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1 Tissue Engineering 

The loss of a tissue or its function due to congenital defects, disease or trauma is one of 

the most difficult, frequent and costly problems in human medicine [1]. Current treatment 

modalities include organ and tissue transplantation from one individual to another, tissue 

transfer from a healthy body site to the affected site in the same individual, and replacement of 

tissue function with mechanical devices, such as prosthetic valves and joints [2]. Although 

these strategies have made great progress in the field of medicine, they have a number of 

inherent limitations, which include shortage of donor tissue, immune rejection, pathogen 

transfer or limited service life [1,2]. For example, in 2001 74,105 patients were on the US 

organ transplant waiting list versus 6,081 donors (Texas Organ Sharing Alliance, National 

Transplant Waiting List), which reveals the limitation of organ transplantation by the number 

of available donors. Following an organ transplantation, transplant recipients must follow 

lifelong immunosuppression regimens, which come with increased risks of infection, tumor 

development and other unwanted side effects [3]. Additionally, transplantation of donor organs 

and tissues involves the risk of virus infection such as hepatitis and HIV [4]. Mechanical 

devices for tissue replacement are limited by a finite durability and non-physiological 

performance, as well as an increased risk of infection or thromboembolism [3]. Due to these 

shortcomings and the clinical need for tissue replacement, the field of tissue engineering was 

born. Tissue engineering is an interdisciplinary field that applies the principles of engineering 

and the life sciences to the development of biological substitutes that restore, maintain, or 

improve tissue function [5]. It serves as a means to replace diseased tissue with living tissue 

that is designed and constructed to meet the needs of each individual patient [3]. Two general 

strategies have been adopted for the creation of new tissue: the in vitro cultivation of three-

dimensional matrices loaded with cells for in vivo implantation and the direct in vivo 

implantation of isolated cells and/or three-dimensional matrices of biomaterials [1]. The 

utilized matrices provide an architecture on which cells can attach, organize and develop into 

the desired tissue.  
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Since the 1990s, tissue engineering has evolved tremendously; scientists have attempted to 

engineer tissues and organs of nearly every part of the body, including the cornea, liver, 

pancreas, blood vessels, hart valves, bone, cartilage and skin [6]. Thus far, however, only a few 

products, such as cartilage for the repair of joint defects and incompetent urethral sphincters 

(Bio Seed®-C, Carticel®), bone for non-load-bearing use in the jaw (BioSeed® Oral Bone) and 

skin (BioSeed®-S, Apligraf®), have entered clinical trials or received Food and Drug 

Administration (FDA) approval for clinical application. 

 

2 Bone Tissue Engineering 

2.1 The Need for Bone Tissue Engineering 

The loss of bony tissue can occur through infection, loss of blood supply, disease such as 

osteoporosis, as a complication of a fracture or genetic disorders, e.g. osteogenesis imperfecta. 

Current management of bony defects includes tissue replacement with transplanted autografts 

or allografts or synthetic devices. However, each of these therapies has its own serious risks 

and constraints. Harvesting autografts, typically from the iliac crest, is constrained by 

anatomical limitations and associated with donor-site morbidity [7]. The problems and risks 

associated with the use of allografts include not only disease transmission, but also the risk of 

tissue rejection. In addition, the loss of osteoinductive factors during allograft processing may 

impair the tissue quality. Synthetic prosthesis such as bone cements and metals, e.g. titanium 

and its alloys or stainless steel, often result in insufficient osseous integration and stress-

shielding of the surrounding bone or fatigue failure of the implant [7]. Hence, the above 

shortcomings and the number of clinical applications emphasize the need for tissue engineered 

bone. 

2.2 Bone  

Successful bone tissue engineering requires an understanding of the structural and 

functional basics of bone. Therefore, a short review will provide the necessary information.  
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The bones of the adult skeleton consist of 80% compact (or cortical bone) and 20% 

trabecular (or cancellous, or spongy) bone (Fig. 1). Compact bone is distinguished from 

trabecular bone by the spatial orientation of their common substructures, the lamellae, which 

consist of 65% mineral (hydroxyapatite) and 35% organic matrix elements (90% collagen type 

I). The features of bone especially depend on the characteristics of the mineralized bone 

matrix, providing compressive strength, tensile strength and elasticity. The substructure of 

compact bone is the osteon or Haversian system consisting of concentrically orientated 

lamellae wrapping longitudinal canals, known as Haversian canals. These canals contain 

capillaries and nerve fibers. A second system of canals, Volkmann´s canals, penetrates the bone 

more or less perpendicular to its surface and to the Haversian canals. Vessels in Volkmann´s 

canals are connected to vessels in the Haversian canals and are responsible for the nutrient 

supply of cells in compact bone. Trabecular bone, which is less dense than compact bone, is 

comprised of an array of plates and rods of bone tissue that form an open-celled foam. The 

unvascularized plates and rods of trabecular bone reach a maximum thickness of 0.2 mm. The 

cavities formed by the sponge-like structure of trabecular bone are filled with bone marrow. 

Furthermore, compact bone is distinguished from trabecular bone by its characteristic locations 

in the skeleton. Long bones such as limb bones are divided into three physiological sections, 

i.e. a compact shaft (diaphysis), an intermediate area (metaphysis), and a terminal portion 

(epiphysis). The diaphysis is a hollow cylinder of compact bone which contains a medullary 

cavity. In contrast, the epiphysis and metaphysis consist of trabecular bone, surrounded by a 

thin eggshell of compact bone. Flat bones, which are predominantly found in the skull, 

comprise two layers of compact bone separated by a layer of trabecular bone. Short bones, 

such as carpal and tarsal bones, consist primarily of a core of trabecular bone bounded by a 

cortex of compact bone of variable thickness [8].  

Mature bone is lamellar bone, consisting of both trabecular and compact bone. New bone, 

whether formed at the physis, during fracture repair, in neoplasia, in embryonic life, or as a 

result of bone graft incorporation, is woven bone. Woven bone does not contain lamellae, but 

has a relatively disorganized array of collagen and irregular mineralization pattern. Woven 

bone becomes lamellar bone through the process of remodelling. The randomly orientated 

collagen fibers of woven bone become parallel fibers in lamellar bone [9].  
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Figure 1: Compact and trabecular (spongy) bone, [10] 

 

Four different cell types, osteoblasts, osteocytes, bone lining cells, and osteoclasts, may 

be found in bone (Fig. 2). Osteoblasts are responsible for the formation and organization of the 

extracellular matrix of bone and its subsequent mineralization. A major product of the bone-

forming osteoblast is collagen type I. Further matrix proteins are bone sialoprotein, 

osteocalcin, osteonectin, and osteopontin. Osteoblasts express relatively high amounts of 

alkaline phosphatase, which plays a role in bone mineralization. Some osteoblasts become 

trapped in lacunae within the matrix of bone and differentiate into osteocytes [11]. The 

embedded osteocytes are connected by a system of canaliculi in order to communicate with 

each other and to ensure nutrient supply. The function of osteocytes includes the 

mechanotransduction of mechanical into biochemical signals, probably through different 

pathways, which orchestrates bone tissue repair by modelling and remodelling [12]. Bone 
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lining cells are flat, elongated, inactive cells that cover bone surfaces and undergo neither bone 

formation nor resorption. Osteoclasts, which are large (50 to 100 µm in diameter), 

multinucleated cells cause bone resorption [11]. 

 

 

Figure 2,[8]:  trabecula (*), active osteoblasts (1), little active osteoblasts (2), osteocytes (3), 

vessels (4) 

 

2.3 The Concept of Bone Tissue Engineering 

Bone engineering concepts have focused on two approaches: the use of three-dimensional 

matrices (I) as cell-free conduits to guide bone ingrowth from the defect surrounding bone or 

(II) as carriers for seeded cells for in vitro or in vivo bone formation. Cell sources for bone 

tissue engineering include bone marrow or periosteum [2]. 

When attempting to regenerate bone via the conduction of bone into biomaterials [13], the 

conduit material is implanted adjacent to bone tissue. Cells from the tissue begin to invade and 

populate the material, lay down new matrix, and eventually form new bone. Additionally, 

conduit materials can be made osteoinductive by combining them with growth factors. 
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Endobon®  is a commercially available bovine bone conduit, which induces bone ingrowth after 

implantation. For the second approach, a tissue biopsy is taken, bone forming cells are isolated 

and multiplied to obtain a sufficient cell number for the tissue engineering approach and seeded 

onto a cell carrier, which serves as a framework for the forming bone tissue. The cells attach to 

the cell carrier, receive stimuli for the osteoblastic differentiation and start to build their tissue. 

At a suitable time point, the cell-loaded carrier is implanted and undertakes in vivo 

reconstruction according to the needs of the defect site, eventually assuming normal bone 

function. Ideally the cell carrier should be degraded by the time a coherent bone tissue is fully 

formed. The tissue engineering strategy applied in this thesis follows this second approach, as 

depicted in Fig. 3. To be precise marrow stromal cells were isolated from bone marrow, 

expanded in two-dimensional cell culture and dynamically seeded on polymer scaffolds using 

spinner flasks. For the cell seeding procedure, a cell suspension was prepared and added to the 

spinner flask containing the scaffolds, which hung on needles that are pinned to the stopper of 

the flask. Then, the cell suspension was stirred for a period of 24 h to achieve homogeneous 

cell attachment to the scaffolds. Following cell seeding, the cell-polymer constructs  were 

cultivated in vitro under treatment with osteogenic agents in order to engineer the bone-like 

tissue (Fig. 4). Previous studies cited in the literature describe various culture periods before 

implantation, ranging from implantation immediately following cell seeding without the 

induction of differentiation to various lengths of in vitro cultivation in osteogenic medium from 

1 day up to several weeks [14,15,16,17]. Long culture times may favor the slowly forming 

bone tissue that has to compete in vivo with the rapid intrusion of fibrous tissue. Furthermore, 

a long culture period, which we utilized, may be applied to obtain bone-like tissue in vitro, 

which could serve as a three-dimensional in vitro test system for drugs. However, bone is a 

vascularized tissue and consequently the size of the in vitro engineered bone-like tissue is 

limited by a lack of nutrition supply. Very recent approaches to overcome this problem include 

perfusion chambers to improve the nutrient supply [18] and co-cultures to form a capillary 

network in the engineered bone. However, at least the second task still demands much more 

research before such co-cultures may be optimized and used reliably.  
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Figure 3: An example of a bone tissue engineering strategy. Preparation of the implants includes 

cell isolation from bone marrow, proliferation, dynamic cell seeding on scaffolds using spinner 

flasks and cultivation of cell-polymer constructs up to implantation. 

 

 

Figure 4: Scanning electron microscopy (SEM) picture of marrow stromal cells on a poly(L-

lactic-co-glycolic acid) (PLLGA) fiber mesh after 18 days of cultivation in osteogenic medium.  

20 µm 

cells 

extracellular matrix 
scaffold 
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2.4 Key Factors Influencing Tissue Engineering 

When using the cell-seeded scaffold,  as described in 2.3 (Fig. 3), four key components 

may influence bone tissue formation: the cell source, the scaffold, the osteogenic agents and 

the mechanical forces during in vitro cultivation on scaffolds.  

2.4.1 The Cell Source 

Cells used for tissue engineering purposes may be allogeneic or autologous. Ideally, the 

cells would be acceptable to the recipient´s immune system without the need for 

immunosuppressive therapy. Most tissue engineering approaches focus therefore on 

autologous cells. In addition, the ideal cells should be easily accessible and highly proliferative 

in vitro without being mutagenic in vivo [19]. Suitable cell types for this approach to bone 

tissue engineering, as described in literature, are periosteal cells, which consist of 

osteoprogenitor cells [20,21] and marrow stromal cells. These cells are preferred to osteoblasts 

because the use of autologous osteoblasts is constrained by the creation of new defects 

isolating osteoblasts. Moreover, osteoblasts are not capable of extensive proliferation to gain 

sufficient cells for tissue engineering purposes [22]. We harvested undifferentiated bone 

marrow stromal cells for use in our scaffolds, because they are easily accessible through bone 

marrow aspiration, expandable in 2-dimensional culture and have the potential to differentiate 

into a large variety of tissues, including bone, cartilage, fat, tendon, muscle, and marrow 

stroma [23]. This cell type is described in detail in the following: 

Bone Marrow Stromal Cells 

Bone marrow stroma provides a unique cellular reservoir for the engineering of bone 

tissue. Friedenstein et al. [24] first showed that when marrow stromal cells were transplanted 

into a closed system, i.e., a diffusion chamber, these cells formed bone tissue. Subsequently, 

various groups demonstrated that marrow stromal cells are capable of multi-lineage 

differentiation in vitro, including differentiation to bone and cartilage, tendon, muscle, fat, and 

a marrow stromal cell connective tissue, which supports the differentiation of hematopoietic 

cells [25]. Other kinds of experiments, however, are needed to address whether marrow 

stroma contains a definitive stem cell, as defined by a capacity for self-renewal and the ability 
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to reconstitute all the appropriate differentiated lineages [26]. To this end, experiments using 

cell clones were performed. It was recently shown that of 185 non-immortalized human 

marrow stromal cell clones, approximately half expressed osteo-chondrogenic potential and 

only 17% were capable of differentiating into bone, fat, and cartilage. Additionally, the multi-

potential clones progressively lost their adipogenic and chondrogenic potential with increasing 

passage numbers [27]. Pittenger et al. [23], who cultivated cells in pre-screened sera lots 

having used a battery of tests, reported a higher ratio of multi-potential clones. One-third of 

the initially adherent bone-marrow-derived stromal colonies were found to be capable of 

differentiation into the osteogenic, chondrogenic, and adipogenic lineage as demonstrated by 

lineage specific in vitro assays. All of these findings indicate that stromal cells are a mixture of 

cells with varying developmental potentials, including possibly stem cells and various other 

progenitor cells. Unfortunately, no specific antigens have been described that can associate the 

developmental potential of marrow stromal cells with a specific phenotypic trait. In the absence 

of such an antigen, it is difficult to determine the proportion of stem cells, multi-potential 

progenitors and determined precursors in cultured stromal cell populations. Since the discovery 

of the potential of marrow stromal cells by Friedenstein et al. [24], these cells have been 

denoted in the literature by a variety of terms, including fibroblast colony-forming cells, 

colony-forming unit-fibroblast, mesenchymal progenitor cells, mesenchymal stem cells and 

marrow stromal cells. In this dissertation they are referred to marrow stromal cells, because of 

the aforementioned lack of characterisation.  

Marrow stromal cells (MSCs) can be encouraged to follow the osteoblastic lineage by the 

addition of diverse induction factors to their growth medium. It is well established that 

dexamethasone stimulates the osteogenic differentiation of human and rat marrow stromal cells 

[28,29]. In addition to dexamethasone, other supplements have an effect on differentiation to 

the osteoblastic phenotype. L-ascorbic acid is necessary for the production of the bone matrix 

protein collagen I [30]. The addition of β-glycerophosphate is required to provide a potential 

source of phosphate ions for matrix mineralization [30]. 

In conclusion, though MSCs are not fully characterized yet, they have been demonstrated 

to be an appropriate cell source for bone tissue engineering, because they possess the ability to 
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be expanded to gain a high cell number for tissue engineering purposes and the capacity to 

differentiate into bone under treatment with osteogenic agents. 

 

2.4.2 The Scaffold 

The scaffold, which modulates and coordinates tissue development, is an important key 

component in tissue formation. The cell behavior is modulated by the structure of the cell 

carrier, i.e., sponge-based or fiber-based polymer scaffolds (Fig. 5), gel or ceramic cell carriers, 

as well as by the material the carrier consists of.  

a)  poly(L-lactic-co-glycolic acid) fiber mesh  b)  poly(lactic-co-glycolic acid) sponge  

c)  poly(L-lactic-co-glycolic acid) fiber mesh  d)  poly(lactic-co-glycolic acid) sponge  

Figure 5: SEM pictures of fiber-based and sponge-based polymer scaffolds. 

 1 mm 
500 µm 

100 µm 100 µm 
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Both natural and synthetic materials have been used to form cell carriers. Scaffolds made 

of natural materials may closely mimic the native cellular environment as they often consist of 

extracellular matrix components, including collagen and hydroxyapatite, among others [19] 

[13]. Collagen sponges, for example, have been successful in supporting osteoblast growth and 

function in vitro, but the low mechanical strength of these materials excludes them from use in 

load-bearing sites [13]. Hydroxyapatite, providing higher mechanical strength, also supports 

osteogenesis in vivo, however its remodelling is limited by a very slow degradation rate [13]. 

Synthetic materials, however, have the advantage that they may be tailored to define specific 

properties such as mechanical strength, degradation time, porosity and microstructure [19]. 

The reproducibility and charge conformity of the material also lends a great advantage to the 

synthetic materials. Additionally, defined shapes and sizes can be fabricated reproducibly from 

synthetic materials. The most widely used synthetic polymers in bone tissue engineering include 

poly(lactic acid) (PLA) and poly(lactic-co-glycolic acid) (PLGA), which are already approved 

by the FDA as suture materials [13]. Further synthetic polymers in bone tissue engineering 

involve poly(propylene fumarate) and poly(-ε-caprolactone-co-lactide) [13]. Moreover, the 

influence of combinations of different materials e.g. poly(L-lactic acid) combined with the 

osteoconductive hydroxyapatite were investigated [31]. All of these outlined materials 

diversely influence cell behavior. However, when lipophilic biomaterials come into contact with 

peptides and proteins from the body or cell culture fluids, the adsorbed molecules mask the 

specific surface properties of these biomaterials. Therefore, a step towards controlled 

cell/biomaterial interaction is the reduction of the unspecific protein adsorption. In this way a 

recent study on a poly(D,L-lactic acid)-poly(ethylene glycol)-monomethyl ether diblock 

copolymer (Me.PEG-PLA) demonstrated the effect of reduced protein adsorption, caused by 

the presence of poly(ethylene glycol) (PEG) [32,33], on cell adhesion and cell differentiation 

compared to unmodified PLA [34]. In another approach to selectively influence cell behavior, 

subtype-specific RGD (Arg-Gly-Asp)-peptides were coated [35] on diverse scaffold materials 

or covalently anchored to respectively modified biomaterials [36]. The RGD-sequence is the 

cell attachment site of a large number of adhesive extracellular matrix (ECM), blood, and cell 

surface proteins [37]. Because cells contain cell adhesion receptors (integrins) that recognize 
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only certain ECM molecules, the use of an appropriate cell-binding sequence leads to cell-

selective surfaces [38]. The advantage of using small peptides compared to the whole 

extracellular matrix proteins is the ease of their synthesis and handling, not to mention their 

low immunogenic activity [39]. Nevertheless, successful bone tissue regeneration cannot be 

achieved by the scaffold and the cells alone. There is the necessity of the supplementation with 

appropriate osteogenic agents. 

 

2.4.3 The Osteogenic Agents  

When bone marrow stromal cells are utilized for bone formation, the supplementation 

with osteoinductive agents, including dexamethasone, ascorbic acid and β-glycerophosphate, is 

required. Additionally, a plethora of growth factors has been implicated in osteogenesis [7], 

which are introduced in the following: 

Growth Factors 

Bone is a storehouse for growth factors that are capable of stimulating both cell 

proliferation and osteoblastic differentiation [40]. Classes of growth factors produced by 

osteoblasts include transforming growth factor-β (TGF-β), bone morphogenetic proteins 

(BMPs), insulin-like growth factors (IGFs), and fibroblast growth factors (FGFs) [40]. 

Of the three transforming growth factors known to be produced by various mammalian 

tissues, TGF-β1 seems to be the major member produced by human osteoblasts and stored in 

bone [40]. TGF-β1 is known to be produced locally during bone development and regeneration 

[41,42]. Additionally, various studies on the effects of TGF-β1 in different cell cultures have 

proven TGF-β1 to be effective at stimulating the formation of collagen I [41,43,20], the main 

matrix protein of bone [44]. The effects of TGF-β1 on matrix mineralization and differentiation 

of osteoblastic progenitor cells, however, reported a large number of conflicting results. TGF-

β1 has been described as both inhibiting, as well as increasing, mineralization [45,46,47] and 

osteoblastic differentiation [40,48]. These divergent effects of TGF-β1 in in vitro cell culture 

seem to depend strongly on the cell type used in the study, their state of maturation when 
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TGF-β1 is added, the dosages and the dosing regimen of TGF-β1 and the chosen culture 

conditions. 

The discovery of the BMPs stems from the findings that the implantation of 

demineralized bone at ectopic sites caused an induction of extraskeletal bone development 

[49]. To date, more than 15 BMPs have been identified and all of these BMPs, except for 

BMP-1, belong to the TGF-β superfamily and share significant sequence homology in the 

carboxy-terminal region with a conserved pattern of seven cysteine residues [40]. Considering 

in vitro studies, BMP-2, for example, has been shown to increase the osteoblastic 

differentiation of bone marrow stromal cells [50,40]. Thereby, it has been reported that BMP-2 

not only up-regulates differentiation in preexisting osteoblasts, but also induces commitment of 

mesenchymal cells to the osteoblastic pathway [50]. 

IGFs represent the most abundant growth factors produced by osteoblasts and stored in 

bone [40]. A major problem, however, is that IGF treatment not only increased bone 

formation, but also bone resorption [40].  

FGFs play key roles during physiological and pathological conditions, such as wound 

healing, skeletal repair, neovascularization, and tumor growth [40]. Both FGF1 (acidic FGF) 

and FGF2 (basic FGF) stimulate osteoblast proliferation and promote bone growth [40]. Most 

studies have been performed with FGF2, because FGF2 is more potent than FGF1 [40].  

Hence, the addition of growth factors seems to be a promising tool to improve bone formation 

in tissue engineering. 

 

2.4.4 Mechanical Forces 

Mechanical forces profoundly affect the development, maintenance, and remodeling of 

bone in vivo and therefore may be important determinants of the quality of engineered bone-

like tissue grown in vivo or in vitro. In vivo, forces applied on bone during movement result in 

changes of the hydrostatic pressure, direct cell strain, or fluid-flow-induced shear stress [51]. 

Flow of the interstitial fluid occurs because the application of mechanical strain causes the 

volume of some pores to decrease slightly and the volume of other pores to increase slightly, 

creating differences in bone fluid pressure, which results in fluid flow [51]. Following the 
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physical forces, the primary or secondary physical stimulus must be converted into an electrical 

or biochemical response. This step is called mechanotransduction and followed by signal 

transduction pathways, which result in a final cell response [52]. To date several signalling 

pathways have been thought to be induced by fluid flow. For example, cultured osteoblasts 

exposed to shear stress exhibited increased cyclic adenosine monophosphate (cAMP) 

production [51]. Furthermore, fluid shear stress increased NO release rate in osteoblasts from 

rat calvaria and human primary bone cell cultures [51]. In vitro studies assessing the effect of 

mechanical forces on the osteoblastic differentiation showed an increased expression of 

osteoblastic markers as opposed to static cultures [53,51]. In conclusion, mechanical 

stimulation of the osteoprogenitor cells appears to be an important part of the optimization of 

the process of osteoblastic differentiation. 

