (Macherey-Nagel GmbH&Co.KG, Düren, 

Germany) according to manufacturer’s instructions. First-strand cDNA was 

synthesized from total RNA using the High-Capacity cDNA Reverse Transcriptase 

Kit (Applied Biosystems, Foster City, CA, USA). The expression of osteogenic genes 



including runx2A, DLX5, collagen type I, osteocalcin, and ALP was analyzed. 

Isoform A of runx2 was analyzed due to its specificity for osteogenic differentiation 

in comparison to isoform C [33, 34]. Data was normalized to the expression of RPLP0 

(human acidic ribosomal phosphoprotein P0), a housekeeping gene, which has shown 

to have stable expression under different experimental conditions in similar studies 

[35, 36]. The primer sequences (Oligomer Oy, Helsinki, Finland) and accession 

numbers are presented in Table 2. The qRT-PCR mixture contained 50 ng cDNA, 300 

nM forward and reverse primers, and SYBR Green PCR Master Mix (Applied 

Biosystems). The reactions were conducted with AbiPrism 7000 Sequence Detection 

System (Applied Biosystems) with initial enzyme activation at 95oC for 10 minutes, 

followed by 45 cycles of denaturation at 95oC for 15 seconds and anneal and extend at 

60oC for 60 seconds. The expression levels of all differentiation cultures were 

compared to the expression level of FBS control cultures. 

Statistical analysis 

Statistical analyses were performed with SPSS version 19 (IBM, USA). The effects of 

different culture conditions on cell number, normalized ALP activity, mineralization 

and relative gene expression were compared with non-parametric statistics using 

Kruskal-Wallis one-way analysis of variance by ranks, with Mann-Whitney post hoc 

test to analyze the specific sample pairs for significant differences. The significances 

obtained were corrected using Bonferroni adjustment in order to justify multiple 

comparisons. For example, the obtained p-value was multiplied by the comparisons 

made within the time point (MM vs. OM1/OM2/OM3, OM1 vs. OM2/OM3, and 

OM2 vs. OM3 equals 6 comparisons within one time point), and multiplied with the 

number of time points (6x3 time points=18, or 6x2 time points=12). When e.g. 



p=0.002 was obtained with Mann-Whitney, the p value was multiplied with 12 or 18, 

giving the final p values 0.024 or 0.036 respectively, depending the number of time 

points. The results were considered significant when p<0.05. The effect of culture 

duration on cell number was analyzed similarly using Kruskal-Wallis, Mann-Whitney 

and Bonferroni adjustment as described. All the results were standardized to the 

control condition (FBS MM). All the experiments were repeated three times using 

different donor in each repeat (n=3). Technical triplicates of each sample were used in 

all the assays. 

 

Results 

Flow cytometric surface marker expression analysis 

The flow cytometric analysis demonstrated that hASCs cultured in FBS and HS MM 

express the surface markers CD73, CD90, CD105 (Table 3). The hASCs lacked the 

expression of the CD14, CD19, HLA-DR, the haematopoietic marker CD45, and the 

vascular cell adhesion molecule CD106. The expression of CD34, CD49d and HLA-

ABC was moderate. The results verified the mesenchymal origin of the hASCs, and 

the lack of hematopoietic and angiogenic markers [26, 37, 38].  

Analysis of multipotent differentiation capacity 

The multipotent differentiation capacity of the hASCs cultured in RegES was 

examined by culturing the cells under osteogenic, adipogenic and chondrogenic 

conditions (Figure 1A-C). Differentiation was analyzed by histological stainings at 

14-day time point. Osteogenic differentiation was confirmed by a positive ALP 

staining at day 14 (Figure 1A). Adipogenic differentiation (Figure 1B) was verified by 



Oil Red O staining, showing the lipid droplets present in differentiated cells. 

Chondrogenic differentiation (Figure 1C) was confirmed by the formation of 

aggregates as well as Alcian Blue staining. The chondrogenically induced hASCs 

formed aggregates that were intensively stained by Alcian Blue, indicating the 

presence of sulphated GAGs typical to cartilage.  

Preliminary screening of the osteogenic medium compositions 

Preliminary screening was conducted to test a hypothesis if OM with low Dex and 

high AsA2-P concentrations could be efficient osteo-inducer of hASCs in HS-medium 

(Additional file 2). According to the preliminary screening, it was concluded that 

AsA2-P is needed for the effective osteogenic differentiation of hASCs, and higher 

concentrations of AsA2-P resulted in increased runx2 expression and ALP activity 

(data not shown). Dex was found to suppress proliferation and collagen type I 

expression at high concentration (100 nM), whereas low Dex concentration (5 nM) 

was beneficial for the osteogenic differentiation when combined with high AsA2-P 

concentration (250 µM). Consequently, the highest proliferation, ALP activity and 

runx2 expression were achieved with 150 µM AsA2-P and 10 nM Dex (OM2), and 

250 µM AsA2-P and 5 nM Dex (OM3), compositions that were selected for further 

experiments to be compared with the traditionally used composition (OM1), 

containing 50 µM AsA2-P and 100 nM Dex.  

Morphology and cell number 

Cell number was analyzed quantitatively at 7- and 14-day time points (Figure 2) along 

with observation of morphology (Figure 3 and Additional file 3). Cell number was 

also analyzed at day 1 to test for equal plating efficiency; this was confirmed by the 

similar cell numbers between FBS, HS and RegES conditions at day 1 (data not 



shown). All different maintenance media were able to support the proliferation of 

hASCs as the cell numbers increased significantly (p<0.05) with time when 

comparing day 1 and 14 within each serum condition. However, FBS MM and HS 

MM exhibited notably lower cell numbers than RegES MM (Figure 2). The increased 

growth rate of hASCs cultured in RegES MM was evident already after 7 days of 

culture, as was shown by cell number (Figure 2) and morphology analysis (Additional 

file 3). The cell number of RegES maintenance culture was significantly higher at day 

14 (p<0.05) when compared to HS and FBS maintenance cultures.  

All osteogenic media (OM1-3) increased cell number significantly when 

compared to the respective MM under HS and RegES conditions at day 14 (Figure 2). 

Although similar trend could be detected in FBS medium at day 14 in Figure 2 and 

Figure 3, the difference between MM and OM compositions was not significant in the 

quantitative analysis. In contrast, the stimulating effect of OM in HS and RegES 

cultures was shown already at day 7; OM3 exhibited significantly higher cell number 

than OM1 and MM in both HS and RegES. At day 14, in HS cultures the cell number 

was significantly higher in OM2 and OM3 when compared to OM1 and MM. In 

RegES cultures all OM compositions resulted in higher cell number than MM at 14-

day time point, but there were no differences between OM1, OM2 or OM3. This may 

be due to the high growth rate of hASCs in RegES medium; the cells reached 

confluency already by day 14 and grew in multiple layers (Figure 3).  

Alkaline phosphatase activity  

The ALP activity of each sample was normalized to the amount of DNA in the 

sample, and all the results were considered relative to FBS MM at 7-day time point. 

Due to notable donor variation, ALP activity is presented as scatter plot showing the 



response of individual donors at day 14 (Figure 4). There were no statistically 

significant differences at day 7 (data not shown). At day 14, the ALP activity was 

notably low in all FBS cultures when compared to HS and RegES cultures. Two out 

of three donors exhibited a notable increase of ALP activity in response to OM2 and 

OM3 under FBS and HS conditions, whereas one donor did not seem to respond to 

any of the OM compositions. In RegES medium the osteogenic supplements resulted 

in higher ALP activity with hASCs from two donors, whereas one donor line was 

induced by the RegES MM. Irrespective of the donor variation, the mean ALP activity 

of HS OM3 was significantly higher than with HS MM (p= 0.036) and OM1 

(p=0.006). 

Mineralization 

Similar to the ALP activity, OM3 increased mineralization the most in FBS cultures at 

day 14, but the difference to MM was not significant (Figure 5). Overall, 

mineralization was very weak under FBS conditions (Figures 5 and 6). In HS cultures, 

OM2 and OM3 resulted in a significantly higher mineralization than MM and OM1 at 

14-day time point. Although the difference between OM2 and OM3 in HS was not 

significant in the quantitative analysis of mineralization, the qualitative Alizarin Red 

staining showed more intense mineralization by OM3 than OM2 (Figure 6). In RegES 

cultures, all OM compositions induced significantly higher mineralization than RegES 

MM after 14 days of culture (Figures 5 and 6), but there were no significant 

differences between the different OM (Figure 5). 

Expression of osteogenic markers 

Quantitative RT-PCR was used to detect relative changes in the expression of 

osteogenic marker genes runx2A, DLX5, collagen type I, osteocalcin, and ALP 



(Figure 7). The relative expression of runx2A, one of the key osteogenic transcription 

factors, was significantly induced by the osteogenic components in FBS and HS 

conditions. In FBS cultures, all OM compositions induced significantly higher 

expression of runx2A than MM at 7-day time point. At day 14, FBS OM3 (p= 0.048) 

showed significantly higher expression of runx2A mRNA when compared to FBS 

MM. In HS cultures, all OM compositions exhibited significantly higher runx2A 

expression than HS MM (p=0.024) at day 7, and OM3 up-regulated the runx2A 

expression significantly when compared to OM1. At day 14, a high expression of 

runx2A was achieved by HS OM3, but due to donor variation there was no significant 

difference to HS MM. In RegES cultures, there were no statistically significant 

differences between the OM compositions and MM for the expression of runx2A, 

likely due to the high basal level of runx2 expression in RegES MM. The expression 

of DLX5, activator of runx2, was significantly up-regulated by all OM compositions 

on day 7 under FBS conditions, when compared to FBS MM (p= 0.024). However, 

there were no significant differences on day 14. The level of DLX5 expression was 

low under HS and RegES conditions. 

The expression of collagen type I, a major component of organic bone matrix, 

was significantly increased by OM2 and OM3 under FBS conditions, specifically at 

day 7 when compared to both MM and OM1. At day 14, the expression of collagen 

type I level was slightly lower, but yet the expression was significantly higher with 

OM2 and OM3 than OM1 (p=0.024). There were no significant differences between 

the groups under HS and RegES conditions. The level of collagen type I mRNA was 

generally lower in RegES than in FBS or HS conditions. 



In contrast to collagen, the expression of ALP was notably up-regulated in 

RegES MM, OM2 and OM3 cultures when compared to FBS and HS cultures at 14-

day time point. Overall, the level of ALP expression was low in FBS medium. 

Nevertheless, significantly higher expression of ALP mRNA was detected in all FBS 

OM compositions at day 7, and by OM2 and OM3 at day 14, when compared to FBS 

MM (p=0.024). In HS medium, OM3 showed significantly higher level of ALP 

expression at day 14 than OM1 (p=0.024) and OM2 (p=0.048), but not when 

compared to HS MM. Again there were no significant differences between RegES 

groups. 

The expression of late osteogenic marker osteocalcin was moderate in all of the 

cell cultures. Mild up-regulation of osteocalcin expression by OM3 could be seen in 

FBS cultures at day 7, but the difference was not statistically significant. The elevated 

expression of osteocalcin in FBS OM3 was decreased to basal level by day 14. In 

RegES medium, the osteocalcin mRNA was down-regulated by OM1, especially at 

14-day time point, where the level of osteocalcin in OM1 was significantly lower than 

in all the other RegES groups. 

 

Discussion 

While the effects of the OM supplements have been largely studied with BMSCs [15, 

19-21], there are only limited studies with ASCs [16, 22, 39]. One of the major 

shortcomings in all of these in vitro studies has been the lack of comparison between 

different serum conditions. Due to quality and safety issues, the clinical hASC-based 

applications need to move from the animal-derived products to human-derived or 

more preferably to defined and xeno-free conditions [24]. However, most of the in 



vitro studies are still conducted using FBS. Given that the serum conditions can 

significantly affect the cell response, it is crucial to obtain research data with more 

clinical relevance [26, 31]. 

Accordingly, we aimed to optimize the osteogenic culturing conditions for the in 

vitro induction of hASCs by testing different concentrations of Dex and AsA2-P in 

HS-based medium as well as in a defined, xeno-free medium RegES, with FBS 

medium functioning as a control. As hypothesized, the differential effect of FBS, HS 

or RegES media was evident in hASC proliferation and osteogenic differentiation. 

Comparison of the cell growth in FBS, HS and RegES maintenance media revealed a 

slightly higher growth rate in hASCs cultured in FBS MM than in HS MM, whereas 

the highest growth rate was achieved in RegES MM. When comparing MM and OM 

conditions in general, significantly higher cell number was achieved in OM than MM 

particularly in HS and RegES cultures. The effect of OM in cell number was also 

dependent of serum conditions; under FBS conditions OM3 with the highest AsA2-P 

concentration promoted cell growth most, but under HS conditions both OM2 and 

OM3 resulted in equally elevated cell numbers. High AsA2-P concentration (250 µM) 

has been reported to stimulate proliferation of BMSCs and osteoblast-like cells [21, 

40], whereas high Dex concentration (100 nM) may inhibit proliferation [22]. More 

importantly, high AsA2-P concentration may stimulate proliferation without a 

reciprocal loss of differentiation potency [21, 41]. 

