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ABSTRACT 
 
Background and Aims: Human embryonic stem cells (hESCs) are pluripotent cells and thus provide a 

promising cell source for clinical applications of regenerative medicine. Currently hESCs are cultured 

on fibroblast feeder cell layers, which provide necessary cell-cell interactions for the attachment and 

soluble factors enabling the undifferentiated growth of hESCs. However, culturing of feeder cells is 

expensive and laborious. In addition, xeno-products, used in feeder cell and hESC cultures could 

transmit animal pathogens to hESCs, and cause rejections when transplanted to patients. Therefore 

there is a need to develop xeno- and feeder cell-free culturing methods for hESCs. The first aim of this 

research project was to set up and compare two commercial xeno-products containing feeder cell-free 

culturing methods for hESCs. The second aim was to optimize a novel, defined, serum- and xeno-free 

Reges medium, developed in Regea, into feeder cell-free conditions. 

 

Methods: Regea 06/015 hESC line was cultured in mTeSR!1 medium on Matrigel! attachment 

matrix and in STEMPRO® medium on CELLStart! attachment matrix. Human ESCs were 

characterized by the expression of typical genes and proteins for undifferentiated and differentiated 

hESCs. Gene expressions were analyzed by quantitative real time PCR and protein expressions by 

immunocytochemistry and fluorescence-activated cell sorter (FACS). The pluripotency of hESCs was 

studied by the expression of genes from different germ layers in embryoid bodies. Human ESCs were 

also karyotyped. Total 15 different combinations of Reges media were tested in Reges optimization 

experiments. 

 

Results: Both of the commercial feeder cell-free methods and none of the tested Reges media 

compositions supported the undifferentiated growth of hESCs. 

 
Conclusions: Although both of the commercial feeder cell-free methods supported the undifferentiated 

growth of hESCs, they both contained xeno-products and thus are not optimal methods for culturing 

hESCs. However, a functional feeder cell-free method could ease the workload related to the 

preparation of feeder cells. Despite none of the Reges media supported the undifferentiated growth of 

hESCs, the results provided valuable information and showed a direction to further studies. 
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TIIVISTELMÄ 
 
Tutkimuksen tausta ja tavoitteet: Ainutlaatuisten ominaisuuksiensa ansiosta ihmisen alkion 

kantasolut (hESC-solut) tarjoavat ehtymättömän solulähteen solu- ja kudosvaurioista johtuvien 

sairauksien hoitoon. Tällä hetkellä hESC-soluja kasvatetaan fibroblasteista koostuvan tukisolukon 

päällä. Fibroblastien kasvatus tukisoluiksi on kallista ja työlästä, minkä lisäksi nykyisissä 

kasvatusmenetelmissä käytetään eläinperäisiä aineita. Nämä eläinperäiset aineet voivat kulkeutua 

hESC-solujen mukana potilaan elimistöön aiheuttaen siirteen hylkimistä. Näiden syiden vuoksi olisikin 

tärkeää kehittää hESC-soluille sellainen kasvatusmenetelmä, jossa ei käytetä tukisolukkoa, eikä 

eläinperäisiä aineita. Tämän tutkimusprojektin ensimmäisenä tavoitteena oli kokeilla ja vertailla kahta 

kaupallista tukisolukotonta menetelmää. Tutkimuksen toisena tavoitteena oli optimoida Regeassa 

kehitetty Reges soluviljelyneste olosuhteisiin, joissa tukisoluja ei käytetä. 

 

Tutkimusmenetelmät: Ensimmäisessä kaupallisessa menetelmässä Regea 06/015 solulinjaa 

kasvatettiin mTeSR!1 soluviljelynesteessä Matrigel! alustalla. Toisessa menetelmässä käytettiin 

STEMPRO® soluviljelynestettä ja CELLStart! alustaa. Kumpikin menetelmä sisälsi eläinperäisiä 

aineita. hESC-solujen kasvua karakterisoitiin tutkimalla sekä erilaistumattomille, että erilaistuneille 

hESC-soluille tyypillisten geenien ja proteiinien ekspressioita. Geeniekspressioita tutkittiin 

kvantitatiivisen reaaliaikaisen PCR:n avulla ja proteiinien ekspressioita tutkittiin immunosytokemian ja 

virtaussytometrian (FACS) avulla. hESC-solujen pluripotenttisuuden mittaamisessa tutkittiin 

soluaggregaattien (EB:n) geeniekspressiota eri alkiokerroksilta. Lopuksi määritettiin solujen 

karyoyypit. Tutkimuksen aikana kokeiltiin yhteensä 15:ta erilaista Reges soluviljelyneste koostumusta. 

 
Tutkimustulokset: Molemmat kaupalliset menetelmät mahdollistivat hESC-solujen pitkäaikaisen ja 

erilaistumattoman kasvun. Mikään testatuista Reges soluviljelyneste koostumuksista ei pystynyt 

ylläpitämään hESC-solujen erilaistumatonta kasvua. 

 

Johtopäätökset: Vaikka molemmat kaupalliset menetelmät mahdollistivat hESC-solujen pitkäaikaisen 

erilaistumattoman kasvun, molemmat menetelmät kuitenkin sisälsivät eläinperäisiä aineita, minkä 

vuoksi ne eivät ole optimaalisia hESC-solujen kasvatukseen. Vaikka mikään kokeilluista Reges 

soluviljelyneste koostumuksista ei pystynyt ylläpitämään hESC-solujen erilaistumatonta kasvua, 

tutkimuksista saatiin kuitenkin hyödyllistä tietoa jatkotutkimuksia varten. 
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ABBREVIATIONS 

 

AFP   #-fetoprotein 
apoB-100  Apolipoprotein B-100 
April   A proliferation-inducing ligand 
BAFF   B cell-activating factor belonging to TNF 
bp   Base pair 
bFGF   Basic fibroblast growth factor 
BMP   Bone morphogenetic protein 
BSA   Bovine serum albumin 
CDM   Chemically defined medium 
cDNA   Complementary DNA 
DAPI   40,6-diamidino-2-phenylindole 
DMEM/F-12  Dulbecco’s Modified Eagle medium:Ham’s F12 
DMSO   Dimethylsulfoxide 
DNMT3B  DNA (cytosine-5-)-methyltransferase 3 beta 
DPBS   Dulbecco’s Phosphate-Buffered Saline 
EB   Embryoid body 
ECM   Extracellular matrix 
EMEA   European Medicines Agency 
EMT   Epithelial-mesenchymal transition 
FACS   Fluorescence-activated cell sorter 
FBS   Fetal bovine serum 
FDA   U.S. Food and Drug Administration 
FGF   Fibroblast growth factor 
FITC   Fluorescein isothiocyanate 
GABA   Gamma aminobutyric acid  
GFR   Growth factor reduced 
GMP   Good manufacturing practice 
hESC   Human embryonic stem cell 
hES-df-CM  Medium conditioned on hESC-derived fibroblasts 
hF-CM   Medium conditioned on human fibroblasts 
hFF   Human foreskin fibroblast 
HBSS   Hanks’ balanced salt solution 
HRG1$  Heregulin-1$ 
HS   Human serum 
HSA   Human serum albumin 
HSC   Hematopoietic stem cell 
ICM   Inner cell mass 
IGF-1   Insulin-like growth factor 1 
IMDM/F-12  Iscove’s Modified Dulbecco’s medium:Ham’s F12 
iPS   Induced pluripotent stem cell 
IVF   In vitro fertilization 
ko-DMEM  Knockout-Dulbecco’s Modified Eagle’s medium 
ko-SR   Knockout serum replacement 
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LIF   Leukemia inhibitory factor 
MAP-2  Microtubule associated protein 2 
MEF   Mouse embryonic fibroblast 
MEF-CM  Medium conditioned on mouse embryonic fibroblasts 
mESC   Mouse embryonic stem cell 
MHC   Major histocompatibility complex 
MSC   Mesenchymal stem cell 
ND-1   Neuro-D1 
NEAA   Non-essential amino acids 
Neu5Gc  Nonhuman sialic acid N-glycolylneuraminic acid 
NF-68kD  Neurofilament 68 kilodaltons 
OCT-3/4  Octamer-binding transcription factor 3/4 
PAX-6   Paired box gene 6 
ROCK   Rho-associated kinase  
q-RT-PCR  Quantitative real-time PCR 
RT-PCR  Reverse transcription PCR 
SCID   Severe combined immunodeficient 
SCNT   Somatic cell nuclear transfer 
sIPN   Semi-interpenetrating polymer network 
SOX   Sex-determining region Y-box 
SSEA   Stage specific embryonic antigen 
T   Branchyury homology 
TDGF1  Teratocarcinoma-derived growth factor-1 
TGF$   Transforming growth factor $ 
TRA   Tumor-related antigen 
WT-1   Wilms’ tumor suppressor gene 
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1 INTRODUCTION 

 
Human embryonic stem cells (hESCs) are pluripotent cells, which can differentiate into all cell types of 

the human body and are therefore a promising cell-source for clinical applications in regenerative 

medicine. Many diseases, including diabetes and Parkinson’s disease result from the loss of a specific 

cell type in the tissue. The replacement of those lost cells with hESC-derived cells could provide a 

lifelong treatment for patients. However, both defined, safe and high-quality large-scale production 

methods for undifferentiated hESCs and functional and efficient differentiation methods will be 

required before usage in clinical applications. 

 

Conventionally undifferentiated hESCs are cultured on irradiated or chemically treated mouse- or 

human-derived fibroblast feeder cell layers (Amit et al., 2003; Choo et al., 2004; Hovatta et al., 2003; 

Inzunza et al., 2005; Thomson et al., 1998). Although, the contribution of the feeder cells in the hESC 

co-culture system is not fully understood, it has been suggested that feeder cells provide a suitable 

attachment substrate and secrete important proteins and growth factors for the maintenance of 

undifferentiated hESCs. However, the production of feeder cells is time-consuming and expensive, and 

thus feeder cell-free methods are being developed. 

 

The first hESC cell lines were derived and cultured on mouse embryonic fibroblast (MEF) feeder cell 

layers, using a culture medium containing fetal bovine serum (FBS) (Thomson et al., 1998). Nowadays 

the FBS is widely replaced by knockout serum replacement (ko-SR, Gibco, Invitrogen, Carlsbad, CA, 

USA). Although, ko-SR is more defined than FBS, it still contains AlbuMAX, which is a lipid-rich 

albumin fraction of bovine serum. Animal cells and animal-derived components are a source of 

nonhuman molecules such as sialic acid and animal proteins, which can incorporate into hESCs during 

culture (Hisamatsu-Sakamoto et al., 2008; Martin et al., 2005). Due to that, hESCs could be treated as 

animal cells and initiate immune response in the patients if used in clinical applications. Therefore 

there is a need to develop feeder- and xeno-free culture methods for hESCs, based on xeno-free 

attachment surfaces and chemically defined media (CDM). 

 



 9 

Xu and co-workers published the first feeder cell-free method in 2001. Instead of feeder cells they used 

Matrigel, which is a basement membrane extract derived from mouse tumor cells, and culture medium 

conditioned on mouse embryonic fibroblasts (MEF-CM) (Xu et al., 2001). Since 2001, many other 

feeder cell-free culture systems have been published. These culture systems are based on the use of 

Matrigel, purified or recombinant human extracellular matrix (ECM) proteins or other ECM 

components, combined to culture media containing high concentrations of different growth factors 

(reviewed by Lei et al., 2007). Although various feeder cell-free methods have been published, such 

xeno- and feeder cell-free hESC culture system which would maintain the pluripotent and 

undifferentiated growth of all published hESC lines in the world, is not yet discovered. 

 

The first aim of this research project was to set up and compare two commercial feeder cell-free 

methods for the culture of undifferentiated hESCs. In the first method Regea 06/015 hESC line was 

cultured in mTeSR!1 medium on Matrigel! attachment matrix. In the second method Regea 06/015 

hESC line was cultured in STEMPRO® medium on CELLStart! attachment matrix. The second aim 

of this research project was to optimize novel and serum-free Reges medium, developed in Regea for 

culturing hESCs on fibroblast feeder cell layers, to support the undifferentiated growth of hESCs in 

feeder cell-free conditions. The literature review concentrates on the current culturing methods for 

hESCs and on the development of xeno- and feeder cell-free methods. 
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2 REVIEW OF THE LITERATURE 

2.1 Stem cells 

Stem cells are defined as undifferentiated cells, which have the ability to self-renew, as well as to 

differentiate into specific cell lineages. In a cell division of a stem cell, one daughter cell is an identical 

copy of the mother cell and will remain as a stem cell. The other daughter cell may also be identical to 

mother cell (symmetrical division) or may differentiate into different cell types (asymmetrical division) 

(Figure 1). (Mountford, 2008.) 

 

Stem cells can be categorized into different subgroups according to their ability to differentiate. Stem 

cells in different subgroups are defined either as totipotent, pluritotent, multipotent or monopotent. 

Zygote, which is the first totipotent stem cell, is the result of the fusion of two germ cells, oocyte and 

sperm, during fertilization. Blastomeres, which arise from the first division of the zygote, are still 

totipotent stem cells. Totipotent stem cells are able to give rise both to the embryo and the placenta, and 

thus can construct a complete, viable organism. (Ratajczak et al., 2008.) 

 

When blastomeres have divided into 32-cell state, the embryo is called a morula. At this stage, stem 

cells have already lost their totipotency and are now pluripotent. Pluripotent stem cells are able to give 

rise to all three germ layers: mesoderm, ectoderm and endoderm, which form the embryo. On the other 

hand, pluripotent stem cells have lost their ability to form trophoblast, which gives rise to the placenta 

and thus pluripotent stem cells cannot construct a complete organism. The growing morula develops a 

central cavity and becomes a blastocyst. The outer layer of the blastocyst, called trophoectoderm, 

contains cells, which are precursors to the extra-embryonic tissues. The inner cell mass (ICM) of the 

blastocyst forms the embryo and the cells of the ICM are thus pluripotent. (Ratajczak et al., 2008.) 

 

Multipotent stem cells give rise to multiple cell lineages, but only within one of the germ cell layers. 