Collectively, the key factors in tissue engineering, including the cell source, the scaffold, 

the osteoinductive agents and the mechanical forces during cultivation may be powerful tools 

in order to improve tissue formation in bone tissue engineering. 

 

3 Goals of the Thesis 

The field of bone tissue engineering is still a great challenge. The focus of this thesis was 

to improve bone tissue engineering by optimizing the osteogenic agents and the scaffold 

material, two of the key factors that influence tissue engineering. As a cell source, bone 

marrow stromal cells from Sprague-Dawley rats (rMSCs) were utilized.  

The first objective was to optimize culture conditions, including cell seeding density at 

bone marrow isolation, the choice of the basal medium and the time point for osteogenic agent 

supplementation (chapter 2).  

In the next part of this work, the supplementation of the growth factor TGF-β1, in 

addition to the standard osteogenic agents (dexamethasone, β-glycerophosphat, ascorbic acid), 

was evaluated in order to assess whether or not the problem of limited matrix formation and 

mineralization in three-dimensional bone cell culture from rMSCs, could be solved by the 

impact of TGF-β1 (chapter 3). In a follow-up study, the influence of TGF-β1 on osteoblastic 
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differentiation was investigated in order to determine a dosing regimen for TGF-β1 in three-

dimensional bone cell culture, such that matrix formation is improved and osteoblastic 

differentiation is concomitantly preserved or even increased (chapter 4). 

Furthermore, we hoped to enhance osteoblastic differentiation versus TGF-β1 alone by 

administering the growth factor BMP-2 in combination with TGF-β1 (chapter 5). 

The next objective was to explore the effects of different scaffold materials on serum 

protein adsorption, cell adhesion, cell shape, cell proliferation and osteoblastic differentiation, 

in order to improve the key factor biomaterial for tissue engineering applications. To this end, 

the cell behavior on Me.PEG-PLA diblock copolymers was compared with the cell behavior on 

PLA and PLGA, which are commonly used in tissue engineering. In a previous study [54], it 

was demonstrated that a Me.PEG5-PLA20 diblock copolymer, which suppressed protein 

adsorption, increased osteoblastic differentiation compared to unmodified PLA. However, due 

to the strongly reduced cell adhesion on the tested diblock copolymer, we conducted a study in 

order to look for other compositions of Me.PEG-PLA diblock copolymers. We investigated if 

cell attachment could be improved to a reasonable percentage by incrementally decreasing the 

Me.PEG content and its chain length, while we aimed to preserve the polymer’s differentiating 

properties (chapter 6).  

A further challenge was to employ a suitable representative out of the recently developed 

class of amine-reactive polymers ST-NH-PEG-PLA [55] – synthesized from mono amine 

derivatives (H2N-PEG-PLA) of the Me.PEG-PLA diblock copolymers by covalent attachment 

of dissucinimidyl tartrate – for the covalent anchoring of a cyclic RGD-peptide [c(RGDfK)] 

[39], in order to selectively influence cell adhesion with regard to implant technology and 

tissue engineering applications (chapter 7). 
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1 Introduction 

Studies reporting basic cell culture techniques, as well as various combinations of 

media and differentiation factors, for bone cell culture with marrow stromal cells have been 

previously published [1,2]. Maniatopoulos et al. [1], for example, described a procedure for 

the isolation of rat bone marrow, while Friedenstein et al. [3] developed a method to separate 

marrow stromal cells from nonadherent cells, such as blood cells, by the attachment to tissue 

culture surfaces, a method which is still widely employed due to its effectiveness [4]. To date, 

however, there is no published data regarding the optimal initial cell seeding density for bone 

marrow isolation, despite the fact that cell density is known to have an effect on cell 

proliferation [5]. Hence, we examined different cell seeding densities in tissue culture 

polystyrene (TCPS) flasks after bone marrow isolation in order to optimize the yield of rat 

marrow stromal cells (rMSCs). Moreover, with regard to the literature, despite many years of 

research into matching particular media to specific cell types, the choice of the basal medium 

for bone cell culture from rMSCs is still not obvious and is often empirical. As the expression 

of the phenotype depends on the culture conditions with regard to both the basal culture 

medium and the time point at which osteogenic agents are administered [2,6], we performed 

experiments examining the effects of both variables. At first, we focused on the effect of 

different basal media on rMSC proliferation and differentiation to the osteoblastic phenotype. 

After choosing the optimal culture medium, we investigated the influence of the time point of 

differentiation factor addition (dexamethasone, β-glycerophosphate and ascorbic acid) on cell 

proliferation and osteoblastic differentiation. Hence, this study intended to optimize culture 

conditions for bone cell culture with rMSCs, investigating three variables: cell seeding density 

at bone marrow isolation, the choice of culture media and, finally, the time point of osteogenic 

supplement addition. 

In detail, the optimum cell seeding density with regard to a maximum cell count per flask, and 

concomitantly the minimum number of sacrificed rats, was examined by seeding the pooled 

bone marrow from the femurs and tibias of multiple rats onto tissue culture plastic, such that 

the cell density corresponded to 2, 3, 4, 5, 6, 7 or 8, 75-cm2 flasks per rat. The cell count was 
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determined after 13 days of cultivation. The ascertained optimum cell seeding density was used 

for the examination of the effects of various basal media.  

To evaluate different basal media, rMSCs were cultured in three widely used media: 

Dulbecco´s Modified Eagle´s Medium (DMEM), with low and high glucose content, and in 

Minimum Essential Medium Eagle, alpha-modification (α-MEM). These three media have 

different characteristics; namely, DMEM has a narrower range of aminoacids and vitamins, but 

a higher total nutrient concentration in comparison to α-MEM, which contains a higher variety 

of aminoacids and vitamins. The DMEM low glucose medium has a glucose content of 1000 

mg/l, whereas DMEM high glucose contains 4500 mg glucose per liter. To assess the effect of 

the different basal media on osteoblastic differentiation, we investigated the alkaline 

phosphatase (ALP) activity per cell, which is an important early osteogenic marker [7,8,9]. 

Furthermore, the cell number was determined as a measure of proliferation and for the 

normalization of ALP activity measurements.  

The third part of this study dealt with the effects of the time point at which the 

differentiating supplements were added on proliferation and on the expression of the 

osteoblastic phenotype. To this end, cells were exposed to medium supplemented with 

osteogenic agents either immediately upon harvest, i.e. from day 0 or three days (day 3) after 

marrow stromal cell isolation. The cell count and ALP activity were compared to the results 

obtained [7,8,9] when cells were proliferated for up to two weeks and then differentiated to 

the osteoblastic phenotype.  

 

2 Materials and Methods 

2.1 Evaluation of seeding densities at bone marrow isolation 

2.1.1 Marrow stromal cell isolation and proliferation 

 Marrow stromal cells were obtained from 6-week old male Sprague-Dawley rats 

(weight: 170 – 180 g, Charles River Laboratories, Sulzfeld, Germany). Cell isolation from the 

femur and tibia was performed in accordance with a protocol published by Ishaug et al. [10]. 
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Following marrow isolation and dispersion, cells were centrifuged at 1200 rpm (259 x g) for 

7 min. The resulting cell pellet was resuspended in primary medium, which consisted of 

DMEM high glucose (Life Technologies GmbH, Karlsruhe, Germany) supplemented with 10% 

fetal bovine serum (FBS, Gemini Bio-Products Inc., Calabasas, California, USA) and 1% 

penicillin/streptomycin (Sigma, Taufkirchen, Germany). To optimize cell seeding densities the 

cells from multiple rats were pooled and seeded onto tissue culture plastic (TCPS), such that 

the cell density corresponded to 2, 3, 4, 5, 6, 7 or 8, 75-cm2 flasks (T-75 flask) per rat. Three 

flasks were cultivated for each cell density. 

 On the third day of expansion, the flasks were rinsed twice with phosphate buffer (PBS, 

Life Technologies GmbH) to remove the nonadherent cells. Thereafter, the 12 ml of primary 

medium were changed every 2 - 3 days. On day 13, cells were trypsinized (0.25 % trypsin in 

ethylenediaminetetraacetic acid (EDTA), Life Technologies) and cell numbers were determined 

by a Coulter Counter measurements. 

Couter Counter 

The cell counts obtained after 13 days of proliferation were determined by Coulter 

Counter (Coulter Mastersizer II, Beckmann, Krefeld, Germany) measurements. For each 

condition, the cells from 3 T-75 flasks were pooled and an aliquot was dispersed in Isoton II, 

the electrolyte solution for Coulter Counter measurements (Beckmann). A capillary of 100 µm 

orifice size was used, while a cell diameter of 8 µm was assumed. Each dispersion was 

measured two times. 

2.2 Evaluation of basal media 

2.2.1 Marrow stromal cell isolation and proliferation 

 RMSCs were isolated as described in 2.1.1. Basal media α-MEM (Sigma, M 0894), 

DMEM low glucose (Biochrom, T041, Berlin, Germany) and DMEM high glucose (Life 

Technologies, 52100), were all supplemented with 10% FBS and 1% penicillin/streptomycin 

before use. The cells from multiple rats were pooled and cells were seeded, so that the cell 

seeding density corresponded to 4 T-75 flasks per rat.  
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 On the third day of expansion, the flasks were rinsed twice with PBS to remove the 

nonadherent cells. Thereafter, the 12 ml of primary medium were changed every 2 - 3 days. 

Upon reaching 80 % confluence, cells were trypsinized and cell numbers were determined with 

a hemacytometer in preparation for subculture. 

2.2.2 Cell differentiation 

 For investigation of osteoblastic differentiation, 53,000 cells per cm2 were seeded into 

twelve-well plates.  

Primary medium was exchanged for complete medium (the appropriate basal medium 

supplemented with 10 % FBS, dexamethasone 10-8 M (Sigma), ascorbic acid 50 mg/l (Sigma) 

and β-glycerophosphate 7 mM (Sigma)) 24 hours after subculturing.  

Cell proliferation after subculturing was determined by a DNA assay instead of Coulter 

Counter measurements or counting with a hemacytometer due to matrix formation in complete 

medium, which hinders cell dispersement. The osteoblastic differentiation was examined by the 

determination of alkaline phosphatase activity. The total alkaline phosphatase activity per 

sample was normalized to the determined cell number.  

DNA Assay 

A fluorimetric assay was performed to ascertain the total amount of DNA, and 

subsequently the cell number, per well [11]. The assay was performed on cells after 5, 8, 11, 

14 and 17 days (day 1 = 24 hours after passage) in culture in the twelve-well plates. After 

rinsing with PBS, the well plates were kept frozen at –20 °C until the DNA assay was 

performed. For the assay, cells were scraped off the culture surface with disposable cell 

scrapers (Biochrom) and dispersed in 1.4 ml of EDTA-solution (10 mM, pH 12.3). The assay 

followed a protocol described by Ishaug et al. [12]. 1.5 ml of Hoechst 33258 dye [200 ng/ml 

dye (Polysciences, Warrington, PA, USA) in 100 mM NaCl and 10 mM 

tris(hydroxymethyl)aminomethane, pH 7.0] were added to 1 ml of the cell suspension. Cell 

standards of 30,000 to 300,000 cells/ml and DNA standards (calf thymus, Sigma) were 

prepared and examined in parallel to determine the average DNA content of a single cell. 
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Alkaline phosphatase assay  

 For determination of alkaline phosphatase activity (ALP activity), an enzyme activity 

kit purchased from Sigma was used (Diagnostic Kit 104, Sigma). Cell samples were taken at 5, 

8, 11, 14 and 17 days, as for cell number determination. To perform the assay, cells were 

scraped off the culture surface with disposable cell scrapers (Biochrom) and dispersed in 

tris(hydroxymethyl)aminomethane buffer (1 M, pH 8.0) to lyse the cells. Collagen matrix 

material was fragmented via sonification in an ice bath over a period of ten minutes. The assay 

was performed as described in the protocol provided by Sigma and the extent of the hydrolysis 

of p-nitrophenyl phosphate in the presence of ALP was measured with a photometer (Specord 

40, Analytik Jena AG, Jena, Germany) at 405 nm. 

 

2.3 Cell differentiation in response to the time schedule of osteogenic agent 

supplementation 

2.3.1 Marrow stromal cell isolation and proliferation 

 RMSCs were isolated as described in 2.1.1. The cells from multiple rats were pooled 

and cells were seeded, so that the cell seeding density corresponded to two T-75 flasks, 

because it has been documented that proliferation is decreased following the addition of 

differentiation factors [13]. Cells were cultured in complete medium (α-MEM, 10 % FBS, 

dexamethasone 10-8 mol/l, ascorbic acid 50 mg/l and β-glycerophosphate 7 mM) either from 

day 0, initiating differentiation immediately upon bone marrow isolation, or starting on day 3, 

following initial cultivation in primary medium. On the third day of expansion, the flasks were 

rinsed twice with PBS to remove the nonadherent cells. Thereafter, 12 ml of complete medium 

were added to all flasks and changed every two to three days. On day 8, cells had to be 

subcultured, because the beginning formation of collagen I, characteristic for the osteoblastic 

phenotype [2], complicated lifting cells. Cell numbers were determined with a hemacytometer. 

2.3.2 Cell differentiation 

 For the investigation of osteoblastic differentiation, 53,000 cells per cm2 were seeded 

into twelve-well plates.  
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Cell proliferation following subculture was determined by a DNA assay and the 

osteoblastic differentiation was examined by the determination of alkaline phosphatase activity. 

The alkaline phosphatase activity was normalized to the determined cell number. 

DNA Assay 

The DNA assay was performed as described in 2.2.2. Cell samples were taken after 5, 7 

and 9 days (day 1 = 24 hours after passage) of cultivation. 

Alkaline phosphatase assay  

 The alkaline phosphatase assay was performed as described in 2.2.2. Cell samples were 

taken after 5, 7 and 9 days of cultivation.  

 

2.4 Statistical analysis 

 Measurements for the DNA and the ALP assays were collected (n = 3) and expressed 

as the mean ± standard deviation (SD). Single factor analysis of variance (ANOVA) was used 

in conjunction with a multiple comparison test (Tukey test) to assess the statistical significance.  

 

3 Results 

3.1 Evaluation of seeding densities at bone marrow isolation 

3.1.1 Marrow stromal cell isolation and proliferation 

To optimize cell seeding densities the cells from multiple rats were pooled and seeded 

onto TCPS, such that the cell density corresponded to 2, 3, 4, 5, 6, 7 or 8, T-75 flask per rat. 

The cell number per flask after 13 days of proliferation was determined by Coulter Counter 

measurement. We calculated between 1.7 million and 2.1 million cells per T-75 flask when the 

bone marrow was seeded into 2 to 4 flasks and between 500,000 and 800,000 cells per T-75 

flask when bone marrow had been divided into 5 to 8 flasks (Fig. 1). Consequently, the total 



Chapter 2  Optimization of cell culture conditions 

  36

0.0

0.5

1.0

1.5

2.0

2.5

2 3 4 5 6 7 8

number of flasks 

ce
ll 

nu
m

be
r/

T
-7

5
fla

sk
, x

 1
0

6

0.0

0.5

1.0

1.5

2.0

2.5

2 3 4 5 6 7 82 3 4 5 6 7 8

number of flasks 

ce
ll 

nu
m

be
r/

T
-7

5
fla

sk
, x

 1
0

6
cell numbers obtained per rat was higher using a seeding density of 4 flasks per rat as opposed 

to 2 flasks per rat or 7 flasks instead of 5 flasks per rat within the lower seeding density of 5 to 

8 T-75 flasks, (Fig. 2).  

 

 

 

Figure 1: Cell number per T-75 flask, determined by Coulter Counter measurements after 13 

days of cultivation, having investigated cell seeding densities of bone marrow from one rat for 

2 T-75 flasks up to 8 T-75 flasks. Each column represents 3 T-75 flasks pooled for 

measurement. 
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Figure 2: Cell number per rat determined by Coulter Counter measurement after 13 days of 

cultivation with cell densities corresponding to 2 to 8 T-75 flasks per rat. Each column 

represents 3 T-75 flasks pooled for measurement. 

 

3.2 Evaluation of basal media 

3.2.1 Marrow stromal cell isolation and proliferation 

 A cell count of 4 million cells per T-75 flask, determined with a hemacytometer, was 

obtained after 10 days of cultivation in α-MEM (Table 1). In DMEM low glucose, however, 

we found only 2 million cells per T-75 flask after 13 days of proliferation. Similar results were 

obtained in DMEM high glucose, where 2.2 million cells per flask were determined. 

3.2.2 Cell differentiation 

DNA Assay 

 The cell number after passage was determined by a DNA assay. The measurements 

showed a significantly higher (p < 0.01) cell number per cm2 after cultivation in α-MEM than 

in DMEM, high or low glucose, throughout the period (Fig. 3).  



Chapter 2  Optimization of cell culture conditions 

  38

 

 

Figure 3: Proliferation kinetics of rMSCs in three different media. Cells were treated with 

differentiation factors for 17 days. Columns and error bars represent the mean ± SD for n = 3. The 

statistical significance (p < 0.01) was assessed by Tukey-Test. Significance is indicated by a ★ . 

 

 

Alkaline phosphatase assay  

The determination of ALP activity for the comparison of the effect of different basal 

media on the expression of the osteoblastic marker showed that ALP activity per cell increased 

to a maximum on days 14 and 17 using α-MEM medium (Fig. 4). During cultivation in α-

MEM, the ALP activity per cell was significantly (p < 0.01) higher than the ALP activity per 

cell after cultivation in DMEM.  

 

0

5

10

15

20

25

30

35

5 8 11 14 17

time [d]

ce
ll 

nu
m

be
r/

cm
2 ,

 x
 1

0
4

α-MEM
DMEM, high glucose
DMEM, low glucose

0

5

10

15

20

25

30

35

5

10

15

20

25

30

35

5 8 11 14 17

time [d]

ce
ll 

nu
m

be
r/

cm
2 ,

 x
 1

0
4

α-MEM
DMEM, high glucose
DMEM, low glucose



Chapter 2  Optimization of cell culture conditions 

  39

 

Figure 4: Alkaline phosphatase activity per cell after 5, 8, 11, 14 and 17 days of cultivation in 

three different basal media. Columns and error bars represent the mean ± SD for n = 3. The 

statistical significance was assessed by Tukey-Test. Significance (p < 0.01) is indicated by a ★ . 
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day 9 (Fig. 5). Furthermore, no difference in the cell number between cells cultured in 

complete medium starting on day 0 or day 3 was noted, except for on day 5, when a slightly 

higher cell number was found for the cells, which were treated with differentiation factors from 

day 0.  

 

 

Figure 5: Proliferation kinetics of rMSCs cultured from day 0 or day 3 in complete medium. 

Columns represent the means for n = 2.  

 

Alkaline phosphatase assay  

The determination of the activity of the osteoblastic marker ALP for the evaluation of 

the effect of the time point at which osteogenic supplements are added showed a constant ALP 

activity per cell over the investigated period, regardless of whether complete medium was 

added on day 0 or on day 3 after marrow stromal isolation (Fig. 6). The ALP activity of the 

cells that were differentiated immediately upon bone marrow isolation or on day 3 after 

marrow stromal isolation (Fig. 6) was up to four times higher than the ALP activity of cells 

proliferated in primary medium (α-MEM) for two weeks before exposing to differentiating 

medium (Fig. 4, Table 1). 
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Figure 6: Alkaline phosphatase activity per cell on days 5, 7 and 9, with cultivation from day 0 or 

day 3 after rMSC isolation in complete medium. Columns and error bars represent the mean ± SD 

for n = 3 on day 7, while on day 5 and 9 columns represent the means for n = 2. 

 

 

 

 

Table 1: Comparison of the characteristics for cultures differentiated upon harvest or upon the 

1st passage, using α-MEM as basal medium. 

 Differentiation after the 1st 

passage 

Differentiation directly upon 

harvest 

Cell number obtained per rat 

at passage 

16 million  2 million  

Maximum ALP activity after 

passage [µmol/min/cell] 

1.46 x 10-7 6.07 x 10-7 
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4 Discussion 

 The objective of this study was to optimize the cell seeding density at bone marrow 

isolation and the subsequent culture conditions, specifically the choice of basal media and the 

time point for osteogenic supplement addition. With regard to the examination of cell seeding 

densities, we expressed the seeding density for marrow isolation in culture flasks per rat, as the 

determination of the adherent cell number at harvest is very difficult, because many cellular 

systems constitute the stroma, i.e. hematopoietic, endothelial and stromal cells [14]. Thus, 

counting the cells after marrow isolation is only a rough approach to determining the number 

of stromal cells, even when the red blood cells are lysed with acetic acid, a technique which is 

applied by some authors [15]. The optimization of rMSC isolation showed that high cell 

seeding densities from 2 to 4 T-75 flasks per rat resulted in nearly the same cell number per 

flask, i.e. between 1.7 and 2.1 million cells per flask, whereas lower seeding densities from 5 to 

8 flasks per rat resulted uniformly in about one third of this cell count with 500,000 to 800,000 

cells per flask. Thus, lower initial seeding densities did not improve the cell yield per rat. The 

flasks with lower seeding densities were furthermore suboptimal, because we aimed at 80% 

confluence [16] per flask after a proliferation phase of about two weeks [15], but only 20% 

confluence was reached after 13 days of proliferation. Several explanations may be given for 

the non-linear relationship between the density of plated cells and the cell number achieved 

before passage. On the one hand, there is the possibility that not all the available adherent cells 

attach to the bottom of the culture flask due to the cell-cell interactions with nonadherent cells 

or due to multilayering in the highly concentrated cell suspension. On the other hand, cells have 

to be seeded within a definite proximity to one another in order to proliferate. This may depend 

on paracrine interactions between the attached cells, as well as on the necessary cell-cell 

contacts. To minimize the number of rats, we suggest seeding 4 T-75 flasks per rat, which 

results in about 7 million cells per rat when cultured with DMEM as basal medium instead of 4 

million cells per rat with a seeding density of 2 T-75 flasks.  

To determine the optimal environment for rat marrow stromal cell expansion and 

osteoblastic differentiation, bone marrow stromal cells were cultured in α-MEM and in 
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DMEM, with low  and high glucose concentrations. The influence of the different media on the 

cell growth and differentiation to the osteoblastic phenotype was compared.  

α-MEM was shown to enhance rMSC proliferation before passage in primary medium and 

after passage in complete medium before the onset of differentiation, as compared to culture in 

DMEM. Thus, a lower demand for rats at marrow isolation results from the use of α-MEM. 