The osteogenic induction capacity of OM1, OM2 and OM3 was compared by 

analyzing the ALP activity, mineralization and relative expression of several 

osteogenic markers. Contrary to expectations, the level of osteogenic differentiation 

was the lowest in FBS-cultured hASCs as measured by ALP activity and 



mineralization. Another significant finding was that the RegES MM alone was found 

to induce the early osteogenic differentiation as shown by the elevated ALP activity, 

although supplementation with Dex, AsA2-P and β-GP was required to achieve 

mineralization. On the whole, the inductive effect of high AsA2-P and low Dex 

concentration, as in OM3, was most evident in HS cultures, resulting in high ALP 

activity and mineralization. Prior studies have noted the importance of AsA2-P in the 

osteogenic differentiation of BMSCs and osteoblastic cells [21, 41-43]. In contrast, 

Dex in high concentrations has been shown to inhibit osteogenic differentiation [44, 

45], although it seems to be necessary for the efficient osteo-induction of MSCs in 

low concentrations [15, 19, 20, 44].  

In the present study, variation between donors could be detected particularly in 

ALP activity. Under HS and FBS conditions, two out of three donors exhibited a 

notable increase in ALP activity in response to OM2 and OM3, whereas one donor 

did not seem to respond to the OM supplements. Donor sample variability affects the 

interpretation of the results regardless of analyzing method and diminishes the 

statistical significance by increasing standard deviation. Others have established this 

problem previously with ASCs [11, 23, 46] and BMSCs [15, 47, 48]. With BMSCs, 

Jaiswal and co-workers showed that the basal level of ALP activity as well as the 

timing of the peak ALP activity varied greatly between the different donor samples 

irrespective of donor age[15]. The relative fold induction in ALP activity varied 1.5- 

to 6.4-fold depending on donor [15]. Similar kind of variation has been detected with 

ASCs as well [11, 23, 46]. 

The osteogenic effect of OM1, OM2 and OM3 under different serum conditions 

was further studied by analyzing the relative expression of osteogenic markers, 



runx2A, DLX5, collagen type I, osteocalcin and ALP. Overall, the qRT-PCR data 

demonstrated significant up-regulation of runx2A mRNA under osteogenic 

differentiation in FBS and HS medium, and early stimulation of DLX5 under FBS 

conditions. The regulation of other markers, collagen type I, osteocalcin and ALP, 

was modest. When comparing the different OM compositions, OM2 and OM3 

resulted in significantly higher expression of runx2A, collagen type I, and ALP, than 

corresponding MM under FBS or HS conditions. In some cases, OM2 and OM3 also 

resulted in higher expression of runx2A, collagen type I, and ALP than OM1. Under 

FBS conditions, OM3 induced significantly higher expression of runx2A when 

compared to FBS MM at day 14. In addition, collagen type I expression was 

significantly up-regulated by FBS OM2 and OM3 at day 7 in comparison to both MM 

and OM1, and versus OM1 on day 14. Under HS conditions, OM3 resulted in 

significantly higher runx2A expression when compared to HS MM and OM1 at day 7. 

Moreover, HS OM3 resulted in higher level of ALP expression than OM1 and OM2 

on day 14. Hence, greater expression of osteogenic markers can be achieved by OM 

with increased AsA2-P and lowered Dex, i.e. OM2 or OM3 composition. 

In RegES medium, significant differences in the runx2A, collagen type I or ALP 

expression were not detected, likely due to the high basal level of expression in 

RegES MM. However, the level of osteocalcin mRNA was significantly lower in 

RegES OM1 than in MM, OM2 or OM3 at day 14. The expression of DLX5 appeared 

to peak already on day 7 under osteogenic induction under FBS conditions, whereas 

no regulation of DLX5 was detected under HS and RegES conditions. 

There were also notable differences in the collagen type I and ALP mRNA 

expression between the serum conditions in general. The expression of collagen type I 



was notably lower in all RegES groups when compared to the respective FBS and HS 

groups. The expression of ALP, on the contrary, was higher in the RegES groups than 

in FBS and HS groups. This result correlates with the high ALP protein activity in 

RegES cultures, but in turn, not with the high ALP activity found in HS cultures. 

Unexpectedly, the expression of runx2, collagen type I, ALP or osteocalcin was not 

up-regulated by time (day 7 versus 14) in any of the OM groups. Although we did not 

see significant up-regulation by time, the culture period of 14 days has been shown to 

be sufficient for the detection of osteogenic gene expression [49-51]. Furthermore, 

considering clinical applications, the in vitro culture period should be minimized, as 

prolonged culture may increase the risk of contamination or genetic abnormalities. 

Therefore, the inductive effects in vitro should also appear within as short time period 

as possible.  

In contrast to ALP activity and mineralization, relatively small changes were 

detected in mRNA expression levels between MM and OM groups under all serum 

conditions. Although challenging the common conception, the lack of up-regulation 

or even down-regulation of certain osteogenic markers in ASCs upon osteogenic 

differentiation has been reported previously [12, 18]. For OM-induced BMSCs, 

similar differences have been reported between the data obtained on protein level and 

real-time PCR for collagen type I expression [52]. The flow cytometric analysis 

showed significantly up-regulated expression of collagen type I in the ECM of 

differentiated BMSCs, but there was no notable increase in collagen type I mRNA 

even after osteogenic differentiation according to real-time PCR [52]. While this 

phenomenon is still poorly understood, it is evident that the route of mRNA to protein 

is a highly regulated and complex pathway, where even small changes at 



transcriptional or post-transcriptional level can have a major phenotypic effect [12, 

18, 53]. 

One of the main scopes of the present study was to investigate whether xeno-free 

RegES medium could be utilized for the efficient osteogenic differentiation of hASCs. 

Taken together, hASCs cultured in RegES showed increased osteogenic capacity, an 

effect likely explained by the composition of the RegES medium (Additional file 1). 

Apart from the several growth factors and cytokines, the high concentration of AsA2-

P in RegES MM (50 µg/ml or 170 µM) may account for the high basal level of cell 

growth and osteogenic differentiation of hASCs in the plain RegES medium. Taking 

into account the additional AsA2-P in the osteogenic media, the concentrations in 

RegES OM1, OM2 and OM3, raised to 220, 320, and 420 µM, respectively. The 

maximal advantage in growth rate and differentiation in RegES-based osteogenic 

media was reached by AsA2-P concentrations varying from 220 to 320 µM, 

correlating to the results obtained with OM3 under FBS and HS conditions. However, 

as already mentioned, supplementation with Dex and β-GP in addition to AsA2-P was 

required for efficient osteo-induction and maturation of hASCs cultured in RegES.  

 

Conclusions 

In summary, our results show that the serum conditions have a significant effect on 

the hASC behaviour, such as proliferation and osteogenic differentiation capacity. 

Osteogenic differentiation of hASCs was the weakest in FBS-medium. The plain 

RegES medium was able to induce early osteogenic differentiation of hASCs, 

although supplementation with Dex, AsA2-P and β-GP was needed to achieve 

mineralization. One of the key findings was that the commonly used OM1 supports 



the in vitro osteo-induction of hASCs poorly in FBS and HS medium. Instead, OM 

with higher AsA2-P and lower Dex should be used for the osteogenic differentiation 

of hASCs under FBS and HS conditions.  
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Figure 1. Representative images showing the multilineage differentiation 

potential of hASCs cultured in RegES medium. ALP staining for the osteogenic 

differentiation (A), Oil Red O staining for the adipogenic differentiation (B), and 

Alcian Blue staining for the chondrogenic differentiation (C) of hASCs. Scale bar 500 

µm in (A), and 100 µm in (B) and (C). hASCs, human adipose stem cells; ALP, 

alkaline phosphatase. 

Figure 2. Relative cell number. Cell number at day 7 and 14 after culture in 

maintenance medium (MM) or different osteogenic media (OM1, OM2 or OM3) 

based on FBS, HS or RegES. Results are expressed as mean +SD. All results were 

standardized to the control condition (FBS MM at day 1). a (p<0.05) relative to HS 

MM, b (p<0.05) relative to HS MM and OM1, c (p<0.05) relative to RegES MM and 

OM1, d (p<0.05) relative to RegES OM1, OM2 and OM3, as well as HS MM and 

FBS MM. MM, maintenance medium; OM, osteogenic medium; FBS, fetal bovine 

serum; HS, human serum; SD, standard deviation. 



Figure 3. Cell morphology in different media. Representative light microscope 

images showing hASC morphology and proliferation at 14-day time point in each 

medium. Scale bar 500 µm. hASC, human adipose stem cells. hASCs, human adipose 

stem cells; MM, maintenance medium; OM, osteogenic medium; FBS, fetal bovine 

serum; HS, human serum 

Figure 4. Relative ALP activity on day 14. The scatter plot shows mean ALP 

activity for each condition and individual data points for each donor. All results were 

standardized to the control condition (FBS MM at day 7). a (p<0.05) for the 

difference between HS OM3 and MM, b (p<0.01) for the difference between HS 

OM3 and OM1. ALP, alkaline phosphatase; MM, maintenance medium; OM, 

osteogenic medium; FBS, fetal bovine serum; HS, human serum. 

Figure 5. Relative mineralization. Quantitative mineralization of hASCs cultured in 

maintenance medium (MM) or different osteogenic media (OM1, OM2 or OM3) 

based on FBS, HS or RegES. Results are expressed as mean +SD. All results were 

standardized to the control condition (FBS MM at day 7). a (p<0.05) relative to HS 

MM, b (p<0.05) relative to HS MM and OM1, c (p<0.05) relative to RegES OM1, 

OM2 and OM3. hASCs, human adipose stem cells; MM, maintenance medium; OM, 

osteogenic medium; FBS, fetal bovine serum; HS, human serum. 

Figure 6. Qualitative mineralization. Representative images showing Alizarin Red 

staining to detect mineralization of hASCs cultured in maintenance medium (MM) or 

different osteogenic media (OM1, OM2 or OM3) based on FBS, HS or RegES at 14-

day time point. Scale bar 500 µm. hASCs, human adipose stem cells; MM, 

maintenance medium; OM, osteogenic medium; FBS, fetal bovine serum; HS, human 

serum. 



Figure 7. Quantitative real-time PCR results. The relative expression of osteogenic 

genes in hASCs cultured in maintenance medium (MM) or different osteogenic media 

(OM1, OM2 or OM3) based on FBS, HS or RegES at 7- and 14-day time points. 

Results are expressed as mean +SD. All results were standardized to the control 

condition (FBS MM at day 7). a (p<0.05) relative to FBS MM; b (p<0.05) relative to 

HS MM; c (p<0.05) relative to FBS MM and OM1; d (p<0.05) relative to FBS OM1; 

e (p<0.05) relative to HS OM1 and OM2; f (p<0.05) relative to RegES OM1. hASCs, 

human adipose stem cells; MM, maintenance medium; OM, osteogenic medium; 

FBS, fetal bovine serum; HS, human serum; SD, standard deviation. 



Table 1. The medium compositions used in the study. 

Medium  Composition  

Maintenance medium (MM) 10 % FBS-, 10 % HS-, or RegES-medium 

OM1 100 nM Dex, 50 µM AsA2P, 10 mM β-GP in MM 

OM2 10 nM Dex, 150 µM AsA2P, 10 mM β-GP in MM 

OM3 5 nM Dex, 250 µM AsA2P, 10 mM β-GP in MM 

Maintenance medium (MM) was culture medium with 10 % FBS or 10% HS, or 

defined, xeno-free RegES-medium (composition defined in Additional file 1). The 

osteogenic media (OM) were supplemented with dexamethasone (Dex), L-ascorbic 

acid 2-phosphate (AsA2-P), and β-glycerophosphate (β-GP). MM, maintenance 

medium; OM, osteogenic medium; FBS, fetal bovine serum; HS, human serum; Dex, 

dexamethasone; AsA2-P, L-ascorbic acid 2-phosphate; β-GP, β-glycerophosphate. 

 



Table 2. The primer sequences for qRT-PCR.  

Name   5'- Sequence -3' Product size (bp)  Accession Number  

RUNX2A Forward CTTCATTCGCCTCACAAACAAC  62 NM_001024630.3 

 Reverse TCCTCCTGGAGAAAGTTTGCA   

DLX5 Forward ACCATCCGTCTCAGGAATCG 75 NM_005221.5 

 Reverse CCCCCGTAGGGCTGTAGTAGT   

Collagen type I Forward CCAGAAGAACTGGTACATCAGCAA 94 NM_00088 

 Reverse CGCCATACTCGAACTGGAATC   

Osteocalcin Forward AGCAAAGGTGCAGCCTTTGT 63 NM_000711 

 Reverse GCGCCTGGGTCTCTTCACT   

Alkaline phosphatase Forward CCCCCGTGGCAACTCTATCT 73 NM_000478.4 

 Reverse GATGGCAGTGAAGGGCTTCTT   

RPLP0 Forward AATCTCCAGGGGCACCAT T 70 NM_001002 

  Reverse CGCTGGCTCCCACTTTGT     



Table 3. Characterization of hASCs. 

Antigen  Surface protein  FBS HS 

CD14 Serum lipopolysaccharide binding protein 2.6 ± 2.7 1.1 ± 1.0 

CD19 B lymphocyte-lineage differentiation antigen 1.1 ± 0.9 0.4 ± 0.1 

CD34 Sialomucin-like adhesion molecule 19.6 ± 12.2 27.4 ± 23.5 

CD45 Leukocyte common antigen 1.5 ± 0.8 1.8 ± 1.6 

CD49d Integrin a2, VLA-4 12.7 ± 2.5 35.4 ± 10.1 

CD73 Ecto-50-nucleotidase 82.2 ± 8.5 85.9 ± 7.3 

CD90 Thy-1 (T cell surface glycoprotein) 97.3 ± 2.5 96.5 ± 4.6 

CD105 SH-2, endoglin 85.3 ± 17.7 79.2 ± 21.1 

CD106 VCAM-1 (vascular cell adhesion molecule) 0.6 ± 0.3 1.3 ± 1.7 

HLA-ABC Major histocompatibility class I antigens 16.9 ± 8.1 28.1 ± 16.4 

HLA-DR Major histocompatibility class II antigens 1.9 ± 1.2 1.0 ± 1.0 

Surface marker expression of undifferentiated hASCs cultured either in FBS- or HS-medium 

as analyzed by flow cytometric analysis. Data is presented as mean ± standard deviation of 

the percentage of surface marker expression (n=6). hASCs, human adipose stem cells; FBS, 

fetal bovine serum; HS, human serum; CD, cluster of differentiation. 