Monopotent stem cells are tissue-committed stem cells that give rise to cells of only one lineage from 

the given germ layer. For example multipotent ectodermal stem cells can give rise to monopotent brain 

or epidermis cells. (Ratajczak et al., 2008.) Different tissues or organs developing from different germ 

layers are represented in Table 1. 
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Table 1. Different tissues developed from three germ layers. (Reviewed by Ratajczak et al., 2008) 

Ectoderm brain, sympathetic ganglions, peripheral nerves, eye, epidermis, 
 skin appendices, pigment cells   
Mesoderm hematopoietic cells, lymphopoietic cells, endothelium, skeletal  
  muscles, heart, adipocytes, connective tissues, smooth muscles 
Endoderm liver, pancreas, lung, gut, thyroid gland     

 

2.1.1 Adult stem cells 

Stem cells can also be classified as embryonic, fetal or adult stem cells, depending on the 

developmental stage from which they were obtained. Adult stem cells can be obtained from 

endodermal such as intestine, mesodermal such as muscle or ectodermal such as skin and nerve tissue 

lineages (reviewed by Fortier, 2005). Typical examples of adult stem cells are hematopoietic (HSC) 

and mesenchymal stem cells (MSC), which reside in the bone marrow. HSCs are of mesodermal origin 

and have traditionally thought to function in generating all mature blood cell types, including 

neutrophils, platelets and mast cells. However, HSCs have also been reported to differentiate into 

several non-hemolymphatic cell types, for example neurons (Mezey et al., 2000). The main source of 

the MSCs is in the bone marrow, but they are also located in other tissues of the human body, for 

example in adipose tissue (Gronthos et al., 2001). MSCs have been differentiated in a variety of cell 

lineages, including osteoblasts, chondrocytes, adipocytes, fibroblasts, myoblasts, cardiomyocytes, 

hepatocytes and even neurons (reviewed by Bobis et al., 2006). 

 

One limiting factor, when using adult stem cells in research and clinical applications, is the fact that 

isolated populations of adult stem cells cannot undergo long-term self-renewal in vitro and the division 

maximum is ranging from 10 to 50 divisions (Bruder et al., 1997). This feature of the adult stem cells 

limits the amount of achievable expansion and makes it impossible to maintain these populations in 

culture for any length of time without them undergoing significant differentiation. Nevertheless, the 

exact proliferative lifespan depends on the age and species of the donor as well as the cell type 

(D’Ippolito et al., 1999). 

 

Traditionally adult stem cells have been viewed as necessary to maintain tissue and organ mass during 

normal cellular turnover. However, various studies have suggested that adult stem cells might be 

capable of differentiating across tissue lineage boundaries, as mentioned above. This phenomenon is 
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called plasticity. Some mechanisms for plasticity have been described. One of the mechanisms is called 

transdifferentiation and it represents the direct conversion of one cell type to another without 

differentiation or dedifferentiation. Alternative method involves cell-cell fusion between a stem cell 

and a tissue-specific cell, where molecules from one fusion partner could reprogram gene expression of 

the other partner. (Reviewed by Quesenberry et al., 2005.) However, the differentiation of adult stem 

cells from mesodermal origins into ectodermal neural cells has led to fully differentiated cells, which 

express markers specific for neural cells, but the functional neuronal properties are not established 

(reviewed by Boucherie & Hermans, 2009). Results are contradictory and it is not yet clear if adult 

stem cells have similar regenerative capacity as hESCs. 

 

2.1.2  Human embryonic stem cells 

Human ESCs are pluripotent cells which can differentiate into all cell types of the human body. 

Usually hESCs are derived from surplus embryos donated for research by voluntary couples going 

through in vitro fertilization (IVF) therapy. Donated embryos develop into a blastocyst in 4-6 days. 

Conventionally hESCs are derived from the ICM of the blastocyst, after the ICM has been separated 

from the thropectoderm by using immunosurgery and mechanical dissection. (Thomson et al., 1998; 

Genbacev et al., 2005.) These ICM cells are then placed onto a feeder cell layer, which supply soluble 

factors and contact-mediated support to the cells. After several passages, a new hESC line has formed. 

Human ESC lines have also been derived from whole blastocysts without isolating the ICM (Ellerström 

et al., 2006), from morula-stage embryos (Strelchenko et al., 2004) and from single blastomeres 

(Klimanskaya et al., 2006). 

 

Unlike adult stem cells, hESCs have the capacity for prolonged self-renewal in cultures (Thomson et 

al., 1998). Due to this ability, hESCs could provide large pools of undifferentiated cells for research 

and therapeutic applications in the future. The replicative lifespan of the adult stem cells might be 

related to the telomerase activity. Telomerase adds telomere repeats to the ends of the chromosomes 

and thus supports the continuous cell division. Telomerase activity is high in hESCs (Thomson et al., 

1998), intermediate in HSCs and variable or even absent in somatic cells (reviewed by Zimmermann & 

Martens, 2008). The mechanisms for the self-renewal of hESCs are still unclear but some critical 

regulators have been identified and they are presented in the next chapter. 
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Figure 1. Derivation, division and differentiation of human embryonic stem cells. Picture modified 

from http://dels.nas.edu/bls/stemcells/ (viewed 29.08.2008). (Image prepared by Catherine Twomey for 

the National Academies). 

 

2.1.3 Mechanisms for self-renewal of human embryonic stem cells 

Self-renewal factors in hESCs can be subdivided in extrinsic and intrinsic factors (Figure 2). Extrinsic 

factors consist of many signaling pathways including transforming growth factor-$ (TGF$) signaling, 

fibroblast growth factor (FGF) signaling and Wnt signaling. (Stewart et al., 2006) TGF$ and FGF 

signaling pathways are presented here shortly. Many of the self-renewal studies have been performed 

with mouse embryonic stem cells (mESCs). However, it has been found out that mESCs and hESCs are 

different. For example leukemia inhibitory factor (LIF) in a combination with bone morphogenetic 

protein (BMP), are capable of sustaining the undifferentiated growth of mESCs in serum-free medium 

(Ying et al., 2003). In contrast, LIF and its related cytokines fail to support the undifferentiated growth 

of hESCs in serum-containing media (Thomson et al., 1998) and BMPs cause rapid differentiation of 

hESCs (Xu et al., 2002). Although the extrinsic signals are different in hESCs and mESCs, they 
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eventually lead to regulation of the same intrinsic factors, a network of so called stemness genes. 

Among these genes, octamer-binding transcription factor 3/4 (OCT-3/4), sex-determining region Y-box 

2 (SOX-2) and Nanog are the central transcription factors that maintain the self-renewal and 

pluripotency of hESCs. These three transcription factors are presented here shortly. 

 

TGF$-family signaling seems to play a major role in maintaining the self-renewal of hESCs (Beattie et 

al., 2005; James et al., 2005; Xiao et al., 2006). TGF$-superfamily has more than 40 members, 

including Nodal, Activin A, TGF$1 and BMPs (Valdimarsdottir & Mummery, 2005). There are two 

pathways of TGF$ signaling associated in the self-renewal process of hESCs: TGF$/nodal/activin 

pathway and BMP pathway. Both pathways act through specific downstream mediators, Smads. In the 

TGF$/nodal/activin pathway, the activation of the specific cell surface receptors activates the 

intracellular Smad 2/3, which becomes phosphorylated. Smad 2/3 then complexes with co-Smad4 and 

the formed complex translocates to the nucleus where it activates the transcription of the target genes. 

(Stewart et al., 2006.) This pathway is activated in undifferentiated hESCs (James et al., 2005; Xiao et 

al., 2006). The second pathway of the TGF$ signaling, BMP pathway, initiates by the binding of BMP 

to heterodimeric cell surface receptors. This leads to the activation of Smad1/5/8, which forms a 

complex with Smad4 prior to translocation to the nucleus. (Stewart et al., 2006.) In contrast to the 

TGF$/nodal/activin pathway, BMP pathway, is activated in differentiated hESCs (James et al., 2005; 

Xu et al., 2002). The activation of BMP pathway can be blocked by Noggin to prevent the 

differentiation of hESCs (Wang et al., 2005). Noggin is one of the five extracellular BMP antagonists 

which binds to BMP preventing its binding to the specific cell surface receptor (Canalis et al., 2003). 

 

FGFs function in many biological processes including proliferation, migration, differentiation and self-

renewal of hESCs. The prototype of the family is called basic FGF (bFGF or FGF-2) and it is widely 

used in hESC cultures to sustain the self-renewal of hESCs (Genbacev et al., 2005; Inzunza et al., 

2005; Lysdahl et al., 2006; Valbuena et al., 2006). The signaling pathway of the bFGF is very 

complex. The activation of FGF receptors requires the cooperation between heparan sulfate 

proteoglycans or their side chains and FGFs. The binding of the complex to the receptor and receptor 

transphosphorylation triggers the “classical” transduction pathway. This pathway consist 

phoshporylation of various downstream signaling proteins and finally the activation of the transcription 

of the target genes. (Dvorak & Hampl, 2005.) 
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OCT-3/4, SOX-2 and Nanog are transcription factors, which play essential roles during early 

development. OCT-3/4 (also known as Pou5F1 and OCT-4) is a POU domain transcription factor, 

which is expressed at high levels in the pluripotent hESCs (Reubinoff et al., 2000). OCT-3/4 functions 

in the establishment and maintenance of the pluripotency of hESCs and downregulation of OCT-3/4 

promotes differentiation of hESCs in vitro and in vivo (Reubinoff et al., 2000). OCT-3/4 is able to form 

a heterodimer with SOX-2 (Niwa et al., 2002). SOX-2 is a member of the SOX family of HMG 

transcription factors and also it has an essential role in self-renewal of hESCs (Stewart et al., 2006). 

Loss of SOX-2 contributes to extraembryonic endoderm development (Avilion et al., 2003). The 

complex of OCT-3/4 and SOX-2 can also regulate the expression of Nanog, by binding to its promoter 

region (Kuroda et al., 2005). Nanog is expressed in hESCs and downregulated in adult tissues and 

differentiated cells (Hart et al., 2004). 

 

Figure 2. Extrinsic and intrinsic factors related to self-renewal of hESCs. (Picture modified from 

Zhang & Wang, 2008). 
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2.2 Culturing of human embryonic stem cells 

The culturing of hESCs is a very time-consuming process, which requires daily media changes and 

frequent morphologic observations of the cultures. If media is not changed daily and hESCs are not 

passaged soon enough onto new feeder cell layers or biomaterials hESCs will differentiate 

spontaneously. Thomson and co-workers derived the first hESC line in 1998. They used MEFs as 

feeder cell layers for hESCs and FBS containing culture medium for both feeder cells and hESCs 

(Thomson et al., 1998). Since the first derivation in 1998, hESC lines have been derived both on feeder 

cell layers and on feeder cell-free conditions. In addition, good manufacturing practice (GMP) 

standards have been developed to ensure the quality of hESCs used in clinical applications (Crook et 

al., 2007). 

 

2.2.1 Good manufacturing practice as a guideline 

Both animal cells and animal components are a source of nonhuman sialic acid, N-glycolylneuraminic 

acid (Neu5Gc), and animal proteins, such as Apolipoprotein B-100 (apoB-100), which can incorporate 

to hESCs during culture (Hisamatsu-Sakamoto et al., 2008; Martin et al., 2005). Due to that, hESCs 

could be treated as animal cells and initiate immune response in the body of a patient if the hESCs were 

used as transplants in the future (Martin et al., 2005). Both the European Medicines Agency (EMEA) 

and the U.S. Food and Drug Administration (FDA) require that advanced therapy medicinal products, 

such as hESC derivatives or tissue-engineered products, are manufactured under the GMP quality 

standards. This strict regulatory framework ensures the quality and safety of such products used in 

clinical transplantation therapies. In practice this means that all components used in derivation and 

culture of clinical grade hESCs need to be of GMP quality and that the use of xeno-components should 

be avoided. (Reviewed by Unger et al., 2008.) However, it is also possible to use animal components in 

GMP if no better options are available. Crook and co-workers derived six clinical grade hESC lines in 

2007. They used human foreskin feeder cells, which were established and propagated in FBS-

containing medium. The FBS was GMP quality. (Crook et al., 2007.) 
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2.2.2 Culturing human embryonic stem cells on feeder cell layers 

As mentioned above, the first hESC lines were derived and cultured on mitotically inactivated MEFs as 

feeder cells. The mitotic inactivation of feeder cells is done by irradiation or by Mitomycin C 

treatment. Due to the treatment feeder cells cannot replicate but still synthetize proteins and other 

factors, which maintain the undifferentiated growth of hESCs. In addition, feeder cells provide 

appropriate cell-cell contacts for the attachment of hESCs. Since the year 1998, various human cell 

lines have been tested as feeder cells for hESCs to replace the use of animal cells. Richards and co-

workers tested feeder cell layers derived from human fetal muscle and skin, and from adult muscle and 

fallopian tubal epithelial cells (Richards et al., 2002, 2003). From the tested cell types, the fetal muscle 

cells seemed to be the most supportive feeder cells for hESCs (Richards et al., 2003). Also 

commercially available human foreskin fibroblasts (hFF) have been tested as feeder cells for hESCs 

(Amit et al., 2003; Choo et al., 2004; Hovatta et al., 2003; Inzunza et al., 2005). Human ESCs have 

been successfully derived and cultured on hFF feeder cell layers in undifferentiated and pluripotent 

stage. Also human adult marrow cells (Cheng et al., 2003), uterine endometrium cells (Lee et al., 2005) 

and human placenta fibroblasts (Genbacev et al., 2005) have been tested. Although, hFFs and other 

tested feeder cells provide a xeno-free option for the maintenance of hESCs, FBS is still frequently 

used in the culture of feeder cells. However, Ellerström and co-workers have derived a xeno-free hESC 

line using human serum (HS) in culture media for both hFF feeder cells and for hESCs (Ellerström et 

al., 2006). Feeder cells have also been derived from the hESCs themselves (Chen et al., 2009; 

Stojckovic et al., 2005b; Xu et al., 2004). These autogeneic feeder cells have been proved to maintain 

hESCs in an undifferentiated state in ko-SR -containing media (Chen et al., 2009). 

 

2.2.3 Development of xeno-free media for human embryonic stem cells 

To overcome the xeno-problems in the use of FBS, adult HS has been tested in the hESC culture 

(Ellerström et al., 2006; Richards et al., 2002). The problem with both, FBS and HS is that they are 

complex mixtures containing unknown compounds. The batches vary in their capability of maintaining 

hESCs in undifferentiated stage and sera may also contain factors, which induce the differentiation of 

hESCs. Due to batch-to-batch variability the quality control is also difficult. 
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Nowadays serum is widely replaced with ko-SR in the derivation and culturing of hESC lines 

(Genbacev et al., 2005; Inzunza et al., 2005; Lysdahl et al., 2006; Valbuena et al., 2006). The medium 

containing ko-SR is called hESC medium in this Master’s Thesis and it is composed of Knockout-

Dulbecco’s Modified Eagle’s medium (ko-DMEM), supplemented with ko-SR, GlutaMax (or L-

glutamine), non-essential amino acids (NEAA), !-mercaptoethanol, human recombinant bFGF and 

antibiotics. Although ko-SR provides more standardized and defined supplements to hESC medium 

when compared to FBS or HS, it still contains bovine transferrin and AlbuMAX. AlbuMAX is a lipid-

rich albumin fraction of bovine serum, and therefore the composition of ko-SR is not fully defined or 

xeno-free (Price et al., 1998). Also commercially available xeno-free serum replacement products have 

been developed. Rajala and co-workers tested five of these commercial xeno-free serum replacements 

in 2007, but none of them was able to maintain the undifferentiated growth of hESCs on hFF feeder 

cells (Rajala et al., 2007). 