The most important result of the medium comparison, however, was the highly significant 

increase of the osteogenic marker alkaline phosphatase when cells were cultivated in α-MEM 

compared to a cultivation in DMEM. No significant differences between DMEM low glucose 

and DMEM high glucose were observed. Similar results concerning the ALP activity were 

reported by Coelho et al. [6], who examined the effect of different basal media on human bone 

marrow stromal cells. Hence, we suggest the use of α-MEM as basal medium for bone cell 

culture from rMSCs. In summary, the results of the medium test showed that different nutrient 

containing media such as α-MEM and DMEM affect both the proliferation of undifferentiated 

stromal cells and the expression of the osteoblastic phenotype.  

The experiments performed to investigate cell differentiation in response to the time 

point of osteogenic supplement addition showed that osteogenic agents in the early culture 

period inhibited proliferation when administered before the first passage. Proliferation in 

complete medium resulted in 2 million cells per rat compared to 16 million cells per rat after 

proliferation in primary medium (Table 1). However, the ALP activity was strongly enhanced, 

elevated four-fold, when cultivated with osteogenic supplements before the passage compared 

to cells maintained in primary medium for about two weeks before the osteoblastic 

differentiation (Table 1). Similar results concerning osteoblastic differentiation have been 

reported by Peter et al. [2], whose results suggest adding osteogenic agents immediately upon 

harvest. However, our results concerning suppressed proliferation, confirmed several times, are 

in contrast to the observations of Peter et al. [2], who reported no influence on proliferation 

when osteogenic agents were added immediately upon harvest. These differences in the rate of 

proliferation remained unchanged even when the same lots of FBS were used. However, there 

is a necessity for cell proliferation in order to gain sufficient cell numbers as prerequisite for 

their use in tissue engineering. Although the effect of the differentiation factors on cell 
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proliferation may be delayed under special culture conditions, the addition of these 

supplements will constrain an extensive proliferation in the long-term, because of the inverse 

correlation between cell proliferation and differentiation. Hence, we suggest utilizing primary 

medium until passage and then administering complete medium later to induce differentiation. 

 In conclusion, the optimized cell culture conditions for bone cell culture from bone 

marrow stromal cells are a seeding density of 4 T-75 flasks per rat at harvest, α-MEM as basal 

medium and the supplementation with differentiating components 24 hours after the first 

passage, following the proliferation of cells for about two weeks in primary medium. 
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1 Abstract 

Bone tissue engineering from bone marrow stromal cells on poly(L-lactic-co-glycolic 

acid) fiber meshes suffers from limited matrix production and mineralization when cultured 

with the standard differentiation supplements (dexamethasone, β-glycerophosphate and 

ascorbic acid). To overcome this problem we included transforming growth factor-β1 (TGF-β1), which is described as playing a key role in collagen type I formation, although its effect on 

mineralization is controversially discussed. Initial experiments in two-dimensional cell culture 

confirmed that mineralization was not suppressed due to TGF-β1 treatment. Further 

investigations focused on establishing culture conditions for the application of TGF-β1 in 

three-dimensional cell culture and on the effects of different doses of TGF-β1 on bone-like 

extracellular matrix formation. Immunohistochemical staining showed that TGF-β1 enhanced 

the formation of procollagen type I, collagen type I and collagen type V dose-dependently, 

especially under dynamic culture conditions (orbital shaker). Mineralization, evaluated by the 

determination of the Ca2+ content per scaffold and by von Kossa staining, was enhanced by 

TGF-β1 compared to the control. Additionally, matrix mineralization was confirmed by SEM 

in combination with energy dispersive X-ray analysis. In conclusion, TGF-β1 seems to be an 

effective growth factor to improve extracellular bone-like matrix formation in vitro.  
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2 Introduction 

 Bone marrow stromal cells are suitable cells for bone tissue engineering, because 

stromal cells are both easily accessible and can be differentiated to the osteoblastic phenotype 

with the addition of supplements such as dexamethasone, β-glycerophosphate and ascorbic 

acid [1,2]. Biodegradable and biocompatible poly(L-lactic-co-glycolic acid) (PLLGA) fiber 

meshes are favorable vehicles for cells in bone tissue engineering [2,3,4], because, due to their 

structure, they provide a maximum degree of permeability. Previous studies performed in our 

laboratory, however, have shown limited matrix production and only thin layers of mineralized 

tissue on PLLGA fiber meshes seeded with marrow stromal cells when cultured with the 

standard differentiation supplements (dexamethasone, β-glycerophosphate, ascorbic acid). 

These supplements are typically used in two-dimensional cell culture for stromal cell 

differentiation to the osteoblastic phenotype. Thus, the cells seeded on the PLLGA meshes 

expressed the markers characteristic for the osteoblastic phenotype, but did not form a 

coherent tissue connected by extracellular matrix. This formation of extracellular matrix is 

crucial for the development of bone tissue, because it provides the mechanical stability of bone 

after deposition of hydroxyapatite [5]. Interaction with the surrounding extracellular matrix 

also influences cell metabolism, gene expression and differentiation [6]. We therefore 

considered this approach to tissue engineering of bone, which utilizes three-dimensional cell 

polymer constructs and the standard differentiation supplements, as limited by a lack of matrix 

formation. One possible reason for this limited matrix formation is a lack of essential 

osteogenic growth factors. Hence, we chose a growth factor capable of enhancing the 

formation of bone-like extracellular matrix. Transforming growth factor-β1 (TGF-β1) was 

regarded as a suitable growth factor, because TGF-β1 is known to be produced locally during 

bone development and regeneration [7,8]. Furthermore, this factor is secreted by both bone 

marrow stromal cells and osteoblasts and is stored in the bone matrix, from which it is released 

and activated upon bone resorption [9,8]. In addition, various studies on the effects of TGF-β1 

in different cell cultures proved TGF-β1 to effectively stimulate the formation of collagen I 

[7,10,11], the main matrix protein of bone [12]. Contradicting reports on the in vitro effects of 
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TGF-β1 in two-dimensional cell culture on matrix mineralization, however, have raised doubts 

on the suitability of TGF-β1 for tissue engineering of bone [13,14,15,16,17]. On the one hand, 

TGF-β1 has been described as inhibiting bone nodule formation [13,15], whereas, on the other 

hand, it has been shown that TGF-β1 caused the formation of three-dimensional mineralized 

bone spheroids, in which hydroxyapatite was detected [16]. As the variety of experimental 

conditions used in the described studies provided widely divergent results, the action of TGF-β1 seems to strongly depend upon culture conditions, dosages, the type of osteoblastic cells 

employed and their stage of maturation [15] [14,17]. Consequently, the aim of our study was 

to establish the culture conditions and dosing regimen for TGF-β1 that enhance matrix 

formation and mineralization in three-dimensional cultures of rat marrow stromal cells.  

 The study started with the investigation of TGF-β1 effects in two-dimensional cultures 

in order to clarify at an early stage of the study whether or not matrix mineralization was 

indeed suppressed. The following experiments focused on effects in three-dimensional cell 

culture, based on the experiences in two-dimensional cell culture. To optimize the culture 

conditions, we investigated the influence of static and dynamic cultivation with TGF-β1 on 

collagenous bone matrix proteins such as collagen type I, procollagen type I and collagen type 

V. With regard to the reported dose-dependent inhibition of bone-nodule formation [13], we 

tested both single doses and a low concentration multiple dose regimen of TGF-β1 to 

determine an effective dosage and dosing regimen for the application of TGF-β1. We examined 

the influence of the various dosages on matrix formation, as well as on matrix mineralization, 

using immunohistochemistry and a colorimetric assay for the determination of calcium 

deposition during mineralization. Moreover, scanning electron microscopy combined with 

energy dispersive X-ray analysis was performed to further evaluate matrix mineralization.  
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3 Materials and Methods 

3.1 Transforming growth factor-β1 (TGF-β1) 

 Recombinant human transforming growth factor-β1 (TGF-β1) was purchased from 

Pepro Tech Inc., Rocky Hill, NJ, USA. For the investigations, TGF-β1, lyophilized from 

sodium citrate buffer (pH 3.5), was reconstituted in water and diluted to a stock solution of 

500 ng/ml TGF-β1 with phosphate buffer (PBS, Life Technologies GmbH, Karlsruhe, 

Germany) containing 2 mg/ml bovine serum albumin (BSA) (Sigma, Taufkirchen, Germany). 

3.2 Marrow stromal cell isolation 

 Marrow stromal cells were obtained from 6-week old male Sprague-Dawley rats 

(weight: 170 – 180 g , Charles River Laboratories, Sulzfeld, Germany). Cell isolation from the 

femur and tibia followed a protocol published by Ishaug et al. [2]. Following marrow isolation 

and dispersion, cells were centrifuged at 1200 rpm (259 x g) for 7 min. The resulting cell pellet 

was resuspended in primary medium [α-MEM (Sigma); 10% fetal bovine serum (FBS, Gemini 

Bio-Products Inc., Calabasas, California, USA); 1% penicillin/streptomycin (Sigma); 0.5% L-

glutamine 200 mM (Sigma)]. The cells from multiple rats were pooled and seeded onto tissue 

culture plastic, such that the cell density corresponded to two 150-cm2 flasks per rat. On the 

third day of expansion, the flasks were rinsed twice with PBS to remove the nonadherent cells. 

Thereafter, the 12 ml of primary medium were changed every 2 - 3 days and cells were 

trypsinized (0.25% trypsin in ethylenediaminetetraacetic acid, Life Technologies) for 

subculture when 80% confluence was reached. 

3.3 Two-dimensional cell culture 

3.3.1 Cell seeding and cell differentiation 

 In two-dimensional cell culture, the effect of different doses of TGF-β1 on cell 

distribution (microscope: Leica DM IRB, Leica Microsystems Wetzlar GmbH, Wetzlar, 

Germany; camera: DYNAX, 600si Classic, Minolta GmbH, Ahrensburg, Germany) and 

mineralization (von Kossa silver nitrate staining) was investigated. 
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Proliferated cells were subcultured in primary medium into  well-plates at a density of 

53,000 cells / cm2. 24 hours after passage, the medium was changed to complete medium [α-

MEM, 10 % FBS, 1% penicillin/streptomycin, 0.5% L-glutamine 200 mM, dexamethasone 10-

8 M (Sigma), ascorbic acid 50 mg/l (Sigma) and β-glycerophosphate 7 mM (Sigma)] 

supplemented with TGF-β1 in the following concentrations and dosing regimens: 0.1 ng/ml, 1 

ng/ml, 10 ng/ml, 20 ng/ml, added once; 1 ng/ml added with every 4th medium change (once a 

week) and 1 ng/ml supplemented with every medium change (every 2 - 3 days). As control, 

complete medium supplemented with the dilution buffer for TGF-β1 (2 mg BSA per 1 ml PBS) 

was administered. Medium was changed every 2 – 3 days and cells were cultivated for up to 31 

days. 

3.3.2 Mineralization 

 Matrix mineralization was assessed by von Kossa silver nitrate staining. Samples were 

fixed with 10% neutral buffered (PBS) formalin for 12 h. After rinsing with water, cells were 

incubated with a 5% aqueous silver nitrate solution and exposed to natural light. Images of 

stained cells were acquired from a Kodak EDAS 290 camera (Fisher Scientific, Schwerte, 

Germany). 

3.4 Three-dimensional cell culture 

First, we compared the matrix formation of cell-polymer constructs in medium 

containing TGF-β1 in static versus dynamic culture conditions.  

Further investigations, which were conducted under dynamic culture conditions, as 

dynamic cultivation enhanced the formation of collagenous proteins, dealt with the examination 

of various dosages and dosing regimens of TGF-β1. Thus, the influence of various doses of 

TGF-β1 on matrix formation and matrix mineralization was investigated.  

3.4.1 Polymer scaffolds 

Non-woven meshes of extruded poly(L-lactic-co-glycolic acid) (PLLGA) (90% L-lactic 

acid : 10% glycolic acid) fibers were kindly provided by the Institute of Textile Technology 

and Process Engineering (ITV) (Denkendorf, Germany) (Table 1). The scaffolds were 

disinfected in 70% ethanol. After rinsing thoroughly with PBS, the scaffolds were incubated in 
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primary medium for 24 hours in a humidified incubator (37°C / 5% CO2) before the cell 

seeding procedure. 

Table 1: PLLGA fiber meshes [18] 

Diameter Thickness Porosity Average pore size Filament diameter 

8 mm 1.4 mm 96% 90 µm 18.1 µm 

 

3.4.2 Cell seeding and cell differentiation 

 Spinner flasks were used for cell seeding. Scaffolds were threaded onto needles (length: 

10 cm, diameter: 0.5 mm) and fixed with short segments of silicone tubing. Four needles were 

inserted into a silicone stopper, which was in turn placed into the mouth of a spinner flask. The 

spinner flasks were filled with 100 ml primary medium each and placed in a humidified 

incubator (37°C / 5% CO2) to allow for serum protein adsorption. After 24 hours, the primary 

medium was replaced with a cell suspension consisting of either 2 x 106  (for the study on static 

and dynamic culture) or 4 x 106 cells per scaffold in 100 ml primary medium. The spinner 

flasks were returned to the incubator and placed on a magnetic stir plate (Bellco Glas, 

Vineland, NJ, USA) at 80 rpm for cell attachment to the polymer fibers. After 24 hours, each 

cell-polymer construct was placed in 5 ml complete medium in a 6-well plate (Corning, 

Corning Costar, Bodenheim, Germany) and cultivated statically or on an orbital shaker (Stuart 

Scientific, Surrey, United Kingdom) set at 60 rpm for dynamic cultivation. At this time, 

transforming growth factor-β1 was added according to the following dosing regimen:  

Single doses of TGF-β1: 1, 10 and 20 ng/ml 

Multiple dose of TGF-β1: 1 ng/ml, added with every 4th medium change (once a week)  

Control: complete medium supplemented with the dilution buffer for TGF-β1 (dilution buffer: 

2 mg BSA per 1 ml PBS) 

Complete medium was changed every 2 - 3 days. 

3.4.3 Immunohistochemistry 

Samples were taken after 14, 16 and 21 days of cultivation. The tissues were fixed in 

methanol (Merck, Darmstadt, Germany) and before cryosectioning incubated overnight in a 
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solution of 5% sucrose (Merck, Darmstadt, Germany) and 10% Tissue-Tek (Sakura Finetek, 

Torrance, CA, USA) in PBS. Then, the scaffolds were embedded in Tissue-Tek, cryosectioned 

at 12 µm (Microm Microtome, HM500 OMV, Microm, Walldorf, Germany) and finally 

incubated with a panel of antibodies against collagenous proteins. The source and specificity of 

each antibody are given in Table 2. The staining procedure was performed as follows: To 

prevent non-specific antibody binding, sections were incubated with 5% normal horse serum 

(Vector Laboratories Inc., Burlingame, CA, USA) in PBS. Thereafter, the sections were 

incubated with the primary antibodies for 30 min at room temperature (RT). In control 

sections, PBS was used instead of the primary antibody. After washing with PBS, further 

incubation with a biotinylated secondary antibody, anti-mouse/rabbit IgG (Table 2), was 

performed for 30 min at RT. Formation of the avidin-biotin-peroxidase complexes was 

conducted using the Vectastain Elite ABC-kit (Vector Laboratories, Inc., Burlingame, USA) 

and the DAB Substrate kit for peroxidase (Vector Laboratories, Inc., Burlingame, USA). 

Sections were counterstained with Mayer´s haematoxylin (Sigma, Taufkirchen, Germany) 

followed by mounting with DPX mountant (Fluka, Taufkirchen, Germany). 

 

Table 2: Primary antibodies and secondary antibody used for immunohistochemistry. 

Antibody description Antibody source  

collagen type I (monoclonal anti-collagen type I col-1), mouse 

ascites fluid, dilution: 1 : 2000 

Sigma 

collagen type II (monoclonal antibody, mouse CIIC1), supernatant, 

dilution: 1 : 6 

DSHB 

procollagen type I (monoclonal antibody, mouse M-38), 

supernatant, dilution: 1 : 5 

DSHB 

collagen type V (monoclonal antibody, mouse V-3C9), supernatant, 

dilution: 1 : 500 

ICN 

secondary antibody, biotinylated `` universal `` anti-mouse/rabbit 

IgG (H+L), horse, 1 : 100 

Vector Laboratories 
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3.4.4 Mineralization 

 Matrix mineralization was assessed by von Kossa silver nitrate staining. Samples were 

taken after 21 days of dynamic cultivation and fixed and cryosectioned as described in 2.4.3. 

Then, the sections were washed thoroughly with water to remove residuals of PBS and von 

Kossa silver nitrate staining was conducted as described in 2.3.2.  

 

3.4.5 Scanning electron microscopy and energy dispersive X-ray analysis 

 After 18 days of dynamic cultivation, cell-polymer constructs (control, single dose of 

10 ng/ml TGF-β1) were rinsed with PBS and fixed with glutaraldehyde (2.5% in PBS) for 15 

min. After repeated rinsing steps, cells were further fixed with an aqueous solution of OsO4 

(1%) (Carl Roth GmbH & Co., Karlsruhe, Germany) on ice for 30 min. The excess OsO4 was 

removed with water. Then, the cells on the polymer films were frozen at -80 °C and freeze-

dried (Christ Beta 2-16, Martin Christ Gefriertrocknungsanlagen, GmbH, Osterode am Harz, 

Germany). For scanning electron microscopy (SEM), samples were mounted on aluminium 

stubs using conductive carbon tape and coated with gold - palladium (Polaron SC515, Fisons 

surface systems, Grinstead, UK). Photomicrographs were acquired at 10 kV on a DSM 950 

(Zeiss, Oberkochen, Germany).  

Energy dispersive X-ray analysis (EDX) was carried out with a Link Analytical QX 2000 (Link 

Analytical Ltd., High Wycombe, Bucks, England). Samples were examined with an 

acceleration voltage of 20 kV. 

 

3.4.6 Calcium assay 

 For the determination of Ca2+ content per scaffold, the reaction of the cation with the 

chromogenic agent o-cresolphthalein complexone in alkaline medium to a red complex with an 

absorbance maximum at 575 nm was employed (Diagnostic Kit 587, Sigma) (Specord 40, 

Analytik Jena AG, Jena, Germany). The Ca2+ content was measured in samples after treatment 

with the following doses of TGF-β1: 1 ng/ml, added once, 1 ng/ml, added once a week, 10 

ng/ml and 20 ng/ml, added once versus control. Samples were taken after 21 days of dynamic 

cultivation. For analysis the scaffolds were cut on dry ice, sonicated for matrix fragmentation 
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(Sonifier W-250/W-450, Branson, Danbury, Connecticut, USA) and incubated in HCl (0.5 N) 

on a shaker for 12 hours to allow dissolution of Ca2+. Then the assay followed the protocol 

provided by Sigma. 

 

3.4.7 Statistical analysis 

 Measurements from the calcium assay were collected (n = 3) and expressed as the mean 

± standard deviation (SD). Single factor analysis of variance (ANOVA) was used in 

conjunction with a multiple comparison test (Tukey test) to assess the statistical significance. 

 

 

4 Results 

4.1  Two-dimensional cell culture 

The addition of TGF-β1 caused visible changes in the appearance of two-dimensional rat 

marrow stromal cell cultures. Doses of 1 ng/ml TGF-β1 or more caused a dose-dependent 

partial detachment of cell sheets from the bottom of the wells, which contracted to dense 

brown tissue layers (Fig. 1b). This contraction continued upon further cultivation and led 

finally to the formation of mineralizing spheroidal structures as revealed by von Kossa silver 

nitrate staining on day 31 (Fig. 1e - h). No such structures were observed in cultures treated 

with high TGF-β1 doses, such as 20 ng/ml, where most of the cells had detached before 

spheroids formed. We did not find any sheet detachment and aggregation in the control or in 

cultures treated with only 0.1 ng/ml TGF-β1; they showed the usual bone nodule formation 

(Fig. 1c, d).  

 



Chapter 3 TGF-β1: culture conditions and tissue formation 

  57

 

a b 

c d e f 

g h i 

 

Figure 1: Two-dimensional cell culture: 

- 3 days after the addition of TGF-β1: (a) control (b) 10 ng/ml (1x) 

- 31 days after the addition of TGF-β1 (von Kossa silver nitrate staining): (c) control  (d) 0.1 

ng/ml (1x)  (e) 1 ng/ml (1x)  (f) 1 ng/ml (once a week)  (g) 1 ng/ml (with every medium 

change)  (h) 10 ng/ml (1x)  (i) 20 ng/ml (1x)  

 

0.1 mm 0.1 mm 
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4.2 Three-dimensional cell culture 

4.2.1 Immunohistochemistry 

Effects of culture conditions on matrix formation upon TGF-ββββ1 supplementation 

The addition of TGF-β1 to three-dimensional rat marrow stromal cell cultures dose-

dependently stimulated the formation of collagenous proteins, i.e. procollagen type I, collagen 

type I and type V. This stimulating effect was modulated by the culture conditions. All three 

collagenous proteins were generally enhanced in dynamically cultured constructs, as compared 

to static culture conditions (Fig 2, 3, and 4). As a consequence of these experiments, all further 

investigations on TGF-β1 effects were performed under dynamic culture conditions. 

 

Investigation of dose patterns under dynamic culture conditions 

This part of the study dealt with the investigation of different TGF-β1 dosing regimens. 

Immunohistochemical labeling for collagen type I showed that TGF-β1 enhanced the formation 

of collagen type I compared to the control. Moreover, with increasing doses from 1 ng/ml to 

20 ng/ml, collagen type I formation was dose-dependently raised (Fig. 5).  

Collagen type II, a marker for chondrogenic differentiation, was not detectable in any 

of the cultures (data not shown). 
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Figure 2: Immunohistochemical staining for procollagen type I after 16 days of cultivation 

(seeded with 2 million cells per construct). Static cultivation: (a) control, (b) TGF-β1: 1 ng/ml 

(1x), (c) TGF-β1: 10 ng/ml (1x). Dynamic cultivation: (d) control, (e) TGF-β1: 1 ng/ml (1x), 

(f) TGF-β1: 10 ng/ml (1x). Insets show a higher magnification (        50 µm). 

0.5 mm 0.5 mm 

0.5 mm 0.5 mm 

0.5 mm 0.5 mm 



Chapter 3 TGF-β1: culture conditions and tissue formation 

  60

  
a d 

b e 

  
c f 
Figure 3: Immunohistochemical staining for collagen type I after 16 days of static or dynamic 

cultivation (seeded with 2 million cells per construct). a – f as in Fig. 2. Insets show a higher 

maginification (       50 µm). 
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Figure 4: Immunohistochemical staining for collagen type V after 16 days of static or dynamic 

cultivation (seeded with 2 million cells per construct). a – f as in Fig. 2. Insets show a higher 

magnification (       50 µm).  
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Figure 5: Immunohistochemical staining for collagen type I after 14 days of dynamic 

cultivation (seeded with 4 million cells per construct). (a) control  (b) TGF-β1: 1 ng/ml (1x)  

(c) TGF-β1: 1 ng/ml (once a week)  (d) TGF-β1: 10 ng/ml (1x)  (e) TGF-β: 20 ng/ml (1x). 