Additional files 

Additional file 1. RegES medium. Complete formulation for RegES medium. 

Additional file 2 . Preliminary screening. Osteogenic medium (OM) compositions of the 

preliminary screening (all in HS medium). 

Additional file 3. Cell morphology at different time points. Light microscope images 

showing representative hASC morphology in each maintenance medium at 3-, 7- and 14-day 

time points. Scale bar 500 µm. 
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Abstract

Human adipose stem cells (hASCs) have been recently used 
to treat bone defects in clinical practice. Yet there is a need 
for more optimal scaffolds and cost-effective approaches 
to induce osteogenic differentiation of hASCs. Therefore, 
we compared the efficiency of bone morphogenetic proteins 
(BMP-2 and BMP-7), vascular endothelial growth factor 
(VEGF), and osteogenic medium (OM) for the osteo-
induction of hASCs in 3D culture. In addition, growth 
factors were tested in combination with OM. Commercially 
available bioactive glass scaffolds (BioRestore) and 
biphasic calcium phosphate granules (BoneCeramic) 
were evaluated as prospective carriers for hASCs. Both 
biomaterials supported hASC-viability, but BioRestore 
resulted in higher cell number than BoneCeramic, whereas 
BoneCeramic supported more significant collagen 
production. The most efficient osteo-induction was achieved 
with plain OM, promoting higher alkaline phosphatase 
activity and collagen production than growth factors. In fact, 
treatment with BMP-2 or VEGF did not increase osteogenic 
differentiation or cell number significantly more than 
maintenance medium with either biomaterial. Moreover, 
BMP-7 treatment consistently inhibited proliferation and 
osteogenic differentiation of hASCs. Interestingly, there 
was no benefit from growth factors added to OM. This is 
the first study to demonstrate that OM enhances hASC-
differentiation towards bone-forming cells significantly 
more than growth factors in 3D culture.

Keywords: Adipose stem cells; mesenchymal stem cells; 
bone tissue engineering; bioactive glass; biphasic calcium 
phosphate; growth factors; osteogenic differentiation; in 
vitro culture; 3D scaffolds.
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Introduction

Tissue engineered bone has emerged as a potential 
alternative to meet the increasing need for bone 
replacements in clinical medicine and to overcome the 
limitations of autologous grafts as well as the risks related 
to allogeneic bone grafts (Betz, 2002). Specifically, bone 
regeneration via autologous stem cell transplantation 
is a promising approach to treat large bone defects. 
For example, patient’s own multipotent mesenchymal 
stem cells (MSCs) can be isolated from adipose tissue, 
expanded ex vivo, and transplanted to the defect site 
using biomaterial scaffold as a carrier (Mesimaki et al., 
2009; Thesleff et al., 2011). Among adult stem cells, 
human adipose stem cells (hASCs) are readily available 
multipotent cells having the potential to differentiate 
into lineages of mesenchymal tissues, including bone, 
cartilage, fat, tendon, muscle, and marrow stroma (Zuk 
et al., 2001; Zuk et al., 2002; Park et al., 2010; Choi et 
al., 2012). The osteogenic capacity of ASCs has been 
demonstrated in both in vitro  (Zuk et al., 2002; De 
Girolamo et al., 2007) and in vivo studies (Cowan et al., 
2004; Hicok et al., 2004; Hattori et al., 2006; Di Bella et 
al., 2008; Behr et al., 2011). In addition, our group has 
reported several clinical cases, where autologous hASCs 
combined with biomaterials have been used to repair 
cranio-maxillofacial defects (Mesimaki et al., 2009; 
Thesleff et al., 2011).
 In order to enhance the bone formation capacity, 
a number of inducing factors have been tested in 
combination with biomaterials and cells. Based on the 
fact that bone formation is modulated by a number of 
osteogenic factors released from the bone and surrounding 
tissues during the repair process, recombinant bone 
morphogenetic protein (BMP)-2 and BMP-7 have been 
utilised in clinical applications in order to stimulate bone 
healing (Samartzis et al., 2005; Garrison et al., 2007; 
Clokie and Sandor, 2008). Similar to BMPs, vascular 
endothelial growth factor A (VEGF-A) has been used to 
promote angiogenesis and osteogenesis of MSCs in vitro 
(Behr et al., 2011; D’Alimonte et al., 2011) and in vivo 
(Roldan et al., 2010; Behr et al., 2011). However, critical 
views on the use of BMPs have been emerging lately due 
to their short half-lives, expensiveness and ineffectiveness 
(Garrison et al., 2007; Garrison et al., 2010; Zuk et al., 
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2011). The clinical use of growth factors has been hindered 
by the significantly large, and hence costly, doses needed 
in humans. Large doses of exogenous growth factors may 
cause unexpected physiological effects ranging from 
bone resorption (Giannoudis et al., 2007) to heterotopic 
ossification (Wysocki and Cohen, 2007; Axelrad et al., 
2008). Hence, alternative methods for effective osteo-
induction of MSCs are under investigation (Kim et al., 
2003; Kim et al., 2005; McCullen et al., 2010; Tirkkonen 
et al., 2011).
 For example, osteogenic medium (OM) supplemented 
with L-ascorbic acid 2-phosphate (AsA2-P), dexamethasone 
(Dex) and β-glycerophosphate (β-GP) has been commonly 
used for the osteogenic differentiation of MSCs in vitro 
(Zuk et al., 2001; Ogawa et al., 2004; Giusta et al., 
2010; Rada et al., 2011). The in vivo studies have also 
shown the advantage of OM-induction in ASC-based 
bone regeneration; significantly greater bone healing was 
detected with the OM-induced ASCs compared to the 
non-induced ASCs (Dudas et al., 2006; Yoon et al., 2007; 
Di Bella et al., 2008; Schubert et al., 2011). However, 
the osteo-induction efficiency of OM has not been 
systematically compared to BMP-2, BMP-7 and VEGF 
with hASCs in vivo or in vitro. Although in vivo studies 
are required in the future to demonstrate the utility of OM 
over growth factors, obtaining sufficient in vitro data is of 
fundamental importance before it is reasonable to initiate 
in vivo studies.
 In addition to effective osteo-induction, suitable 
biomaterial carriers for supporting the hASC proliferation 
and differentiation are required for successful bone 
regeneration. Bioactive glass and biphasic calcium 
phosphate, both biomaterials currently used in cranio-
maxillofacial (Peltola et al., 2006; Peltola et al., 2008; 
Frenken et al., 2010; Clozza et al., 2012b) and orthopaedic 
surgery (Lindfors et al., 2010; Garrido et al., 2011), were 
compared as prospective carriers for hASCs in the current 
study. Synthetic bioceramics are among the most promising 
biomaterials for the use of bone tissue engineering largely 
due to their capacity to form bone-like apatite layers 
in contact with physiological fluids, a reaction which 
facilitates their strong bonding to bone (Hench, 1998; 
Kokubo et al., 2003). Furthermore, bioactive glass and 
calcium phosphate biomaterials are capable of promoting 

bone formation through the dissolution of Ca and P ions 
(Xynos et al., 2000; E et al., 2010). Essential characteristics 
for silicate bioactive glasses include high Na2O and CaO 
content, high CaO/P2O5 ratio, and SiO2 content less than 
60 mol%. Biphasic calcium phosphates, in turn, consist of 
varying ratios of hydroxyapatite (HA) and beta-tricalcium 
phosphate (β-TCP). With slowly resorbing HA and more 
soluble β-TCP, the ratio 60/40 wt% of HA/β-TCP has been 
widely used as it offers controlled degradation and optimal 
osseous substitution (Frenken et al., 2010; Ghanaati et al., 
2012).
 While searching for an optimal approach to treat 
patients with adipose stem cells, the aim of the present 
study was to compare the efficiency of BMP-2, BMP-7, 
VEGF and OM for the osteogenic differentiation of hASCs 
in clinically relevant 3D environment. In addition, BMP-2, 
BMP-7 and VEGF were tested in combination with OM.

Materials and Methods

Biomaterial characterisation and preparation
Two commercially available biomaterials, Straumann® 
BoneCeramic granules (Straumann AG, Basel, Switzerland) 
and Inion BioRestoreTM (Inion Oy, Tampere, Finland) 
bioactive glass scaffolds were compared as 3D carriers 
for hASCs in this study. The morphology and surface 
topography of both materials was examined using scanning 
electron microscopy (SEM; Philips XL-30; Philips, 
Eindhoven, The Netherlands). The biomaterial samples 
were air-dried and sputter coated with gold prior to analysis 
with SEM.
 The fully synthetic, granular form Straumann® 
BoneCeramic composed of biphasic calcium phosphate 
with 60 % hydroxyapatite (HA; 100 % crystalline) and 
40 % β-tricalcium phosphate (β-TCP) was used in this 
study. BoneCeramic has a porosity of 90 %, and a granule 
size between 0.5 and 1.0 mm with interconnected pores of 
100-500 µm in diameter. For cell culturing, 0.25 g aliquots 
of sterile BoneCeramic granules were transferred onto 24-
well plates (Nunc, Roskilde, Denmark) using an analytical 
balance that was placed inside a laminar hood. The granules 
were incubated in 1 mL of corresponding medium (Table 
1) for 48 h prior to cell seeding.

Table 1. The compositions of different media used in the study.

 Medium Supplements

 Maintenance 
medium (MM) DMEM/F-12, 10 % FBS, 1 % L-glutamine, 1 % antibiotics

Osteogenic medium 
(OM)

5 nM dexamethasone, 250 µM L-ascorbic acid 2-phosphate, 10 mM β-glycerophoshate 
(Sigma-Aldrich, MO, USA) in MM

Pa
rt

 I MM + BMP-2 50 ng/mL bone morphogenetic protein-2 (Genscript, NJ, USA) in MM
MM + BMP-7 100 ng/mL bone morphogenetic protein-7 (Sigma-Aldrich) in MM
MM + VEGF 20 ng/mL vascular endothelial growth factor (R&D Systems Inc, MN, USA) in MM

Pa
rt

 II

OM + BMP-2 50 ng/mL BMP-2 (Genscript, NJ, USA) in OM
OM + BMP-7 100 ng/mL BMP-7 (Sigma-Aldrich) in OM
OM + VEGF 20 ng/mL VEGF (R&D Systems Inc, MN, USA) in OM
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 The Inion BioRestoreTM bioactive glass scaffolds used 
in this study had a nominal composition of 11.1-12.0 wt% 
Na2O, 15.0-17.1 wt% K2O, 2.8-3.3 wt% MgO, 12.7-
15.2 wt% CaO, 2.7-3.8 wt% P2O5, 1.0-1.4 wt% B2O3, 0.0-
0.6 wt% TiO2 and 48.5-52 wt% SiO2. The porous bioactive 
glass scaffolds were manufactured from fibres as described 
previously (Moimas et al., 2006). Briefly, bioactive glass 
fibres of 75 µm diameter and 3 mm length were produced 
by melt spinning. The fibres were sintered under defined 
conditions to obtain desired structural and mechanical 
properties. Scaffolds with porosity of 70 % and dimensions 
of 7 x 7 x 3 mm were used in this study.
 Before cell seeding, the bioactive glass scaffolds were 
sterilised with 70 % ethanol followed by several steps 
of washing with Dulbecco’s phosphate-buffered saline 
(DPBS; Lonza Biowhittaker; Verviers, Belgium), and 
incubated in 1 mL of corresponding medium (Table 1) for 
48 h.