 

The replacement of serum with defined and xeno-free components would be optimal for the production 

of hESCs according to GMP quality standards. In addition to clinical applications, more defined, 

serum-free conditions are essential for studying the self-renewal of hESCs, human development and 

directed differentiation of hESCs in vitro. Reges is novel, defined, xeno- and serum-free hESC culture 

medium developed in Regea. The formulation of Reges contains human serum albumin (HSA) and 

other unpublished components, which support the undifferentiated growth of hESCs. Reges has been 

developed for the culture of hESC on hFF feeder cells and already three hESC lines have been derived 

in Reges medium. (Rajala et al. unpublished data.) 

 

2.2.4 Feeder cell-free culture of human embryonic stem cells 

Producing fibroblasts as feeder cells for hESCs is laborious and time-consuming and as mentioned 

above, xeno-products are still used in the derivation and culture of feeder cells. Development of CDM, 

where serum is not used, is also difficult when feeder cells are secreting soluble factors to the culture 

medium. Due to these reasons, feeder cell-free methods are being developed. 

 

Xu and co-workers described the first feeder cell-free method in 2001. Instead of feeder cells they used 

Matrigel as attachment matrix, and hESC culture medium conditioned on MEF feeder cell layers and 
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supplemented with additional bFGF (Xu et al., 2001). Conditioning means the incubation of culture 

medium on the feeder cell layer, before using the medium in the hESC culture. This allows the 

fibroblasts to secrete the proteins and growth factors, needed for the undifferentiated growth of hESCs, 

into the culture medium. In published feeder cell-free methods, media has also been conditioned on 

human fibroblasts (Bigdeli et al., 2008) and on hESC derived fibroblasts (Stojkovic et al., 2005b). 

Matrigel is a basement membrane preparation extracted from the mouse tumor cells. Its major 

component is laminin, followed by collagen IV, heparan sulfate proteoglycans and entactin (Kleinman 

et al., 1982). Also many growth factors, including TGF-$, insulin-like growth factor 1 (IGF-1) and 

FGF have been reported to found in Matrigel (Vukicevic et al., 1992). Since the 2001, many other 

feeder cell-free methods have been published. Some of these methods are presented in the Table 2. 

 

Since the Matrigel contains many unknown components and is not of human origin, it is not an optimal 

attachment matrix for hESCs. Several groups have tested laminin (Beattie et al., 2005; Li et al., 2005) 

and fibronectin (Amit et al., 2004, 2006; Lu et al., 2006) as attachment matrices for the replacement of 

Martigel. Laminin and fibronectin are adhesive glycoproteins found in ECM. In 2006 Ludwig and co-

workers screened a variety of components individually and in combinations, and found that collagen 

IV, fibronectin, laminin and vitronectin together were capable of supporting long-term proliferation of 

hESCs (Ludwig et al., 2006a). ECM proteins used in feeder cell-free methods are either isolated or 

recombinant proteins. Also HS (Stojkovic et al., 2005a) and FBS (Vallier et al., 2005) have been tested 

as attachment matrices for hESCs. 

 

Recently, some feeder cell-free methods based on the use of hydrogels have been published (Li et al., 

2006; Gerecht et al., 2007; Siti-Ismail et al., 2008). The advantage of these methods, compared to other 

feeder cell-free methods is that hESCs can be maintained in hydrogels for extended periods of time, 

without passaging through mechanical or enzymatic treatments. Siti-Ismail and co-workers cultured 

hESCs for 260 days, encapsulated in calcium alginate hydrogel. Human ESCs maintained their 

undifferentiated stage and pluripotency (Siti-Ismail et al., 2008). This is a huge step towards 

automation of hESC culture, but culture conditions still need some optimization. For example the UV 

light used in the encapsulation of hESCs and enzymes used in the decapsulation of hESCs in some 

methods could affect the genetic integrity of hESCs. 
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Table 2. Feeder cell-free methods. 

Matrix Medium Supplements Reference 

Matrigel/Laminin hESC MEF-CM, bFGF  Xu et al., 2001 

Fibronectin hESC TGF!1, LIF, bFGF Amit et al., 2004 

ECM from MEFs hESC Plasmanate, bFGF, LIF Klimanskaya et al., 2005 

Laminin X-VIVO 10 bFGF Li et al., 2005 

Matrigel vitroHES MEF-CM, bFGF Sjögren-Jansson et al., 2005 

hES-dF-CM, bFGF, insulin, 
HS hESC 

transferrin, selenium 
Stojkovic et al., 2005a 

FBS CDM described in text Vallier et al., 2005 

Matrigel hESC noggin, bFGF Wang et al., 2005 

Fibronectin hESC TGF!1 
Amit & Itskovitz-Eldor, 
2006 

Fibronectin CDM described in text Lu et al., 2006 

ECM mix TeSR1 described in text Ludwig et al., 2006a 

Matrigel mTeSR1 described in text Ludwig et al., 2006b 

sIPN hydrogel hESC MEF-CM Li et al., 2006 

Matrigel CDM described in text  Yao et al., 2006 

Matrigel CDM described in text Wang et al., 2007 

Hyaluronic acid hydrogel hESC MEF-CM, bFGF Gerecht et al., 2007 

Calcium alginate hydrogel hESC bFGF Siti-Ismail et al., 2008 

Collagen I CDM described in text Furue et al., 2008 
Matrix-free hESC hF-CM Bigdeli et al., 2008 
GFR-Matrigel hESC liposomal C6-ceramide Salli et al., 2009 

Abbreviations: MEF-CM: medium conditioned on mouse embryonic fibroblasts; bFGF: basic fibroblast growth 
factor; TGF$1: transforming growth factor $1; LIF: leukemia inhibitory factor; ECM: extracellular matrix; 
MEF: mouse embryonic fibroblast; HS: human serum; hES-df-CM: medium conditioned on hESC-derived 
fibroblasts; FBS: fetal bovine serum; CDM: chemically defined medium; sIPN: semi-interpenetrating polymer 
network; hF-CM: medium conditioned on human fibroblasts; GFR-Matrigel: growth factor reduced Matrigel. 
 

When hESCs are cultured with feeder cell-free methods, the concentration of bFGF is increased at least 

2-fold from the concentrations used, when culturing cells on MEF or hFF feeder cell layers. The 

concentration of bFGF in hESC medium is 4-8 ng/ml (Genbacev et al., 2005; Inzunza et al., 2005), 

while the concentration of bFGF is even 100 ng/ml in some feeder cell-free methods (Ludwig et al., 

2006a, 2006b). Other commonly used growth factors in feeder cell-free media are the members of 

TGF$-family: TGF$1 (Amit et al., 2004, 2006) and Activin A (Beattie et al., 2005; Xiao et al., 2006). 
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From the usage of ko-SR containing hESC medium, supplemented with growth factors, the research 

has been moving towards the development of several CDM. The composition of CDM published by 

Vallier and co-workers in 2005 consists Iscove’s Modified Dulbecco’s Medium:Ham’s F12 (IMDM/F-

12), supplemented with insulin, transferrin, monothioglycerol, bovine serum albumin (BSA) fraction V, 

Activin and bFGF. Lu and co-workers published a CDM in 2006. This medium is composed of 

Dulbecco’s Modified Eagle Medium:Ham’s F12 (DMEM/F-12), supplemented with Wnt3a, bFGF, 

insulin, transferrin, a proliferation-inducing ligand (April)/B cell-activating factor belonging to TNF 

(BAFF), cholesterol and albumin. The CDM published by Yao and co-workers in 2006 is defined as 

DMEM/F-12 supplemented with N2, B27 supplements, L-glutamine, $-mercaptoethanol, NEAA and 

BSA fraction V. The CDM published by Wang and co-workers in 2007 consists DMEM/F-12, 

supplemented with BSA fraction V, NEAA, ascorbic acid, transferrin, $-mercaptoethanol, trace 

elements A, B and C, heregulin-1$ (HRG1$), Activin A, IGF-1 and bFGF. 

 

Furue and co-workers published recently a defined serum-free medium, which base medium, called 

ESF, differs from DMEM/F-12 medium, which is commonly used in other formulations. ESF contains 

lipid acid, glutathione, p-aminobenzoic acid, which are absent from DMEM/F-12. The concentration of 

biotin, pyridoxine, tyrosine and phosphate are higher in ESF than in DMEM/F-12 and the osmolarity of 

ESF is lower. Also hepes is excluded from ESF. Heparin is a soluble derivative of heparan sulfate and 

well-known cofactor for bFGF. Furue and co-workers found out that the addition of heparin in the 

absence of exogenous FGF results in the phosphorylation of FGF receptors in hESCs. These results 

indicate that heparin has a role in stabilizing endogenously produced FGF, and thus the concentration 

of exogenously added FGF is lower than in other feeder cell-free methods. Although this medium is 

serum-free and defined, it still contains BSA, which is conjugated in oleic acid. (Furue et al., 2008.) 

 

In 2006 Ludwig and co-workers published a xeno-free feeder cell-free hESC culture method, based on 

the use of four human or recombinant ECM proteins (described above) and non-conditioned, defined 

and xeno-free TeSR1 medium. This medium is composed of DMEM/F-12, supplemented with HSA, 

vitamins, antioxidants, trace minerals, specific lipids and cloned growth factors. Ludwig and co-

workers were able to derive two new hESC lines into these defined culture conditions. However, after 7 

months culture both cell lines found to be karyotypically abnormal. (Ludwig et al., 2006a) There have 

been difficulties to culture different hESC lines in these xeno-free conditions (Rajala et al., 2007). 
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Because of expensive components used in this xeno-free system, Ludwig and co-workers published 

another feeder cell-free system later in 2006 (Ludwig et al., 2006b). The latter system is based on 

Matrigel as attachment matrix and to modification of TeSR1 (mTeSR1) medium. Nowadays, the 

mTeSR!1 (StemCell Technologies Inc., Vancouver, Canada) is also commercially available. The 

formulation of the medium is defined and serum-free and it contains high concentrations of bFGF, 

TGF$, gamma aminobutyric acid (GABA), pipecolinic acid and lithium chloride. Although the 

mTeSR!1 is fully defined and serum-free, it still contains animal-sourced protein, BSA. mTeSR!1 is 

designed to be used together with hESC-qualified Matrigel (BD Biosciences, Franklin Lakes, NJ). 

Qualification means that StemCell Technologies has tested that each batch of hESC-qualified Matrigel 

is compatible with mTeSR!1 medium. 

 

Another commercially available feeder cell-free medium is called STEMPRO" hESC SFM (Gibco, 

Invitrogen). This medium is also fully-defined and serum-free, but as mTeSR!1-medium, also 

STEMPRO"-medium contains animal-sourced components. The formulation of STEMPRO" contains 

BSA, bFGF, GlutaMAX, $-mercaptoethanol and unpublished growth factors. Commercially available 

CELLStart! (Gibco, Invitrogen) is used as attachment substrate for hESCs in a combination with 

STEMPRO"-medium. CELLStart! is fully defined attachment substrate, which is contains only 

components of human origin and is thus xeno-free. 

 

2.2.5 Characterization of human embryonic stem cells 

Human ESCs are usually judged as undifferentiated at first by their morphology. Human ESCs have a 

high ratio of nucleus to cytoplasm and prominent nucleoli. On feeder cell layers undifferentiated 

hESCs form colonies, which are dense and even, and have sharp edges (Thomson et al., 1998). In 

feeder cell-free conditions undifferentiated hESC colonies have even and spherical form and defined 

edges. The differentiation of hESC colony in feeder cell-free conditions begins as the emergence of 

fibroblast-like cells from the borders of the colonies. This kind of spontaneous differentiation 

eventually leads to irreversible loss of normal colony morphology. 

 

Human ESCs can be further characterized by the expression of different markers and genes, typical for 

undifferentiated and differentiated hESCs. Undifferentiated hESCs express cell surface markers such as 
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stage specific embryonic antigen (SSEA) -3 and -4, tumor-related antigen (TRA)-1-60 and -81, 

whereas differentiated hESCs express SSEA-1 (Thomson et al., 1998). Undifferentiated hESCs express 

also alkaline phosphatase (Thomson et al., 1998) and transcription factors OCT-3/4 (Reubinoff et al., 

2000) and Nanog (Hart et al., 2004). Human ESCs also express DNA (cytosine-5-)-methyltransferase 3 

beta (DNMT3B) and teratocarcinoma-derived growth factor-1 (TDGF1) genes. These genes, in 

company with other genes, are expressed in human mature oocytes and hESCs, but not in somatic cells 

(Assou et al., 2009). DNMT3B is involved in DNA methylation (Goll & Bestor, 2005) and TDGF1 

(also known as human Cripto-1, CR-1) is involved in the maintenance of self-renewal and pluripotency 

of hESCs (Strizzi et al., 2005). Human ESCs can also be characterized by their high telomerase activity 

(Thomson et al., 1998). 

 

Pluripotent hESCs are able to form derivatives of all three germ layers. This pluripotency of hESCs can 

be characterized in vivo in severe combined immunodeficient (SCID) mice, where the injected hESCs 

form a teratoma consisting of tissues from all three germ lines: endoderm, mesoderm and ectoderm. 

Resulting teratomas are examined histologically. (Thomson et al., 1998.) Another widely used method 

is to explore the pluripotency of hESCs in vitro by embryoid body (EB) formation. EB is a cell 

aggregate, where hESCs spontaneously differentiate into derivatives of all three germ layers. RNA is 

isolated from EBs and different cell types are recognized by reverse-transcription PCR (RT-PCR), 

using primers for genes typical for different germ layers. (Itskovitz-Eldor et al., 2000.) Different germ 

layers can also be identified from EBs by immunocytochemistry (Kim et al., 2007). 

 

2.3 Towards clinical applications: future and cell therapies 

It has been proposed that hESCs could be used in regenerative medicine to replace damaged tissues or 

even organs. There are several disorders resulting from tissue or organ damage, for example heart 

infarct, stroke, diabetes and Parkinson’s disease. Human ESCs could be used to regenerate damaged 

tissue, for example to supply new cardiomyocytes in infracted heart, offer new neurons to damaged 

area in brain or replace damaged insulin producing cells in pancreatic tissue. Ultimately, hESCs could 

also be used to create organ fragments or even entire organs ex vivo. In addition, it has been suggested 

that hESCs and hESC-derived tissues could be used in in vitro testing assays and in vitro platforms to 

screen potential drugs and anticancer agents. Since hESCs are pluripotent, they could be also used 
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when studying the development of embryo and different diseases. (Reviewed by Bongso et al., 2008; 

Fortier, 2005; Mountford, 2008; Ratajczak et al., 2008.) 