Insets show a higher magnification (        50 µm).   

1.0 mm 1.0 mm 

 

1.0 mm 1.0 mm 

 

1.0 mm 
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4.2.2 Mineralization 

After 21 days of dynamic cultivation, von Kossa staining revealed increased Ca2+ 

displayed in the TGF-β1 treated cell-polymer constructs (Fig. 6), as compared to the control. 

The intensity of the stain correlated with the applied doses of TGF-β1. This increase in staining 

might be enhanced by the shrinking of the cell-polymer constructs that was observed especially 

after the addition of 20 ng/ml TGF-β1, which is caused by forces developing upon tissue 

formation. 

 

4.2.3 Scanning electron microscopy and energy dispersive X-ray analysis 

 SEM pictures show matrix formation on the constructs´ edges with and without the 

addition of TGF-β1 (Fig. 7). The matrix found on control scaffolds had a more sheet-like 

appearance than the matrix on scaffolds treated with 10 ng/ml TGF-β1. Matrix was detectable 

on the whole of the scaffold, including the inner regions, when TGF-β1 was supplemented, 

whereas matrix was found primarily on the edges of the control construct. Survey pictures 

from the inner part of the scaffold suffered from low conductivity (data not shown). With 

regard to matrix mineralization, more calcified globular accretions were visible on scaffolds 

treated with TGF-β1. Figure 8 shows accretions in control and in TGF-β1 treated constructs. 

The globular accretions were investigated with EDX. We were able to demonstrate the 

presence of calcium, oxygen and phosphorus signals in the globular accretions. The ratio of 

Ca/P in the globular accretions on constructs treated with TGF-β1 was 1.63, which is similar 

to the ratio of Ca/P in hydroxyapatite of natural bone (1.67) [19].  
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Figure 6: Von Kossa staining after 21 days of dynamic cultivation. 

(a) control  (b) TGF-β1: 1 ng/ml (1x)  (c) TGF-β1: 1 ng/ml (once a week)  (d) TGF-β1: 10 

ng/ml (1x)  (e) TGF-β1: 20 ng/ml (1x). 

 

0.5 mm 0.5 mm 

0.5 mm 0.5 mm 

0.5 mm 
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Figure 7: SEM pictures of cell-polymer constructs after 18 days of dynamic cultivation, 

overview. (a) control (original magnification x 50)  (b) TGF-β1: 10 ng/ml (1x) (original 

magnification x 50).   

 

 

  
a b 
Figure 8: SEM pictures of cell-polymer constructs after 18 days of dynamic cultivation. 

(a) cross section of the control cell-polymer construct, calcified globular accretions (original 

magnification x 1000)  (b) cross section of the cell-polymer construct treated with TGF-β1: 10 

ng/ml (1x), calcified globular accretions (original magnification x 1000). 

 

200 µm 200 µm 

10 µm 10 µm 
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4.2.4 Calcium assay 

 The determination of Ca 2+ content per scaffold showed that the addition of TGF-β1 led 

to a significantly increased calcium content per scaffold compared to the control (p < 0.05) 

(Fig. 9). However, there were no significant differences between the groups treated with 

different doses of TGF-β1. 

 

 

Figure 9: Ca2+ content per scaffold after 21 days of dynamic cultivation. Columns and error 

bars represent means ± SD for n = 3. The statistical significance was assessed by Tukey-Test. 

Significance is indicated by a ★ . 

 

5 Discussion 

Bone tissue engineering on polymer fiber meshes with rat bone marrow stromal cells 

suffers from low matrix formation when the standard differentiation supplements, usually 

tested in two-dimensional cell cultures, are added without any further growth factor 

supplementation. Therefore, the objective of this study was to establish culture conditions and 

a dosing regimen for the application of the growth factor TGF-β1 in combination with the 
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standard differentiation supplements. We investigated the effects of TGF-β1 on collagenous 

bone matrix proteins such as collagen type I, its procollagen and collagen type V [20,21] and 

on matrix mineralization. The first part of the study was performed in two-dimensional cell 

culture. We hoped to determine at an early stage whether or not mineralization was suppressed 

under any of the applied doses. While cultures treated with 0.1 ng/ml TGF-β1 showed no 

difference in their appearance to control cultures, cells and cell sheets partly detached and 

formed mineralizing spheroids after the addition of TGF-β1 in doses of 1 ng/ml and 10 ng/ml. 

The described spheroid formation was also observed by Kale et al. [16], who added 5 ng/ml 

TGF-β1 to human marrow stromal cells. They reported osteoblastic differentiation and matrix 

formation in the core of the formed spheroids, which is in agreement with our findings on the 

mineralization of the spheroids. Kale et al. suggested that the formation of spheroids resulted 

from an increased expression of collagen I and collagen I binding integrins upon the addition of 

TGF-β1. Our investigations showed that even higher doses of TGF-β1 up to 10 ng/ml did not 

inhibit matrix mineralization.  

In view of these findings, we chose to evaluate doses starting with 1 ng/ml  TGF-β1 in 

three-dimensional cell culture, where tissue formation was assessed immunohistochemically. In 

general, TGF-β1 stimulated the formation of collagenous proteins, i.e. procollagen type I, 

collagen type I and collagen type V. We investigated the effects of TGF-β1 on matrix 

formation under dynamic culture conditions (on an orbital shaker) in comparison to standard 

static conditions. Dynamic cultivation further enhanced the formation of the investigated 

collagenous proteins in the presence of TGF-β1. Different mechanisms may be responsible for 

this phenomenon. One certainly involves the improved supply of growth factor and nutrients to 

the cells due to the enhanced convection under dynamic culture conditions [22,23]. Further 

possible mechanisms involve the mechanical stimulation provided by fluid flow and the 

activation of responsive signaling pathways [24], e.g. the phosphorylation of extracellular 

signal-regulated kinase (ERK) [25]. ERK is described as being essential for growth, 

differentiation, integrin expression and cell function in human osteoblastic cells [26]. As a 

consequence of the improved formation of collagenous proteins after TGF-β1 application in 

dynamic cell culture, all further investigations were conducted under dynamic culture 

conditions. 
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In three-dimensional cell culture, we showed a dose-dependent enhancement of 

collagen type I formation with increasing doses of TGF-β1. The observed enhancement of 

collagen type I formation was consistent with most other reports on TGF-β1 effects on 

different osteogenic cell types. Lilli et al. [7], for example, described that TGF-β1 enriched 

biomembranes led to increased collagen type I production in two-dimensional human bone cell 

culture, while Locklin et al. [27] reported increased collagen type I formation in two-

dimensional rat marrow stromal cell culture after treatment with TGF-β1. Arnold et al. [11] 

applied TGF-β1 in three-dimensional periosteal cell culture and described an enhanced collagen 

type I formation after TGF-β1 application, but no dose-dependence was depicted. 

With regard to procollagen type I and collagen type V, we also showed a dose-dependent 

stimulation of these matrix proteins by TGF-β1 in the cross sections.  

As TGF-β1 is often applied in cartilage tissue engineering, we tested to see if the 

formation of collagen type II, typically expressed in cartilage, was prevented by treatment with 

TGF-β1 under the conditions applied in our study, which included supplementation with 

dexamethasone, β-glycerophosphate and ascorbic acid. Immunohistochemical labelling for 

collagen type II showed that no collagen II was formed in our cultivated constructs. However, 

collagen type II has been reported to be induced by TGF-β1 in three-dimensional cultures of 

bone marrow stromal cells, when TGF-β1 was combined with dexamethasone and insulin for 

cartilage engineering [28]. 

The calcium assay served as a measure for matrix mineralization. Furthermore, von 

Kossa silver nitrate was used to stain the tissue sections for Ca2+ and we checked for calcium 

accretions in tissue constructs, utilizing SEM combined with EDX. All three methods showed 

increased mineralization upon the supplementation with TGF-β1 compared to the 

dexamethasone treated controls. Furthermore, EDX showed that the globular accretions, 

detected especially in TGF-β1 treated constructs, consist of calcium and phosphorus in a ratio 

of 1.63 close to the theoretical value of 1.67 in hydroxyapatite [19]. While the measurement of 

Ca2+ content showed no significant dose dependence, von Kossa staining revealed a dose-

dependent increase of stained area with increasing doses of TGF-β1. This increase may be 

enhanced by the shrinking of the cell-polymer constructs that was observed particularly after 

addition of 20 ng/ml TGF-β1, caused by forces developing upon tissue formation. Hence, the 
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chosen culture conditions seemed to lead to an increased Ca2+ content and hydroxyapatite 

formation in the TGF-β1 treated constructs. This is in contrast to some other published reports 

on TGF-β1 effects on matrix mineralization. TGF-β1 has been shown to inhibit as well as to 

enhance mineralization [13,16,15]. Different reasons may be responsible for the divergent 

published observations concerning the mineralization of the matrix after TGF-β1 treatment. 

One may involve the investigation of different cell types [15]; the effects of TGF-β1 are known 

to strongly depend on the cell type and their state of maturation. TGF-β1 seems to have 

positive effects on more mature osteoblastic cells [29]. Along these lines, Breen et al. 

described negative effects of TGF-β1 on matrix mineralization in cultures of preosteoblastic 

cells [14]. However, the negative effects were lessened when the cells had been pretreated with 

a dexamethasone containing osteogenic supplement. In our study, however, mineralization was 

actually stimulated in constructs after co-treatment with TGF-β1 and dexamethasone under 

dynamic culture conditions. One factor is probably the different culture conditions, such as 

dynamic three-dimensional cell culture versus two-dimensional static cell culture. Besides, the 

enhanced formation of collagenous proteins under TGF-β1 treatment is thought to initiate 

mineralization [30]. This effect may be enhanced by the superior conditions for matrix 

accumulation in three-dimensional cultures.  

In summary, we successfully improved matrix formation and mineralization in three-

dimensional cultures of rat marrow stromal cells on PLLGA fiber meshes by the addition of 

TGF-β1, especially under dynamic culture conditions. This study therefore implies that TGF-β1 is a potent growth factor for the stimulation of matrix formation and mineralization in three-

dimensional cultures of rat marrow stromal cells on PLLGA fiber meshes.  

Though matrix mineralization is an important marker for bone development [30], there are 

many further bone markers, which are decisive for bone formation. Hence, we have performed 

a second study (Part II) to determine the effects of TGF-β1 on cell proliferation and 

differentiation in order to develop a suitable dosing regimen for the application of TGF-β1.  
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6 Conclusion 

The objective of this study was to improve matrix formation and mineralization of rat 

marrow stromal cells in culture, focusing on three-dimensional cell culture as an approach to 

tissue engineering of bone. We investigated the effects of different TGF-β1 dosages and dosing 

regimens on the formation of collagenous matrix proteins and matrix mineralization. A 

preliminary experiment in two-dimensional cell culture showed that matrix mineralization was 

not suppressed by TGF-β1 doses between 0.1 and 10 ng/ml when coadministered with 

osteogenic supplements containing dexamethasone. In the main part of the study, which was 

conducted in three-dimensional cell culture, it was revealed that the formation of procollagen 

type I, collagen type I and collagen type V was increased with increasing doses of TGF-β1. 

Furthermore, the formation of these collagenous matrix proteins was stimulated under dynamic 

culture conditions, especially after TGF-β1 treatment, probably by improved nutrient supply to 

the cells and an induction of signal transduction pathways responsive to fluid flow mechanical 

stimulation. Matrix mineralization, investigated by a calcium assay, by von Kossa staining of 

cross sections and SEM-EDX investigations, was also improved upon TGF-β1 treatment. In 

contrast to the dose-dependent formation of the collagenous matrix, no significant dose-

dependent increase of mineralization was found. 

This study implies that TGF-β1 is a potent growth factor for the stimulation of matrix 

formation and mineralization in three-dimensional cultures of rat marrow stromal cells on 

PLLGA fiber meshes. A second study was performed to investigate the effects of the selected 

TGF-β1 doses on proliferation and non-collagenous bone-related proteins. 
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1 Abstract 

We supplemented rat marrow stromal cells (rMSCs) seeded on poly(L-lactic-co-

glycolic acid) fiber meshes with transforming growth factor-β1 (TGF-β1) to improve bone 

tissue formation for tissue engineering. While our first study [1] investigated the effects of 

TGF-β1 on matrix formation and mineralization, this second study focused on the 

differentiation of rMSC to the osteoblastic phenotype in dynamic cell culture (orbital shaker). 

We assessed a series of bone markers, in order to determine a dosing regimen for TGF-β1 that 

enhances collagenous matrix formation and preserves or increases osteoblastic differentiation. 

Alkaline phosphatase activity (ALP), bone sialoprotein, osteonectin, and osteocalcin were 

examined, utilizing RT-PCR, immunohistochemistry and, for ALP, an enzyme assay. We 

showed that while bone sialoprotein was dose-dependently increased after supplementation 

with TGF-β1, osteonectin was unchanged and both ALP activity and osteocalcin were 

suppressed by high doses of TGF-β1. Considering the effects of TGF-β1 both on 

differentiation and on matrix formation and mineralization, 1 ng/ml TGF-β1, added once a 

week, was selected as an effective dose to improve bone-like tissue formation.  
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2 Introduction 

In vitro tissue engineering of bone with rat marrow stromal cells (rMSCs) on poly(L-

lactic-co-glycolic acid) (PLLGA) fiber meshes often leads to minor matrix production and only 

thin layers of mineralized tissue [1]. To overcome this problem, we supplemented cell cultures 

with the growth factor, transforming growth factor-β1 (TGF-β1). In the first study [1], we 

aimed at finding dosages and dosing regimens for this growth factor suitable for the 

improvement of matrix formation. We showed that TGF-β1 enhances the formation of 

collagenous proteins and improves matrix mineralization in three-dimensional cultures of 

rMSCs, especially under dynamic culture conditions [1]. The objective of this second study 

was to investigate the effect of matrix stimulating TGF-β1 dosages [1] on osteoblastic 

differentiation, in order to elucidate the applicability of TGF-β1 for in vitro bone tissue 

formation. Published in vitro studies on the effects of TGF-β1 on the differentiation of 

osteoblastic progenitor cells, however, reported a large number of conflicting results [2]. TGF-β1 has been described as both inhibiting, as well as increasing, osteoblastic differentiation [2]. 

These divergent effects of TGF-β1 seem to depend strongly on the cell type used in the study, 

their state of maturation when TGF-β1 is added, the dosages and dosing regimen and the 

chosen culture conditions [3,4,5]. We chose dynamic culture conditions and effective matrix 

stimulating doses, as determined in the first study, to find dosages and dosing regimens that on 

the one hand enhance matrix formation and on the other hand preserve or even increase 

osteoblastic differentiation. Additionally, we were interested in the effect of the growth factor 

on cell proliferation. In order to examine the osteoblastic differentiation of rMSCs under TGF-β1 treatment, we performed an alkaline phosphatase (ALP) activity assay and 

immunohistochemistry for non-collagenous bone-markers such as bone sialoprotein and 

osteonectin. Moreover, we investigated the gene expression of these proteins as well as of 

osteocalcin, a late marker for osteoblastic differentiation using reverse transcription 

polymerase chain reaction (RT-PCR).  
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3 Materials and Methods 

3.1 Transforming growth factor-β1 (TGF-β1) 

 Recombinant human transforming growth factor-β1 (TGF-β1) was purchased from 

Pepro Tech Inc., Rocky Hill, NJ, USA. For the investigations, TGF-β1, lyophilized from 

sodium citrate buffer (pH 3.5), was reconstituted in water and diluted to a stock solution of 

500 ng/ml TGF-β1 with phosphate buffer (PBS, Life Technologies GmbH, Karlsruhe, 

Germany) containing 2 mg/ml bovine serum albumin (BSA) (Sigma, Taufkirchen, Germany). 

3.2 Polymer scaffolds 

Non-woven meshes of extruded poly(L-lactic-co-glycolic acid) (PLLGA) (90% L-lactic 

acid : 10% glycolic acid) fibers were kindly provided by the Institute of Textile Technology 

and Process Engineering (ITV, Denkendorf, Germany) [6]. Scaffolds 8 mm in diameter and 1.4 

mm thick were disinfected with 70% ethanol. After rinsing thoroughly with PBS, the scaffolds 

were incubated in culture medium [α-MEM (Sigma); 10% fetal bovine serum (FBS, Gemini 

Bio-Products Inc., Calabasas, California, USA); 1% penicillin/streptomycin (Sigma); 0.5% L-

glutamine 200 mM (Sigma)] for 24 h in a humified incubator (37°C / 5% CO2) before the cell 

seeding procedure.  

3.3 Marrow stromal cell isolation 

 Marrow stromal cells were obtained from 6-week old male Sprague-Dawley rats 

(weight: 170 – 180 g, Charles River Laboratories, Sulzfeld, Germany). Cell isolation from the 

femur and tibia followed a protocol published by Ishaug et al. [7]. Following marrow isolation 

and dispersion, cells were centrifuged at 1200 rpm (259 x g) for 7 min. The resulting cell pellet 

was resuspended in primary medium [α-MEM (Sigma); 10% fetal bovine serum (FBS, Gemini 

Bio-Products Inc.); 1% penicillin/streptomycin (Sigma); 0.5% L-glutamine 200 mM (Sigma)]. 

The cells from multiple rats were pooled and seeded onto tissue culture plastic, such that the 

cell density corresponded to two 150-cm2 flasks per rat. On the third day of expansion, the 

flasks were rinsed twice with PBS to remove the nonadherent cells. Thereafter, the 12 ml of 
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primary medium were changed every 2 - 3 days until 80% confluence was reached. After 10 to 

13 days, cells were trypsinized (0.25% trypsin in ethylenediaminetetraacetic acid, Life 

Technologies) for subculture. At 80 % confluence, 6 – 8 million cells were obtained per flask.  

3.4 Cell seeding and cell differentiation 

 Spinner flasks were used for cell seeding. Scaffolds were threaded onto needles 

(length:10 cm, diameter: 0.5 mm) and fixed with short segments of silicone tubing. Four 

needles were inserted into a silicone stopper, which was in turn placed into the mouth of a 

spinner flask. The spinner flasks were then filled with 100 ml primary medium each and placed 

in a humified incubator (37°C / 5% CO2) to allow for serum protein adsorption. After 24 

hours, the  primary medium was replaced with a cell suspension containing 4 x 106 cells per 

scaffold in 100 ml primary medium. The spinner flasks were then returned to the incubator, 

placed on a magnetic stir plate (Bellco Glas, Vineland, NJ, USA) set at 80 rpm for cell 

attachment to the polymer fibers. After 24 hours, each cell-polymer construct was placed in 5 

ml complete medium [α-MEM, 10 % FBS, 1% penicillin/streptomycin, 0.5% L-glutamine 200 

mM, dexamethasone 10-8 M (Sigma), ascorbic acid 50 mg/l (Sigma) and β-glycerolphosphate 7 

mM (Sigma)] in 6-well plates (Corning, Corning Costar, Bodenheim, Germany) on an orbital 

shaker (Stuart Scientific, Surrey, United Kingdom) set at 60 rpm. At this time, transforming 

growth factor-β1 was added according to the following dosing regimen: 

Single doses of TGF-β1: 1, 10 and 20 ng/ml 

Multiple dose of TGF-β1: 1 ng/ml, added with every 4th medium change (once a week)  

Control: complete medium supplemented with the dilution buffer for TGF-β1 (dilution buffer: 

2mg BSA in 1 ml PBS) 

Complete medium was changed every 2 or 3 days. Cell proliferation was determined by a DNA 

assay. Cell differentiation was determined by measuring the enzymatic activity of alkaline 

phosphatase, by immunohistochemistry and by reverse transcription polymerase chain reaction 

(RT-PCR) analysis for bone markers such as osteonectin, bone sialoprotein, and osteocalcin.  
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3.4.1 DNA Assay 

A fluorimetric assay was performed to measure the total amount of DNA on the cell-

polymer constructs and to subsequently determine the cell number. For determination of the 

influence of TGF-β1 on the cell number per scaffold, the following doses of TGF-β1 were 

chosen versus control: 1 ng/ml, added once a week, 10 ng/ml, added once. Samples were taken 

24 hours after cell seeding and after 5, 10 and 14 days of cultivation. The assay followed a 

protocol described by Kim et al. [8]. Cell standards and DNA standards (calf thymus, Sigma, 

Taufkirchen, Germany) were prepared and examined in parallel to determine the average DNA 

content of a single cell. A conversion factor of 8 pg DNA per cell was calculated.  

3.4.2 Weights of cell constructs 

 After 5, 10 and 14 days of cultivation, the wet weights of the cell-polymer constructs 

cultivated with 1 ng/ml TGF-β1, added once a week, and 10 ng/ml, added once, versus control 

were determined and the average weight of a fiber mesh was subtracted in order to determine 

the weight of the engineered tissue. 

3.4.3 Alkaline phosphatase assay  

For determination of alkaline phosphatase (ALP) activity, an enzyme activity kit 

purchased from Sigma was used (Diagnostic Kit 104, Sigma). To determine the influence of 

TGF-β1 on alkaline phosphatase activity per cell, the following doses of TGF-β1 were 

investigated versus the control: 1 ng/ml, added once a week, 10 ng/ml, added once. Samples 

were taken after 5, 10 and 14 days. To perform the assay, each cell-polymer construct was 

immersed in 4 ml tris(hydroxymethyl)aminomethane buffer (1 M, pH 8.0) to lyse the cells. 

Collagen matrix material was fragmented via sonification with a sonifier (Sonifier W-250/W-

450, Branson, Danbury, Connecticut,USA). The assay was performed as described in the 

protocol provided by Sigma; the extent of the hydrolysis of p-nitrophenyl phosphate in the 

presence of ALP was measured with a photometer (Specord 40, Analytik Jena AG, Jena, 

Germany) at 405 nm.  
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3.4.4 Immunohistochemistry 

For immunohistochemistry, samples were taken after 14 days of cultivation. The tissues 

were fixed in methanol (Merck, Darmstadt, Germany) and before cryosectioning incubated 

overnight with a solution of 5% sucrose (Merck) and 10% Tissue-Tek (Sakura Finetek, 

Torrance, CA, USA) in PBS. Then, the scaffolds were embedded in Tissue-Tek, cryosectioned 

at 12 µm (Microm Microtome, HM500 OMV, Microm, Walldorf, Germany) and finally 

incubated with antibodies against the bone-markers. The source and specificity of each 

antibody are given in Table 1. The staining procedure was performed as follows: To prevent 

non-specific antibody binding, sections were incubated with 5% normal horse serum (Vector 

Laboratories Inc., Burlingame, CA, USA) in PBS. Thereafter, the sections were incubated with 

the primary antibodies for 30 min at room temperature (RT). In control sections, PBS was 

used instead of the primary antibody. After washing with PBS, further incubation with 

biotinylated secondary antibody, anti-mouse/rabbit IgG (Table 1), was performed for 30 min at 

RT. Formation of avidin-biotin-peroxidase complexes was conducted using the Vectastain 

Elite ABC-kit (Vector Laboratories, Inc.) and the DAB Substrate kit for peroxidase (Vector 

Laboratories, Inc.). Sections were counterstained with Mayer´s haematoxylin (Sigma) followed 

by mounting with DPX mountant (Fluka, Taufkirchen, Germany). 