Cell isolation, characterisation and culture
Adipose tissue samples were acquired from surgical 
procedures in the Department of Plastic Surgery, Tampere 
University Hospital with the patients’ written consent. 
The study was conducted in accordance with the Ethics 
Committee of the Pirkanmaa Hospital District, Tampere, 
Finland (R03058). The adipose tissue samples were 
obtained from 11 donors (mean age 50 ± 14 years).
 The adipose tissue was manually chopped into small 
fragments and digested with collagenase type I (1.5 mg/
mL; Invitrogen/Life Technologies, Carlsbad, CA, USA) 
in a water bath at 37 °C for 60 min, and the hASCs 
were isolated by centrifugation. Following isolation, the 
hASCs were expanded in T75 cm2 polystyrene flasks 
(Nunc) in maintenance medium (MM) consisting of 
Dulbecco’s modified Eagle’s medium: nutrient mixture 
F-12 (DMEM/F-12 1:1) (Invitrogen, Paisley, UK), 
10 % foetal bovine serum (PAA Laboratories, Pasching, 
Austria), 1 % antibiotics (100 U/mL penicillin; 100 U/mL 
streptomycin; Lonza Biowhittaker, Basel, Switzerland) 
and 1 % L-glutamine (GlutaMAX I; Invitrogen). After 
expansion hASCs were cryo-preserved in gas phase 
nitrogen in freezing solution consisting of 10 % dimethyl 
sulphoxide (Hybri-Max; Sigma-Aldrich, St. Louis, MO, 
USA) in foetal bovine serum (PAA Laboratories, Pasching, 
Austria).
 After primary cell culture (at passage 1-2) the hASCs 
were characterised by a fluorescent-activated cell sorter 
(FACSAria; BD Biosciences, Erembodegem, Belgium). 
Monoclonal antibodies against CD14-PE, CD19-PE, 
CD49d-PE, CD73-PE, CD90-APC, CD106-PE, (BD 
Biosciences); CD45-FITC (Miltenyi Biotech, Bergisch 
Gladbach, Germany); CD34-APC, HLA-ABC-PE, HLA-
DR-PE (Immunotools, Friesoythe, Germany); and CD105-
PE (R&D Systems, Minneapolis, MN, USA) were used. 
The analysis was performed on 10,000 cells per sample 
and unstained cell samples were used to compensate for 
the background autofluorescence levels.
 The hASCs needed for the study were thawed and 
expanded in maintenance medium in T75 cm2 polystyrene 
flasks (Nunc). At passage 2-4, the hASCs were seeded onto 

BoneCeramic granules at a density of 9.7 x 104 cells per 
well, and similarly to the BioRestore scaffolds at a density 
of 9.7 x 104 cells per scaffold, using a small volume (50 µL) 
of MM. The cells were let to attach at +37 °C for 3 h 
before adding 1 mL of corresponding medium (Table 1). 
Fresh medium was changed 3 times per week. During each 
medium change the growth factors were freshly added to 
the medium from frozen aliquots avoiding multiple freeze-
thaw cycles in order to keep the growth factors active. The 
experiments were repeated 3-6 times using one donor cell 
line per each repeat.
 In the first part of this study, recombinant human BMP-
2 (rhBMP-2; Genscript, Pisataway, NJ, USA), BMP-7 
(rhBMP-7; Sigma-Aldrich), and VEGF-A (rhVEGF165; 
R&D Systems) were added to MM and compared with 
osteogenic medium (OM). In the second part of the 
study, the growth factors were combined with OM. The 
compositions of the different media used in the study are 
described in Table 1. The concentrations of BMP-2 (Barr 
et al., 2010), BMP-7 (Shen et al., 2010) and VEGF (Behr 
et al., 2011) used in this study were based on literature.

Cell viability
Cell attachment and viability were evaluated qualitatively 
using Live/dead-staining probes (Molecular Probes/
Invitrogen, Eugene, OR, USA) at day 3, 7 and 14. The 
hASCs were incubated for 45 min at room temperature 
with a mixture of 0.5 µM calcein acetoxymethyl ester 
(Molecular Probes) and 0.25 µM ethidium homodimer-1 
(Molecular Probes). Images of the viable cells (green 
fluorescence) and dead cells (red fluorescence) were 
obtained using an Olympus IX51 phase contrast microscope 
with fluorescence optics and Olympus DP30BW camera 
(Olympus, Tokyo, Japan).

Cell number
The cell number of the samples was studied at 3-, 7- and 
14-day time points by determining the amount of total DNA 
by CyQUANT Cell Proliferation Assay Kit (CyQUANT; 
Molecular Probes) according to the manufacturer’s 
protocol. CyQUANT GR dye expresses fluorescence when 
bound to cellular nucleic acids.
 The cells were washed with DPBS and lysed with 
500 µL of 0.1 % Triton-X 100 buffer (Sigma-Aldrich). 
The Triton cell lysates were frozen and stored at -70 °C 
until analysis. After thawing three parallel 20 µL samples 
of each cell lysate were pipetted on a 96-well plate (Nunc) 
and mixed with 180 µL of working solution containing 
CyQUANT GR dye. Fluorescence was measured at 
480/520 nm with a microplate reader (Victor 1420 
Multilabel Counter; Wallac, Turku, Finland).

Alkaline phosphatase activity
Alkaline phosphatase (ALP) activity was analysed at 3-, 
7- and 14-day time points. ALP cleaves phosphate groups 
from p-nitrophenol phosphates at pH 10.4 liberating 
yellow-coloured p-nitrophenol and phosphate. The rate 
of p-nitrophenol formation is proportional to the catalytic 
concentration of ALP in the sample. The ALP activity was 
determined from the same Triton-X 100 cell lysates as the 
cell number.
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 Three parallel 20 µL samples were pipetted on a 
MicroAmpTM Optical 96-well plate (Applied Biosystems, 
CA, USA). The reaction was started by pipetting 90 µL 
of working solution per well, containing 50 % of alkaline 
buffer solution (2-amino-2-methyl propanol; 1.5 M; 
pH 10.3; Sigma-Aldrich) and 50 % of stock substrate 
solution (p-nitrophenol phosphate; Sigma-Aldrich) and 
incubated for 15 min at 37 °C. The reaction was stopped 
by adding 50 µL of NaOH (1 M, Sigma-Aldrich) and the 
colour intensity was determined with a microplate reader 
(Victor 1420) at 405 nm.

Collagen assay
The amount of collagen was determined at 7- and 14-day 
time points by Sircol Soluble Collagen Assay (Biocolor, 
Carrickfergus, Northern Ireland). The basis of the assay 
was binding of Sirius red dye to [Gly-X-Y] peptide 
sequence of mammalian collagen types I-V. Production of 
collagenous matrix was measured, as it was not possible 
to analyse mineralisation due to the calcium containing 
3D-scaffolds.
 For the measurement, acid-soluble collagen was 
extracted from the cultures by 0.5 M acetic acid (Merck, 
Darmstadt, Germany) containing 0.1 mg/mL pepsin 
(Sigma-Aldrich) for 2 h at 4 °C. The collagen content was 
determined from 100 µL samples, with 1 mL of Sircol Dye 
reagent (Sirius Red in picric acid; Biocolor) added to each 
aliquot and incubated with gentle shaking for 30 min. The 
samples were centrifuged at 12,000 rpm for 10 min, and the 
collagen-dye pellet was washed once to remove unbound 
dye with 750 µL of ice-cold Acid-Salt Wash Reagent 
(acetic acid, sodium chloride and surfactants; Biocolor). 
After centrifugation, the supernatant was discarded and 
the collagen-bound dye was released by adding 250 µL 
of Alkali Reagent (0.5 M sodium hydroxide; Biocolor). 
The dye intensity was measured from two parallel 100 µL 
samples on a 96-well plate (Nunc) with a microplate reader 
(Victor 1420) at 540 nm.

Statistical analysis
Statistical analyses were performed with SPSS version 19 
(IBM, Armonk, NY, USA). Data were reported as mean and 
standard deviation (SD). The effects of different culture 
conditions on cell number, ALP activity, and collagen 

content were compared using a one-way analysis of 
variance (ANOVA) with Tukey post hoc test. The results 
were considered significant when p < 0.05. The effect of 
culture duration was analysed using a Student’s t-test for 
independent samples for collagen content (day 7 versus 
day 14), and one-way ANOVA for cell number and ALP 
activity for comparing 3-, 7- and 14-day time points. In 
the first part of this study growth factors were added to 
control medium and compared with OM, the experiments 
for cell number and ALP activity were repeated using 6 
donor lines (n = 6), and the analysis of collagen content 
was repeated with 3 donor lines (n = 3). In the second part, 
where growth factors were tested in combination with OM, 
all experiments were repeated using 3 donor lines (n = 3).

Results

Scanning electron microscopy
The scanning electron microscopy (SEM) images (Fig. 
1) illustrated the macro structure (Fig. 1a,b) and surface 
roughness (Fig. 1e,f) of the biomaterials. Based on the 
SEM images a larger surface area may be expected for 
BioRestore that is composed of small sized fibres (Fig. 1, 
left side). Regarding surface topography, BoneCeramic 
exhibited more surface roughness than BioRestore (Fig. 
1e,f). Overall, the SEM images confirmed the high porosity 
of both biomaterials. More detailed information on material 
characteristics of BioRestore scaffold has been provided 
previously (Haimi et al., 2009a).

Flow cytometric surface marker expression analysis

The flow cytometric analysis (Table 2) demonstrated 
that the hASCs used in this study expressed the surface 
markers CD73, CD90, CD105, and lacked the expression 
of the CD14, CD19, HLA-DR, the haematopoietic marker 
CD45, and the vascular cell adhesion molecule CD106. 
The expression of CD34, CD49d and HLA-ABC, was 
moderate. Overall, the surface marker analysis confirmed 
the mesenchymal origin of the cells in agreement with 
literature (Dominici et al., 2006; McIntosh et al., 2006; 
Lindroos et al., 2010).

Table 2. Surface marker expression of undifferentiated hASCs at passage 1-2. The results are 
displayed as mean percentage of the surface marker expression (n = 11).

Antigen Surface protein Mean SD Expression
CD14 serum lipopolysaccharide binding protein 1.8 1.1 negative
CD19 B lymphocyte-lineage differentiation antigen 0.8 0.7 negative
CD34 sialomucin-like adhesion molecule 17.4 8.3 moderate
CD45 leukocyte common antigen 1.4 1.1 negative
CD49d integrin a2, VLA-4 41.7 20.0 moderate
CD73 ecto-50-nucleotidase 90.4 9.4 positive
CD90 Thy-1 (T cell surface glycoprotein) 99.3 0.6 positive
CD105 SH-2, endoglin 95.7 4.4 positive
CD106 VCAM-1 (vascular cell adhesion molecule) 1.1 1.1 negative
HLA-ABC major histocompatibility class I antigens 42.0 24.6 moderate
HLA-DR major histocompatibility class II antigens 0.9 0.8 negative
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Fig. 1. Scanning electron micrographs of BioRestore (left; a, c, e, g) and BoneCeramic (right; b, d, f, h) at magnification 
of 20x (a, b), 80x (c, d), 500x (e, f), and 2000x (g, h). Scale bars in the lower right corner of the micrographs.
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Comparison of BioRestore and BoneCeramic 
biomaterials
The hASCs seeded on both BioRestore (Fig. 2) and 
BoneCeramic (Fig. 3) were viable and proliferated steadily 
under control conditions during the whole 14-day culturing 
period as monitored by qualitative Live/dead Cell Viability 
(Fig. 2 and 3) and quantitative CyQuant Cell Proliferation 

(Fig. 4) assays. According to Live/dead assay, BioRestore 
supported cell proliferation more than BoneCeramic. This 
was confirmed by the quantitative analysis of cell number 
(Fig. 4a), which showed 1.4-fold higher cell number with 
BioRestore than BoneCeramic in MM (p = 0.026), and 
1.3-fold in OM (p = 0.002) at day 14.

Fig. 2. Representative fluorescence images 
of viable (green) and dead (red) hASCs on 
bioactive glass (BioRestore) scaffolds at 
3-, 7-, and 14-day time points. Scale bar 
500 µm.

Fig. 3. Representative fluorescence images 
of viable (green) and dead (red) hASCs on 
biphasic calcium phosphate (BoneCeramic) 
granules at 3-, 7-, and 14-day time points. 
Scale bar 500 µm.
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 The ALP activity of hASCs (Fig. 5) was supported 
equally by both biomaterials in MM, but the induction by 
OM was more significant and consistent in BoneCeramic. 
For example, with BoneCeramic the ALP activity was 
enhanced by OM 2-fold when compared to MM, 3-fold to 
BMP-2, 8-fold to BMP-7, and 2-fold to VEGF (p < 0.05 in 
all). In BioRestore, the ALP activity induced by OM was 
higher than with BMP-2 (1.7-fold) and BMP-7 (4.5-fold), 
but not when compared to MM.
 Furthermore, BoneCeramic supported the collagen 
production of hASCs significantly more than BioRestore 
(Fig. 6a). Collagen production by hASCs grown on 
BoneCeramic in MM or MM + growth factors was 
significantly higher when compared to BioRestore both at 
day 7 and day 14. At day 14, the amount of collagen was 
5-fold higher in BoneCeramic MM than in BioRestore 
MM (p < 0.05). In fact, BoneCeramic combined with 
MM produced comparable collagen levels to that made 
by osteo-induced hASCs grown on BioRestore. Induction 
by OM resulted in increased collagen production on 
both biomaterials at day 14 with the highest levels of 
collagen being produced by hASCs induced in OM on 

BoneCeramic. However, the enhancement of collagen 
production was more intense in the case of BioRestore; OM 
resulted in 5 times more collagen than MM in BioRestore, 
but only a 1.9-fold induction in BoneCeramic – due to the 
high level of collagen present under control conditions. 
When compared to MM control, growth factor treatment 
did not increase collagen production on either biomaterial.

Comparison of OM induction to MM
Overall, OM resulted in higher cell numbers and collagen 
production than MM with both biomaterials. When 
comparing the effect of OM to MM in BioRestore, a 
significant stimulation was detected on proliferation of 
hASCs (Fig. 4a). OM increased the cell number 1.5-fold on 
day 7 and 14 when compared to MM (p < 0.05). Live/dead 
analysis confirmed the high growth rate of OM-cultured 
hASCs in BioRestore (Fig. 2). In addition, OM induced 
significantly higher collagen production (5-fold) than MM 
at day 14 in BioRestore (Fig. 6a). In turn, the ALP activity 
of hASCs seeded in BioRestore was not significantly higher 
in OM than in MM (Fig. 5a).