 

2.3.1 Differentiation of human embryonic stem cells 

One way to initiate the differentiation of hESCs is to remove the cells from feeder cell layers and left 

them to form EBs in suspension. Next, EBs can be harvested and disaggregated before being replaced 

into specific differentiation supporting conditions. The problem with EBs is that differentiation is 

spontaneous and only small percentage of the cells is single lineage. Therefore this method is not 

efficient for the generation of specific cell types. Also alternative protocols to initiate the differentiation 

without EB stages have been developed using for example different types of feeder cells. These 

methods have resulted in more controlled differentiation and better yield of the desired cells. 

(Reviewed by Mountford, 2008; Murry & Keller, 2008.) Some hESC-derived cell lineages and their 

potential therapeutic applications are presented in Table 3. 

 

There is still some debate going on about what the state of hESC differentiation should be before 

transplantation. Because of the pluripotent characteristics of hESCs, they can form teratomas when 

injected into animals without any in vitro differentiation steps. Also, it is possible that hESCs could 

form some unwanted cell type when transplanted into tissue, for example bone in heart tissue. 

Therefore is seems that hESCs should be at least partially differentiated before transplantation. When 

differentiation of the hESCs increases, the proliferation potential decreases. However, most of the 

lineages have a precursor or progenitor cell population. These progenitor populations can proliferate, 

but they have lost the pluripotency of hESCs cells. This progenitor stage of differentiation could 

therefore be usable for cell therapy applications. Additionally, some injuries may require the 

replacement of many related lineages and these progenitor cells could provide a population of all the 

required cell types. (Reviewed by Mountford, 2008; Murry & Keller, 2008.) 
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Table 3. Examples of different cell lineages derived from hESCs and their potential clinical 

applications. (Reviewed by Mountford, 2008). 

Tissue Cell lineage Application 

Neural Dopamine neuron Parkinson's disease 
 Oligodendrocyte Spinal cord injury 
Liver Hepatocyte Liver failure 

Endocrine Islet $-cells Diabetes 
Cardiovascular Cardiomycete Myocardial infarction 
 Endothelial Stroke, 
  Myocardial infarction, 
  Ischaemic limb disease 
Eye Retinal epithelium Retinal degeneration or injury 
Skin Keratinocytes Burns, traumatic skin loss 
Musculoskeletal Skeletal muscle Muscular dystrophy 
 Chondrocytes Cartilage loss 
 Bone Loss from trauma or tumour, 
   brittle bone disease 
Blood Lymhoid cells Immune deficiencies 
  Erythrocytes Blood loss, sickle cell anemia 

 

2.3.2 Alternative sources of pluripotent cells 

One of the obstacles, which need to be overcome before clinical applications of the hESCs, is that 

allogenous hESCs could initiate the immune system in the patient’s body and transplanted hESC 

derivatives could thus be rejected. Some methods have been suggested to avoid these immune 

problems. One of the methods suggests that hESC lines could be genetically manipulated so that major 

histocompatibility complex (MHC) molecules or other immune effectors could be deleted (reviewed by 

Mountford, 2008). There have also been developments of strategies to produce “self” stem cells that 

are pluripotent. These methods include somatic cell nuclear transfer (SCNT) and generating cells 

known as parthenogenetic ESCs and induced pluripotent stem cells (iPS). SCNT, which is known also 

as therapeutic cloning, uses the cytoplasmic environment of an enucleated oocyte to reprogramme the 

donor genome extracted from patient’s own somatic cell and transferred to the enucleated oocyte 

(Figure 3A). After transferring genome to the enucleated oocyte, oocyte is grown to a blastocyst stage 

and pluripotent NT-ESCs are derived in the same way as hESCs. So far, genuine NT-ESCs have been 

produced only from mice (Kawase et al., 2000; Munsie et al., 2000) and rhesus macaques (Byrne et al., 

2007), but blastocyst-stage embryos have been produced also from humans (French et al., 2008; Li et 
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al., 2009a). ESC lines can also be generated by direct oocyte activation without fertilization. This 

parthenogenetic oocyte activation can be induced by exposure to certain chemicals or physical stimuli. 

(Reviewed by Müller & Lengerke, 2009.) Although, the parthenote embryos are not able to produce 

viable offspring, parthenogenetic hESCs have been successfully derived and proved to form derivatives 

from all three germ layers (Revazova et al., 2007). 

 

The promising new source of patient-specific pluripotent stem cells is iPS cells. Human somatic cells 

can be reprogrammed to a pluripotent state by the retroviral transduction of the genes encoding specific 

transcription factors (Figure 3B). Human iPS cells can be also derived without vector and transgene 

sequences with lower efficiencies for example by using episomal vectors (Yu et al., 2009). Yu and co-

workers showed that human dermal fibroblasts could be reprogrammed to a pluripotent state by the 

expression of OCT-3/4, SOX-2, Nanog and Lin28 (Yu et al., 2007). Simultaneously, Takashi and co-

workers demonstrated that OCT-3/4, SOX-2, Klf4 and c-Myc also induced pluripotency of human 

dermal fibroblasts (Takahashi et al., 2007). These iPS cells have the same morphology, growth patterns 

and gene expression as hESCs. However, one study has proved that iPS cells and hESCs can be 

distinguished by different gene expression signatures (Chin et al., 2009). 

 

Although NT-ESCs and iPS are potential sources for pluripotent cells to regenerative medicine, there 

are still technical and regulatory challenges, which need to be overcome before use in clinical 

applications. The main problems with SCNT technique are it’s low efficiency, technical difficulties and 

associated controversy of the use of oocytes. Parthenogenesis has good efficiency, but it is only 

available to women able to donate embryos. In contrast, iPS cells offer several advantages over hESCs, 

NT-ESCs and parthenogenetic ESCs, including freedom of the ethical and practical burdens associated 

with either embryo destruction or egg donation and lower immune reactions. However, there are other 

boundaries, which need to be overcome before clinical applications, including the development of 

functional and effective non-viral delivery system to replace the use of integrating vectors, which can 

cause insertional mutagenesis. (Reviewed by Chidgey et al., 2008; Condic & Rao, 2008; Müller & 

Lengerke, 2009; Yu & Thomson, 2008.) 
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Figure 3. Somatic cell nuclear transfer (A) and generation of iPS (B). (Picture modified from Chidgey 

et al., 2008). 
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3 AIMS OF THE RESEARCH 

 
The first aim of this research project was to set up and compare two commercial feeder cell-free hESC 

culturing methods. The first culturing method was based on Matrigel! attachment matrix and on 

defined, serum-free mTeSR!1 culture medium. The second commercial method was based on defined 

and xeno-free CELLstart™ attachment matrix and defined, serum-free STEMPRO® hESC SFM 

culture medium. 

 

The second aim of the project was to optimize the composition of a novel, defined, serum- and xeno-

free Reges medium to maintain hESCs in feeder cell-free conditions, using either Matrigel! or 

CELLstart™ as attachment matrix. 
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4 MATERIALS AND METHODS 

4.1 Human embryonic stem cells and culturing 

4.1.1 Human embryonic stem cell lines 

Three hESC lines were used in the experiments. Two of these cell lines: HS360 and HS346 have been 

derived from the ICM of blastocyst stage embryos donated for research by voluntary couples 

undergoing the IVF treatments in the Karolinska Institutet, Huddinge, Stockholm, Sweden. Both cell 

lines have been derived and propagated using hFFs as feeder cell layers and hESC medium. HS360 cell 

line has karyotype 46, XY and HS346 karyotype 46, XX. Both cell lines express markers specific for 

undifferentiated hESCs: Nanog, OCT-4, TRA-1-60, TRA-1-81 and SSEA-4. Stainings for SSEA-1, a 

marker specific for differentiated hESCs, are negative for both cell lines. The pluripotency of hESC 

lines has been proven in vitro by EB formation and in vivo by formation of teratomas in SCID mice. 

(Inzunza et al., 2005.) 

 

Regea 06/015 cell line has been derived and characterized in the Regea, in the same way as the hESC 

lines from the Karolinska Institutet. The karyotype of this hESC line is 46, XY. Regea has an approval 

of the Ethics Committee of Pirkanmaa Hospital District to culture all the hESC lines used in this study. 

Regea 06/015 cell line was used in the comparison of two commercial feeder cell-free methods. Reges 

optimization experiments were done with Regea 06/015, HS346 and HS360 cell lines. The hESCs were 

cultured in a humidified HeraCell 240 incubator (Thermo Electron Corporation, Thermo Fisher 

Scientific Inc., Waltham, MA, USA) at +37°C in 5% CO2 atmosphere. 

 

4.1.2 Standard method for culturing stem cells on feeder cells in hESC medium 

All hESC lines were cultured on irradiated (40 Gy) hFF (CRL-2429, American Type Culture 

Collection ATCC, Manassas, VA, USA) feeder cell layers in hESC medium before transferring to 

feeder cell-free culturing systems. Standard hESC culture medium consisted of ko-DMEM (Gibco, 

Invitrogen) supplemented with 20% ko-SR (Gibco, Invitrogen), 2 mM GlutaMax (Gibco, Invitrogen), 

1% MEM Eagle NEAA (Cambrex Bio Science, East Rutherford, NJ, USA), 0.5% 

Penicillin/Streptomycin (Cambrex Bio Science), 0.1 mM !-mercaptoethanol (Gibco, Invitrogen) and 8 
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ng/ml human recombinant bFGF (R&D systems, Minneapolis, MN, USA). Cells were monitored and 

culture medium was changed 6 times per week. 6-8 days after plating, the undifferentiated areas of the 

hESC colonies were cut mechanically with scalpel and cells were passaged onto fresh hFF feeder cell 

plates with needle and pipette. 

 

4.1.3 mTeSR!1 + Matrigel!  feeder cell-free culture system 

This feeder cell-free system was based on defined, serum-free mTeSR!1 medium (StemCell 

Technologies Inc.) and on BD Matrigel! hESC-qualified Matrix (BD Biosciences). mTeSR!1 

medium was delivered in two components, Basal Medium and 5x Supplement. 5x supplement was 

added in basal medium and the complete mTeSR!1 medium was stored in -20˚C prior the use. In 

passage 30, 0.5% Penicillin/Streptomycin (Cambrex Bio Science) was added to the medium. Corning 

Cellbind-surface culture plates (either 12-well plate or 6-well plate; Corning Inc. Life Sciences, Lowell, 

MA, USA) were coated with Matrigel! according to the manufacturer’s instructions (1.38 µl/cm2) at 

+4°C for at least over night. Coated plates were used within a week. The plate was brought to room 

temperature, coating was aspirated and Regea 06/015 hESCs in passage 72 were mechanically 

passaged to Matrigel! in appropriate volume of mTeSR!1 medium. 

 

Cells were monitored and media was changed 6 times per week. Every 3-7 days, hESCs were passaged 

with 1 mg/ml dispase (Gibco, Invitrogen) in DMEM/F-12 (Gibco, Invitrogen). Dispase is a gentle 

protease, which does not detach colonies from the plate. After 7 minutes incubation with dispase, the 

edges of the hESC colonies were slightly folded back. The remaining dispase was washed away 3 times 

with DMEM/F-12 (Gibco, Invitrogen). Colonies were scraped with a pipette tip, collected into 

DMEM/F-12 (Gibco, Invitrogen) and centrifuged at 300 x g for 5 minutes at room temperature. After 

centrifugation, the cell pellet was resuspended into mTeSR!1 medium and hESCs were plated onto 

Matrigel! coated plate as appropriately sized clumps. The smallest clumps did not attach on Matrigel! 

and usually wells were rinsed with Dulbecco’s Phophate-Buffered Saline (DPBS, Lonza, Biowhittaker, 

Basel, Switzerland) the next day after passaging. 

 

Regea 06/015 cells cultured 37 passages in mTeSR!1 medium were cryopreserved in mFreSR! 

(StemCell Technologies) medium. mFreSR! is defined and serum-free, dimethylsulfoxide (DMSO) 
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containing medium for cryopreservation of hESCs. For the cryopreservation, hESCs were cultured on 

Corning Cellbind surface 6-well plates coated with Matrigel!. The cryopreservation of hESCs was 

done 1-2 days before normal passaging day. At first cells were washed once with DPBS and detached 

by 7 minutes incubation with dispase. Wells were washed 3 times with DMEM/F-12 (Gibco, 

Invitrogen), scraped with a pipette tip and collected into DMEM/F-12 (Gibco, Invitrogen). Cells were 

centrifuged at 300 x g for 5 minutes at room temperature. After centrifugation, the cell pellet was 

resuspended carefully into mFreSR!, leaving the cell clumps bigger than usually during passaging. 

Suspension was mixed carefully and transferred into cryovials (Nunc, Thermo Fisher Scientific), cells 

from one well to one vial. Vials were placed into an isopropanol cryovessel and placed at -70˚C 

overnight. On the next day cryovials were transferred to the liquid nitrogen vapor tank. 

 

One cryovial was thawed into one well of a Corning Cellbind surface 6-well plate coated with 

Matrigel!. Frozen vial was removed from the liquid nitrogen vapor tank and thawed in +37˚C water. 

The contents of the tube were transferred to a Falcon tube with 5 ml pipette. Warm mTeSR1! medium 

was added dropwise to the tube mixing at the same time. Cells were centrifuged at 300 x g for 5 

minutes at room temperature and pellet was resuspended in appropriate amount of mTeSR1! medium 

and plated onto Matrigel! coated plate. Thawed hESCs were monitored and medium was changed 

daily. Results from cryopreservation were compared to traditional cryopreservation methods, where 

Regea 06/015 hESCs were collected in the same way than above and cell pellet was resuspended in 

cryopreservation medium, consisting of 50% FBS (Sigma-Aldrich, St. Louis, MO) and 10% DMSO 

(Sigma-Aldrich) in mTeSR1! medium. Thawing of these cells was done in the same way as above. 

 

4.1.4 STEMPRO"  + CELLStart!  feeder cell-free culture system 

This feeder cell-free culturing system was based on defined, serum-free STEMPRO" (Gibco, 

Invitrogen) medium and xeno-free CELLStart! (Gibco, Invitrogen) attachment matrix. STEMPRO" 

medium consisted DMEM/F-12+GlutaMAX (Gibco, Invitrogen) supplemented with 1x STEMPRO" 

hESC SFM supplement (Gibco, Invitrogen), 1.8% BSA (Gibco, Invitrogen), 8 ng/ml bFGF (R&D 

Systems) and 0.1 mM !-mercaptoethanol (Gibco, Invitrogen). The required volume of STEMPRO" 

medium was prepared daily. In passage 10, 0.5% Penicillin/Streptomycin (Cambrex Bio Science) was 

added to the medium. CELLStart! was diluted 1:30 in Hanks’ Balanced Salt Solution (HBSS) with 
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calcium and magnesium (Lonza, Biowhittaker) to coat Corning Cellbind-surface 12-well plates. 