 

Table 1: Primary antibodies and secondary antibody used for immunohistochemistry. 

Antibody description Antibody source  

bone sialoprotein (monoclonal antibody, mouse, WVID1(9C5)), 

supernatant, dilution: 1 : 5 

DSHB 

osteonectin (monoclonal antibody, mouse, AON-1), supernatant, 

dilution: 1 : 5 

DSHB 

collagen type I (monoclonal anti-collagen type I col-1), mouse 

ascites fluid, dilution: 1 : 2000 

Sigma 

secondary antibody, biotinylated `` universal `` anti-mouse/rabbit 

IgG (H+L), horse, dilution: 1 : 100 

Vector Laboratories 
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3.4.5 Reverse transcription polymerase chain reaction  

To collect the data concerning gene expression, total RNA was harvested from the cells 

with TRIzol reagent (Invitrogen GmbH, Karlsruhe, Germany) and isolated according to the 

protocol provided by Invitrogen. First-strand cDNA was synthesized from total RNA by using 

oligo(dT)12-18 primer (Invitrogen) and M-MLV Reverse Transcriptase (Life Technologies). 

After an initial heating at 65°C (5 min) and cooling on ice for enzyme addition, samples were 

incubated at 37°C for 1 hour and heated afterwards for 2 min at 95°C to inactivate the enzyme. 

Subsequently, polymerase chain reaction (PCR) was performed with Taq-DNA-Polymerase (1 

U/µl) (Roche Diagnostics GmbH, Mannheim, Germany). After a hot start, initial denaturation 

occurred at 95°C for 1 min, primer annealing, using specific primers for each gene (Table 2), at 

60°C for 1 min and extension at 72°C for 1 min. A definite number of cycles (Table 2) was 

followed by further incubation at 72°C for 10 min for complete DNA synthesis and holding at 

4°C. β-actin served as an internal control. Reverse transcription and PCR were performed in a 

Mastercycler Gradient (Eppendorf AG, Hamburg, Germany). 

The PCR products were separated by electrophoresis on a 2% agarose gel with ethidium 

bromide staining. Finally, the gels were subjected to imaging and densitometric scanning of the 

resulting bands under UV light (λ = 312 nm) using the Kodak EDAS 290 (Fisher Scientific, 

Schwerte, Germany).  

Table 2: Denaturation occurred at 95°C for 1 min, primer annealing at 60 °C for 1 min and 

extension at 72°C for 1 min. β-actin served as internal control. All primers were synthesized by 

MWG-Biotech GmbH, Ebersberg, Germany. 

Gene  Sense and antisense primer sequences  Cycles 

osteonectin 5´CGGGATCCAACTGTCGAGGAGGTG3´ 

5´GGAATTCTGCGCAGAGGGAATTC3´ 

36 

bone sialoprotein 5´CGGGATCCAGGCAGCGACTCTTCGGA3´ 

5´GGAATTCTCAGTGACGCTTGCCT3´ 

36 

osteocalcin 5´CGGGATCCAGACTCCGGCGCTACCT3´ 

5´GGAATTCGGGTCGAGTCCTGGA3´ 

36 

housekeeping-gene: β-actin  5´CGGGATCCCCGACCTAGGCACCAGGGTG3´ 

5´GGAATTCGGCTGGGGTGTTGAAGGTCTCAAA3´ 
28 
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3.5 Long-term culture 

The dosage of 1 ng/ml TGF-β1, added once a week, was regarded as the most effective 

dose for the improvement of bone-like tissue formation. Hence, cell-polymer constructs, which 

were treated with the dose of 1 ng/ml TGF-β1 once a week, were cultivated for 32 days and 

compared to control cell-polymer constructs, not receiving TGF-β1. We aimed at testing the 

penetration depth of the bone-like tissue formation. Tissue formation was investigated by 

immunohistochemistry for collagen I, bone sialoprotein and osteonectin, as described in 3.4.4. 

The source and specifity of each antibody are given in Table 1. 

3.6 Statistical analysis 

 Measurements for wet weight determination (n=6), DNA assay (n=3) and ALP assay 

(n=3) were collected and expressed as a mean ± standard deviation (SD). Single factor analysis 

of variance (ANOVA) was used in conjunction with a multiple comparison test (Tukey test) to 

assess the statistical significance.  

 

4 Results 

4.1 DNA Assay 

Immediately following the 24-hour seeding period, about 2 Mio. cells were found per 

fiber mesh, demonstrating that 50% of the seeded cells had attached to the fiber meshes. The 

DNA assay was repeated on other scaffold samples after  5, 10, and 14 days in order to 

determine what effect TGF-β1 has on proliferation (Fig. 1). The cell number on the control 

cell-polymer constructs increased until day 10 (p < 0.05); no further proliferation was found 

thereafter. Low doses of TGF-β1, such as 1 ng/ml, supplemented once a week, led to a similar 

profile (p < 0.05), while after treatment with a single dose of 10 ng/ml no proliferation was 

observed. Both investigated TGF-β1 doses caused a significant decrease in the cell number 

between day 10 and 14 (p < 0.05).  
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Figure 1: Proliferation kinetics of marrow stromal cells differentiated to the osteoblastic 

phenotype on PLLGA fiber meshes for 14 days. Columns and error bars represent means ± SD 

for n = 3. The statistical significance was assessed by Tukey-Test. Significance is indicated by a ★ . 

4.2 Weights of cell constructs 

Wet weights of the controls and of the constructs treated with 1 ng/ml TGF-β1 once a 

week, significantly increased between day 5 and 10 (p < 0.01) and then remained constant (Fig. 

2a). No significant increase in wet weight was detectable after addition of 10 ng/ml TGF-β1. 

Normalization to the cell number, however, revealed a significant increase in the normalized 

wet weight (p < 0.01) from day 5 and 10 to day 14, when a single dose of 10 ng/ml TGF-β1 

was administered (Fig. 2 b). On day 14, the normalized wet weight of these constructs was 

significantly increased compared to the control (p < 0.01) (Fig. 2 b). 
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Figure 2 a  Wet weight of engineered tissue after cultivation for 5, 10 and 14 days. 

 

Figure 2 b  Wet weight normalized to cell number. 

Columns and error bars represent ± SD for n = 6. The statistical significance was assessed by 

Tukey-Test. Significance is indicated by a ★ . 

4.3 Alkaline phosphatase assay  

ALP activity was determined after 5, 10 and 14 days of cultivation and expressed as 

activity per cell (Fig. 3). ALP activity of control cultures increased from day 5 to 10 (p < 

0.01), but decreased from day 10 to 14. This profile reflecting osteoblastic differentiation 

remained unchanged when 1 ng/ml TGF-β1 was supplemented once a week (p < 0.01). 
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However, this characteristic increase in ALP activity failed to occur in the investigated time 

scale when the constructs were treated with a dose of 10 ng/ml TGF-β1 (p < 0.01). 

 

Figure 3: Alkaline phosphatase activity per cell after 5, 10 and 14 days of cultivation. Columns 

and error bars represent means ± SD for n = 3. The statistical significance was assessed by 

Tukey-Test. Significance is indicated by a ★ . 

 

4.4 Immunohistochemistry 

 The bone marker osteonectin was detectable both after TGF-β1 addition and in the 

sections of control constructs (Fig. 4 a - e). Higher amounts of positively stained matrix were 

found in constructs that received TGF-β1. The formation of the osteoblastic marker bone 

sialoprotein increased corresponding to increasing doses of TGF-β1 (Fig. 5 a - e). Bone 

sialoprotein was detectable both in the matrix and in the cells, especially at the edges of the 

scaffold. 
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Figure 4: Immunohistochemical staining for osteonectin of cross sections of cell-polymer 

constructs after 14 days of cultivation. (a) control, (b) TGF-β1: 1 ng/ml, 1x, (c) TGF-β1: 1 

ng/ml, once a week, (d) TGF-β1: 10 ng/ml, 1x, (e) TGF-β1: 20 ng/ml, 1x, (f) PBS instead of 

the primary antibody, TGF-β1: 20 ng/ml, 1x. Insets show a higher magnification (       50 µm). 

0.2 mm 0.2 mm 

 

 

0.2 mm 0.2 mm 

0.2 mm 0.2 mm 
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Figure 5: Immunohistochemical staining for bone sialoprotein of cross sections of cell-polymer 

constructs after 14 days of cultivation. (a) control, (b) TGF-β1: 1 ng/ml, 1x, (c) TGF-β1: 1 

ng/ml, once a week, (d) TGF-β1: 10 ng/ml, 1x, (e) TGF-β1: 20 ng/ml, 1x, (f) PBS instead of 

the primary antibody, control. Insets show a higher magnification (       50 µm). 

0.2 mm 0.2 mm 

0.2 mm 0.2 mm 

0.2 mm 0.2 mm 
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4.5 RT-PCR 

We investigated the influence of TGF-β1 on the expression of mRNA of different bone 

marker proteins on day 5 after the application of the first TGF-β1 dose. No influence of TGF-β1 was observed on mRNA expression of osteonectin and bone sialoprotein (Fig. 6). mRNA 

expression of the late bone marker protein osteocalcin was determined on day 16 (Fig. 7). No 

difference between the control and the different TGF-β1 doses was detectable except for TGF-β1 treatment with 20 ng/ml, added once, which decreased mRNA expression for osteocalcin 

(Fig. 7, 8).  

 

 

 

        a                 b                c                 d 
osteonectin 
 

        a                 b                c                 d 
bone sialoprotein 
 

        a                 b                c                 d 
ββββ-actin 

 

 

 

 

 

 

Figure 6: TGF-β1 effect on mRNA 

expression of osteonectin and bone 

sialoprotein after 5 days of cultivation. 2 cell-

polymer constructs per group were used for 

RNA isolation. (a) control, (b) TGF-β1: 1 

ng/ml, 1x, (c) TGF-β1: 10 ng/ml, 1x, (d) 

TGF-β1: 20 ng/ml, 1x. 
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        a           b             c              d            e 
osteocalcin 
 

       a             b             c            d              e 
ββββ-actin 

 

 

 

Figure 7: TGF-β1 effect on mRNA 

expression of osteocalcin after 16 days of 

cultivation. 2 cell-polymer constructs per 

group were used for RNA isolation. (a) 

control, (b) TGF-β1: 1 ng/ml, 1x, (c) TGF-

β1: 1 ng/ml, once a week, (d) TGF-β1: 10 

ng/ml, 1x, (e) TGF-β1: 20 ng/ml, 1x. 

 

 

 

Figure 8: Relative osteocalcin mRNA expression, normalized to β-actin expression. 

 

4.6 Long-term culture 

The immunohistochemical investigations of constructs treated with 1 ng/ml TGF-β1 (Fig. 

9) showed an almost coherent tissue to a penetration depth of approximately 250 µm - 300 
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µm. Collagen type I, bone sialoprotein and osteonectin were strongly expressed in these tissue 

sections. In the sections of control constructs (Fig. 9 h, i) no coherent tissue was detectable. 

a b c 
d 

e f 

g h h 
Figure 9: Long-term culture for 32 days of constructs treated with 1 ng/ml TGF-β1, once a 

week and of control constructs. Cross-sections of a half of the scaffolds. Immunohistochemical 

staining for (a) collagen type I, (b) bone sialoprotein, (c) osteonectin in sections of the outer 

part of with TGF-β1 treated constructs. Immunohistochemical staining for (d) collagen type I, 

(e) bone sialoprotein, (f) osteonectin in sections of the inner part (middle) of with TGF-β1 

treated constructs. (g) PBS control by using PBS instead of the primary antibody in sections of 

the outer part of with TGF-β1 treated constructs. Immunohistochemical staining for (h) 

collagen type I in sections of the outer part of control constructs, (i) collagen type I in sections 

of the inner part of control constructs.  

 

300 µm 

0.5 mm 
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5 Discussion 

Low matrix formation on in vitro cultivated cell-polymer constructs is a main problem 

in bone tissue engineering. Therefore, we applied the growth factor TGF-β1 to overcome this 

lack of matrix formation [1]. TGF-β1 was added in combination with the standard osteoblastic 

differentiation supplements, containing dexamethasone in order to enable the differentiation of 

rMSCs to the osteoblastic phenotype. Having shown the dose-dependent stimulation of TGF-

β1 on matrix formation and mineralization in part I [1], this second study was conducted to 

examine the effects of TGF-β1 on the proliferation and differentiation of rMSCs in three-

dimensional culture. We intended to answer the question of whether osteoblastic differentiation 

and collagenous matrix formation could be concomitantly increased with increasing doses of 

TGF-β1, or which dose both effectively enhances matrix formation and preserves osteoblastic 

differentiation. To this end, the experiments focused on the application of effectively matrix 

stimulating doses as determined in the first study, i.e. 1 ng/ml, added once a week and a single 

application of 10 ng/ml, while the total spectrum of doses from 1 ng/ml to 20 ng/ml TGF-β1 

was examined immunohistochemically and by RT-PCR. 

In a first step, cell proliferation under the influence of TGF-β1 was determined. Cells on 

control constructs and constructs receiving 1 ng/ml TGF-β1 once a week proliferated until the 

10th day. Following treatment with a dose of 10 ng/ml, however, no proliferation was 

observed. From day 10 to 14, the cell numbers on both TGF-β1 treated groups decreased, 

while no decrease was found on control constructs. The wet weights, however, which 

comprise both the cell number and the amount of the formed extracellular matrix per scaffold, 

remained unchanged in all groups between day 10 and 14. Thus, the amount of matrix on the 

TGF-β1 treated constructs seemed to be increased. Normalizing the wet weight to the 

determined cell number then revealed a significantly higher wet weight/cell on the constructs 

treated with 10 ng/ml TGF-β1 than on the control constructs on day 14. The normalization 

further showed that the matrix accumulation on these constructs, treated with TGF-β1, 

accelerated significantly between days 10 and 14. Thus, the normalization of the wet weight to 

the cell number reflected the positive effect of TGF-β1 on matrix formation. 
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The main topic of the second study, however, dealt with the effects of TGF-β1 on osteoblastic 

differentiation. The activity of the osteoblastic marker ALP becomes transiently increased 

during osteoblastic differentiation [9,10]. With regard to the effect of TGF-β1 on the ALP 

activity, 1 ng/ml, added once a week, had no influence on this typical ALP activity profile, as 

observed on control constructs, while 10 ng/ml TGF-β1 suppressed the development of such a 

peak. The examination of the mRNA expression of osteocalcin that occurs with the onset of 

mineralization [11,9], showed that the expression of this bone marker was preserved even up 

to doses of 10 ng/ml TGF-β1. Thus, a decrease of osteocalcin expression became only 

apparent after a single dose of 20 ng/ml TGF-β1. Similar effects concerning ALP activity and 

osteocalcin have been observed by other groups before, who investigated TGF-β1 in two-

dimensional cell culture and described a decrease of both differentiation markers, ALP and 

osteocalcin after the addition of high doses of TGF-β1 [12,13,3]. In addition to the outlined 

dose response, the effects of TGF-β1 seem also to depend on the state of maturation of the 

investigated cells. Thus, TGF-β1 increased the ALP activity in highly differentiated cells for 

example the rat osteoblast cell line ROS 17/2.8, while this marker was suppressed in less 

mature cells [14,15]. Correspondingly, cells that were pre-treated with dexamethasone were 

also less responsive towards the dedifferentiating effects of TGF-β1 [16,4] and showed 

increased ALP activity and osteocalcin when low doses (1 ng/ml once) were applied [12]. In 

contrast to these authors, we added TGF-β1 simultaneously with the osteogenic supplements 

and dealt thus with less mature cells, which were treated with higher TGF-β1 doses. 

Nonetheless, we also achieved an ALP activity and osteocalcin expression as high as on 

control constructs within a definite range of doses. We did not pursue a further reduction of 

the applied TGF-β1 doses, because a dose of 1 ng/ml, once a week, was shown to be necessary 

in order to solve the problem of insufficient matrix formation. The differentiation suppressing 

effects of high TGF- β1 doses, however, were restricted to the bone markers ALP and 

osteocalcin. Osteonectin, another bone marker, which is described as an abundant non-

collagenous protein in the bone matrix [17], was present independent of the supplementation 

with TGF-β1, as investigated by RT-PCR and immunohistochemistry. Immunohistochemical 

investigations even showed that the amount of osteonectin positive matrix increased when 

TGF-β1 was added to the cultures. RT-PCR for the bone marker bone sialoprotein, which is 
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effective in promoting nucleation for mineralization [18], showed unchanged mRNA formation 

for bone sialoprotein after the addition of TGF-β1. Immunohistochemical labelling for bone 

sialoprotein, however, actually revealed increased amounts of this protein with increasing 

doses of TGF-ß1 that may be provided by posttranscriptional up- or downregulation or due to 

a later increase in expression of bone sialoprotein mRNA.  

On the whole, we observed remarkable effects of TGF-β1 on collagenous as well as on 

non-collagenous bone-related proteins such as collagen type I, collagen type V, osteonectin 

and bone sialoprotein. Furthermore, matrix mineralization was improved under TGF-β1 

treatment. Even the bone markers ALP and osteocalcin, often described to be inhibited by 

TGF-β1, were preserved compared to the control up to high doses, with regard to osteocalcin 

even up to 10 ng/ml. We assume that the assessed positive effects of TGF-β1 to depend on the 

dynamic culture conditions, which enhanced the effect of TGF-β1 on the formation of 

collagenous proteins. In addition, the supplementation of TGF-β1 with the differentiation 

supplements containing dexamethasone was effective in the preservation of ALP activity and 

osteocalcin expression within the outlined range of doses. Consequently, we recommend a 

dosage of TGF- β1, which on the one hand considerably increases matrix formation, but on the 

other hand preserves ALP activity and osteocalcin expression. The dose of 1 ng/ml TGF-β1, 

added once a week, was proved in a long-term culture of 32 days to induce the formation of 

mostly coherent bone-like tissue to a maximum penetration depth of 250 µm - 300 µm. 

Limitations in nutrient supply probably prevented further tissue formation [19], which may be 

addressed by perfusion culture [20]. In conclusion, TGF-β1, applied with the dose pattern of 1 

ng/ml, added once a week, may be used as a potent growth factor to improve in vitro bone-like 

tissue formation for the use in bone tissue engineering. 

 

6 Conclusion 

The first study [1] had shown that TGF-β1 increased the formation of collagenous matrix 

proteins dose-dependently and enhanced matrix mineralization, especially under dynamic 

culture conditions. This follow-up study dealt with the influence of TGF-β1 on osteoblastic cell 
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differentiation. Having investigated the bone markers, ALP, osteonectin, bone sialoprotein, and 

osteocalcin, we showed that differentiation was similar to control in a definite range of doses 

or even enhanced with increasing doses of TGF-β1 with regard to bone sialoprotein. 

Considering the effects of TGF-β1 on matrix formation and mineralization and on 

differentiation, the dosing regimen of 1 ng/ml TGF-β1, added once a week is suggested as an 

effective dose to improve bone-like tissue formation for bone tissue engineering. 
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1 Introduction 

Growth factors are powerful tools for many tissue engineering approaches [1].  

Transforming growth factor-β1 (TGF-β1), for example, has been shown to be effective in 

improving the formation of collagenous bone matrix proteins and matrix mineralization in 

three-dimensional bone cell culture, elements which are necessary for obtaining a coherent 

mineralized bone-like matrix for tissue engineering purposes [2]. However, with regard to 

osteoblastic differentiation the application of TGF-β1 is critical, because the effect of TGF-β1 

on differentiation strongly depends on the used dosages and culture conditions [3]. 

Nevertheless, the osteoblastic differentiation was shown to be preserved under treatment with 

defined dosages of TGF-β1, while the expression of the bone marker bone sialoprotein even 

increased following TGF-β1 supplementation, as compared to standard differentiation 

conditions (dexamethasone, β-glycerophosphate and ascorbic acid) [4]. There is a need for 

further growth factor supplementation, however, in order to not only preserve, but to enhance 

the expression of all osteoblastic bone markers, while the application of TGF-β1 is sufficient 

to deal with the problem of low matrix formation. This intended increase of bone marker 

expression can be achieved, on the one hand via the commitment of a higher percentage of 

marrow stromal cells to the osteoblastic lineage and on the other hand through the 

differentiation to a more mature type of osteoblastic cells. Bone morphogenetic protein-2 

(BMP-2) is regarded as a useful growth factor to increase osteoblastic differentiation of rat 

marrow stromal cells (rMSCs), because BMP-2 is a strong osteoinductive agent both in vivo 

and in vitro. For example, BMP-2 was reported to be effective in bone regeneration in 

segmental fracture and spinal fusion models in animal studies [3]. The induced bone 

formation in vivo is supposed to be caused by stimulating differentiation of mesenchymal 

stem cells toward an osteoblastic lineage [5]. Considering in vitro studies, BMP-2 has been 

described as increasing osteoblastic differentiation of bone marrow stromal cells and 

osteoblasts, including alkaline phosphatase activity, osteopontin, osteocalcin, and bone 

sialoprotein [6,7,8]. Thereby, it has been reported that BMP-2 not only up-regulates 

differentiation in preexisting osteoblasts, but also induces commitment of mesenchymal cells 

to the osteoblastic pathway [6]. Doses between 25 and 1000 ng/ml were reported to be 
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effective in increasing osteoblastic differentiation in vitro. This broad range of doses is due to 

the different bioactivities of BMP-2 purchased from different companies or even different lots 

of the same company. A higher dosage of BMP-2 is thought to be necessary to enhance 

collagen I formation as compared to the dosage, which is required to effectively stimulate 

osteoblastic cell differentiation [7,8]. Our intention to combine the both growth factors TGF-

β1 and BMP-2 was encouraged by an in vivo study, which reported that bone formation was 

more potently increased by the combination of TGF-β1 and BMP-2 than by BMP-2 alone in 

ceramic bovine bone implanted into the thigh muscle of mice [9]. This synergistic effect was 

suggested to be due to the different preferential effects of BMP-2 and TGF-β1 on cells at 

different stages of maturation [9]. A further advantage of this growth factor combination 

would be a reduction of the dosage of BMP-2, because matrix formation was demonstrated to 

be enhanced by TGF-β1 [2], while the dose of BMP-2 should only be sufficiently high in 

order to increase osteoblastic differentiation. Thus, such a dose reduction would be 

advantageous with regard to cost saving and a reduction of systemic side effects.  