Fig. 4. Cell number at 3-, 7-, and 14-day time points on BioRestore or BoneCeramic. (A) Growth factors in MM: 
Number of hASCs cultured with MM, OM or growth factors in MM. *p < 0.05 between the indicated groups. **p < 0.05 
with respect to other groups within that time point. (B) Growth factors in OM: Number of hASCs cultured with OM 
or growth factors in OM. No significant differences in panel B. Results are expressed as mean fluorescence + SD.
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 In BoneCeramic, the cell number (Fig. 4a) was 
significantly higher in OM than in MM cultures (1.5-
fold) on day 14. In contrast, Live/dead analysis showed 
slightly higher cell number in OM than MM on day 7, but 
no notable difference between OM and MM on day 14 
in BoneCeramic (Fig. 3). The ALP activity (Fig. 5a) and 
collagen production (Fig. 6a) were induced 1.9-fold more 
with OM than MM in BoneCeramic at day 14 (p < 0.05).

Comparison of growth factor induction to MM
In general, all the growth factors tested in the present study 
supported the viability (Fig. 2 and 3) and proliferation of 
hASCs (Fig. 4a). BMP-2 and VEGF did not increase but 
rather supported similar levels of proliferation as MM 
(Fig. 4a). The result was similar with ALP activity (Fig. 
5a) and collagen production (Fig. 6a), where BMP-2 
and VEGF resulted in comparable levels as MM in both 
biomaterials. In contrast to BMP-2 and VEGF, BMP-7 
resulted in two times lower cell number than MM in 
BioRestore (p < 0.001). Consistently, ALP activity (Fig. 
5a) was three times lower in BMP-7 group than in MM in 
BioRestore (p = 0.002). Equally low amounts of collagen 

(Fig. 6a) were produced by all growth factors and MM in 
hASCs cultured in BioRestore.
 The effects of growth factors in BoneCeramic were 
mostly similar to BioRestore, i.e., no enhancement in 
comparison to MM. However, in BoneCeramic BMP-7 
did not significantly inhibit proliferation. In turn, the 
adverse effect of BMP-7 was significant in ALP activity; 
four times lower values than with MM were detected on 
day 14 (Fig. 5a). Some differences in collagen production 
(Fig. 6a) were detected between the growth factor groups 
in BoneCeramic. On day 7, BMP-2 exhibited significantly 
higher collagen amount than MM and OM (p < 0.05), 
although there was no difference from MM on day 14. 
Furthermore, VEGF exhibited significantly higher ALP 
activity and collagen content than BMP-7 (4.4-fold and 
1.8-fold, respectively), but not higher in comparison to 
MM.

Comparison of OM induction to growth factors
Overall, OM showed superior capacity to induce 
osteogenic differentiation and proliferation of hASCs 
than the growth factors tested in the study. In BioRestore, 

Fig. 5. ALP activity of hASCs at 3-, 7-, and 14-day time points on BioRestore or BoneCeramic. (A) Growth factors 
in MM: ALP activity of hASCs cultured with MM, OM or growth factors in MM. *p < 0.05 between the indicated 
groups. **p < 0.05 with respect to other groups within that time point. (B) Growth factors in OM: ALP activity of 
hASCs cultured with OM or growth factors in OM. No significant differences in panel B. Results are expressed as 
mean absorbance + SD.
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Fig. 6. Collagen production of hASCs at 7- and 14-day time points on BioRestore or BoneCeramic. (A) Growth 
factors in MM: Collagen production of hASCs cultured with MM, OM or growth factors in MM. *p < 0.05 between 
the indicated groups. **p < 0.05 with respect to other groups within that time point. (B) Growth factors in OM: 
Collagen production of hASCs cultured with OM or growth factors in OM. No significant differences in panel B. 
Results are expressed as mean absorbance + SD.

Live/dead analysis (Fig. 2) showed increased viability 
and cell number by the OM group when compared with 
growth factor groups at day 7 and 14. This was confirmed 
by the quantitative analysis of cell numbers (Fig. 4a); OM 
induced significantly higher cell numbers than growth 
factors (1.4- to 2.2-fold) in BioRestore. In a similar way, 
the collagen production was enhanced 6- to 9-fold by OM 
when compared to growth factors in BioRestore (Fig. 6a). 
OM also induced significantly higher ALP activity than 
BMP-2 (1.7-fold) and BMP-7 (4.6-fold) in BioRestore 
(Fig. 5a). VEGF resulted in comparable level of ALP 
activity to MM and OM in BioRestore. The OM-induced 
ALP activity was donor dependent, and hence was not as 
consistent as the OM-induced collagen production.
 In BoneCeramic, the growth factors supported 
comparable levels of viability to OM and MM (Fig. 3). 
However, according to the quantitative analysis of cell 
number (Fig. 4a), OM did result in significantly higher 
numbers of cells on day 14 than the growth factor groups 
(p < 0.05). The effect of OM on ALP activity (Fig. 5a) 
and collagen production (Fig. 6a) in BoneCeramic was 
significantly higher than with any of the growth factors. 

In ALP activity, the effects of OM were 2- to 8-fold, and 
in collagen production 1.4- to 2.5-fold in comparison 
to growth factors. In particular, the negative effect of 
BMP-7 was evident in ALP activity of hASCs seeded on 
BoneCeramic (Fig. 5a), as the ALP activity of BMP-7 
group decreased with time (p = 0.006, day 7 versus day 
14).

Combination of growth factors with OM
As osteogenic differentiation was detected mostly with 
OM, in the second part of the study growth factors were 
added to OM to determine whether greater osteo-induction 
could be achieved by their combination. The viability (Fig. 
2 and 3) and cell number (Fig. 4b) of OM + growth factors 
were comparable to that of plain OM, although slightly 
higher than with MM + growth factors. In BioRestore 
the inhibitory effect of BMP-7 on cell number could be 
detected even when combined with OM, but the difference 
was not significant to other groups.
 Overall, combining growth factors with OM did not 
result in enhanced ALP activity or collagen production 
when compared to plain OM. However, in ALP activity, 
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the negative effect detected by BMP-7 (Fig. 5a) was 
rescued when combined with OM (Fig. 5b); in some donor 
cells OM + BMP-7 increased ALP activity on day 7 in 
BioRestore and on day 14 in BoneCeramic, although the 
difference to plain OM was not significant.
 When comparing the effects of OM + growth factors 
between the two biomaterials, the results were comparable 
to those obtained with MM + growth factors; BioRestore 
stimulated higher cell number than BoneCeramic, whereas 
BoneCeramic induced higher ALP activity and collagen 
production.

Discussion

Every year, over 2 million bone graft operations are 
carried-out world-wide (Giannoudis et al., 2005). Due to 
the limitations of the traditional bone-grafting, alternative 
approaches such as tissue engineering are emerging in 
order to meet the increasing need for bone substitutes 
(Betz, 2002). To date, much reliance has been put on the 
osteo-inductive effect of BMPs (Garrison et al., 2007; 
Clokie and Sandor, 2008; Mesimaki et al., 2009). However, 
the cost, safety and effectiveness of growth factors have 
been the subject of controversy lately (Alarmo et al., 
2009; Garrison et al., 2010; Zuk et al., 2011). Due to the 
several risks and disadvantages related to the use of growth 
factors, we studied OM as an alternative method to enhance 
osteogenic differentiation of hASCs. OM containing 
AsA2-P, Dex and β-GP is a cost-effective osteo-inducer of 
hASCs in vitro as well as in vivo. In several in vivo studies, 
the osteogenic commitment of ASCs has been enhanced 
by OM during the in vitro culture prior to implantation 
(Cui et al., 2007; Di Bella et al., 2008; Bohnenblust et 
al., 2009; Schubert et al., 2011). For clinical bone tissue 
engineering it is critical to reduce the total time required 
to regenerate functional bone tissue. The pre-implantation 
expansion of hASCs takes several days to weeks, and 
bone formation after implantation of the construct takes 
from several weeks to months. In this respect, induction 
by OM would be a highly cost-effective way to enhance 
both osteogenic differentiation and proliferation of hASCs 
during the in vitro culture preceding implantation of the 
construct. Although the feasibility of OM-induction has 
been illustrated in several in vivo studies, the effect of OM 
has not been systematically compared to BMP-2, BMP-7 
and VEGF in vitro.
 Consequently, the current study demonstrated 
significantly greater osteogenic differentiation of hASCs 
by OM over BMP-2, BMP-7 and VEGF treatment in 3D 
culture, when the growth factors were added to MM. In 
fact, MM + BMP-2 or MM + VEGF treatment did not 
enhance the osteogenic differentiation of hASC more 
than MM alone with either biomaterial. In addition, it was 
discovered that BMP-7 significantly decreases proliferation 
and ALP activity of hASCs, an adverse effect that was 
detected consistently with both biomaterials. As osteogenic 
differentiation was detected solely with OM, in the second 
part of the study we tested whether OM could sensitise 
hASCs to growth factors in order to yield greater osteo-
induction. However, the combination of BMP-2, BMP-7 or 

VEGF with OM resulted in similar level of osteo-induction 
to OM alone, suggesting that OM induction is sufficient, 
and that differentiating hASCs may not respond to growth 
factor stimulation. Interestingly, the inhibitory effect of 
BMP-7 was rescued when BMP-7 was combined with OM. 
Hence, OM showed superiority over BMP-2, BMP-7 and 
VEGF added to MM, and these growth factors added to 
OM hold no advantage over plain OM induction in vitro.
 Some studies have suggested that exogenously added 
BMP-2 (Knippenberg et al., 2006; Song et al., 2011), 
BMP-7 (Al-Salleeh et al., 2008) and VEGF (Behr et al., 
2011) could have an osteo-inductive effect on ASCs, but 
in the current study these growth factors did not enhance 
osteogenic differentiation of hASC more than MM with 
either biomaterial. Out of these three growth factors, BMP-
2 is the most studied with ASCs (Knippenberg et al., 2006; 
E et al., 2010; Song et al., 2011; Zuk et al., 2011; Mehrkens 
et al., 2012; Overman et al., 2012). Although BMP-2 
concentrations from 50 to 100 ng/mL have successfully 
induced osteogenic differentiation of ASCs in some studies 
(Song et al., 2011; Knippenberg et al., 2006), Zuk and 
co-workers found no effect with doses in the range of 10-
100 ng/mL (Zuk et al., 2011). Similar to the findings of the 
present study and those reported by Zuk and co-workers, 
a recent study showed no effect by BMP-2 with 50 ng/
mL (Mehrkens et al., 2012). However, Mehrkens and co-
workers suggested that a 10 times higher concentration, 
500 ng/mL, is able to stimulate osteogenic differentiation 
of hASCs in vitro (Mehrkens et al., 2012). In turn, this 
is in contrast to two studies, where a short, only 15 min 
treatment with 10 ng/mL BMP-2 was able to support osteo-
induction of ASCs for 14-21 days (Knippenberg et al., 
2006; Overman et al., 2012). Hence, there is no consensus 
on the effect of BMP-2 on osteo-induction of ASCs, and 
further systematic in vitro and in vivo studies are required.
 Several factors may explain the great variation in the 
outcomes of BMP-2 studies, including use of animal-
derived ASCs (Knippenberg et al., 2006; E et al., 2010), 
differential effects of 3D biomaterials (E et al., 2010; 
Overman et al., 2012) to 2D culture, and the use of 
various cell densities and culture media. Nevertheless, 
various explanations have been suggested for the failure 
of BMP induction in ASCs and bone marrow stromal cells 
(BMSCs), including up-regulation of BMP antagonists 
such as noggin and gremlin (Pereira et al., 2000; 
Diefenderfer et al., 2003; Sutherland et al., 2004; Zuk et al., 
2011). On the other hand, the problem may originate from 
an insufficient activation of downstream signalling related 
to phosphorylation and nuclear translocation of certain 
Smads, the intracellular target proteins of e.g. BMP-2 
signalling, as proposed by Zuk and co-workers (Zuk et al., 
2011). It is obvious that several aspects of cell signalling 
including timing, dosage, and complex interplay between 
different effectors and inhibitors need further elucidation 
to master the effect of growth factors.
 The expanding literature on in vivo experiments 
conducted with ASCs suggests two critical requirements 
for successful bone formation; firstly, the osteogenic 
commitment of ASCs, and secondly, the presence of 
a mineral component in a scaffold (Scherberich et al., 
2010). The biomaterials used in the current study were 
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chosen because they represent prospective candidates for 
hASC-based bone tissue engineering approaches. As such, 
osteoconductivity and ability to heal bony defects has been 
reported in clinical and in vivo studies for both BioRestore 
(Moimas et al., 2006; Clozza et al., 2012a; Clozza et al., 
2012b) and BoneCeramic (Jensen et al., 2007; Jensen et al., 
2009; Frenken et al., 2010; Rokn et al., 2011). Although 
capable of orthotopic bone formation, BoneCeramic failed 
to form ectopic bone together with BMSCs in subcutaneous 
rodent models (Zimmermann et al., 2011; Mrozik et al., 
2012) indicating a need for enhanced osteo-induction. 
Recently, a similar biomaterial to BoneCeramic, except in a 
porous block format, was shown to increase bone formation 
in segmental femoral defects significantly more when 
seeded with hASCs than without cells (Choi et al., 2011). 
In a clinical study of 13 patients, BioRestore alone was 
able to induce formation of woven bone in tooth extraction 
sockets, although no mature lamellar bone was detected 
within a 6 months healing period (Clozza et al., 2012b). 
However, the bone formation capacity of BioRestore 
could be enhanced significantly by hASC transplantation 
in the future. Promising in vitro results have been reported 
previously for culturing hASCs in BioRestore scaffolds 
under control conditions (Haimi et al., 2009b). Previous in 
vitro studies with BoneCeramic have been conducted with 
fibroblasts (Kauschke et al., 2006), periodontal ligament 
fibroblasts (Mrozik et al., 2012) and BMSCs (Mrozik et al., 
2012), but this is the first study to report hASC response 
on BoneCeramic and BioRestore when combined with 
osteo-induction by growth factors or OM.
 The aim of the current study was to compare the 
efficiency of OM and growth factors for the osteo-induction 
of hASCs using two clinically prospective biomaterial 
carriers. Importantly, our findings indicate that the 3D 
biomaterial plays a notable role in hASC behaviour. The 
most significant difference between the 3D hASC-carriers, 
BioRestore and BoneCeramic, was detected in their ability 
to stimulate collagen production by hASCs. BoneCeramic 
induced a significantly larger amount of collagenous 
matrix than BioRestore under control conditions, and the 
effect was further enhanced with OM. Although different 
types of collagens are present in several tissues, the onset 
of osteoblastic differentiation is strongly related to the 
formation of organic matrix, mainly consisting of collagen 
type I, which will be subsequently mineralised – a process 
that is in turn facilitated by the accumulation of phosphate 
as a function of ALP enzyme. The differential behaviour 
of hASCs may be dependent on differences between the 
chemistry, topography, or 3D structure of the biomaterials.
 The other major difference between the biomaterials 
was detected in their capacity to support cell proliferation, 
as BioRestore resulted in a significantly higher hASC 
number than BoneCeramic, an effect likely related to the 
3D structure of the biomaterials. The fibre structure of 
BioRestore provides large surface area and allows the cells 
to spread more easily throughout the scaffold, whereas 
the granular format in BoneCeramic provides less contact 
area between the granules, hindering the spreading of the 
cells. This hypothesis was further supported by the viability 
assay, as some BoneCeramic granules were fully populated 
by hASCs whereas other granules in the same well had no 