Coating was incubated at +37°C for one hour and plate was used immediately after coating. For the 

first passage, Regea 06/015 hESCs in passage 83 were passaged mechanically and plated onto 

CELLStart! coated plates in appropriate amount of STEMPRO" medium. 

 

Cells were monitored and media was changed 6 times per week. Every 3-5 days, hESCs were passaged. 

At first wells were rinsed with 0.1% BSA (Gibco, Invitrogen) in DMEM/F-12 (Gibco, Invitrogen) 

washing medium. Colonies were scraped mechanically with a pipette tip and resulting pieces were 

collected into washing medium and centrifuged at 200 x g for 2 minutes at room temperature. After 

centrifugation, cell pellet was resuspended in STEMPRO" medium and clumps were plated onto 

CELLStart! coated plate. In the next day wells were washed once with DPBS (Lonza, Biowhittaker) 

to remove the smallest clumps, which had not attached to the CELLStart! coating. 

 

4.1.5 Reges experiments 

Fifteen different combinations of Reges media were tested in Reges optimization experiments. Tested 

Reges combinations, used hESCs lines and their passages are summarized in Appendix 1. Both 

Matrigel! and CELLStart! were used as attachment matrices in Reges optimization experiments. 

Human ESCs were tried to passage with dispase or scraping in the same way than in two tested 

commercial methods, depending on the culture matrix used. 

 

At first, hESCs were cultured in HSA containing Reges medium, supplemented with 8 ng/ml bFGF 

(FF1). Since FF1 medium did not succeed to maintain undifferentiated growth of hESCs, Arachidonic 

acid (FF2) or chemically defined lipid concentration, monothioglycerol and Activin A (FF3) were 

added to the basal HSA containing Reges medium. In the next step, HSA was replaced by AlbuMAX I 

or BSA. Two concentrations (12 or 20 mg/ml) of AlbuMAX I were added to the basal Reges media 

without HSA, and the resulting media were supplemented with Arachidonic acid and two 

concentrations of bFGF (8 or 100 ng/ml) (FF4-FF7). Since the bigger concentration of AlbuMAX 

seemed to be better, it was further tested with two concentrations of bFGF, without Arachidonic acid 

(FF8-FF9). BSA was tested in the Reges media only in one concentration (1.8%). The Reges media, 

where HSA was replaced by BSA, was supplemented with bFGF (FF10) or with Fetuin, rho-associated 
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kinase (ROCK) inhibitor and two concentrations of bFGF (FF11 and FF12) or with bFGF, Activin A, 

Fetuin and TGF! (FF13). FF11 medium was tested on both, Matrigel! and CELLStart! matrices. 

Since AlbuMAX I seemed to maintain the undifferentiated growth of hESCs better than BSA, it was 

used in the last two tested media combinations. FF14 medium consisted AlbuMAX I, bFGF, TGF!, 

Pipecolinic acid, GABA and LiCl, and FF15 medium consisted AlbuMAX I, bFGF, Activin A, IGF-1 

and HRG1!. FF3 medium was tested with HS360 hESC line, FF8-FF10 media with HS346 hESC line 

and other media with Regea 06/015 hESC line. 

 

4.2 Characterization of human embryonic stem cells 

4.2.1 Morphology of human embryonic stem cells 

The growth of hESCs in different feeder cell-free conditions was judged in the first hand by the 

attachment of plated clumps and by the morphology of the colonies. The morphology of the hESC 

colonies cultured in feeder cell-free conditions was monitored 6 times per week under a Nikon Eclipse 

TE2000-S phase contrast microscope (Nikon Instruments Europe B.V Amstelveen, The Netherlands). 

The morphologic characterization was confirmed by immunocytochemistry and fluorescence-activated 

cell sorter (FACS) analysis. 

 

4.2.2 Immunocytochemistry 

The Regea 06/015 hESCs cultured on Matrigel! in mTeSR!1 for 6, 10, 21 and 32 passages; on 

CELLStart! in STEMPRO" for 10 and 21 passages and on Matrigel! in Reges FF7 medium for 2 

passages were characterized by immunocytochemical stainings. The hESCs were stained with primary 

antibodies specific for undifferentiated hESCs: Nanog, OCT-3/4, SSEA-3, TRA-1-81, TRA-1-60, one 

antibody specific for differentiated hESCs: SSEA-1 and one antibody specific for neural cells: 

microtubule associated protein 2 (MAP-2). All antibodies have been optimized and are in regular use at 

Regea. 

 

At first, the hESC colonies were washed twice with DPBS for 5 minutes. The hESC colonies were then 

fixed with 4% paraformaldehyde in DPBS for 20 minutes at room temperature followed by washing 

with DPBS twice for 5 minutes. The cells were then permeabilized and non-specific binding of the 
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antibody was blocked with 0.1% Triton X100 (Sigma-Aldrich), 1% BSA (Sigma-Aldrich) and 10% 

normal donkey serum (Sigma-Aldrich) in DPBS treatment for 45 minutes at room temperature. Primary 

antibodies: Nanog (goat IgG) 1:200 (R&D Systems), OCT-3/4 (goat IgG) 1:300 (R&D Systems), 

SSEA-3 (rat IgM) 1:200 (Novus Biological, CO, USA), TRA-1-81 (mouse IgM) 1:200 (Santa Cruz 

Biotechnology, Inc., Santa Cruz, CA, USA), TRA-1-60 (mouse IgM) 1:200 (Millipore, Billerica, MA, 

USA), SSEA-1 (mouse IgM) 1:200 (Santa Cruz Biotechnology) and MAP-2 (rabbit polyclonal) 1:300 

(Chemicon International, Millipore) were diluted in 0.1% Triton X100, 1% BSA and 1% normal 

donkey serum in DPBS and incubated on hESCs at +4°C over night. 

 

On the next day hESCs were washed three times with 1% BSA in DPBS for 5 minutes. Next, cells 

were probed with secondary antibodies: Alexa Fluor 568-conjugated donkey anti-goat IgG, goat anti-

mouse IgM, Alexa Fluor 488-conjugated donkey anti-goat IgG, goat anti-mouse IgM, goat anti-mouse 

IgG, Alexa Fluor 568-conjugated goat anti-rabbit IgG and fluorescein isothiocyanate (FITC)-

conjugated goat anti-rat IgM diluted 1:800 in 1% BSA in DPBS at room temperature for 1 hour in the 

dark. Alexa Fluor antibodies were from Invitrogen and FITC-conjugated antibody from Novus 

Biological. Then hESCs were washed twice with DPBS for 5 minutes and twice with phosphate buffer 

(PB) for 5 minutes. Finally, hESCs were mounted with Vectashield, which contains nuclei staining 

40,6-diamidino-2-phenylindole (DAPI, Vector Laboratories, Inc., Burlingame, CA, USA) and covered 

with cover glass. 

 

The labeled hESCs were examined and photographed using an Olympus IX51 phase contrast 

microscope with fluorescence optics and Olympus DP30BW camera (Olympus Corporation, Tokyo). 

Negative controls were labeled only with secondary antibodies. Adobe Photoshop CS2 was used for 

graphics. 

 

4.2.3 Fluorescence-activated cell sorter 

FACS analysis was performed to Regea 06/015 hESCs cultured on Matrigel! in mTeSR!1 for 23 

passages. Cells were analyzed using FACS for SSEA-4 and TRA-1-81 antibodies. At first hESCs were 

rinsed with DPBS and cells were incubated with Tryple!Select (Invitrogen) for 5 minutes at 37°C. 

Dissociated cells were collected, same volume of mTeSR!1 medium was added and cells were 
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centrifuged 300 x g for 5 minutes at room temperature. Cell pellet was resuspended into DPBS and 

cells were counted with a hemocytometer. 

 

For SSEA-4 staining, cells (1 x 105) were washed once with 0.5% BSA in DPBS FACS buffer and 

centrifuged at 1900 rpm for 2 minutes at 4°C. After centrifugation, supernatant was removed and 0.5 µl 

of phycoerythrin conjugated anti-human/mouse-SSEA-4 antibody (R&D Systems) in 200 µl of FACS 

buffer was added to the cells. Cells were probed at 4°C for 45 minutes in the dark. Then the cell pellet 

was washed twice with FACS buffer and centrifuged at 1900 rpm for 2 minutes at 4°C. Finally, the 

cells were resuspended into 200 µl of FACS buffer and kept at 4°C until analyzed. 

 

For TRA-1-81 staining cells, (1 x 105) were washed once with 2% FBS in DPBS FACS buffer and 

centrifuged at 1900 rpm for 2 minutes at 4°C. After centrifugation, supernatant was removed and 1µl of 

mouse monoclonal IgM TRA-1-81 (Santa Cruz Biotechnology) primary antibody in 200 µl of FACS-

buffer was added to the cells. Cells were incubated with primary antibody at 4°C for 15 minutes. Next, 

the cells were washed twice with FACS buffer and centrifuged at 1900 rpm for 3 minutes at 4°C. Then 

the cells were probed with 1 µl of goat anti-mouse IgM R-Phycoerythrin conjugated secondary 

antibody (Invitrogen) in 500 µl of FACS buffer at 4°C for 20 minutes in the dark. Finally, the cells 

were washed twice with FACS buffer and resuspended into 200 µl of FACS buffer. 

 

Labeled hESCs were analyzed using BD FACSAria! (BD Biosciences, San Jose, CA, USA). The 

samples were analyzed in triplicate and acquisition was set for 10 000 events per sample. Goat anti-

mouse IgM R-Phycoerythrin conjugated secondary antibody (Invitrogen) was used as a secondary 

control and R-Phycoerythrin conjugated goat anti-mouse IgG antibody (Invitrogen) as an isotype 

control. As a negative control, cells were treated as samples, except the antibodies were omitted. The 

data were analyzed using FACSDiva Software version 4.1.2 and Adobe Photoshop CS2 was used for 

graphics. 

 

4.2.4 Embryoid body formation 

The pluripotency of hESCs, cultured in mTeSR!1 on Matrigel! for 26 passages was examined by the 

formation of EBs. The EBs were formed by scraping the undifferentiated colonies by pipette tip and 
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transferring resulting pieces in EB-medium to 24-well plate (Corning, ultra low cluster plate). EB-

medium consisted of ko-DMEM (Gibco, Invitrogen) supplemented with 20% FBS (Gibco, Invitrogen), 

2 mM GlutaMax (Gibco, Invitrogen), 1% MEM Eagle NEAA (Cambrex Bio Science), 0.5% 

Penicillin/Streptomycin (Cambrex Bio Science) and 0.1 mM !-mercaptoethanol (Gibco, Invitrogen). 

Medium was changed 3 times per week. After approximately 30 days of culturing, RNA was extracted 

from the EBs. 

 

4.2.5 RNA extraction and cDNA translation 

Total RNA was extracted from hESCs grown in mTeSR!1 for 10, 21 and 32 passages, from hESCs 

grown in STEMPRO" for 11 and 23 passages, from hESCs grown 93 passages in hESC medium on 

hFF feeder cell layers and from EBs. RNA extraction was done with Qiagen RNeasy Plus Mini kit 

(Qiagen, Valencia, CA, USA). Human ESCs cultured in feeder cell-free conditions were washed once 

with DPBS and detached with Tryple!Select (Gibco, Invitrogen). The same amount of mTeSR!1 or 

STEMPRO" medium was added, cells were collected and centrifuged at 300 x g for 5 minutes at room 

temperature. The cells were resuspended into DPBS, counted with a hemocytometer and washed two 

times with DPBS. Finally, the cells were resuspended into RLT plus buffer. The whole hESC colonies, 

including the differentiated sections, cultured on hFF feeder cell layers in hESC medium were cut, 

detached with a needle, collected in DPBS and centrifuged at 300 x g for 5 minutes at room 

temperature. Cell pellet was washed once with DPBS and resuspended into RLT plus buffer.  EBs were 

washed once with DPBS and resuspended into RLT buffer. Lysates were stored at -70˚C until RNA 

was extracted. The RNA extraction from the lysates was done according to Qiagen RNeasy Mini Plus 

kit instructions. The concentrations and qualities of the isolated RNAs were studied by measuring 

absorbances at 260 nm and 280 nm with NanoDrop 1000 spectrophotometer (NanoDrop Technologies, 

Wilmington, DE). 

 

50 ng of the extracted mRNA was translated to complementary DNA (cDNA) with Sensicript Reverse 

Transciription kit (Qiagen) according to manufacturer’s instructions. The reaction mixture contained 2 

µl Buffer RT (10x), 2 µl dNTP mix, 2 µl Oligo-dT primer (10 µM), 1 µl SR Transcriptase (10 U/µl), 50 

ng extracted RNA and sterile H2O to the finale volume 20 µl. All the reagents were from Fermantas, 
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USA. The reaction mixture was incubated at 37˚C for 1 hour and resulting cDNA was stored in -20˚C, 

until used in quantitative RT-PCR (q-RT-PCR) and RT-PCR analyses. 

 

4.2.6 Quantitative real time PCR 

q-RT-PCR was performed to hESCs cultured on Matrigel! in mTeSR!1 medium for 10, 21 and 32 

passages and on CELLStart! in STEMPRO" for 11 and 23 passages. Human ESCs cultured on hFF 

feeder cell layers in hESC medium for 93 passages were used as control cells. The q-RT-PCR was 

performed with Applied Biosystems (Foster City, CA, USA) Gene Expression Assays: DNMT3B 

(Hs01003405_m1), TDGF1 (Hs02339496_g1), Nanog (Hs02387400_g1) and POU5F1 

(Hs00999632_g1). GAPDH (Hs99999905_m1) gene was used as a housekeeping control. The PCR 

reaction mixture consisted of 7.5 µl Taqman Universal PCR MasterMix (2x, Applied Biosystems), 0.75 

µl Assay (containing primers and probes), 3 µl translated cDNA (1:10 dilution) and sterile H2O to the 

final volume of 15 µl. All samples, H2O controls from cDNA synthesis and no template controls were 

analyzed as triplicates.  The q-RT-PCR was carried out with Applied Biosystems 7300 Real time PCR 

system: 2 min at 50ºC, 10 min at 95 ºC and 40 cycles of 0,15 min at 95 ºC and 1 min at 60 ºC. The data 

was analyzed with 7300 System SDS Software (Applied Biosystems). 