In this first study we investigated the effect of a single dose of 1 ng/ml or 10 ng/ml 

TGF-β1 in combination with 100 ng/ml BMP-2, administered with every medium change, on 

rMSCs seeded on poly(L-lactic-co-glycolic acid) (PLLGA) fiber meshes in order to achieve 

both a high osteoblastic differentiation and a coherent tissue. The growth factor combination 

was applied in addition to the standard osteogenic supplements (dexamethasone, β-

glycerophosphate, ascorbic acid). We investigated immunohistochemically the formation of 

collagen I, osteonectin and bone sialoprotein under treatment with BMP-2 or TGF-β1, alone 

or in combination to get a first impression of the effect of the outlined growth factor 

combination. With regard to BMP-2, the effect of a single dose of 100 ng/ml BMP-2 on 

rMSCs was also examined in order to clarify if a single dose of BMP-2 may be sufficient to 

increase osteoblastic differentiation. 
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2 Materials and Methods 

2.1 Growth factors 

 Recombinant human transforming growth factor-β1 (TGF-β1) was purchased from 

Pepro Tech Inc., Rocky Hill, NJ, USA. For investigations, TGF-β1, lyophilized from sodium 

citrate buffer (pH 3.5), was reconstituted in water and diluted to a stock solution of 500 ng/ml 

with phosphate buffer (PBS, Life Technologies GmbH, Karlsruhe, Germany) containing 2 

mg/ml bovine serum albumin (BSA) (Sigma, Taufkirchen, Germany). 

Recombinant human bone morphogenetic protein-2 (BMP-2) [10] was kindly provided 

by Roche Pharma Research Penzberg, Germany. Lyophilized BMP-2 was diluted to a stock 

solution of 10 µg/ml with medium, containing 10% BSA before use.  

 

2.2 Polymer scaffolds 

Non-woven meshes of extruded poly(L-lactic-co-glycolic acid) (PLLGA) (90% L-

lactic acid : 10% glycolic acid) fibers were kindly provided by the Institute of Textile 

Technology and Process Engineering (ITV, Denkendorf, Germany). Scaffolds, 8 mm in 

diameter and with a thickness of 1.4 mm were disinfected in 70% ethanol. After rinsing 

thoroughly with PBS, the scaffolds were incubated in primary medium [α-MEM (Sigma); 

10% fetal bovine serum (FBS, Gemini Bio-Products Inc., Calabasas, California, USA); 1% 

penicillin/streptomycin (Sigma); 0.5% L-glutamine 200 mM (Sigma)] in a humidified 

incubator (37°C / 5% CO2) for 24 hours before the cell seeding procedure. 

  

2.3 Cell Culture 

2.3.1 Marrow stromal cell isolation 

 Marrow stromal cells were obtained from 6-week old male Sprague-Dawley rats 

(weight: 170 – 180 g , Charles River Laboratories, Sulzfeld, Germany). Cell isolation from 

the femur and tibia followed a protocol published by Ishaug et al. [11]. Following marrow 

isolation and dispersion, cells were centrifuged at 1200 rpm (259 x g) for 7 min. The resulting 

cell pellet was resuspended in primary medium. The cells from multiple rats were pooled and 
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seeded onto tissue culture plastic, such that the cell density corresponded to two 150-cm2 

flasks per rat. On the third day of expansion, the flasks were rinsed twice with PBS to remove 

the nonadherent cells. Thereafter, primary medium was changed every 2 - 3 days and cells 

were trypsinized (0.25% trypsin in ethylenediaminetetraacetic acid, Life Technologies) for 

subculture when 80% confluence was reached. 

 

2.3.2 Cell seeding and cell differentiation 

 Spinner flasks were used for cell seeding. Scaffolds were threaded onto needles 

(length:10 cm, diameter: 0.5 mm) and fixed with short segments of silicone tubing. Four 

needles were inserted into a silicone stopper, which was in turn placed into the mouth of a 

spinner flask. The spinner flasks were filled with 100 ml primary medium each and placed in 

a humified incubator (37°C / 5% CO2) to allow for serum protein adsorption. After 24 hours, 

the primary medium was replaced with a cell suspension consisting of 4 x 106 cells per 

scaffold in 100 ml medium. The spinner flasks were returned to the incubator and placed on a 

magnetic stir plate (Bellco Glas, Vineland, NJ, USA) at 80 rpm for cell attachment to the 

polymer fibers. After 24 hours, each cell-polymer construct was placed in 5 ml complete 

medium [α-MEM, 10 % FBS, 1% penicillin/streptomycin, 0.5% L-glutamine 200 mM, 

dexamethasone 10-8 M (Sigma), ascorbic acid 50 mg/l (Sigma) and β-glycerophosphate 7 mM 

(Sigma)] in a 6-well plate (Corning, Corning Costar, Bodenheim, Germany) on an orbital 

shaker (Stuart Scientific, Surrey, United Kingdom) set at 60 rpm for dynamic cultivation. At 

this time, growth factors were added according to the following dosing regimen: 

Single doses of TGF-β1:     1 or 10 ng/ml 

Single dose of BMP-2:        100 ng/ml 

Multiple dose of BMP-2:   100 ng/ml with every medium change, i.e. every 2 – 3 days 

Combined application of TGF-β1 and BMP-2: single doses of 1 ng/ml or 10 ng/ml TGF-β1 

and 100 ng/ml BMP-2, with every medium change  

Control: complete medium without further growth factor supplementation 

Medium was changed every 2 - 3 days. 
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2.3.3 Immunohistochemistry 

Samples were taken after 21 days of cultivation. The tissues were fixed in methanol 

(Merck, Darmstadt, Germany) and before cryosectioning incubated overnight with a solution 

of 5% sucrose (Merck) and 10% Tissue-Tek (Sakura Finetek, Torrance, CA, USA) in PBS. 

Then the scaffolds were embedded in Tissue-Tek, cryosectioned at 12 µm (Microm 

Microtome, HM500 OMV, Microm, Walldorf, Germany) and finally incubated with a panel 

of primary antibodies. The source and specificity of each antibody are given in Table 1. The 

staining procedure was performed as follows: To prevent non-specific antibody binding, 

sections were incubated with 5% normal horse serum (Vector Laboratories Inc.; Burlingame, 

CA, USA) in PBS. Thereafter, the sections were incubated with the primary antibodies for 

30 min at room temperature (RT), while in control sections, PBS was used instead of the 

primary antibody. Further incubation with a biotinylated secondary antibody, anti-

mouse/rabbit IgG (Table 1), was performed for 30 min at RT after washing with PBS. 

Formation of avidin-biotin-peroxidase complexes was conducted using the Vectastain Elite 

ABC-kit (Vector Laboratories, Inc.) and the DAB Substrate kit for peroxidase (Vector 

Laboratories Inc.). Sections were counterstained with Mayer´s haematoxylin (Sigma) 

followed by mounting with DPX mountant (Fluka, Taufkirchen, Germany). 
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Table 1: Primary antibodies and secondary antibody used for immunohistochemistry. 

Antibody description Antibody source  

bone sialoprotein (monoclonal antibody, mouse, WVID1(9C5)), 

supernatant, dilution: 1 : 5 

*DSHB  

osteonectin (monoclonal antibody, mouse, AON-1), supernatant, 

dilution: 1 : 5 

*DSHB  

collagen type I (monoclonal anti-collagen type I col-1), mouse 

ascites fluid, dilution: 1 : 2000 

Sigma 

secondary antibody, biotinylated `` universal `` anti-

mouse/rabbit IgG (H+L), horse, dilution: 1 : 100 

Vector Laboratories 

*The monoclonal antibodies WVID1(9C5) developed by Michael Solursh / Ahnders Franzen 
and AON-1 by John D. Termin were obtained from the Developmental Studies Hybridoma 
Bank (DSHB) developed under the auspices of the NICHD and maintained by The University 
of Iowa, Department of Biological Sciences, Iowa City, IA 52242, USA.  

3 Results 

3.1 Collagen type I 

Immunohistochemical investigations after 21 days of cultivation showed that the 

application of 10 ng/ml TGF-β1 led to tissue containing large amounts of collagen type I (Fig. 

1b), strongly enhanced compared to the control (Fig. 1a). The application of BMP-2 100 

ng/ml, added once or with every medium change, only slightly affected collagen type I 

formation (Fig. 1c, d). The application of BMP-2 combined with 1 ng/ml or 10 ng/ml TGF-

β1, however, led to a coherent tissue containing collagen type I (Fig. 1e, f), though the 

intensity of staining was decreased when rMSCs were treated with the combination of TGF-

β1 and BMP-2 instead of TGF-β1 alone. In order to check for possible background staining, 

sections of all samples were incubated with PBS instead of with the primary antibody. The 

sections treated in this way are depicted in Figure 2. 
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        a         b 

  

        c         d 

  

        e         f 

Figure 1: Cross sections of cell-polymer constructs after 21 days of cultivation. 

Immunohistochemical labeling for collagen type I: (a) control,  (b) TGF-β1: 10 ng/ml (1x),  

(c) BMP-2: 100 ng/ml (1x),  (d) BMP-2: 100 ng/ml (with every medium change),  (e) TGF-

β1: 1 ng/ml (1x) and BMP-2: 100 ng/ml (with every medium change),  (f) TGF-β1: 10 ng/ml 

(1x) and BMP-2: 100 ng/ml (with every medium change). The arrows in (f) indicate 

mineralization. 

 

0.5 mm 0.5 mm 

0.5 mm 0.5 mm 

0.5 mm 0.5 mm 
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        a         b 

  

        c         d 

  

        e         f 

Figure 2:  Cross sections of cell-polymer constructs after 21 days of cultivation. Incubation 

with PBS instead of primary antibody: (a) control,  (b) TGF-β1: 10 ng/ml (1x),  (c) BMP-2: 

100 ng/ml (1x),  (d) BMP-2: 100 ng/ml (with every medium change),  (e) TGF-β1: 1 ng/ml 

(1x) and BMP-2: 100 ng/ml (with every medium change),  (f) TGF-β1: 10 ng/ml (1x) and 

BMP-2: 100 ng/ml (with every medium change). The arrows in (e) and (f) indicate 

mineralization. 

 

0.5 mm 0.5 mm 

0.5 mm 0.5 mm 

0.5 mm 0.5 mm 
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3.2 Bone sialoprotein 

Immunohistochemical labeling for the characteristic bone marker bone sialoprotein 

showed the following: The application of 10 ng/ml TGF-β1 led to an enhanced formation of 

bone sialoprotein compared to control (Fig. 3a, b). Here, increasing doses of TGF-β1 enhance 

the amount of bone sialoprotein as described by Lieb et al. [4]. After the addition of a single 

dose of 100 ng/ml BMP-2, only a few small specks of staining for bone sialoprotein were 

formed (Fig. 3c), while after permanent supplementation with 100 ng/ml BMP-2, many 

medium sized specs of bone sialoprotein were detectable throughout the scaffold (Fig. 3d). 

This is in contrast to treatment with TGF-β1 alone, where large areas of bone sialoprotein 

were especially detectable at the edges of the scaffold, while only small amounts of bone 

sialoprotein were found in the middle of the construct. With regard to the combined 

application of 1 ng/ml TGF-β1, added once, and 100 ng/ml BMP-2, added with every medium 

change (Fig. 3e) the formation of bone sialoprotein was only slightly increased as compared 

to adding a high dose of TGF-β1, such as 10 ng/ml, alone. This combination also induced 

large positive areas, not only at the edges of the construct but also in the middle. However, 

only small amounts of bone sialoprotein were detectable following treatment with BMP-2 and 

10 ng/ml TGF-β1 (Fig. 3f). 

 

3.3 Osteonectin 

With regard to the bone marker osteonectin we observed an increased formation of 

osteonectin following the treatment with BMP-2 (Fig. 4c, d) versus TGF-β1 treatment (Fig. 

4b). Repeated addition of 100 ng/ml BMP-2 led to positive staining for osteonectin both in the 

cells and in the formed matrix (4d), whereas after a single supplementation with BMP-2, only 

the cells were strongly stained (4c). The combination of BMP-2 with 1 ng/ml TGF-β1 led to 

an increased osteonectin expression (Fig. 4e), compared to the application of TGF-β1 and 

BMP-2 alone, while after combination of BMP-2 with 10 ng/ml TGF-β1 osteonectin 

formation was slightly decreased relative to the combination with 1 ng/ml TGF-β1 (Fig. 4f). 
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        a          b 

  

        c         d 
  

       e         f 

Figure 3: Cross sections of cell-polymer constructs after 21 days of cultivation. 

Immunohistochemical labeling for bone sialoprotein: (a) control,  (b) TGF-β1: 10 ng/ml (1x),  

(c) BMP-2: 100 ng/ml (1x),  (d) BMP-2: 100 ng/ml (with every medium change),  (e) TGF-

β1: 1 ng/ml (1x) and BMP-2: 100 ng/ml (with every medium change),  (f) TGF-β1: 10 ng/ml 

(1x) and BMP-2: 100 ng/ml (with every medium change). The arrows in (f) indicate 

mineralization.  

 

0.2 mm 0.2 mm 

0.2 mm 0.2 mm 

0.2 mm 0.2 mm 
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        a         b 
  

         c         d 
  

         e          f 

Figure 4: Cross sections of cell-polymer constructs after 21 days of cultivation. 

Immunohistochemical labeling for osteonectin: (a) control,  (b) TGF-β1: 10 ng/ml (1x),  (c) 

BMP-2: 100 ng/ml (1x),  (d) BMP-2: 100 ng/ml (with every medium change),  (e) TGF-β1: 1 

ng/ml (1x) and BMP-2: 100 ng/ml (with every medium change)  (f) TGF-β1: 10 ng/ml (1x) 

and BMP-2: 100 ng/ml (with every medium change). The arrows in (b) indicate 

mineralization. 

 

0.1 mm 0.1 mm 

0.1 mm 0.1 mm 

0.1 mm 0.1 mm 
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4 Discussion 

The application of TGF-β1 in combination with BMP-2 was performed in order to 

increase the osteoblastic differentiation of marrow stromal cells in three-dimensional cell 

culture, as compared to the treatment with TGF-β1 alone. Furthermore, it was hypothesized 

that the necessary dose of BMP-2 to effectively induce bone formation could be reduced by 

this combination. In order to investigate the described hypotheses, we applied two different 

single doses of TGF-β1 (1 ng/ml, 10 ng/ml) in combination with a repeatedly added dose of 

100 ng/ml BMP-2. The two growth factors were administered in addition to the standard 

osteogenic supplements (dexamethasone, β-glycerophosphate, ascorbic acid). To evaluate the 

growth factor effects, we investigated collagen type I, osteonectin and bone sialoprotein 

formation after 21 days of cultivation. A coherent tissue containing collagen type I was 

obtained after 21 days, following a supplementation with either combination of TGF-β1 and 

BMP-2, although the amount of collagen type I was decreased compared to TGF-β1 alone. 

The dose of 100 ng/ml BMP-2 itself only slightly affected collagen type I formation. In 

contrast to these results, Lecanda et al. [7] described BMP-2 doses of 100 ng/ml as effectively 

stimulating collagen type I formation in cell culture of undifferentiated human bone marrow 

stromal cells. There are several explanations for these divergent results. First, one has to take 

into account that the bioactivity of BMP-2 from different companies and even different lots 

strongly differs. Thus, the dose of 100 ng/ml BMP-2 administered in our study, was probably 

at the lower edge of the effective BMP-2 doses and insufficient to enhance collagen type I 

formation. A further possible explanation for the differing results may be the additional 

supplementation with dexamethasone in our study. Dexamethasone has been described as 

decreasing the effect of BMP-2 on collagen type I synthesis [12], so that no increase of 

collagen type I formation under treatment with BMP-2 could be observed.  

The expression of the bone markers bone sialoprotein and osteonectin was increased after the 

application of BMP-2 compared to administering TGF-β1. This is in agreement with Lecanda 

et al., who reported that BMP-2 strongly enhanced the expression of bone sialoprotein in bone 

marrow stromal cell culture. Applying BMP-2 in our study also changed the 

immunohistochemical staining pattern, especially for bone sialoprotein. Cells all over the 

scaffold strongly expressed bone sialoprotein in contrast to following TGF-β1 treatment, 
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where only cells at the edges of the scaffold expressed bone sialoprotein. Positive and even 

additive effects of the two growth factors on bone sialoprotein and osteonectin were achieved 

by the combination with the low TGF-β1 dose. This became apparent by an increased amount 

and the more homogenous distribution of bone sialoprotein over the cross section and a strong 

staining of the entire matrix for osteonectin. However, the combination of 10 ng/ml TGF-β1 

with 100 ng/ml BMP-2 seemed to exceed the range of concentrations in which TGF-β1 and 

BMP-2 act additively, possibly because of signaling interference between the growth factors. 

For example, though TGF-β1 and BMP-2 signal through different receptors and Smads, Co-

Smads are shared components in TGF-β1 and BMP-2 signal transduction [13] and may lead 

to the described inhibition of differentiation. A further explanation may be that the 

differentiation under treatment with BMP-2 and 10 ng/ml TGF-β1 was accelerated, so that the 

bone marker bone sialoprotein and osteonectin were already decreased on day 21. 

Consequently, earlier time points would be necessary to answer the question if bone 

sialoprotein and osteonectin are already downregulated on day 21 or generally suppressed. 

However, the combination of BMP-2 with 1 ng/ml TGF-β1 seemed to be advantageous with 

regard to osteoblastic differentiation. Thus, even with a low dose of BMP-2, which alone did 

not enhance collagen type I, positive effects on the formation of bone sialoprotein and 

osteonectin were observed. Furthermore, our study revealed that the application of single 

doses of BMP-2 in contrast to single doses of TGF-β1 had only slight effects on bone-like 

tissue formation, which is in accordance with reports from Puleo et al. [14]. These authors 

described that the longer the cells were exposed to rh-BMP-2, the more fully they expressed 

and sustained osteoblastic traits, i.e., they exhibited exposure-dependent higher levels of 

alkaline phosphatase and osteocalcin and larger amounts of mineral deposition for the 

duration of their culture in BMP-2. Thus, a repeated application of BMP-2 seems to be 

required to achieve a maximum effect. 

Summarizing our results, it was shown that with the administered low dosage of BMP-2, the 

supplementation with TGF-β1 was also necessary in order to obtain sufficient matrix 

formation, which is crucial for tissue engineering purposes. The investigation of the combined 

application of TGF-β1 with BMP-2 was pursued to increase osteoblastic differentiation 

compared to TGF-β1 alone. We showed that on the one hand a coherent collagen I containing 

tissue was formed and on the other hand the formation of bone sialoprotein and osteonectin 
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was increased compared to either TGF-β1 or both growth factors, respectively. Since the 

dosage of 100 ng/ml BMP-2 alone was too low to induce collagen type I formation, while in 

combination with TGF-β1 a coherent collagen I containing tissue was achieved, we assume 

that the effective dosage of BMP-2 on bone formation can be considerably decreased by the 

combination with low dosages of TGF-β1. This is a great advantage considering costs and 

systemic side effects. However, this study only referred to one dosage of BMP-2, either once 

or repeatedly applied. In order to investigate the effects of this growth factor combination 

more deeply, a dose-dependent study will be necessary. Additionally, a study dealing with the 

investigation of the bone markers alkaline phosphatase and osteocalcin under treatment with 

TGF-β1 and BMP-2 should be conducted aiming at increasing these bone markers compared 

to control and TGF-β1 treatment.  
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1 Abstract 

Biodegradable polymers, such as poly(lactic acid) (PLA) and poly(lactic-co-glycolic 

acid) (PLGA), are attractive materials for tissue engineering because of their degradative and 

mechanical properties, which permit scaffolds to be tailored to the individual requirements of 

different tissues. Although these materials support tissue development, their chemical 

properties offer no control of cell adhesion or function since their surfaces become 

immediately masked by adsorbing serum proteins when the materials come into contact with 

body fluids. Furthermore, adhesion proteins undergo conformational changes and a decrease 

in bioactivity when adsorbed to hydrophobic materials, such as PLA. To overcome these 

limitations, we modified the properties of PLA by synthesizing a diblock copolymer with 

poly(ethylene glycol) (PEG), which is known to reduce the amount of adsorbed proteins and 

to modify their conformation. By altering the PEG content of these diblock copolymers we 

were able to control the adsorption of adhesion proteins and, because cell adhesion takes place 

only in the presence of serum proteins, to control cell adhesion and cell shape. Marrow 

stromal cell differentiation to the osteoblastic phenotype was strongly improved on PEG-PLA 

compared to PLA, PLGA and tissue culture polystyrene and led to a 2-fold increase in 

alkaline phosphatase activity and mineralization. 
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2 Introduction 

Use of biodegradable poly(α-hydroxy acid) polymers is widespread in tissue engineering 

due to their flexibility in scaffold preparation, degradation times, and mechanical properties. 

Moreover, poly(α-hydroxy acids), such as poly(lactic acid) (PLA) and poly(glycolic acid) 

(PGA), are known to support adhesion and proliferation of most cell types involved in 

development and regeneration of musculo-skeletal tissue [1,2]. Cell adhesion and cell 

function are expected to be influenced by the chemical composition of the polymer. However, 

when a biomaterial comes into contact with body fluids, serum protein adsorption takes place 

immediately, masking its specific surface properties. The adsorbed protein layer includes 

ligands for cell adhesion and thus acts as a mediator between the cells and the biomaterial 

[3,4]. However, protein adsorption to hydrophobic materials, such as PLA, leads to a high 

adsorption strength and changes in protein conformation counteracting cellular matrix 

reorganization [3,5]. To control cell-biomaterial interactions, the polymer surface must be 

modified to control serum protein adsorption. We therefore attempted to find a material that 

limits serum protein adsorption and stabilizes the bioactive conformation of adsorbed proteins 

to positively influence cell function.  

 Poly(ethylene glycol) (PEG) has gained wide recognition as a biocompatible polymer 

that is able to modify surface properties due to its noninteraction with proteins and cells 

[3,6,7]. Moreover, low to intermediate PEG contents in a biomaterial surface are able to 

modify protein adsorption rather than prevent it [7,8,9]. To control protein adsorption, we 

synthesized a diblock copolymer [poly(D,L-lactic acid)-poly(ethylene glycol)-monomethyl 

ether] (Me.PEG-PLA) consisting of Me.PEG and PLA, thus preserving the advantages of 

polyesters and allowing for relevant surface modification.  