or very few cells. Based on these results, a larger initial 
cell seeding concentration would be recommended for 
BoneCeramic when considering clinical approaches to 
guarantee sufficient and evenly distributed cell population 
over the biomaterial. Although the comparison of these two 
biomaterials is challenging, due to the major differences 
in their 3D structures, based on our results both carriers 
represent viable alternatives for hASC-based bone tissue 
engineering as such, although combined stimulation with 
OM is suggested for efficient osteo-induction.
 Based on the valuable in vitro findings of the present 
study, a corresponding in vivo study to demonstrate the 
utility of OM over growth factors has been planned. In 
order to reduce the number of animal experiments to be 
performed, it was critical to evaluate the hASCs response 
to growth factors and OM in vitro. For example, based on 
our results, there is no point in testing growth factors with 
OM, because there was no extra benefit from OM + growth 
factors in comparison to OM alone. Therefore, it is not 
necessary to test all the groups used in the current study in 
vivo. However, in the future in vivo study, effectiveness of 
OM over growth factors in MM should be demonstrated.

Conclusions

To conclude, this is the first study to demonstrate that 
OM enhances hASC differentiation towards bone-
forming cells in 3D culture significantly more than the 
traditionally used growth factors BMP-2, BMP-7 and 
VEGF. Both biomaterials tested in this study, BioRestore 
and BoneCeramic, supported the hASC viability and 
proliferation during 14 days of culture. The most 
significant osteogenic differentiation of hASCs was 
achieved by BoneCeramic combined with OM. In contrast, 
combining growth factors with either biomaterial did not 
increase osteogenic differentiation or proliferation when 
compared to MM. Moreover, BMP-7 consistently inhibited 
proliferation and osteogenic differentiation of hASCs 
in 3D culture. Combining OM with BMP-7 eliminated 
the adverse effect of BMP-7. Otherwise, there was no 
significant benefit from adding growth factors to OM. 
Our results indicate that instead of BMP-2, BMP-7 or 
VEGF, OM should be used to obtain successful osteogenic 
commitment of hASCs in vitro.
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Discussion with Reviewers

Reviewer I: Fig. 6 compares collagen content among 
different groups, what is the collagen normalised to among 
different groups?
Authors: Fig. 6 shows the absolute values obtained as 
absorbance; hence the results have not been normalised. 
Absorbance is directly proportional to the amount of 
collagen in the samples; therefore, a reliable comparison 
among different groups can be obtained using absolute 
values. Unfortunately, with the collagen assay, it was not 
possible to determine cell number from the same samples.

Reviewer I: Authors need to provide in vivo data to 
demonstrate that ADSC preconditioned in osteogenic 
medium are better at forming bone in vivo than ADSCs 
exposed to BMP-2 or any other growth factors. Results 
from these studies would enhance the data being reported.
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Authors: The authors agree that in vivo study is important 
to further demonstrate the efficiency of OM over BMP-
2, BMP-7 and VEGF. However, the authors feel that 
the present study in its current form provides valuable 
information on the effects of BMP-2, BMP-7, VEGF and 
OM on hASC proliferation and osteogenic differentiation 
in 3D scaffolds, and behaviour of hASCs in two clinically 
relevant biomaterials. These valuable findings can be 
utilised to better plan the corresponding in vivo study. In 
order to reduce the number of animal experiments to be 
performed, it is critical to evaluate the hASCs response to 
growth factors and OM in vitro. For example, based on 
our results, there is no point in testing growth factors with 
OM, because there was no extra benefit from OM + growth 
factors in comparison to OM alone. Therefore, it is not 
necessary to test all of the groups used in the current study 
in vivo. However, in the future in vivo study, effectiveness 
of OM over growth factors in MM should be demonstrated. 
It is clear that systematic in vitro data is of fundamental 
importance before it is reasonable to conduct in vivo 
studies. The in vitro results also facilitate the correct 
interpretation of the in vivo results.

Reviewer I: The present report concludes that osteogenic 
medium is superior in enhancing adipose derived stem 
cells differentiation toward osteogenic lineage than bone 
morphogenetic proteins. Although, the data reported is 
valid, use of osteogenic medium to assess osteogenic 
differentiation is an established protocol. There are 
controversies regarding response of adipose derived stem 
cells to BMP-2 to induce osteoblasts differentiation; some 
reports have shown positive response others have shown 
reduced response. The findings reported in this manuscript 
thus confirm original observations. Please comment.

Authors: We would like to note that the OM used in 
our study is not that traditionally used, but specifically 
optimised for hASCs. The modified OM with low Dex 
(5 nM) and high AsA2-P (250 µM) concentration used 
in this study may have contributed to the superior effect 
of the OM over the tested growth factors. Because the 
traditional OM with high Dex (100 nM) and low AsA2-P 
(50 µM) was originally developed based on studies with 
BMSCs (Jaiswal et al., 1997, additional reference), it 
has been reported that OM with lower Dex and higher 
AsA2-P is more optimal for ASCs (De Girolamo et al., 
2007, text reference; Kyllönen et al., unpublished results). 
However, our study, where the efficiency of the modified 
OM over the traditional OM has been reported, is under 
submission (Kyllönen et al., unpublished results). This 
modified OM has been used successfully for the efficient 
osteo-induction of hASCs previously (Tirkkonen et al., 
2011, text reference). Although several studies have 
been conducted with BMP-2, there is still no consensus 
on the effect of BMP-2 on osteo-induction of hASCs. In 
addition, the effects of BMP-7 and VEGF have been even 
less reported on hASCs than BMP-2. Furthermore, in the 
present study, these growth factors were systematically 
compared in control medium and OM.

Additional Reference

 Jaiswal N, Haynesworth SE, Caplan AI, Bruder SP 
(1997) Osteogenic differentiation of purified, culture-
expanded human mesenchymal cells in vitro. J Cell 
Biochem 64: 295-312.
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Mechanical stimulation is an essential factor affecting the metabolism of bone cells and their
precursors. We hypothesized that vibration loading would stimulate differentiation of human
adipose stem cells (hASCs) towards bone-forming cells and simultaneously inhibit differen-
tiation towards fat tissue. We developed a vibration-loading device that produces 3g peak
acceleration at frequencies of 50 and 100 Hz to cells cultured on well plates. hASCs were cul-
tured using either basal medium (BM), osteogenic medium (OM) or adipogenic medium
(AM), and subjected to vibration loading for 3 h d–1 for 1, 7 and 14 day. Osteogenesis, i.e.
differentiation of hASCs towards bone-forming cells, was analysed using markers such
as alkaline phosphatase (ALP) activity, collagen production and mineralization. Both 50
and 100 Hz vibration frequencies induced significantly increased ALP activity and collagen
production of hASCs compared with the static control at 14 day in OM. A similar trend
was detected for mineralization, but the increase was not statistically significant. Further-
more, vibration loading inhibited adipocyte differentiation of hASCs. Vibration did not
affect cell number or viability. These findings suggest that osteogenic culture conditions
amplify the stimulatory effect of vibration loading on differentiation of hASCs towards
bone-forming cells.

Keywords: adipose stem cells; in vitro culturing; vibration loading;
mechanical stimulation
1. INTRODUCTION

Bone tissue engineering has emerged as a new inter-
disciplinary approach to address the increasing demand
for bone substitutes and to combat the limitations rela-
ted to traditional bone grafts. In addition to surgical
methods, such as grafting, the development of non-
surgical interventions would be beneficial to enhance
bone formation. Bone is a dynamic tissue that adapts to
its prevailing mechanical environment through the acti-
vation of bone remodelling cells. The mechanosensory
system of bone modifies skeletal strength by sensing the
orrespondence (laura.tirkkonen@regea.fi).

pril 2011
ay 2011 1736
strains caused by mechanical loading and then inducing
changes in skeletal mass through bone formation or
resorption [1]. The significance of this mechanosensitivity
in the maintenance of bone architecture becomes crucially
evident when physical signals are removed because
reduced loading results in rapid bone loss, e.g. during pro-
longedbedrest, paraplegia or spaceflight [2–4].The strong
correlation between bone structure and mechanical
stimuli has led to increased medical interest towards this
feature of bone tissue. Several studies conducted in vivo
indicate that mechanical loading, such as high-frequency
vibration, could be a feasible method of enhancing bone
tissue formation [5–8]. Vibrational studies have been
conducted using various combinations of different
This journal is q 2011 The Royal Society
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Figure 1. The voice coil movement amplitude (dx) was adjusted
according to the accelerometer-provided direct feedback (V(t)).
The adjustment was done either by the user (open-loop mode)
or the controller (closed-loop mode). The frequency was user-
selected in both modes. Signal amplification was done by
standard PA-audio amplifier.
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magnitudes and frequencies. Besides the high-magnitude
low-frequency (HMLF) vibrations apparently involved
in natural, high-impact movements [9,10], low-magnitude
high-frequency (LMHF) [7,8,11,12,13] and high-
magnitude high-frequency (HMHF) [14,15] vibrations
generated by dedicated devices all have an anabolic
effect on bone tissue.

LMHF vibration stimulates the proliferation and
osteogenic differentiation capacity of mesenchymal
stem cells (MSCs) in mouse bone marrow [6,16]. Mech-
anical disuse, in turn, induces fat formation, i.e.
adipogenesis in bone marrow MSCs (BMSCs), which
may compromise the regenerative potential of bone
and predispose to diseases like osteoporosis. Rubin
et al. [17] reported that a brief daily exposure to
LMHF vibration inhibits fat production in mice by pre-
venting MSCs from committing to an adipogenic
lineage. Sen et al. [18] reported that MSCs cultured
on well plates respond to both HMLF and LMHF by
inhibiting adipogenesis. These remarkable findings
suggest that LMHF vibration might be used to simul-
taneously prevent both obesity and bone loss by
controlling BMSCs differentiation.

In contrast to LMHF vibration, HMHF vibration
also has osteogenic effects [14,15]. Oxlund et al.
showed that HMHF vibration increases the perio-
steal bone formation rate and inhibits endocortical
resorption in ovariectomized rats compared with lower
frequencies and accelerations. Although the role of
mechanical loading in bone tissue maintenance is well
established, the ideal vibration stimulation parameters
and the molecular mechanisms behind the adaptive
responses remain to be elucidated. The commonalities
in the responses to different types of vibration loading
suggest a common signalling pathway for cellular
excitation [19].

The strain stimuli required to initiate intracellular
signalling in vitro are often greater than those required
in vivo. Hence, the advantage of vibration loading over
other bioreactor conditions is the capacity to provide
high g-forces (1g is equal to the Earth’s gravitational
field) compared with, for example, bioreactor generated
shear or bending forces. For example, everyday tissue-
level strains range from 400 to 1500 m1; and rarely
exceed 2000 m1, which would have little or no effect
on cells in vitro, whereas in vitro strains (greater than
5000 m1) could cause bone tissue damage in vivo [20].
Therefore, some kind of amplification system is likely
present in bone tissue [20,21]. Such a system has been
suggested at least for osteocytes, enabling 10- to 100-
fold amplification of low tissue-level strains [22,23].
Nevertheless, it is not clear how osteoblasts and their
precursors, for example, are able to sense extremely
low-intensity mechanical signals [5,18,24].

Given the accumulating encouraging results with
osteoblasts and BMSCs, high-frequency vibration load-
ing might also promote osteogenic differentiation of
adipose stem cells (ASCs). ASCs are stem cells of
mesenchymal origin and are capable of differentiating
towards osteogenic, adipogenic, myogenic and chondro-
genic lineages in vitro when cultured under appropriate
conditions [25]. The osteogenic capacity of ASCs has
been demonstrated in several in vitro [26–28] and in
J. R. Soc. Interface (2011)
vivo studies [29–32]. Adipose tissue provides an abun-
dant and accessible source of MSCs particularly when
compared with bone marrow. ASC-based applications
are also successfully used in clinical bone tissue engin-
eering [33,34].