 

C" values were determined and the mean values for every reaction were calculated. Relative 

quantification was calculated with the 2-##C" method (Livak & Schmittgen, 2001). The data were 

normalized with the expression of the housekeeping gene GAPDH and the expression levels of 

different genes in hESCs cultured on hFF in hESC medium for 93 passages were used as reference 

level. Mann-Whitney U-test for unmatched pairs was used for determining the statistical significance. 

P-value <0,05 was considered statistically significant. SPSS 16.0 was used for statistics and Microsoft 

Excel for graphical presentations. 

 

4.2.7 Reverse-transcription PCR 

The pluripotency of Regea 06/015 hESCs cultured in mTeSR!1 on Matrigel! for 26 passages was 

examined by the formation of EBs. The expression of the three germ layers: ectoderm, endoderm and 

mesoderm were studied from EBs with RT-PCR. Primers, used in RT-PCR are presented in Table 4. 



 38 

Negative controls were prepared by using sterile H2O instead of cDNA. The reaction mixture contained 

2.5 µl Taq buffer with KCl (10x), 0.25 µl, dNTP mix (10 mM), 0.125 µl Tag polymerase (5 U/µl), 1.5 

µl MgCl2 (25 mM), 17.625 µl sterile H2O, 1 µl reverse primer (5 µM), 1 µl forward primer (5 µM) and 

1 µl translated cDNA. All reagents were from Fermentas, Canada. NF-68KD, ND-1 and #-cardiac actin 

primers were from Proligo, USA and PAX-6, SOX-1, WT-1, T and AFP primers were from DNA 

Technology A/S, Denmark. The PCR cycle was performed with Eppendorf Mastercycle as follows: 3 

minutes denaturation at 95˚C for 3 minutes, 40 cycles of denaturation at 95˚C for 30 seconds, annealing 

at 55˚C for 30 seconds and extension at 72˚C for 1 minute, followed by final extension at 72˚C for 5 

minutes. 

 

Table 4. PCR primers used in detection of different germ layer expressions from EBs. 

Gene 

product 
Primers 

Product size 

(bp) 

Expressed 

germ layer 

F: AACAGACACAGCCCTCACAAACA 
PAX-6 

R: CGGGAACTTGAACTGGAACTGAC 
274 Ectoderm 

F: GAGTGAAATGGCACGATACCTA 
NF-68KD 

R: TTTCCTCTCCTTCTTCACCTTC 
473 Ectoderm 

F: AAGCCATGAACGCAGAGGAGGACT 
ND-1 

R: AGCTGTCCATGGTACCGTAA 
579 Ectoderm 

F: CACAACTCGGAGATCAGCAA 
SOX-1 

R: GTCCTTCTTGAGCAGCGTCT 
171 Ectoderm 

F: CAGGCCAGGATGTTTCCTAA 
WT1 

R: GACACCGTGCGTGTGTATTC 
459 Mesoderm 

F: GGAGTTATGGTGGGTATGGGTC 
$-cardiac actin 

R: AGTGGTGACAAAGGAGTAGCCA 
486 Mesoderm 

F: GCTTCAAGGAGCTCACCAAT 
T 

R: CACCGCTATGAACTGGGTCT 
425 Mesoderm 

F: AGAACCTGTCACAAGCTGTG 
AFP 

R: GACAGCAAGCTGAGGATGTC 
672 Endoderm 

F: GCTGGATTGTCTGCAGGATGGGGAA 
AFP 

R: TCCCCTGAAGAAAATTGGTTAAAAT 
216 Endoderm 

Abbreviations: bp: base pairs; PAX-6: paired box gene 6; NF-68KD: neurofilament 68 KD; ND-1: neuro-D1; 
SOX-1: Sex-determining region Y-box 1; WT-1: Wilms’ tumor suppressor gene; T: Brachyury homology; AFP: 
#-fetoprotein 
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The resulting PCR products were separated by agarose gel electrophoresis. 50 bp DNA ladder 

GeneRuler (Fermentas) was used as standard and samples were treated with Loading dye (Fermentas). 

Standard and samples were run in 1.5% agarose gel supplemented with 0.5 µg/ml ethidium bromide in 

110 V in the dark for 60 minutes. The bands were visualized with Quantity one 4.5.2 program (Bio-

Rad, Hercules, CA, USA). 

 

4.2.8 Karyotyping 

Karyotype analysis was performed on Regea 06/015 cell line cultured on Matrigel! in mTeSR!1 

medium for 35/36 passages and on CELLStart! in STEMPRO" medium for 24 passages. For 

karyotyping, hESCs from both commercial feeder cell-free culturing systems were transferred to hFF 

feeder cell layers in standard hESC medium. Passaging was done mechanically by scraping with a 

pipette tip. Cells from mTeSR!1 medium were cultured for 1 passage and cells from STEMPRO" 

medium for 2 passages on hFF feeder cell layers prior to the karyotype analysis. Cells were passaged 

mechanically with scalpel and needle onto new hFF feeder cell layers. A cytogenetic analysis of 20 

metaphase cells was performed using G-banding at Medix Laboratories Ltd (Espoo, Finland). 
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5 RESULTS 

5.1 Typical morphologies of human embryonic stem cells 

Undifferentiated hESC colonies cultured with standard method on hFF feeder cell layers in hESC 

medium are normally dense and even and have sharp edges (Figure 4A). In feeder cell-free conditions, 

the morphology of the colonies was completely different. Undifferentiated colonies had even and 

spherical form and defined edges (Figure 4B). Cells were ready to passage, when centers of the 

colonies turned bright and were densely packed with cells. The differentiation of hESCs in feeder cell-

free cultures began primarily at the edge of the colony. Fibroblast-like (mesenchymal-like) cells 

appeared at first at colony borders and eventually at the whole colony (Figure 4C). This phenomenon 

is also called autologous feeder formation. 

 

 

Figure 4. A) Human ESCs cultured on hFF feeder cell layers in hESC medium. Undifferentiated (B) 

and differentiated (C) hESC colonies cultured in feeder cell-free conditions. Magnification 40x. Scale 

bars 500 µm. 

 

5.2  Human embryonic stem cells cultured in mTeSR!1 on 

Matrigel!  

Regea 06/015 cell line was cultured in mTeSR!1 medium on Matrigel! for 38 passages (5 months) 

with an undifferentiated morphology. At this stage Regea 06/015 hESC line had been cultured for 109 

passages in total. In the beginning of the culture there was some differentiation observed in the 

cultures, which appeared as mesenchymal-like cells emerging from the borders of the colonies (Figure 

5A). After a few passages of culturing, all colonies had an undifferentiated morphology (Figure 5B), 

which remained to the end of the culture (Figure 5C). Undifferentiated colonies were even and had 
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defined borders. Human ESCs were ready to passage, when the centers of the colonies turned brighter 

and were densely packed with cells (Figure 5B). While passaging hESCs in this feeder cell-free 

method, cell clumps needed to stay as big as possible so that hESCs would attach to the Matrigel!. If 

the cell clumps were too small, the survival of hESCs decreased and proliferation was decelerated. 

After recurrent contaminations occurred in cultures, 0.1% Penicillin/Streptomycin was added to 

mTeSR!1 medium at passage 30. The addition of antibiotics in the culture medium did not affect the 

undifferentiated growth of hESCs. The culturing of hESCs in this feeder cell-free system was easy and 

not as laborious as culturing hESCs on feeder cell layers, although hESCs had to be passaged in every 

3-7 days. 

 

 

Figure 5. Regea 06/015 hESCs cultured in mTeSR!1 on Matrigel! for 2 (A), 22 (B) and 38 (C) 

passages. Magnification 40x. Scale bars 500 µm. 

 

Regea 06/015 hESCs, cultured 10, 21 and 32 passages in mTeSR!1 medium were characterized by 

immunocytochemistry. Human ESCs expressed strongly Nanog, OCT-3/4, TRA-1-60, TRA-1-81 and 

SSEA-4, markers typical for undifferentiated hESCs and did not express SSEA-1, marker typical for 

differentiated hESCs (Figure 6). The results from immunocytochemistry were further confirmed with 

FACS analysis at passage 23. The results are presented in Figure 7. According to FACS analysis, 

Regea 06/015 hESCs, cultured 23 passages in mTeSR!1 medium on Matrigel! were 99% positive for 

SSEA-4 and 98% positive for TRA-1-81. 

 

At passages 6, 14 and 25 spontaneous differentiation into neural cells was observed in the cultures. 

Neural cells emerged from the border of the undifferentiated colony (Figure 8A). The morphology of 

the neural cells differed from the normal morphology of hESCs (Figure 8B). Neural cells had big 

nuclei and branched structures (Figure 8D). Cells were confirmed as neural precursor cells with 
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immunocytochemistry. Cells expressed MAP-2 (Figure 8C and D), which is a typical marker for 

neural cells. 

 

 

Figure 6. Regea 06/015 cell line cultured in mTeSR!1 medium on Matrigel! for 32 passages. Cells 

expressed strongly Nanog (A), OCT-3/4 (B), SSEA-3 (D), TRA-1-60 (E) and TRA-1-81 (F). Cells did 

not express SSEA-1 at all (C). Magnification 100x. Scale bars 200 µm. 

 

 

Figure 7. 99% of the Regea 06/015 hESCs cultured in mTeSR!1 medium on Matrigel! for 23 

passages were SSEA-4 positive (A) and 98% were TRA-1-81 positive (B). The red areas represent the 

negative controls. 

 



 43 

The pluripotency of Regea 06/015 hESCs cultured in mTeSR!1 medium on Matrigel! for 26 passages 

was studied by EB formation and RT-PCR. Human ESCs were differentiated into EBs and RNA was 

extracted. cDNA was translated from the collected RNA and used in RT-PCR analysis. Results from 

RT-PCR are presented in Figure 9. EBs expressed markers only for two germ layers: mesoderm (WT1) 

and ectoderm (NF, ND1 and PAX-6). The expressions of two ectodermal markers (NF and ND1) were 

notably stronger than the expression of mesodermal marker (WT1). EBs did not express one 

ectodermal marker (SOX-1), two mesodermal markers (#-cardiac actin and T) and endodermal marker 

(two different primers for AFP). 

 

The karyotype of the Regea 06/015 hESC line was examined after culturing hESCs for 35 passages in 

mTeSR!1 medium on Matrigel!. The karyotype of the all 20 analyzed cells found to be normal 46, 

XY (Figure 10). 

 

Regea 06/015 hESCs were cryopreserved successfully in serum-free mFreSR! medium at passage 37. 

Colonies remained their undifferentiated morphology after thawing and the culture was aborted after 

successful cryopreservation. After thawing of hESCs, colonies grew slower than after normal 

passaging. Colonies were ready to passage after 5-7 days proliferation, whereas in normal passaging 

colonies were ready to passage after 3-7 days proliferation. Cryopreservation was attempted also earlier 

with traditional cryopreservation methods, using 50% FBS and 10% DMSO in mTeSR!1 medium. 

Despite numerous attempts, cryopreservation with traditional methods did not succeed. 

 

CELLStart™ was also tested as attachment matrix for Regea 06/015 hESCs together with mTeSR!1 

medium. Cell pieces attached well, but the colonies were thicker and proliferated slower than on 

Matrigel!. In addition, more autologous feeder formation was observed, than on Matrigel!. Also in-

house prepared mTeSR1 medium based on the publication of Ludwig and co-workers (Ludwig et al., 

2006b) was tested for Regea 06/015 hESCs with Matrigel! attachment matrix. This in-house prepared 

mTeSR1 medium was not as good as the commercial mTeSR!1 medium. Cells attached well and there 

were both compact undifferentiated colonies and differentiated colonies observed in the cultures (data 

not shown). 
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Figure 8. Spontaneous differentiation of Regea 06/015 hESCs cultured in mTeSR!1 medium on 

Matrigel! for 6 passages into neural cells. A) Neural cells appeared from the border of 

undifferentiated colony (white arrow). Magnification 40x. Scale bar 500 µm. B) Neural cells. 

Magnification 200x. Scale bar 50 µm. C) Cells showed strong expression of MAP-2. Magnification 

100x. Scale bar 200 µm. D) Neural cells. Magnification 400x. Scale bar 50 µm. 

 

 

Figure 9. Human ESCs cultured in mTeSR!1 medium on Matrigel! for 26 passages expressed PAX-6 

(274 bp) WT1 (459 bp), NF (473 bp) and ND1 (579 bp) genes. Water was used as negative control. 
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Figure 10.  The karyotype of Regea 06/015 hESC line after 35 passages culturing in mTeSR!1 

medium on Matrigel! was normal diploid (46, XY). 

 

5.3 Human embryonic stem cells cultured in STEMPRO"  hESC SFM 

on CELLStart!  

Regea 06/015 cell line was cultured in STEMPRO® medium on CELLStart™ for 27 passages (3 

months). At this stage the hESC line had been passaged for 109 passages in total. The morphology of 

the colonies differed from the colonies cultured in mTeSR!1 medium on Matrigel!. Most of the 

colonies in STEMPRO® medium had even form, but the borders of the colonies were not as even as in 

colonies cultured in the mTeSR!1 medium (Figure 11B). Other undifferentiated colonies had ragged 

and uneven morphology (Figure 11A). Although, the morphology of these colonies looked like 

differentiated, the hESCs still expressed SSEA-3 and TRA-1-81 (Figure 12D and E). Differentiation of 

the colonies appeared in the same way than in colonies cultured in mTeSR!1 medium, as 

mesenchymal-like cells emerging from the borders of the undifferentiated colonies (Figure 11C). The 

culturing of hESCs in STEMPRO® medium on CELLStart™ was not as laborious as culturing of 

hESCs in mTeSR!1 medium on Matrigel!, although the STEMPRO® culture medium had to be 

prepared daily. Coating culture plates with CELLStart™ was easier than coating plates with 

Matrigel!, and the passaging was not as time-consuming in STEMPRO® than in mTeSR!1 culturing 

system. Recurrent contaminations occurred also in STEMPRO® cultures and 0.1% 

Penicillin/Stepromycin was added to the culture medium in passage 10. The addition of antibiotics in 

the culture medium did not affect the undifferentiated growth of hESCs. 
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Figure 11. Typical morphologies of Regea 06/015 hESC colonies cultured in STEMPRO® on 

CELLStart™ for 3 (A), 12 (B) and 20 (C) passages. Magnification 40x. Scale bars 500 µm. 

 

Regea 06/015 hESCs, cultured 10 and 21 passages in STEMPRO® on CELLStart™ were characterized 

by immunocytochemistry. Regea 06/015 hESCs strongly expressed Nanog, OCT-3/4, SSEA-3 and 

TRA-1-81 (Figure 12A, B, D and E). Cells did not express SSEA-1 (Figure 12C). 

 

 

Figure 12. Regea 06/015 hESCs cultured 21 passages in STEMPRO® on CELLStart™ expressed 

Nanog (A), OCT-3/4 (B), SSEA-3 (D) and TRA-1-81 (E). Cells did not express SSEA-1 (C). 