 In an earlier study, cell adhesion and cell function on films of the diblock copolymer 

Me.PEG5-PLA20 with a Me.PEG content of 20% were examined [10]. The effectively 

diminished serum protein adsorption on the film surfaces, determined by X-ray photoelectron 

spectroscopy (XPS), strongly reduced adhesion of rat marrow stromal cells. After addition of 

differentiating medium (see Cell Culture, below), alkaline phosphatase, an early marker for 
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osteoblastic function, was highly expressed when calculated on a per cell basis [10]. 

However, because of the low cell attachment to Me.PEG5-PLA20 we were looking for other 

compositions of Me.PEG-PLA diblock copolymers that maintain sufficient cell adhesion for 

bone tissue engineering purposes. 

The following four questions led to this study: 

Can we improve cell attachment to a reasonable percentage by incrementally decreasing the 

Me.PEG content and its chain length? 

Does cell attachment correlate with the amount of serum proteins adsorbed to the film 

surfaces? 

Will we be able to preserve the differentiating properties of the polymer when we reduce the 

Me.PEG content to achieve improved cell adhesion? 

Is there a correlation between these favorable properties and the Me.PEG content? 

The PEG content was decreased by roughly doubling the PLA chain length and decreasing the 

Me.PEG chain length considerably from 5 to 2 kDa. Cell attachment, cell shape, proliferation 

and differentiation of rat marrow stromal cells were investigated on smooth, transparent 

Me.PEG-PLA films prepared by a spin casting technique. PLA, PLGA, and tissue culture 

polystyrene (TCPS) served as controls. 

 

3 Materials and Methods 

3.1 Materials 

 The biodegradable polymers used in the experiments were P(D,L)LA, PLGA 

(Resomer RG 756; kindly provided by Boehringer Ingelheim, Ingelheim, Germany) with a 

molar ratio of 75:25 (P(D,L)LA:PGA), and four different Me.PEGx-PLAy. PLA and 

Me.PEGx-PLAy were synthesized in our laboratory. The x and y in Me.PEGx-PLAy 

represent the molecular weight of the Me.PEG and the PLA block, respectively, in 
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kilodaltons. Molecular weight and polydispersity index of these polymers are listed in Table 

1.  

3.2 Methods 

3.2.1 Polymer synthesis  

 The diblock copolymers were synthesized by a ring-opening reaction from 

dioxandione (D,L-dilactide) and poly(ethylene glycol)-monomethyl ether (Me.PEG) using 

stannous 2-ethylhexanoate as a catalyst [11] as described previously [12]. PLA was 

synthesized according to the same reaction scheme [12], using ethyl(S)-(-)-lactate instead of 

Me.PEG. 

3.2.2 Polymer characterization 

Determination of polymer molecular weight by gel permeation chromatography  

 A combination of a precolumn (Phenogel 5 µm, 50 x 7.8 mm) with two identical 

analytical columns (Phenogel 1000 Å, 5 µm, 300 x 7.8 mm, from Phenomenex, Torrance, 

CA) was used. Chloroform served as the mobile phase (flux, 0.9 ml/min) in a 10AVP high-

perfomance liquid chromatography (HPLC) system (Shimadzu, Duisburg, Germany) 

thermostated to 35 °C. The polymer was detected with an RID 10A refractive index detector 

(Shimadzu, Duisburg, Germany). The molecular weights were calculated from the retention 

time of poly(styrene) standards (Phenomenex, Torrance, CA, and Merck, Darmstadt, 

Germany) using the Class VP GPC software package included in Class VP 5.03 Software 

(Shimadzu). 

Determination of polymer molecular weight by 1H-NMR 

 Although gel permeation chromatography (GPC) provides an indication of the 

molecular weight distribution, the actual molecular weights determined by GPC are 

questionable whenever the material of the standard differs from the sample material. For this 

reason, the number average molecular weight was also measured by 1H nuclear magnetic 

resonance (NMR). A mass of 10 to 20 mg of polymer was dissolved in CDCl3. 
1H-NMR 

spectra were taken at 250.13 MHz with a Bruker AC250 spectrometer (Bruker, Rheinstetten, 
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Germany) provided with a dual sample head and an autosampler. Tetramethylsilane (TMS) 

served as internal reference standard. The molecular weights from 1H-NMR were calculated 

based on a standard integral, which was provided by the three chemically identical hydrogen 

atoms of the methyl end group of the diblock copolymers.  

3.2.3 Spin casting  

 For film fabrication, solutions with 0.4 g or 0.5 g polymer in 10 ml dichlormethane 

(Merck) were prepared, depending on the viscosity of the polymer solution (Table 2) 

(Ubbelohde viscometer [Lauda, Lauda-Koenigshofen]; capillary type I [Schott, Mainz, 

Germany]). Viscosities between 1.5 and 2.5 mPa·s were chosen to ensure smooth film 

surfaces. Polypropylene (PP) disks (13 mm in diameter) (Targor Application Technology, 

Ludwigshafen, Germany) instead of glass cover slips served as carriers in order to improve 

adhesion of the polymer film to the carrier surface [13]. For film casting, 100 µl of the 

polymer solution were dropped on top of each PP disk and then accelerated to 1900 rpm to 

produce thin polymer films with smooth surfaces. The films were then air dried for 12 h and 

subsequently vacuum dried for 48 h. Finally, the films were exposed to UV light for 1 h.  

For XPS investigations, V2A steel disks served as carriers. Spin casting was carried out under 

laminar air flow to avoid any surface contamination.  

3.2.4 Contact angle measurements 

The wettability of films was measured with the sessile drop method with an Erma G1 

goniometer (Erma, Tokyo, Japan) 1 and 5 min after the deposition of droplets (1 µl). The 

contact angles were determined on two areas of each polymer film (n=3).  

3.2.5 Adsorption of fibronectin on polymer films 

Protein adsorption to Me.PEG-PLAs and PLGA as standard material was investigated 

by incubation of the polymer films with an aqueous solution of fibronectin (300 µg/ml) 

(bovine plasma fibronectin, 440,000 Da, lyophilized; Life Technologies, Karlsruhe, 

Germany). After 4 h, the films were rinsed three times with water to remove nonadsorbed 

protein, frozen at –80°C, and freeze-dried for 24 h in a desiccator on dry ice. The surface 

composition of polymer films was determined by X-ray photoelectron spectroscopy (XPS) on 
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a Phi 5700 XPS system (Physical Electronics, Ismaning, Germany) using an AlKα source. 

Since the polymers themselves contain no nitrogen, we considered the nitrogen content of the 

surface as a measure for adsorbed protein. For further details please refer to [13].  

3.2.6 Cell culture 

Marrow stromal cell isolation, seeding, and culture 

 Marrow stromal cells were obtained from 6-week old male Sprague Dawley rats 

(weight, 170 – 180 g , Charles River Laboratories, Sulzfeld, Germany). Cell isolation from 

the femur and tibia was performed in accordance with a protocol published by Ishaug et al. 

[1]. After marrow isolation and dispersion cells were centrifuged at 1200 rpm (259 x g) for 

7 min. The resulting cell pellet was resuspended in primary medium (Dulbecco´s Modified 

Eagle´s Medium [DMEM; Life Technologies], 10 % fetal bovine serum [FBS, Gemini Bio-

Products, Calabasas, CA, USA], 1% penicillin/streptomycin [Sigma, Deisenhofen, Germany]) 

and seeded in T-75 flasks (Corning, Corning Costar, Bodenheim, Germany). The cells from 

one rat were plated in two flasks.  

 On the third day of expansion, the flasks were rinsed twice with phosphate-buffered 

saline (PBS, Life Technologies GmbH, Karlsruhe, Germany) to remove the non adherent 

cells. Primary medium (12 ml) was then exchanged every 2-3 days until 80 % confluence was 

reached. After 13 to 15 days, cells were subcultured (0.25 % trypsin in 

ethylenediaminetetraacetic acid (EDTA); Life Technologies). Cell numbers were determined 

with a hemacytometer at a concentration of about 400,000 cells/ml. 1.5 to 2 million cells at 

80 % confluence were obtained per flask.  

Cell Adhesion study 

 The polymer coated PP disks or the tissue culture polystyrene disks, respectively, were 

placed in 24-well plates (Corning, Corning Costar, Bodenheim, Germany). A volume of 

150 µl of the cell suspension (5,000 cells/cm2, i.e., 6,650 cells/film) was seeded onto each 

disk and allowed to attach for 3 or 7 h. Previous studies of comparable materials have 

demonstrated that cell attachment levels off during this period [14]. Nonattached cells were 

then removed by rinsing with PBS. The attached cells were fixed with 10% formalin in PBS 
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for 10 min, and finally rinsed twice with water. Cells were then stained with aqueous safranin 

O (0.5% Sigma) to improve the contrast for counting. To remove the surplus stain, disks were 

rinsed twice with water. Finally, photographs (DYNAX, 600si Classic; Minolta, Ahrensburg, 

Germany) were taken of four randomly chosen places of the films at a magnification of x100 

(Leica DM IRB; Leica Microsystems Wetzlar, Wetzlar, Germany). The attached cells were 

counted and extrapolated to the area of one film (1.33 cm2). The low seeding density of 

5000/cm2 cells was chosen to facilitate cell counting and to avoid artifacts from cell 

aggregation. Four or five films of each polymer were examined.  

 For investigation of cell adhesion under serum-free conditions, cells were seeded onto 

films of Me.PEG2-PLA40 for three 3 h (5,000 cells/cm2, i.e. 6,650 cells/film) (n = 3). PLA 

served as the control. Cell attachment was determined as described for the cell adhesion 

study. 

Study of cell shape 

 For this part of the study, 50,000 cells/cm2, that is, 66,500 cells/film were plated onto 

polymer films. After 3 h of cell attachment and after 8 days of cultivation, cells were rinsed 

with PBS and fixed with glutaraldehyde (2.5 % in PBS). After repeated rinsing steps, cells 

were further fixed with an aqueous solution of OsO4 (1%; Roth, Karlsruhe, Germany) for 

30 min, and cooled on ice. Remnants of OsO4 were removed with water. The cells on the 

polymer films were then frozen at -80 °C and freeze-dried for scanning electron microscopy 

(SEM). Photomicrographs were acquired at 10 kV (JEOL JSM-840; Jeol Ltd. Japan).  

Cell proliferation and cell differentiation 

 For the long-term studies, polymer-coated PP disks were affixed inside low attachment 

24-well plates (low-attachment 24-well plates were kindly provided by Costar Corning) with 

silicone glue (Elastosil; Wacker-Chemie, Munich, Germany). Low-attachment tissue culture 

well plates were used to minimize cell adhesion and migration to surfaces surrounding the 

investigated polymer films. Cell proliferation on TCPS, which served as a control material, 

was established in standard 24-well plates (Costar, Corning Costar). A density of 53,000 

cells/cm², that is, 70,500 cells/film, that is, 101,200 cells/well (~ 100 % confluence) was 
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plated on top of each polymer film or seeded in standard 24-well plates, respectively. After 

24 h (day 1), primary medium was replaced by complete medium (DMEM; 10% FBS; 

dexamethasone [10-8 M]; ascorbic acid [50 mg/l]; β-glycerophosphate, disodium salt, hydrate 

[2.16 g/l]). Thereafter, complete medium was exchanged every 2 or 3 days. Cell proliferation 

was determined by a DNA assay. Cell differentiation was determined by alkaline phosphatase 

activity and by von Kossa silver nitrate staining. 

DNA Assay 

 A fluorimetric assay was performed to measure the total amount of DNA on a polymer 

and subsequently determine the cell number [15]. Samples were taken after 10, 13 and 16 

days. The wells carrying the polymer covered disks or standard TCPS 24-wells, respectively, 

were harvested after rinsing with PBS. The wells were kept frozen at –20 °C until the DNA 

assay was performed. For the assay cells were scraped off the surface with disposable cell 

scrapers (Biochrom, Berlin, Germany) and dispersed in 1.4 ml of EDTA-solution (10 mM, pH 

12.3). The assay was performed according to the protocol described by Ishaug-Riley et al. 

[16]. For individual DNA measurements, 1.5 ml of Hoechst 33258 dye (Polysciences, 

Warrington, PA, USA) (dye at 200 ng/ml in 100 mM NaCl and 10 mM Tris, pH 7.0) were 

added to 1 ml of sample. Cell standards of 30,000 to 300,000 cells/ml and DNA standards 

(calf thymus, Sigma) were prepared and examined in parallel to determine the average DNA 

content of one cell. 

Alkaline phosphatase assay: ALPase activity 

 For determination of alkaline phosphatase activity, an enzyme assay kit was used 

(Diagnostic kit 245; Sigma). Samples were taken as described for the DNA assay. To perform 

the assay, cells were scraped off the surface of the films with a disposable cell scraper and 

dispersed in 1 ml of Tris buffer (1 M, pH 8.0). The collected cell suspensions were sonicated 

for 10 min in an ice bath and stored on ice until analysis. The assay was performed in 

accordance with the protocol provided by Sigma, reading the kinetics of p-nitrophenyl 

phosphate hydrolysis in the presence of alkaline phosphatase (ALPase) with a photometer 

(Uvikon 941, Kontron Instruments, Munich, Germany). ALPase activity was calculated from 

the slope of absorbance versus time. 
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Mineralization 

 Matrix mineralization was assessed by von Kossa silver nitrate staining after 20 days. 

Samples were fixed with 10% neutral buffered (PBS) formalin for 12 h. After rinsing with 

water, films were incubated with a 5% aqueous silver nitrate solution and exposed to natural 

light. Images of films were acquired from a video system (color video camera CCD-100; 

Mitsubishi CCD, Ratingen, Germany) with a stereo microscope (Leitz Laborlux-S and Leica 

Wild M10; Wetzlar, Germany) and the black-stained mineralized area of the polymer surfaces 

was measured with NIH Image analysis software (PICEd Cora, Metzger EDV, Munich, 

Germany).  

3.2.7 Statistical analysis 

 All measurements were collected (n = 3 to 7) and expressed as means ± standard 

deviation (SD). Single factor analysis of variance (ANOVA) was used in conjunction with a 

multiple comparison test (Tukey test) to assess the statistical significance.  

 

4 Results 

4.1 Polymer characterization 

GPC and 1H-NMR 

 The synthesized polymers were characterized by 1H-NMR and GPC. In Table 1, the 

molecular weights of the prepared diblock copolymers obtained by both methods are listed. 

The data gained by 1H-NMR confirmed the declared block lengths of the synthesized 

polymer. Moreover, the polydispersity indices, determined by GPC, indicate a comparatively 

narrow molecular weight distribution. These findings were prerequisites for the subsequent 

investigations of this study.  
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Table 1: Weight average molecular weight (Mw), number average molecular weight (Mn) 

and polydispersity indices (PI=Mw/Mn) of the polymers as determined by gel permeation 

chromatography a.  

Polymer Mwb Mnb PIb Mn(PEG)c Mn(PLA) c PEG:PLA 

Me.PEG2-PLA40 51,900 28,400 1.8 2,000 38,200 5 %:95 % 

Me.PEG2-PLA20 47,600 23,000 2.1 2,000 20,900 9 %:91 % 

Me.PEG5-PLA45 62,900 45,300 1.4 5,100 47,500 10 %:90 % 

Me.PEG5-PLA20 49,500 35,900 1.4 5,000 19,500 20 %:80 % 

PLGA 84,100 48,300 1.7 -.- -.- -.- 

PLA 83,300 55,400 1.6 -.- -.- -.- 

a The number average molecular weight of the PEG and PLA blocks of each polymer was 
calculated from 1H-NMR data. All molecular weight data were rounded to the nearest 100. 
The last column shows the actual PEG/PLA ratio of the polymers determined from 1H-NMR 
data. 

b Data obtained by GPC 

c Data obtained by 1H-NMR 

 

Table 2: Viscosities of polymer solutions used for spin casting 

Polymer solution in dichlormethane Dynamic viscosity [mPa·s] 

Me.PEG2-PLA40 (5%) 1.884 

Me.PEG2-PLA20 (5%) 1.556 

Me.PEG5-PLA20 (5%) 1.869 

PLGA (4%) 2.421 
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4.2 Contact angle measurements 

Contact angles for the different polymer films measured 1 and 5 min after droplet 

deposition are shown in Table 3. Hardly any difference in contact angles between water and 

the different polymers was found after 1 min, with the only exception being Me.PEG5-

PLA20, which showed a significantly lower contact angle. After 5 min clear differences 

between the hydrophobic PLA and PLGA, on the one hand, and the diblock copolymers, on 

the other hand, became apparent. Moreover, we also found differences between Me.PEG2 and 

Me.PEG5 containing polymers, but no direct correlation with the PEG content.  

Table 3: Contact angles of two areas of polymer film after droplet deposition a 

Polymer film Contact angle after 1 min Contact angle after 5 min 

Me.PEG2-PLA40 64.7 ±  2.5 44.0 ± 2.6 

Me.PEG2-PLA20 64.2 ± 1.0 37.5 ± 1.0 

Me.PEG5-PLA45 66.2 ± 1.2 28.7 ± 3.2 

Me.PEG5-PLA20 57.5 ± 2.8 30.7 ± 1.5 

PLGA  63.3 ± 0.8 48.5 ± 1.8 

PLA 65.8 ± 2.8 49.8 ± 1.6 

a Contact angles were determined by the sessile drop method on two areas of each polymer 
film 1 and 5 min after droplet deposition (n=3). 

 

4.3 Adsorption of fibronectin to polymer films 

To determine the adsorption of fibronectin to Me.PEG-PLA, polymer films were 

incubated with a fibronectin solution. The amount of adsorbed fibronectin was determined 

with XPS analysis via the nitrogen content of the surface (Table 4 and Fig. 1a-e).  
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While we found a considerable nitrogen peak on films of PLGA, the percentage of nitrogen 

detected on the surface of the diblock copolymers decreased with increasing Me.PEG content. 

The percentage of nitrogen on surfaces of Me.PEG2-PLA40 films was approximately one-

third of the nitrogen content detected on PLGA films. Less protein was adsorbed to 

Me.PEG2-PLA20 and Me.PEG5-PLA45, the diblock copolymers with a Me.PEG content of 

about 10%. On these films we determined 6 and 7% of the nitrogen content found on PLGA 

films. No fibronectin adsorption could be detected on Me.PEG5-PLA20 films.  

Table 4: Carbon, oxygen, and nitrogen content of polymer films as determined from XPS 

survey scans after incubation with fibronectin solution. 

Polymer Carbon [%] Oxygen [%] Nitrogen [%] 

PLGA 67.12 22.34 10.54 

Me.PEG2-PLA40 

 

Mean: 

62.15 

61.91 

62.03 

34.40 

34.28 

34.34 

3.45 

3.81 

3.63 

Me.PEG2-PLA20 

 

Mean: 

61.59 

61.77 

61.68 

37.79 

37.59 

37.69 

0.62 

0.64 

0.63 

Me.PEG5-PLA45 

 

Mean: 

62.04 

61.12 

61.58 

37.23 

38.11 

37.67 

0.73 

0.77 

0.75 

Me.PEG5-PLA20 62.05 37.94 0.01 
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Figure 1: XPS spectra of polymer films after 

incubation with fibronectin solution: 

(a) PLGA, (b) Me.PEG2-PLA40, 

(c) Me.PEG2-PLA20, (d) Me.PEG5-PLA45, 

(e) Me.PEG5-PLA20. 

Inserted spectra show the nitrogen signal at 

high resolution. 

e  
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4.4 Cell adhesion 

Cell number 

Cell attachment to four different Me.PEGx-PLAy films, Me.PEG5-PLA20, Me.PEG5-

PLA45, Me.PEG2-PLA20 and Me.PEG2-PLA40, was investigated and compared with PLA, 

PLGA and TCPS (Fig. 2). A high percentage of the seeded cells attached to the three 

hydrophobic materials PLA, PLGA and TCPS. Cell attachment was generally decreased on 

films made of the diblock copolymers. Comparison of the four diblock copolymers revealed 

significant differences in cell adhesion between Me.PEG2-PLA40, Me.PEG5-PLA20 and 

Me.PEG5-PLA45 (p < 0.05). Cell attachment was inversely related to the Me.PEG content of 

the polymer. In reference to the diblock copolymers, the highest number of cells attached to 

Me.PEG2-PLA40, the diblock copolymer with the lowest Me.PEG content. About 30% of the 

seeded cells attached to this material within 7 h. Almost no cell adhered to the most 

hydrophilic polymer, Me.PEG5-PLA20. 

 The number of attached cells increased with incubation time. This effect was most 

pronounced on the hydrophobic materials, while the increase in cell attachment on the diblock 

copolymers was only moderate in the 3- to 7-h interval.  

 

Cell adhesion under serum-free conditions 

Cell attachment to Me.PEG2-PLA40 and PLA films was investigated under serum-

free conditions. Less than 1 % of the seeded cells attached to Me.PEG2-PLA40 films after 3 

h, whereas 16 % attached to PLA films. 
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Figure 2: Percentage of plated marrow stromal cells that attached to the different polymers 

with a seeding density of 5,000 cells/cm2  after 3 and 7 h. Error bars represent means ± SD for 

n = 4 except for PLGA, Me.PEG5-PLA20, Me.PEG2-PLA20 and Me.PEG2-PLA40 after 7 h 

attachment with n = 5. The statistical significance between the PEG-PLA diblock copolymers 

was assessed by Tukey-Test. 

 

Cell shape 

 After 3 h of incubation, cell shape strongly depended on the material to which the cells 

attached (Fig. 3a-f). Cells were well spread on the three hydrophobic materials (Fig. 3d-f), 

while they remained round on the Me.PEG-containing polymers (Fig. 3a-c). Cells appeared 

elongated and stretched on films with increasing Me.PEG2 content. Cells on Me.PEG5-

PLA45 films were clustered and irregularly distributed. No cells were found on films made of 

Me.PEG5-PLA20 after sample preparation for the SEM procedure.  

After 8 days, cells on TCPS, PLA, PLGA, and Me.PEG2-PLA40 (Fig. 4c-f) formed a 

confluent cell sheet, while cells on Me.PEG5-PLA45 and Me.PEG2-PLA20 (Fig. 4a and b) 

remained distinct. 

0

20

40

60

80

100

120

140

M
e.

PEG5P
LA

20

M
e.

PEG5P
LA

45

M
e.

PEG2P
LA

20

M
e.

PEG2P
LA

40
PLA

PLG
A

TCPS

at
ta

ch
ed

 c
el

ls
/s

ee
de

d 
ce

lls
 [%

]

3h 
7h



Chapter 6 Cell adhesion and osteoblastic differentiation on Me.PEG-PLAs 

 135

  a   b   c 

  d   e   f 

Figure 3: SEM pictures of cells on different polymer surfaces after 3 h of incubation.  