Vibration stimuli could be used to inhibit or even
reverse bone loss caused by diseases such as osteoporosis
[17]. Specific vibration loading could also be used to
improve the osseointegration of bone-anchored implants
[21,35]. In addition, vibration loading could be used ex
vivo for the production of ASC-based bone tissue engin-
eering constructs. As recent findings regarding the
mechanobiology of MSCs demonstrate, a better under-
standing of the behaviour of ASCs under mechanical
stimulation is of fundamental importance. The aim of
this study was to test whether HMHF vibration affects
the cell number, viability or attachment of hASCs.
Based on previous studies, we also hypothesized that
HMHF vibration could enhance osteogenesis and simul-
taneously inhibit the adipogenic differentiation of hASCs.
2. MATERIAL AND METHODS

2.1. Vibration-loading device and principle
of operation

A controllable vibration-loading device, designed and
built at the Biomedical Engineering Department, Tam-
pere University of Technology, Finland, was used in the
experiment. A block diagram of the complete system is
shown in figure 1. An electromagnetic linear motion
engine composed of a sound-producing Lab 12 subwoo-
fer (Eminence Speaker LLC, KY, USA) was employed
to produce the vibration loading. The unit was driven
by a microcontroller-based signal source that was pro-
vided with a direct accelerometer feedback. The
ADXL321 accelerometer (Analogue Devices Inc., MA,
USA) was mounted on the same attachment system
as the cell culture plates (figure 2). The modulated
square wave signal was amplified by a T.AMP E800
audio amplifier (Musikhaus Thomann e.K., Germany)
to produce the desired g-force. Peak acceleration of
3g was achieved by adjusting the amplitude of the
output signal, corresponding to the vertical displacement

http://rsif.royalsocietypublishing.org/
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Figure 2. The vibration-loading device assembled inside a cell
culture incubator. The ADXL321 accelerometer (1) was
attached to the top plastic plate (2) that was holding the
cell-culturing plates (3) in place when the loudspeaker cone
(4) was vibrating vertically.
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magnitude of the cone. The experiment was repeated three
times, and in two of the stimulation experiments the con-
troller operated in a simple open-loop mode, while in the
third experiment it was reprogrammed to perform a
closed-loop regulation. During the open-loop mode the
amplitude was adjusted manually, but in the closed-loop
mode the controller adjusted the amplitude automatically
by comparing the measured acceleration feedback to a
target value of 3g. Upon start-up, the controller increased
acceleration quickly to 2.5 G and then approached the
target value by small adjustments within 30 s time. The
dynamic response of the controller was deliberately made
slow to ensure both short- and long-term stability and to
prevent overshooting and generation of excessive forces.
Frequencywas setmanually and was accuratewithin 1 Hz.
2.2. Adipose stem cell isolation and culture

The human ASCs (hASCs) were isolated from adipose
tissue samples collected from four female donors
(mean age 56+ 12.6 years) during surgical procedures
in the Department of Plastic Surgery, Tampere Univer-
sity Hospital. In brief, the adipose tissue samples were
digested with collagenase type I (1.5 mg ml–1; Invitro-
gen, CA, USA). After centrifugation and filtration,
the isolated ASCs were maintained and expanded in
T-75 cm2 polystyrene flasks (Nunc, Roskilde, Denmark)
in basal medium (BM) consisting of Dulbecco’s modified
Eagle medium/Ham’s nutrient mixture F-12 (DMEM/
F-12 1:1; Invitrogen), 10 per cent human serum (PAA
Laboratories GmbH, Pasching, Austria), 1 per cent
L-glutamine (GlutaMAX; Invitrogen) and 1 per cent
antibiotics (100 U ml–1 penicillin, 0.1 mg ml–1 strepto-
mycin; Invitrogen). The ASCs cultured in BM were
detached with TrypLe Select (Invitrogen). The
expanded ASCs were cryo-preserved in liquid nitrogen
in freezing solution containing 10 per cent dimethyl
sulphoxide (DMSO; Hybri-Max, Sigma-Aldrich, MO,
USA) and human serum. The ASCs needed for the
experiments were thawed and expanded in BM.
J. R. Soc. Interface (2011)
2.3. Vibration-loading stimulation

The vibration-loading device was placed inside a cell
culture incubator and stimulation was conducted under
standard cell culture conditions (þ378C, 5% CO2) at all
times. Vibration loading was started 48 h after plating
the hASCs on well plates. The cells were vibrated with a
peak acceleration of 3g, using square wave at either 50 or
100 Hz with an effective vibration period of 1.5 h during
a 3 h period. Specifically, the stimulation pattern for 3 h
consisted of 1 s of vibration followed by a 1 s rest period.
Thereafter, a 21 h rest period ensued. The 3 h stimulation
period was repeated every day for 1, 7 or 14 days. The
control cells were cultured similarly under standard
cell-culturing conditions without vibration.

2.4. Flow cytometric surface marker expression
analysis

After primary culture in T-75 flasks (at passage 1–2),
the hASCs were harvested and characterized by a
fluorescence-activated cell sorter (FACSAria; BD Bio-
sciences, Erembodegem, Belgium) as described earlier
by Lindroos et al. [36]. Monoclonal antibodies against
CD14, CD19, CD49d-PE, CD90-APC, CD106-PE-
Cy5 (BD Biosciences); CD45-FITC (Miltenyi Biotech,
Bergisch Gladbach, Germany); CD34-APC, HLA-
ABC-PE, HLA-DR-PE (Immunotools GmbH, Friesoy-
the, Germany) and CD105-PE (R&D Systems Inc, MN,
USA) were used. A total of 10 000 cells per sample were
used, and positive expression was defined as a level of flu-
orescence greater than 99 per cent of the corresponding
unstained cell sample.

2.5. Cell number and viability

Cell attachment and viability were evaluated qualitati-
vely using live–dead-staining probes (Molecular Probes,
Eugene, OR, USA) at 1, 7 and 14 day. The hASCs were
incubated for 45 min at room temperature with a mixture
of 0.5 mM calcein acetoxymethyl ester (Molecular
Probes) and 0.25 mM ethidium homodimer-1 (Molecular
Probes). Images of the viable cells (green fluorescence)
and necrotic cells (red fluorescence) were taken using a
fluorescence microscope.

The cell number of hASCs cultured in BM and OM
was studied at the 1, 7 and 14 day time points by
CyQUANT Cell Proliferation Assay Kit (CyQUANT;
Molecular Probes, Invitrogen), which is based on the
amount of total DNA in the sample. The method was
performed as described previously [37]. Briefly, the
cells were lysed with 0.1 per cent Triton-X 100 buffer
(Sigma-Aldrich) and stored at 2708C until analysis.
After a freeze–thaw cycle 20 ml of each sample was
mixed with CyQUANT GR dye and lysis buffer. The
fluorescence was measured with a multiplate reader
(Victor 1420 Multilabel Counter; Wallac; Turku,
Finland) at 480/520 nm.

2.6. Osteogenic differentiation of adipose
stem cells

The pooled hASCs at passage three to four were seeded
onto a 12-well plate at a density of 7 � 103 cell cm–2 in
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1 ml of BM. Osteogenic differentiation was initiated
24 h after plating by adding osteogenic medium (OM),
consisting of BM with osteogenic supplements:
250 mM ascorbic acid 2-phosphate (Sigma-Aldrich),
5 nM dexamethasone (Sigma-Aldrich) and 10 mM
b-glycerophosphate (Sigma-Aldrich). The control cell
cultures were maintained in BM. The medium was
changed every other day.

The alkaline phosphatase (ALP) activity, mineraliz-
ation and collagen production were analysed to detect
the osteogenic differentiation of hASCs. The ALP
activity was studied at day 1, 7 and 14 of culturing.
The quantitative ALP analysis was done according to
the Sigma ALP (Sigma-Aldrich) procedure as described
previously [38]. The ALP activity was determined from
the same Triton-X 100 lysates as the cell number. The
absorbance was measured with a multiplate reader
(Victor 1420) at 405 nm.

A quantitative Alizarin Red S method was used at 7
and 14 day to detect calcium compounds deposited
in the extracellular matrix (ECM) as a result of miner-
alization. Briefly, the cells were rinsed with Dulbecco’s
phosphate-buffered saline (DPBS; Lonza Biowhittaker,
Switzerland) followed by fixation in 4 per cent parafor-
maldehyde for 20 min. The fixed cultures were stained
with 2 per cent Alizarin Red S (Sigma-Aldrich), pH
4.2 for 5 min and the stained cells were photographed
after several steps of washing. The dye from the stained
cells was extracted with 100 mM cetylpyridinium chlor-
ide (Sigma-Aldrich) at gentle shaking for 3 h. The dye
intensity was determined at 540 nm with a multiplate
reader (Victor 1420).

Collagen content of the cells was quantified at 7 and
14 day by using a quantitative Sircol Soluble Collagen
Assay (Biocolor Ltd, Carrickfergus, Northern Ireland),
which is based on the selective binding of the Sirius red
dye to the [Gly–X–Y] tripeptide sequence of mamma-
lian collagen. In brief, the acid-soluble collagen was
extracted from the cell cultures over night at þ48C in
0.5 M acetic acid (Merck KGaA, Darmstadt, Germany)
containing 0.1 mg ml–1 pepsin (Sigma-Aldrich). The col-
lagen extraction was followed by a concentration step
according to the manufacturer’s protocol. To determine
the collagen content, Sircol Dye reagent (Biocolor Ltd)
comprised Sirius Red and picric acid, was added to the
concentrated collagen samples and incubated for
30 min. The samples were centrifuged 12 000 r.p.m. for
10 min and the collagen-dye pellet was washed once
with ice-cold Acid-Salt buffer (Biocolor Ltd) to remove
the unbound dye. Finally, an alkali reagent (0.5 M
sodium hydroxide solution, Biocolor Ltd) was added to
resolubilize the collagen, and the dye intensity was deter-
mined with a multiplate reader at 540 nm (Victor 1420).
2.7. Adipogenic differentiation of adipose
stem cells

The pooled hASCs at passage four to five were seeded
onto a 12-well plate at a density of 1.4 � 104 cells cm–2

in 1 ml of BM. Adipogenic induction was started
24 h after plating by adding adipogenic medium (AM)
consisting of BM supplemented with 33 mM biotin
(Sigma-Aldrich), 1 mM dexamethasone (Sigma-Aldrich),
J. R. Soc. Interface (2011)
100 nM insulin (Invitrogen) and 17 mM pantothenate
(Fluka, Buchs, Switzerland). Upon seeding the cells,
250 mM isobutylmethylxanthine (Sigma-Aldrich) was
added to the differentiation medium and was removed
from the culture after 24 h. The control cell cultures
were maintained in BM. The medium was changed
every other day.

The adipogenic differentiation was analysed at day 7
and 14 using Oil red O (Sigma-Aldrich) staining as an
indicator of intracellular lipid accumulation, as described
previously [36]. Stained cells were visualized by both
light microscope and epifluorescence using a 560 nm exci-
tation/emission filter [39]. For quantification, the stained
oil droplets were dissolved in 100 per cent 2-propanol
(Merck) and the absorbance was measured at 450 nm
with a multiplate reader (Victor 1420).

2.8. Statistical analysis

A one-way ANOVA with Tukey post hoc test was used to
analyse the effect of different stimulation conditions on
cell number, ALP activity, mineralization, collagen pro-
duction and adipogenesis. The effect of culture duration
was analysed using a Student’s t-test for independent
samples for mineralization, collagen production and adi-
pogenesis (7 d and 14 day), and a one-way ANOVA
with Tukey post hoc test for cell number and ALP
activity (1, 7 and 14 day). The experiment was repeated
three times (n ¼ 9), except the analyses for collagen pro-
duction and adipogenesis were conducted only once with
four parallel samples (n¼ 4). For mineralization,
number of samples (n) was only 7, since cells in some
wells were detaching during the third experiment replica-
tion and could not be measured reliably. The results were
considered statistically significant when p , 0.05. Data
were described by mean and standard deviation (s.d.)
for cell number, normalized ALP activity (ALP/DNA
ratio), collagen production and adipogenesis. Mineraliz-
ation was described using a scatter chart showing the
individual data points for each experiment replication.
Statistical analyses were performed using PASW
(former SPSS) software v. 18.
3. RESULTS

3.1. Flow cytometric surface marker expression
analysis

Flow cytometric analysis was used for the characteriz-
ation of hASCs. The hASCs used in the study expressed
the surface markers CD49d, CD73, CD90, CD105 and
HLA-ABC as shown in table 1. The CD14, CD19,
CD34, HLA-DR, the vascular cell adhesion molecule
CD106, and the haematopoietic marker CD45 were not
expressed in the hASCs.

3.2. Adipose stem cell viability and cell number

The attachment and viability of hASCs were studied
using live–dead staining. As shown in figures 3 and 4,
the vibrated cells were slightly less homogeneously
attached at 1 day than the control cells (figures 3a,d,g
and 4a,d,g). The vibrated cells also tended to grow in
clusters, especially at 7 day when cultured in BM

http://rsif.royalsocietypublishing.org/


Table 1. Surface marker expression of undifferentiated hASCs cultured in BM (passage 1–2). The results are displayed as
mean percentage of the surface marker expression of the four cell lineages used in the study.

surface protein antigen mean s.d. expression

CD14 serum lipopolysaccharide binding protein 2.7 1.2 negative
CD19 B lymphocyte-lineage differentiation antigen 1.1 0.3 negative
CD34 sialomucin-like adhesion molecule 19.7 2.0 moderate expression
CD45 leukocyte common antigen 2.9 0.9 negative
CD49d integrin a2, VLA-4 62.3 18.2 positive
CD73 ecto-50-nucleotidase 98.1 1.7 positive
CD90 Thy-1 (T cell surface glycoprotein) 97.6 2.5 positive
CD105 SH-2, endoglin 98.9 0.9 positive
CD106 VCAM-1 (vascular cell adhesion molecule) 1.2 0.7 negative
HLA-ABC major histocompatibility class I antigens 73.9 18.4 positive
HLA-DR major histocompatibility class II antigens 1 0.3 negative
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Figure 3. Representative fluorescence microscope images of the static (0 Hz: a,b,c) and the vibration-stimulated (50 Hz: d,e,f and
100 Hz: g,h,i) hASCs in BM at 1, 7 and 14 day time points as visualized by live–dead staining of live cells (green) and dead cells
(red). Scale bar 500 mm.
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(figure 3e,h). Vibration loading did not greatly affect
the viability of hASCs, since only a few dead cells
were detected at any time point. The number of
viable cells also increased over time in all conditions.
However, it was observed that cells cultured in BM
detached more easily under vibration than cells
cultured in OM (figure 5).