Magnification 100x. Scale bars 200 µm. 
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After culturing Regea 06/015 cell line for 24 passages in STEMPRO® medium on CELLStart™ cells 

were karyotyped. From 20 analyzed cells, 19 had normal diploid karyotype (46, XY) (Figure 13B) and 

one cell had trisomy 18 (47, XY) (Figure 13A). 

 

 
Figure 13. The karyotype of Regea 06/015 hESC line after 24 passages culturing in STEMPRO® on 

CELLStart™. From 20 analyzed cells, one cell had 18 trisomy (47, XY) (A) and 19 cells had normal 

46, XY karyotype (B). 

 

Also hESCs cultured in STEMPRO® medium on CELLStart™ were meant to be cryopreserved and 

the pluripotency of hESCs was meant to be studied by embryoid body formation and RT-PCR. 

However, after passage 22, the quality of the culture suddenly crashed. At passage 22, there were still 

some undifferentiated colonies left in the wells, but after the batch of the supplement changed at 

passage 23, the morphology of all colonies changed to uneven and ragged. After the passage 24, the 

proliferation of the cells decelerated and culture was aborted in passage 27, because there were too few 

undifferentiated colonies left in the wells. 

 

5.4 The comparison of human embryonic stem cells by quantitative 

real time PCR 

Regea 06/015 hESCs, cultured 10, 21 and 32 passages in mTeSR!1 medium on Matrigel! and hESCs 

cultured 11 and 23 passages in STEMPRO® medium on CELLStart™ were compared to hESCs 

cultured in hESC medium on hFF feeder cell layers for 93 passages with q-RT-PCR. The expressions 
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of Nanog, OCT-4, DNMT3B and TDGF1 genes were examined. All these genes are typically 

expressed in undifferentiated hESCs. The data were normalized with housekeeping gene GAPDH. 

Human ESCs cultured in hESC medium on hFF feeder cell layers for 93 passages were used as 

reference level. Mean fold changes in gene expressions, compared to reference level are presented in 

Figure 14. Standard deviation of the three experimental replicates is presented as error bars. 

The expressions of Nanog, OCT-4 and TDGF1 genes were higher and the expression of DNMT3B 

gene was lower in both feeder cell-free methods, compared to the reference method. The expressions of 

Nanog and OCT-4 were significantly higher (P-value <0.05) in STEMPRO®, than in mTeSR!1 

method. In the expressions of two other genes, TDGF1 and DNMT3B, there were no statistically 

significant differences (P-value >0.05) between the two commercial feeder cell-free methods. 

 

Figure 14. Mean fold changes in Nanog (A), OCT-4 (B), DNMT3B (C) and TDGF1 expressions for 

hESCs cultured 10, 21 and 32 passages in mTeSR!1 on Matrigel! and 11 and 23 passages in 

STEMPRO® on CELLStart™. Human ESCs cultured in hESC medium on hFF for 93 passages were 

used as reference level. Statistically significant differences between the gene expressions in two 

commercial feeder cell-free methods are marked by star. 
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5.5 Reges optimization experiments 

The aim of the Reges optimization experiments was to optimize standard Reges medium into feeder 

cell-free conditions, by adding different growth factors and other components to the basal Reges 

medium. Experiments were done with Regea 06/015, HS346 and HS360 hESC lines and both 

Matrigel! and CELLStart! were used as attachment matrices for hESCs (Appendix 1). Human ESC 

colony pieces attached well on both Matrigel™ and on CELLStart™. The basal HSA containing Reges 

medium, supplemented with 8 ng/ml bFGF, did not succeed to maintain the undifferentiated growth of 

hESCs and due to that some growth factors and combinations of growth factors were added to the basal 

Reges medium. Since the addition of growth factors had no effect on the survival of the hESCs, HSA 

was replaced by BSA or AlbuMAX. Reges media, containing BSA or AlbuMAX, were tested with 

various different growth factors and combinations of growth factors. 

 

There were no differences between different Reges media or different hESC lines used. AlbuMAX 

seemed to maintain the undifferentiated growth of hESCs better than BSA and hESCs proliferated, but 

also differentiated faster on CELLStart™ than on Matrigel™. There were no differences between 

different bFGF concentrations. Human ESCs cultured in different Reges-media were attempted to 

passage with dispase or scraping the same way than in the two tested commercial methods, depending 

on the culture matrix used. After passaging, cells either did not proliferate or all colonies differentiated. 

Attachment of the hESCs to the culture matrices was weaker than in commercial feeder cell-free 

methods, and 7 minutes incubation time with dispase was too long. Incubation time was shortened to 3-

4 minutes, but it had no effect on the survival of the hESCs. The result of the Reges optimization 

experiments in this research project was that none of the tested media were able to support the 

undifferentiated growth of hESCs for longer than two passages. 

 

In Figure 15, some typical morphologies of hESC colonies in Reges media are presented. In the 

beginning of the culture, colonies were undifferentiated (Figure 15A and E), but after a few days of 

culturing, hESCs began to differentiate from the borders of the colonies (Figure 15C and D) and 

eventually the whole colony was differentiated (Figure 15B). Differentiation was also confirmed with 

immunocytochemistry. Autologous feeders around the colonies had lost the expression of Nanog 

(Figure 15F). 
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Figure 15. A) HS346 hESCs cultured in Reges FF8 medium on Matrigel! for 3 days. B) Regea 06/015 

hESCs cultured in Reges F11 medium on CELLStart™ for 3 days. C) Regea 06/015 hESCs cultured in 

Reges F11 medium on Matrigel! for 3 days. D) HS360 hESCs cultured in Reges FF3 medium on 

Matrigel! for 4 days. E) Regea 06/015 hESCs cultured in FF14 medium on Matrigel! for 2 days. 

Magnification 40x. Scale bars 500 µm. F) Immunostaining of Regea 06/015 hESCs cultured in Reges 

FF7 medium on on Matrigel! for 2 passages. Magnification 100x. Scale bar 200 µm. 
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6 DISCUSSION 

Producing fibroblasts as feeder cells for hESCs is laborious and time-consuming. Thus, the 

development of a functional feeder cell-free method could ease the workload related to the culturing of 

hESCs. The scale-up and automation of hESC production for clinical applications is also easier when 

hESCs are cultured in feeder-cell free conditions. Combining a xeno-free attachment matrix, consisting 

for example of ECM proteins, with adequate growth factors, needed for the undifferentiated and 

pluripotent growth of hESCs, could provide an optimal xeno-free method for culturing hESCs. 

However, culturing of hESCs in feeder cell-free conditions is demanding, because hESCs attach poorly 

to the matrices and differentiate spontaneously easier than hESCs cultured on the feeder cell layers. 

The most frequently used feeder cell-free method in the world is to use Matrigel as attachment matrix 

and MEF-CM as culture medium (Xu et al., 2001; Sjögren-Jansson et al., 2005). However, MEF-CM 

contains unidentified components and the culture system is far from being xeno-free or standardized. 

At present, no xeno-free and feeder cell-free system exists, which could maintain the undifferentiated 

and pluripotent growth of all existing hESC lines. It has been proposed that the origin of the hESC line, 

culture conditions and passage numbers have an effect on the differences between results when 

culturing different hESC lines in feeder cell-free conditions.  Nevertheless, the two feeder cell-free 

methods studied in this research project are the first commercial feeder cell-free methods in the world 

and thus the most standardized feeder cell-free methods available for the meantime. 

 

6.1 Commercial feeder cell-free culturing methods for human 

embryonic stem cells 

The first aim of this research project was to set up and compare two commercial feeder cell-free 

methods. Neither mTeSR!1 nor STEMPRO® media are xeno-free, since both contain BSA. Both of 

the tested attachment matrices, CELLStart™ and Matrigel! comprise of a combination of different 

factors. CELLStart™ is totally xeno-free matrix, which is most probably a combination of different 

ECM proteins and it does not contain any growth factors. Matrigel!, on the other hand, is a complex 

cell basement membrane extract, which comprises various ECM proteins and growth factors. 
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Regea 06/015 hESC line was cultured in mTeSR!1 medium on Matrigel! for 38 passages (5 months) 

with undifferentiated morphology and in STEMPRO® medium on CELLStart™ for 27 passages (3 

months), of which for 23 passages with undifferentiated morphology. At first, the undifferentiated 

growth of the hESCs was judged by their morphology. The undifferentiated hESC colonies cultured in 

mTeSR!1 medium on Matrigel! had even and spherical form and defined edges. Undifferentiated 

hESC colonies had mainly the same morphology also in STEMPRO® medium on CELLStart!, but 

there were also ragged and uneven colonies observed in the cultures. 

 

The results from morphology observations were confirmed by immunocytochemistry, FACS and q-RT-

PCR. Human ESCs cultured in both commercial feeder cell-free methods, also hESCs in the ragged 

and uneven colonies observed in STEMPRO® method, expressed markers typical for undifferentiated 

hESCs and did not express the marker typical for differentiated hESC. Results from 

immunocytochemistry were further confirmed with FACS analysis for hESCs cultured in mTeSR!1 

medium in Matrigel!. Expressions of Nanog, OCT-4, TDGF1 and DNMT3B genes in hESCs cultured 

in both methods were examined with q-RT-PCR. The expressions of Nanog, OCT-4 and TDGF1 were 

higher and the expression of DNMT3B was lower in feeder cell-free methods compared to the 

reference level. Despite the statistical differences between two feeder cell-free methods, the relative 

gene expressions of Nanog, OCT-4 and TDGF1 in feeder cell-free methods varied from 0.45 – 2,3 fold 

change when compared to the reference level. This result indicates that both tested feeder cell-free 

methods are able to maintain the undifferentiated growth of hESCs at least equally to conventional 

culturing method. The expression of Nanog and OCT-4 were significantly higher in STEMPRO® than 

in mTeSR!1 method. This result does not correspond with the differentiated-looking morphology of 

hESC colonies cultured in STEMPRO® medium on CELLStart! matrix. Immunocytochemistry 

results and q-RT-PCR results together suggest that the unusual morphology of hESCs cultured in 

STEMPRO® medium on CELLStart! matrix does not mean that hESCs are differentiated. The 

differences in the morphology may originate from the use of different attachment matrices. 

 

In the beginning of the culture of hESCs in in mTeSR!1 medium on Matrigel! there was some 

autologous feeder formation observed in the edge of the colonies, but it disappeared after few passages. 

Autologous feeder formation was observed occasionally also in the edges of the hESC colonies 

cultured in STEMPRO® medium on CELLStart!. Autologous feeder formation is a common 



 53 

phenomenon while culturing hESCs in feeder cell-free conditions. Ullmann and co-workers found out 

that fibroblast-like cells appear and surround the undifferentiated colonies in the presence of 

conditioned medium collected from both, human and mouse -origin fibroblast feeder cell layers. They 

analyzed the morphology of the structures and suggested that colonies were undergoing an epithelial-

mesenchymal transition (EMT) process after switching the hESC culture from feeder cell layers to 

feeder cell-free conditions. They proposed that the loss of close contact with feeder cell layers closely 

surrounding the colonies and the new contact with Matrigel could play a role in enhancing the EMT 

phenomenon after switching from feeder cell layers to feeder cell-free conditions (Ullmann et al., 

2007). 

 

From the two tested commercial feeder cell-free methods STEMPRO® method was easier to use in 

practice. STEMPRO® medium needed to be prepared daily, but the protocols for coating and 

passaging were easier in this method. The coating with CELLStart! could be done in the same day as 

passaging, while Matrigel! coating needed to stay at least over night at +4°C. There was no enzyme 

used in the passaging of hESCs in STEMPRO® method and it took less time than passaging hESCs in 

mTeSR!1 method.  Some things needed to be taken into consideration while passaging hESCs in both 

feeder cell-free methods. The size and amount of the plated cell clumps was critical. If the clumps were 

too small or too few clumps were plated, hESCs proliferated slower. On the other hand, if the clumps 

were too big, colonies started to differentiate and if the number of the plated clumps was too high, 

hESCs proliferated faster and colonies needed to be passaged earlier. Sjögren-Jansson and co-workers 

have also noticed this phenomenon, while culturing hESCs in feeder cell independent conditions 

(Sjögren-Jansson et al., 2005). Uneven distribution of clumps resulted in the differentiation of hESCs 

and if hESCs were passaged too early, they attached poorly and differentiated easily. It was also 

important that the starting culture was of high quality. There must be a high density of cells and they 

must be primarily undifferentiated. Transferring hESCs from feeder cell layers to feeder cell-free 

conditions causes a rather high stress to hESCs and if the quality of the starting culture was poor, the 

culturing did not succeed. 

 

The pluripotency of hESCs cultured in mTeSR!1 on Matrigel! was examined by EB formation and 

RT-PCR. Human ESCs cultured in mTeSR!1 on Matrigel! expressed markers specific for mesoderm 

and ectoderm, but did not express markers specific for endoderm. The quality of the RNA, which was 
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translated to cDNA was poor, which may have effected the results. In addition, the method was not 

optimized to EBs derived from hESCs cultured in feeder cell-free methods and no housekeeping 

control was used. The loss of endoderm markers might also suggest that hESCs may lose their 

pluripotency while culturing hESCs in this method. However, the experiment should be repeated before 

drawing final conclusions. Nevertheless, the expression of two of the ectodermal markers was notably 

stronger than the expression of mesodermal marker. The PCR results correlate with the spontaneous 

differentiation of hESCs to neuronal cells observed during culture. Together these results indicate that 

mTeSR!1 medium and Matrigel! together could enhance the differentiation of hESCs to neural 

precursor cells. Furthermore, spontaneous differentiation of hESCs to neuronal cells was not observed 

in STEMPRO® method, which suggest that differentiation was not typical for the Regea 06/015 hESC 

line, but stemmed from the culturing method. 

 

Human ESCs remained karyotypically normal in mTeSR!1 medium on Matrigel! for at least 35 

passages. After culturing hESCs 24 passages in STEMPRO® medium on CELLStart!, trisomy 18 was 

found from one of the 20 analyzed cells. The most frequent chromosome changes in hESC cultures are 

trisomy 12 and trisomy 17. It has been suggested that these chromosomal regions contain genes whose 

overexpression is connected to the self-renewal (Draper et al., 2004). Cultured hESCs with these 

trisomies have the same morphology and they express the same typical markers of pluripotency than 

normal hESCs. Thus, karyotypically adapted cells are difficult to detect without examining the 

karyotype and hESC lines need to be screened regularly for karyotypic changes. It has been suggested 

that transferring hESCs to feeder cell-free conditions may partially contribute to hESC chromosomal 

changes and that some hESC lines are more prone to karyotypic instability than other lines. In addition 

it has been proposed that late passages appear to increase the likelihood of hESCs developing trisomy 

12 or trisomy 17, as does passaging by enzymatic methods (Mitalipova et al., 2005). Conversely, 

Catalina and co-workers published in 2008 a study, where they transferred three hESC lines from 

feeder cells to feeder cell-free conditions. From the three tested hESC lines, two younger hESC lines 

became karyotypically abnormal and much older hESC line retained the genomic stability (Catalina et 

al., 2008). In our studies, hESC lines cultured in both feeder cell-free methods were relatively old. 