The cell number of hASCs cultured in BM and OM was
evaluated quantitativelybymeasuring the totalDNAcon-
tent. The number of cells increased significantly when
cultured in OM (p , 0.05) in contrast to cells cultured in
BM at both 7 and 14 day time points (figure 6). The
number of cells also increased significantly (p , 0.05)
with time in all conditions, except for BM-groups when
comparing the 1 and 7 day time points.

No statistically significant differences were observed
in cell number between vibration-stimulated and the
control hASCs in either cell-culturing condition (BM
or OM) in any of the time points.
J. R. Soc. Interface (2011)
3.3. Alkaline phosphatase activity of adipose
stem cells

ALP activity was used as an early marker for osteoblast
differentiation of hASCs. The quantification of ALP
activity was performed on the same samples as the
DNA measurement, enabling normalization of
the ALP activity relative to the DNA content of the
sample. At the 14 day time point, ALP activity of
the vibration stimulated hASCs in BM seemed to be
lower than in the control, but the difference was not
statistically significant (figure 7). Conversely, both
50 Hz (p ¼ 0.018) and 100 Hz (p ¼ 0.013) frequencies
increased ALP activity of the hASCs cultured in OM
significantly at 14 days in contrast to the static control
(OM). Both frequencies were equally effective in
stimulating ALP activity in OM-cultured hASCs,
because there was no significant effect between these
frequencies.
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Figure 4. Representative fluorescence microscope images of the static (0 Hz: a,b,c) and the vibration-stimulated (50 Hz: d,e,f and
100 Hz: g,h,i) hASCs in OM at 1, 7 and 14 day time points as visualized by live–dead staining of live cells (green) and dead cells
(red). Scale bar 500 mm.
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Figure 5. Images showing areas of dead or detached cells in 50 Hz vibration-stimulated hASCs in BM. Similar effects were
detected in cells stimulated with 100 Hz vibration in BM, but not in any of the stimulated cells cultured in OM. (a) Light micro-
scope image at 7 day, (b) live–dead staining at 7 day, and (c) Alizarin Red staining at 14 day. Scale bar (a) 100 mm, (b) 500 mm
and (c) 5 mm.
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3.4. Mineralization of adipose stem cells

In addition to using ALP activity as an early marker for
osteogenic differentiation, mineralization of the ECM
was used as a late marker of in vitro bone formation.
Mineralization was measured quantitatively from the
Alizarin Red-stained hASCs at the 7 and 14 day time
points. Mineralization of hASCs increased significantly
with time when hASCs were cultured in OM (figure 8).
Although mineralization was higher in the vibration-
stimulated hASCs cultured in OM in some of the exper-
iment replications, significant differences were not
detected in the combined results between the
vibration-stimulated cells and static control in any of
the culturing conditions or time points. However, a
qualitative Alizarin Red staining at day 14 showed
mineralized areas in the OM-cultured hASCs stimu-
lated with 50 and 100 Hz frequencies whereas the
static control showed no mineralization (figure 9).
Mineralized areas were detected in the stimulated cells
cultured in OM in all the experiment replications and
mineralization was consistently more intense in 100 Hz
than in 50 Hz stimulation.

3.5. Collagen production

Collagen production of hASCs was analysed at the 7
and 14 day time points to examine the in vitro for-
mation of organic bone matrix. Vibration loading had
no effect on the collagen production of hASCs cultured
in BM, whereas the vibration-stimulated hASCs cul-
tured in OM produced significantly more (p , 0.01)
collagen at the 14 day time point when compared
with the static control (figure 10). The collagen pro-
duction was enhanced the most by vibration loading
at 100 Hz frequency (p ¼ 0.034 when compared with
50 Hz vibration).

3.6. Adipogenic differentiation of adipose
stem cells

The effect of vibration loading on adipogenic differen-
tiation of hASCs was studied by Oil red O staining of
J. R. Soc. Interface (2011)
the lipid droplets. The stained cells were visualized
both by light microscopy and epifluorescence using a
560 nm excitation/emission filter. Representative
images of the vibration-stimulated and static hASCs
under adipogenic differentiation at the 14 day time
point are shown in figure 11. The lipid droplet for-
mation under adipogenic differentiation conditions
was more extensive in the static control cells than in
the vibration-stimulated cells (figure 11). The quanti-
fied staining result demonstrated reduced adipogenesis
of the vibration-stimulated hASCs under adipogenic
induction at the 14 day time point (figure 12). How-
ever, the difference was statistically significant (p ¼
0.048) only between the static control and hASCs
stimulated with 100 Hz frequency vibration in AM.
4. DISCUSSION

To our knowledge, this is the first study to report that
hASCs respond to HMHF vibration loading. The
effects of mechanical [40,41] and electrical [42] stimu-
lation on ASCs using low frequencies (0.5–1 Hz) were
previously reported. We chose to use high-frequency
vibration in the present study because of its osteogenic
effect on osteoblasts or osteoblast-like cells [43–47] as
well as on MSCs [6,16]. HMHF vibration has also
been tested in vitro with fibroblasts [48] and in vivo
with ovariectomized rats [14,15]. The accelerations
used in these HMHF studies vary from 2 to 3.4 G
and the frequencies range from 45 to 100 Hz
[14,15,48]. In addition, high-impact exercising involving
high tissue-level strains is essential for bone remodelling
in athletes [10]. Based on these studies, a square wave
was used as the vibration stimulation, providing high
strain rates for hASCs. Because it is not yet clear
whether frequency has a greater influence on vibration
loaded cells, we used two different high frequencies (50
and 100 Hz) in combination with a high-magnitude
(3g) vibration in this study. Furthermore, parameters
other than magnitude and frequency affect the response
of cells to mechanical loading. Sen et al. [18] suggest
that the schedule of mechanical signals could be at
least as important as the signals themselves. Bone
adaptation is driven mostly by dynamic rather than
static mechanical stimulation [49]. For example,
insertion of short rest periods between stimulations
can prevent saturation of an adaptive response
[50,51]. In addition, a recovery period of at least 8 h
is reported to restore mechanosensitivity of saturated
bone cells [52]. Therefore, we used resting periods
both during the vibration stimulation (stimulation for
1 s was followed by a 1 s rest period) and after the
stimulation bouts (a 3 h stimulation bout was followed
by 21 h of recovery).

Human ASCs pooled from four donors were used in
this study to reduce the effects of donor variability. It
is important to note that donor age, sex and individual
differences can impact cell behaviour, especially in clini-
cal treatments. Although the relatively high mean
donor age (56+ 12.6 years) in this study might have
affected the proliferation capacity of the cells, the osteo-
genic potential of ASCs is not reduced by ageing

http://rsif.royalsocietypublishing.org/
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[40,53,54]. The hASC populations used in this study
were characterized by flow cytometry. The surface
marker profiles were consistent with the previous results
for hASCs [36,55], with the expression of markers con-
firming the mesenchymal origin of the cells and the
lack of haematopoietic and angiogenic markers.

The most significant finding of the present study was
that hASCs cultured under osteogenic conditions were
sensitive to vibration loading and that their osteogenic
differentiation could be intensified with high-frequency
vibration, especially by 100 Hz vibration. This is con-
sistent with the findings by Judex et al. [56] showing
increased bone formation at 90 Hz compared with
45 Hz vibration. Because vibration loading had no sig-
nificant effect on hASCs cultured in BM, it is likely
that hASCs become sensitive to mechanical stimulation
J. R. Soc. Interface (2011)
as they begin to differentiate towards osteogenic
lineages when cultured in OM. Our results suggest
that osteogenic culturing conditions were more optimal
for vibration stimulation of hASCs owing to the
enhanced cell attachment. Live–dead staining showed
that the vibrated cells attached slightly less homoge-
neously than the static control cells and also formed
clusters during the first week of culturing. This effect
was more pronounced in hASCs cultured in BM. The
viability of the cells, however, was not affected by the
vibration loading, because the number of viable cells
increased over time in all conditions. Some dead or
detached cells were occasionally detected among stimu-
lated cells cultured in BM, but to a lesser extent than in
cells cultured in OM. It seems that osteogenic culture
conditions enhanced the attachment of the hASCs,
possibly owing to the increased secretion of ECM pro-
teins. The OM used in this study was specifically
optimized for hASCs cultured in human serum (L.
Tirkkonen et al. 2011, unpublished data) containing a
higher concentration of Asc 2-P (250 mM) than other
types of OM described in the literature [25–27,57].
Asc 2-P stimulates the secretion of ECM proteins
such as collagen and glycosaminoglycan in MSCs [58].
Overall, the cell number, ALP activity, collagen content
and mineralization were significantly higher in OM-cul-
tured hASCs than in BM-cultured cells at the 14 day
time point. Despite the occasional detachment, the
results indicated that vibration loading had no signifi-
cant effect on hASC cell number in OM or BM.
Previous reports of the effects of vibration on prolifer-
ation of bone cells or their precursors are somewhat
divergent. Patel et al. [44] reported that proliferation
of pre-osteoblasts in BM was not affected by 30 Hz
stimulation at the 3 day time point. Dumas et al. [59]
reported that osteoblast number and viability were
not affected after 3 or 7 days of culturing in BM
under LMHF vibration. On the other hand, Rosenberg
et al. [46] showed that osteoblast proliferation decreases
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as frequency increases, with the highest proliferation at
20 Hz and lowest at 60 Hz at the 5 day time point using
osteogenic culturing conditions. HMLF stretching (10%
cyclic strain, 0.5 Hz), in turn, enhances proliferation of
mouse ASCs and even counteracts the reduced prolifer-
ation rate related to ageing [40].
J. R. Soc. Interface (2011)
In contrast to cell number, ALP activity was signifi-
cantly higher in vibration-stimulated hASCs cultured in
OM when compared with static control at the 14 day
time point. Similarly, vibration-stimulated hASCs cul-
tured in OM produced significantly more collagen than
the static control at 14 day. The two vibration
frequencies did not differ in their effect on ALP activity,
but 100 Hz vibration stimulated collagen production
significantly more than 50 Hz vibration did. Previous
studies reported that high-frequency vibration stimulation
enhanced ECM protein accumulation in pre-osteoblasts
[44], fibroblasts [48] and chondrocytes [60,61].

In the present study, vibration loading enhanced the
mineralization of OM-cultured hASCs compared with
static control at the 14 day time point, although the
difference was not statistically significant. The differ-
ence between the stimulated and static groups in OM
was greatest in the third experiment replicate, but a
similar trend was seen in all the three experiment replica-
tions. This may have resulted from a variation in the cell
pool used in each of the replicated experiments, because
the passage and ratio of cells can vary slightly owing to
the differing growth rates of the cells. Also, during the
third experiment replication, the microcontroller of the
vibration device was reprogrammed to adjust the acce-
leration automatically to improve the accuracy of the
acceleration adjustment. The effect of vibration on miner-
alization was further supported by the qualitative Alizarin
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Red staining, showing mineralization on the vibration-
stimulated OM-cultured hASCs at the 14 day time
point, detected in all replicates of the experiment. Miner-
alization was more intense in hASCs stimulated with
100 Hz than 50 Hz vibration. In summary, the findings
regarding ALP activity, collagen production and mineral-
ization are consistent with those of other vibration-loading
studies. High-frequency vibration stimulates ALP activity
of osteoblasts [44,46],mineralization of pre-osteoblasts [44]
and collagen accumulation of fibroblasts [48] in vitro.

Finally, the effect of vibration loading on adipogenic
differentiation of hASCs was studied. MSCs are the pro-
genitors of both osteoblasts and adipocytes, and as
previously reported, mechanical signals can direct
MSC differentiation towards osteoblastogenesis and
inhibit adipogenesis of MSCs [6,17,18,40]. Similar to
the studies conducted with bone marrow MSCs, our
results showed that the adipogenic differentiation of
hASCs is inhibited by high-frequency vibration,
especially by 100 Hz vibration.

In conclusion, the vibration-loading device described in
this study successfully generated controlled vibrational
forces to cells cultured on well plates. Osteogenic cultur-
ing conditions were more optimal for vibration-loading
studies performed with hASCs than basal conditions.
The findings of this study suggest that osteogenic culture
conditions combined with HMHF vibration enhance
hASC differentiation towards bone-forming cells. Consist-
ent with the reciprocal relationship between osteogenesis
and adipogenesis in MSCs [62,63], HMHF vibration inhib-
ited adipogenic differentiation of induced hASCs. Finally,
these findings combined with previously published data
indicate the significance of mechanical signals in con-
trolling adult stem cell fate, a potential that may be
harnessed to combat bone loss or even obesity in the
future.
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