Regea 06/015 hESC line used in both of the commercial feeder cell-free experiments had been growing 

for total 109 passages. Human ESCs were passaged enzymatically by dispase from Matrigel! matrix, 

while there was no enzyme used, when passaging hESCs from CELLStart! matrix. In most of the 
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published feeder cell-free methods passaging is done by collagenase IV, which may cause more 

damage to hESCs than dispase, which is a gentle protease since it does not damage cell membranes. 

Xeno-free CELLStart! matrix is probably more demanding attachment matrix for hESCs than 

Matrigel!, while it may favor the occurrence of chromosomal abnormalities more often than in hESCs 

cultured on Matrigel!. On the other hand, karyotypic change in hESCs cultured in STEMPRO® 

medium on CELLStart! was not further analyzed and most probably it is not significant. Ludwig and 

co-workers found a karyotypic abnormality from hESCs cultured in xeno-free TeSR1 medium on 

ECM-mix. They proposed that the abnormal karyotype might have been associated with enzymatic 

passaging (Ludwig et al., 2006a). Passaging was done by dispase in the same way than in our 

experiments. To determine whether the tested two commercial feeder cell-free methods enhance the 

karyotypic instability or not, the experiments should be repeated with younger passages. 

 

Although STEMPRO® method was easier to use in practice, mTeSR!1 method seemed to be more 

convenient and it seemed to maintain the undifferentiated growth of hESCs better than STEMPRO® 

method and thus it seemed to be superior to STEMPRO® method. However, hESCs cultured in 

STEMPRO! medium on CELLStart! matrix should have been characterized more thoroughly. The 

sudden deterioration of the quality of hESCs cultured in STEMPRO! medium on CELLStart! matrix 

in passage 22 should have stemmed from the supplement’s batch-change or from hESCs getting too 

old. Experiments should be replicated with younger passages. Although the Matrigel! matrix and 

mTeSR!1 medium seemed to maintain the undifferentiated growth of hESCs even better than the 

conventional hFF feeder cell and hESC medium system, lot of characterization and differentiation 

studies need to be done before changing over from conventional feeder cell system to this feeder cell-

free method. The long-term expenses of the mTeSR!1 method should be calculated and compared to 

the expenses of the conventional hFF feeder cell and hESC medium system. In addition, the culturing 

and characterizations need to be repeated with other hESC lines and hESCs cultured in this feeder cell-

free method should be differentiated for example to neural cells, cardiomyocytes and retinal pigment 

cells to make sure that the differentiation protocols, used in Regea are working also for hESCs cultured 

in mTeSR!1 method. 

 

However, both of the tested method succeeded to maintain the long-term culture of undifferentiated 

hESCs and were the first functional feeder cell-free methods for hESC lines derived in Regea. Despite, 
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both of the tested commercial feeder cell-free methods contained xeno-derived components, they both 

are still more standardized and reliable than any of the earlier published feeder cell-free methods. 

Especially xeno-free CELLStart! attachment matrix is a huge step towards defined and xeno-free 

feeder cell-free culturing systems. 

 

6.2 Reges optimization experiments 

The second aim of this research project was to optimize the basic composition of a novel, serum-free 

and chemically defined Reges medium into feeder cell-free conditions. Optimization was done by 

adding different growth factors and other components to the basal Reges medium. Both Matrigel! and 

CELLStart! were tested as attachment matrices for hESCs and colony pieces attached well on both 

matrices. The result was that none of the tested media supported the undifferentiated growth of hESCs 

for more than 2 passages. 

 

All tested combinations included either 8 ng/ml or 100 ng/ml bFGF. We started the optimization 

experiments by adding Retinol to the basic composition of Reges medium (FF1). Retinol is an alcohol 

form of vitamin A and it has been found to maintain the pluripotency of mESCs in feeder cell-free 

conditions by the overexpression of Nanog (Chen & Khillan, 2008). Next we tried to add retinol 

together with arachidonic acid into the basic composition of Reges medium (FF2). In 2008 Lee and co-

workers found out that arachidonic acid and P13K/Akt signaling pathways together are involved in the 

increased proliferation of mESCs in hypoxia conditions (Lee et al., 2008). However, in our 

experiments hESC colonies appeared to look better if arachidonic was absent and it was excluded in 

later optimizations. Next we tried to add insulin, chemically defined lipid concentration, 

monothioglycerol and Activin A to the basic Reges medium (FF3). Since this had no effect on the 

survival of hESCs, we decided to change the HSA used in the original Reges composition into 

AlbuMAX or BSA. AlbuMAX is one of the main components in the ko-SR, which is used in the hESC 

medium. AlbuMAX was tested in two concentrations together with insulin, retinol, with and without 

arachidonic acid and with two concentrations of bFGF (FF4-FF9). None of these media were able to 

maintain the pluripotent growth of hESC for longer than 3 passages. The higher concentration of 

AlbuMAX seemed to be better than lower concentration. There were no differences between different 
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bFGF concentrations. BSA was tested together with insulin, retinol and bFGF. Based on this testing, 

BSA seemed to be even worse than AlbuMAX. 

 

Normally hESCs apoptose when they are dissociated into single cell suspensions. ROCK inhibitor has 

been found to prevent apoptose when hESCs are dissociated into single cell suspension (Watanabe et 

al., 2007). Reports have suggested that ROCK inhibitor is a potent inhibitor of apoptosis (Watanabe et 

al., 2007) or that it prevents hESCs from sensing their external environment, giving them time to make 

important cell-cell interactions ant thus allowing them escape from apoptosis, related to disconnection 

of hESCs to ECM (Krawetz et al., 2009). ROCK inhibitor has also been improving survival of 

cryopreserved hESCs (Li et al., 2009b; Martin-Ibañez et al., 2008). We tested ROCK inhibitor together 

with BSA, insulin, retinol, fetuin and two concentrations of bFGF (FF11 and FF12). Fetuin is a 

glycoprotein derived from FBS and it is often added to serum-free media. Fetuin has been shown to 

promote cellular attachment, growth and differentiation, and it is able to bind to various growth factors, 

for example TGF$ and bFGF, and lipids. (Nie, 1992.) Both Matrigel! and CELLStart! were tested as 

attachment matrices together with ROCK inhibitor and 8 ng/ml bFGF containing Reges medium. 

Colonies seemed to proliferate, but also differentiate faster on CELLStart! than on Matrigel!. Before 

fetuin was tested further, we prepared an AlbuMAX containing concentrate, which was used in Reges 

media in the later optimizations.  Fetuin was tested also together with BSA and the activation of TGF$-

signaling pathway by TGF$ and Activin A. Neither these media could maintain the undifferentiated 

and pluripotent growth of hESCs. 

 

Finally, we tried to add ingredients to Reges medium, based on publications of Ludwig and co-workers 

(Ludwig et al., 2007a) and on Wang and co-workers (Wang et al., 2007). mTeSR1 medium contains 

among others TGF$, pipecolinic acid, GABA, LiCl and bFGF (Ludwig et al., 2007a). These 

ingredients were tested together with insulin, AlbuMAX and Retinol in FF14. Although commercially 

available mTeSR!1 medium maintains the undifferentiated growth of the same hESC line, the specific 

factors added to the Reges medium did not work. We even tried to make mTeSR1 medium ourselves 

based on the Ludwig and co-workers publication (data not shown). The medium was clearly better than 

any of the tested Reges media, but inferior than the commercial one. The quality of the commercial 

medium is more uniform than the quality of the homemade medium. They might have even added 

some ingredients into the medium, which are not given in the original patent. In 2007 Wang and co-
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workers published a study, in which they were able to culture hESCs in medium containing IGF1-1, 

HRG1$, Activin A and bFGF. We added these factors together with Retinol and AlbuMAX to basic 

Reges medium (FF15). Neither this medium maintained the pluripotent growth of hESCs. 

 

The final result was that none of the tested Reges media compositions were able to maintain the 

undifferentiated and pluripotent growth of hESCs in feeder cell-free conditions. The systematic testing 

of adding different growth factors and other components into Reges medium should be continued. 

Since the AlbuMAX seemed to work best, it could be used in the first experiments, when screening 

different growth factors. Later AlbuMAX could be substituted with lipid combinations. It might be 

better to use at first Matrigel! as attachment matrix to get medium, which really does maintain the 

undifferentiated and pluripotent growth of hESCs. While the functional medium has been found, it 

could be optimized to use with xeno-free matrix. 
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7 CONCLUSIONS 

Feeder cells synthetize proteins and other factors which are needed for the undifferentiated and 

pluripotent growth of hESCs and provide appropriate cell-cell contacts for the attachment of hESCs. 

The optimal feeder cell-free culture system would include an appropriately buffered medium that 

contains all metabolites, cytokines and growth factors required for self-renewal and survival of 

pluripotent hESCs, and a culture matrix that supports hESC attachment and growth. The optimal 

culture system would also be reliable, easy to maintain and xeno-free. 

 

The most important aim of this research project was to set up and compare two commercial feeder cell-

free culturing methods for hESCs. Both methods succeeded to maintain the long-term culture of 

undifferentiated hESCs, which is a huge step towards automation of hESC culturing. However, hESCs 

cultured in STEMPRO® medium on CELLStart! found to be karyotypically abnormal and hESCs 

cultured in mTeSR!1 on Matrigel! did not express endoderm. Nevertheless, these methods were the 

first functional feeder cell-free methods for Regea’s cell lines and despite both of the methods 

contained xeno-derived substances, functional feeder cell-free methods would ease the workload 

related to the preparation of feeder cells. Although STEMPRO® method was easier to use in practice, 

mTeSR!1 method seemed to be more convenient and it seemed to maintain the undifferentiated 

growth of hESCs better than STEMPRO® method and thus it seemed to be superior to STEMPRO® 

method. During this research project a lot of new commercial feeder cell-free media and xeno-free 

matrices have been published based on short-term culturings. In addition to testing mTeSR!1 and 

STEMPRO! methods with younger hESC passages, these new media and matrices should also be 

included to comparison studies. 

 

The second aim of this research project was to optimize serum-free Reges medium into feeder cell-free 

conditions. None of the tested media supported the long-term growth of undifferentiated hESCs, but the 

results provided valuable information and showed a direction to further studies. 
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Figure 1: Modified from Stem cells at the National Academies, http://dels.nas.edu/bls/stemcells/. 
(Image prepared by Catherine Twomey for the National Academies). Data visited in 29 August 2008. 



Appendix 1. Different combinations of Reges media, hESC lines and their passages used in Reges optimization 

experiments. 
 

 Medium 

Supplement FF1 FF2 FF3 FF4 FF5 FF6 FF7 

REGES    -HSA -HSA -HSA -HSA 

BSA (%) Gibco ! ! ! ! ! ! ! 

BSA (%) Sigma ! ! ! ! ! ! ! 

AlbuMAX I (mg/ml) Gibco ! ! ! 12 12 20 20 

bFGF (ng/ml) R&D systems 8 8 100 8 100 8 100 

Arachidonic acid (µg/ml) 

Cayman Chemicals 
! 2.5 ! 2.5 2.5 2.5 2.5 

CD lipid conc. (µl/ml) Gibco ! ! 10 ! ! ! ! 

1-thioglycerol (µM) Sigma ! ! 450 ! ! ! ! 

Activin A (ng/ml) R&D 

systems 
! ! 50 ! ! ! ! 

Fetuin (µg/ml) Sigma ! ! ! ! ! ! ! 

ROCK inhibitor (µg/ml)  

Cal Biochem 
! ! ! ! ! ! ! 

TGF" (µg/l) Sigma ! ! ! ! ! ! ! 

Pipecolinic acid (mg/l) Fluka ! ! ! ! ! ! ! 

GABA (mg/l) Sigma ! ! ! ! ! ! ! 

LiCl (mg/l) Sigma ! ! ! ! ! ! ! 

IGF-1 (ng/ml) Peprotech ! ! ! ! ! ! ! 

HRG1" (ng/ml) Peprotech ! ! ! ! ! ! ! 

Culturing Matrix Matrigel Matrigel Matrigel Matrigel Matrigel Matrigel Matrigel 

Cell Line 
Regea 

06/015 

Regea 

06/015 
HS360 

Regea 

06/015 

Regea 

06/015 

Regea 

06/015 

Regea 

06/015 

 

 



 

 

  Medium 

Supplement FF8 FF9 FF10 FF11 FF12 FF13 FF14 FF15 

REGES -HSA -HSA -HSA -HSA -HSA -HSA -HSA -HSA 

BSA (%) Gibco ! ! 1.8 ! ! ! ! ! 

BSA (%) Sigma ! ! ! 1.8 1.8 1.8 ! ! 

AlbuMAX I (mg/ml) Gibco 20 20 ! ! ! ! 20 20 

bFGF (ng/ml) R&D systems 8 100 8 8 100 100 100 8 

Arachidonic acid (µg/ml) 

Cayman Chemicals 
! ! ! ! ! ! ! ! 

CD lipid conc. (µl/ml) Gibco ! ! ! ! ! ! ! ! 

1-thioglycerol (µM) Sigma ! ! ! ! ! ! ! ! 

Activin A (ng/ml) R&D systems ! ! ! ! ! 50 ! 10 

Fetuin (µg/ml) Sigma ! ! ! 100 100 50 ! ! 

ROCK inhibitor (µg/ml)  

Cal Biochem 
! ! ! 3.4 3.4 ! ! ! 

TGF" (µg/l) Sigma ! ! ! ! ! 0.5 0.6 ! 

Pipecolinic acid (mg/l) Fluka ! ! ! ! ! ! 0.126 ! 

GABA (mg/l) Sigma ! ! ! ! ! ! 0.1 ! 

LiCl (mg/l) Sigma ! ! ! ! ! ! 41.1 ! 

IGF-1 (ng/ml) Peprotech ! ! ! ! ! ! ! 200 

HRG1" (ng/ml) Peprotech ! ! ! ! ! ! ! 10 

Culturing Matrix Matrigel Matrigel Matrigel 
Matrigel or 

CELLStart 
Matrigel Matrigel Matrigel Matrigel 

Cell Line HS346 HS346 HS346 
Regea 

06/015 

Regea 

06/015 

Regea 

06/015 

Regea 

06/015 

Regea 

06/015 

 