(a) Me.PEG5-PLA45, (b) Me.PEG2-PLA20, (c) Me.PEG2-PLA40, (d) PLA, (e) PLGA, (f) 

TCPS. 

  a   b   c 

  d   e   f 

Figure 4: SEM pictures of cells on different polymer surfaces 8 days after seeding. (a-f) as in 

Fig. 3. 
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4.5 Cell differentiation study 

Proliferation 

 During the first 10 days cell number on PLA, PLGA and TCPS reached 60,000 to 

110,000 (Fig. 5). In this period, the cell number on the diblock copolymers with a Me.PEG 

content below 20% remained near the lower margin of 60,000 cells. Since almost no cells 

attached to Me. PEG5-PLA20, this polymer was excluded from further investigation. In the 

following 3 days, the cell number on the diblock copolymers doubled. An even larger increase 

in cell number was observed on PLA, PLGA, and TCPS. No significant change in cell 

numbers took place between day 13 and day 16. 

 

Figure 5: Proliferation kinetics of marrow stromal cells cultured in vitro with an initial 

seeding density of 53,000 cells/cm2 on the various polymers. Columns and error bars 

represent means ± SD for n = 4 except for TCPS after 10 days cultivation (n = 3). The 

statistical significance between the different polymers was assessed by Tukey-Test. 

 

Alkaline phosphatase activity 

 ALPase is a marker for early osteoblastic differentiation that develops its transitory 

maximum early during differentiation. To determine the kinetics of ALPase activity under the 
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chosen culture conditions, a control study was conducted first on TCPS. The peak of ALPase 

activity developed between the days 10 and 15, with a maximum on day 13 (Fig. 6). Thus, in 

the following study on differentiation on the different diblock copolymers, ALPase activity 

was determined on days 10, 13, 16.  

 

Figure 6: Kinetic of alkaline phosphatase activity per cell of marrow stromal cells on TCPS. 

Data points and error bars represent means ± SD for n = 3.  

 

For PLA and TCPS, maximum values in ALPase activity were found after 10 days. 

However, cells on the diblock copolymers expressed the highest ALPase activity on day 16 

(Fig. 7). Significantly higher activities (p < 0.05) were found on films of Me.PEGx-PLAy 

after 16 days than on PLA after 10 days. 
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Figure 7: Alkaline phosphatase activity per cell after 10, 13 and 16 days of cultivation. 

Columns and error bars represent means ± SD for n = 5 to n = 7. The statistical significance 

between PLA and the Me.PEG-PLA diblock copolymers was assessed by Tukey-Test. 

 

Mineralization 

 The mineralized area on the films was determined twenty days after addition of the 

differentiating medium. Major differences in the amount of mineralization on the films were 

found (Fig. 8 and 9a-f). Cells on Me.PEG2-PLA40 produced a significantly larger area of 

mineralization than cells on any other material (p < 0.05). About 40% of the film surface was 

covered with mineralized extracellular matrix. Mineralization on TCPS was the lowest, with 

less than 5%. Medium areas of mineralized matrix, between 10 and 21%, were found on 

Me.PEG2-PLA20, Me.PEG5-PLA45 as well as PLA and PLGA.  
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Figure 8: Von Kossa silver nitrate staining: Percentage of mineralized area after 20 days of 

cultivation. Columns and error bars represent means ± SD for n = 4 except for TCPS (n = 3). 

The statistical significance between the different polymers was assessed by Tukey-Test. 
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Figure 9: Von Kossa silver nitrate staining: Overall view of the stained mineralized area on 

the different polymers (original magnification x 5). (a-f) as in Fig. 3. 
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5 Discussion 

Preliminary experiments preceding this study on cell adhesion and differentiation of 

rat marrow stromal cells revealed Me.PEG5-PLA20 to be unsuitable for tissue engineering 

purposes because of low cell attachment. The first part of this study thus dealt with the effect 

of the composition of Me.PEG-PLA diblock copolymers on cell adhesion. While we 

confirmed negligible cell attachment on Me.PEG5-PLA20, cell adhesion was improved by 

incremental reduction of the Me.PEG content from 20 to 5%.  

Further, we aimed at distinguishing between the effects of Me.PEG content and its 

chain length. Keeping the PLA block constant and varying the Me.PEG chain length, such as 

in Me.PEG5-PLA20 and Me.PEG2-PLA20, and approximately in Me.PEG5-PLA45 and 

Me.PEG2-PLA40, allowed us to deal with the influence of chain length. In both examples, 

contact angles increased considerably and cell attachment was improved by decreasing the 

Me.PEG chain length from 5 to 2 kDa. However, no difference in cell adhesion was found 

between diblock copolymers with the same ratio of the polymer blocks Me.PEG and PLA, 

such as in Me.PEG2-PLA20 and Me.PEG5-PLA45, both with approximately 10% Me.PEG. 

These results suggest Me.PEG content is the major influence and the chain length as being 

less important for cell attachment. However, our conclusions concerning the Me.PEG content 

were drawn from only one pair of diblock copolymers, since Me.PEG2-PLA10, having the 

same PEG content as Me.PEG5-PLA20, and Me.PEG5-PLA100, comparable to Me.PEG2-

PLA40, were not available for this study. Me.PEG2-PLA10 has a glass transition below room 

temperature and Me.PEG5-PLA100 could not be synthesized by the method applied in this 

study.  

The change in cell attachment was accompanied by a change in cell shape reflecting 

modified interactions of cells with the film surface. An increase in the Me.PEG content thus 

caused reduced cell spreading and, consequently, a decrease in cell proliferation.  

The second question of this study aimed at correlating cell attachment to the 

investigated diblock copolymers with protein adsorption. We chose fibronectin as a relevant 

adhesion protein [17] to check for protein adsorption to the investigated materials. XPS 
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analysis revealed decreasing amounts of adsorbed fibronectin with increasing Me.PEG 

content of the diblock copolymers. While fibronectin was already strongly decreased on 

Me.PEG2-PLA40 (5% Me.PEG), we did not find any protein on films of Me.PEG5-PLA20 

(20% Me.PEG). Comparable results on protein adsorption were obtained for serum proteins 

adsorbed from a solution with 10% serum to Me.PEG5-PLA20 films [10] and to Me.PEG2-

PLA20 films [13]. Taken together with the results of the cell adhesion experiments this study 

revealed a correlation between protein adsorption and cell adhesion to the diblock 

copolymers. Moreover, under the serum-free conditions, cell adhesion to even Me.PEG2-

PLA40 was very low, suggesting the proteins mediate cell attachment to Me.PEG-PLA. 

The third question aimed at the differentiating properties of the diblock copolymers: 

Can we preserve these favorable properties if we decrease the Me.PEG content?  

We found remarkable differences in both the expression of alkaline phosphatase and the 

degree of mineralization between the diblock copolymers and the standard materials. 

However, there was no direct correlation between the Me.PEG content and the expression of 

osteoblastic markers. While we could not find significant differences in alkaline phosphatase 

activity in the group of the diblock copolymers, the amount of mineralization on Me.PEG2-

PLA40 films was significantly enhanced over the other types of Me.PEG-PLA. This suggests 

that a reasonable number of attaching cells is necessary for matrix formation and its 

mineralization. Thus, in the investigated range of 5 to 20% Me.PEG, the presence of Me.PEG, 

and only to a minor degree its content, seems to be important for the improved differentiation 

of the cells on a per-cell basis. However, to enhance matrix formation and its mineralization a 

low Me.PEG content that allows for improved cell adhesion might be advantageous.  

Numerous studies have been published on the subject of protein adsorption to PEG-grafted 

polymers and its correlation with cell adhesion [18,3,19]. These studies showed that protein 

adsorption and cell adhesion to polymer surfaces can be diminished or even prevented by 

high-density grafting with PEG. This effect was more pronounced with increasing molecular 

weight of PEG and depended on the investigated protein and the cell type [18]. A study on the 

adsorption of fibronectin [19] to PEG grafted surfaces revealed a linearly decreasing amount 

of adsorbed protein with increasing PEG content. However, studies on cell behavior on PEG-

grafted surfaces after adsorption of serum proteins [3,19, 20, 21] revealed a non linear relation 
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to the PEG density. Compared to nongrafted or densely grafted surfaces, low PEG-grafting 

favored focal contact formation [3] and migration [19]. Tziampazis et al. [19] tried to 

elucidate this phenomenon, utilizing an ELISA of fibronectin bioactivity after adsorption. 

Total fibronectin bioactivity remained unchanged with increasing PEG content while 

normalization to the amount of adsorbed fibronectin revealed an increasing specific 

bioactivity with increasing PEG contents until a limiting PEG content was reached. A further 

increase in PEG content caused a sharp drop in the bioactivity of the protein. The authors 

suggested that the increased specific bioactivity resulted from a protein configuration which 

might have changed from multiple site coil-substrate interactions at hydrophobic surfaces to 

fewer interactions on PEG-grafted substrates, which in turn might have enhanced the 

availability of integrin-binding domains to attaching cells [19]. Similarly Altankov et al. 

postulated that the conformational changes of adsorbed fibronectin were due to a combination 

of hydrophobic interactions and opposing lateral forces of the grafted PEG chains [3]. Thus, 

PEG variant materials were considered to regulate the conformation of adsorbed cell adhesion 

proteins that might affect cell function [19].  

Several other changes in surface properties may also be considered responsible for the 

improved cell differentiation on Me.PEG-PLA: One additional influence on cell function 

could be the changed mechanical properties of the surface which is supposed to be gel-like 

under cell culture conditions when PEG is present. Additionally, AFM (atomic force 

microscopy) investigations proved the surface of Me.PEG-PLA films to be considerably 

rough [13]. Roughness of surfaces is known to improve cell differentiation of osteoblasts [22, 

23]. 

Each of the mentioned changes of surface properties might have caused modified 

cell/biomaterial interactions which are known to induce changes in cytoskeletal filament 

assembly and, thus, changes in gene expression and cell function [22,24,25,26]. We conclude 

that changes in cell/biomaterial interactions led to reduced cell adhesion and cell spreading 

but may have also caused the remarkable increase in cell differentiation. 

 In summary, we have shown that diblock copolymers consisting of Me.PEG and a 

relevant polyester allow for control of cell adhesion and positively influence cell 

differentiation. In examining a range of diblock copolymers with different PEG contents, we 
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found materials that allowed for sufficient cell attachment and are considered promising for 

tissue-engineering purposes. 

 

6 Conclusion 

The content of PEG in the diblock copolymer apparently controlled protein adsorption 

and consequently cell adhesion mediated by adsorbed serum proteins. We found reduced 

proliferation of rat marrow stromal cells attached to the Me.PEG-PLA films, probably 

because of reduced cell spreading relative to PLA, PLGA and TCPS. However, differentiation 

to the osteoblastic phenotype as determined by ALPase activity and the degree of 

mineralization of the extracellular matrix were significantly improved over all the other 

materials. Enhanced bioactivity of adsorbed adhesion proteins due to conformational changes 

might be responsible for this phenomenon. Diblock copolymers made of PEG and PLA are 

thus attractive materials for bone tissue engineering, as they allow for control of protein 

adsorption and improve osteoblastic cell differentiation.  
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1 Abstract 

 One key interest in biomedical materials research, specifically in the fields of tissue 

engineering and implant technology, is the control of the interaction between the biomaterial 

surfaces and attaching cells. One promising strategy to approach this aim involves the 

covalent grafting of adhesion peptides containing the integrin binding tripeptide RGD to 

polymers on which protein adsorption – mediating unspecific cell adhesion - is basically 

suppressed. This study demonstrated the grafting of an amine-reactive diblock copolymer, N-

succinimidyl tartrate monoamine poly(ethylene glycol)-block-poly(D,L-lactic acid) (ST-NH-

PEG-PLA), with an RGD-peptide in an instant procedure. To this end, films of these recently 

developed derivatives of ‘stealth’ poly(D,L-lactic acid)-poly(ethylene glycol)-monomethyl 

ether (Me.PEG-PLA) copolymers were modified by incubation with a buffered solution of an 

αvβ3/αvβ5 integrin subtype specific cyclic RGD-peptide cyclo(-Arg-Gly-Asp-D-Phe-Lys-) 

[c(-RGDfK-)]. A cell adhesion study with human osteoblasts revealed  significantly increased 

cell spreading and cell count on these RGD-modified surfaces compared to the controls. 

Furthermore, the cell adhesion of rat bone marrow stromal cells on such RGD-modified 

polymer films and on RGD-modified glass surfaces providing a higher peptide density was 

investigated. Stromal cell adhesion was only enhanced on RGD-modified glass. To illuminate 

the divergence between the two investigated cell types, the αvβ5 integrin expression was 

determined by immunofluorescence microscopy.  
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2 Introduction 

 Whenever biomaterials are applied in implant technology or tissue engineering, 

precise control over cell adhesion on the material surface is necessary to ensure physiological 

integration into the surrounding tissue or the development of functional tissue, respectively 

[1-5]. In general, cell adhesion is mediated by integrins, heterodimeric transmembrane cell 

receptors comprised of non-covalently bound α- and β-subunits, which selectively bind to 

different proteins of the extracellular matrix (ECM) and are often cell type specific in their 

composition [6,7]. Since the identification of the tripeptide sequence Arg-Gly-Asp (RGD) as 

an integrin binding site of such ECM proteins, a plethora of small adhesion peptides (RGD-

peptides) has been synthesized. Flanking the RGD motif with different amino acids, as well as 

varying the backbone conformation of the peptides, are strategies to obtain integrin receptor 

subtype specific peptides [8-10]. Covalently linking such adhesion peptides to biomaterials is 

a widely accepted approach to improve a material’s biocompatibility, biological activity and 

its interactions with cells [11-14]. Biomaterials used in such attempts are preferably 

hydrophilic to suppress protein adsorption on their surfaces, a process which is accompanied 

by unspecific cell adhesion and other adverse effects [15]. Therefore, various hydrogel 

forming polymers, which provide the required functional groups, have been modified with 

RGD-peptides and used as three-dimensional cell carriers in tissue engineering applications 

[13,16-18]. Hydrogels, however, inherently have a low mechanical strength and limited 

macroporous structure, which limits the permeability of the structures, and thus also medium 

convection. These characteristics make hydrogels suboptimal for use in implant technology 

and the engineering of hard tissue. As an alternative, non-swelling, lipophilic polymers have 

been investigated as materials for the fabrication of implants or scaffolds in the engineering of 

hard tissue [19,20]. Covalently linking RGD-peptides to lipophilic polymers, however, is 

often a laborious procedure. Since most of these materials lack functional groups on their 

surface, these must be introduced either physically or chemically [21], for example by 

blending or coating with poly(L-lysine) [22] or poly(ethylene oxide)-poly(propylene oxide)-

poly(ethylene oxide) [23], plasma deposition [24], track-etching [25], co-polymerization [16], 

oxidation or alkaline treatment [26,27]. Subsequently, one has to employ a suitable activation 
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or chemoselective ligation strategy [28,29] to anchor a peptide sequence to the functionalized 

polymer surface [21]. By examining the properties of both hydrogels and lipophilic polymers, 

it is possible to determine the three critical regions of the ideal implant or scaffold material: a 

lipophilic part to provide water insolubility for processing, a hydrophilic region to suppress 

unspecific protein adsorption and at least one functional group for modification with adhesion 

peptides. Diblock copolymers, consisting of a hydrophilic and lipophilic chain, such as 

poly(D,L-lactic acid)-poly(ethylene glycol)-monomethyl ether (Me.PEG-PLA), which are 

non-conductive for protein and peptide adsorption and therefore applied as ‘stealth’ 

biomaterials in numerous applications [30-32], contain two of the three desired regions. 

Moreover, we have recently shown that protein adsorption and the adhesion of rat marrow 

stromal cells (rMSC) derived from bone marrow can be controlled via the length and content 

of the Me.PEG block in Me.PEG-PLA diblock copolymers [32]. Adhesion and differentiation 

experiments with rMSCs proved the potential of these materials for tissue engineering 

applications. To enable a comfortable modification with adhesion peptides, mono amine 

derivatives (H2N-PEG-PLA) of the Me.PEG-PLA diblock copolymers were made amine-

reactive by covalent attachment of disuccinimidyl tartrate [33]. These N-succinimidyl tartrate 

monoamine poly(ethylene glycol)-block-poly(D,L-lactic acid) (ST-NH-PEG-PLA) 

copolymers (Fig. 1) are designed to covalently bind peptides from sterile aqueous solutions to 

preformed polymer surfaces with moderate conditions. In the present study, we bound the 

αvβ5/αvβ3 integrin subtype specific cyclic RGD-peptide cyclo(-Arg-Gly-Asp-D-Phe-Lys-) 

[c(-RGDfK-)] (Fig. 2) to the activated polymer [34,35] using an incubation procedure 

adjusted to the needs of the polymer and solid phase modification. Covalent modification of 

the polymer films with the RGD-peptide was investigated by the adhesion of human 

osteoblasts, which are known to strongly express the αvβ5 integrin subtype [36], mediating 

cell adhesion to vitronectin. We determined the number and spreading of adhering human 

osteoblasts as a measure of the cell biomaterial interactions. Additionally, we investigated cell 

adhesion on various controls, in order to distinguish the contributions of unspecific and 

charge-dependent cell adhesion from specific interactions with the RGD-modified surfaces. 

Mature cells, such as osteoblasts, however, may not be an ideal source for tissue engineering 

applications because of their limited proliferative capacity. Most tissue engineering 

applications require cells, which are easily accessible and expandable in culture, for example 
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bone marrow stromal cells (MSCs). Since the integrin composition on rMSCs is not 

completely characterized yet, we studied their αvβ5-integrin expression using fluorescence 

microscopy and investigated the adhesion of rMSCs on the c(-RGDfK-) grafted polymer, as 

well as on glass surfaces, the latter providing a higher density of bound adhesion peptides. 

Moreover, we attempted to enhance the expression of the αvβ5-integrin on rMSCs by 

supplementing dexamethasone [37] or differentiating medium. 

The overall objective of this study was to specifically influence the attachment of osteoblasts 

and rMSC by amine-reactive diblock copolymer surfaces via modification with a cyclic RGD-

peptide in an instant procedure in view of implant technology and tissue engineering 

applications.  

 

3 Materials and Methods 

3.1  Polymer synthesis and characterization 

The amine-reactive copolymer ST-NH-PEG2-PLA20 (Fig. 1), consisting of a 2 kDa 

poly(ethylene glycol)-monoamine (H2N-PEG) block and a 20 kDa poly(D,L-lactic acid) 

(PLA) block, was synthesized as described by Tessmar et al. [33]. In brief, 2.0 g of 

poly(ethylene glycol)-mono amine were reacted with 20.0 g of D,L-dilactide in a ring-opening 

polymerization using stannous 2-ethylhexanoate as catalyst. The resulting H2N-PEG2-PLA20 

was isolated and coupled with disuccinimidyl tartrate to obtain ST-NH-PEG2-PLA20, which 

was stored under vacuum until further use. 

 

 

Figure 1: Chemical structure of ST-NH-PEG2-PLA20. 

 

The molecular weights of H2N-PEG2-PLA20 and ST-NH-PEG2-PLA20 were confirmed by 

gel permeation chromatography (GPC) as previously described [33]. Prior to every cell 
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adhesion study, the polymer was incubated with the amine-reactive fluorescent dye 5-

aminoeosin and GPC was performed to assess the reactivity of the ST-NH-PEG2-PLA20 

[33].  

 

3.2 Peptide synthesis 

The peptides cyclo(-Arg-Gly-Asp-D-Phe-Lys-) [c(-RGDfK-)] and cyclo(-Arg-Ala-Asp-

D-Phe-Lys-) [c(-RADfK-)] (Fig. 2) were synthesized as described by Haubner, et. al.[34]. 

 

 

R = H cyclo(-Arg-Gly-Asp-D-Phe-Lys-) 
 c(-RGDfK-) 
R = CH3 cyclo(-Arg-Ala-Asp-D-Phe-Lys-) 
 c(-RADfK-) 
Figure 2: Chemical structure of cyclo(-Arg-Gly-Asp-D-Phe-Lys-) [c(-RGDfK-)] and of 

cyclo(-Arg-Ala-Asp-D-Phe-Lys-) [c(-RADfK-)]. 

 

3.3 Cell culture 

3.3.1 Human osteoblasts 

Osteoblasts were harvested from cancellous human bone fragments extracted during 

routine hip and knee replacements following a protocol published by Mayr-Wohlfart et al. 

[38]. The fragments were dissected, minced, and rinsed several times with physiological 

saline solution to remove blood components. For collagenase digestion, the bone chips were 

incubated in serum-free DMEM (Biochrom, Berlin, Germany) containing 1% collagenase 
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(type IV; Sigma Chemical Company, St Louis, Missouri) at 37°C for 2 hours. The bone chips 

were then washed with serum-containing medium to inhibit further collagenase digestion and 

plated in six-well plates. The cells were incubated with calcium free DMEM, which was 

supplemented with 10% heat-inactivated fetal calf serum (FCS, Biochrom), 2 mM L-

glutamine (Biochrom), 1% penicillin/streptomycin (Biochrom), 1% amphotericin B 

(Biochrom) and 0.8% certomycin 50 (Essex Pharma GmbH, Munich, Germany). The cell 

cultures were incubated at 37° in saturated humidity with 5% CO2. The culture medium was 

changed twice a week. After about four to five weeks, a confluent monolayer of primary 

human osteoblasts was obtained. Cells were passaged with 0.25% trypsin in 

ethylenediaminetetraacetic acid (Life Technologies, Karlsruhe, Germany). Further cultivation 

was performed in DMEM with 10% fetal bovine serum (FBS, Gemini Bio-Products Inc., 

Calabasas, California, USA), 1% penicillin/streptomycin (Sigma, Taufkirchen, Germany) and 

ascorbic acid 50 mg/l (Sigma). For cell adhesion experiments, cells were used following the 

third passage. 

Apart from the aforesaid culture conditions, human osteoblasts were exposed to 

culture medium supplemented with dexamethasone (10-7 M) (Sigma) for 48 hours in order to 

investigate if the expression of the αvβ5 integrin can be stimulated by dexamethasone, as 

described by Cheng et al. [37]. Since the protocol of Cheng et al. [37] only involved human 

cells, this experiment was conducted to serve as a positive control for the same experiment 

performed with rMSCs (3.3.2). The expression of the αvβ5 integrin was visualized by 

immunofluorescence following incubation with the fluorescein-labeled antibody. Human 

osteoblasts, which had been passaged six times, were utilized for these experiments.  

3.3.2 Rat marrow stromal cells 

Rat marrow stromal cells (rMSCs) were obtained from 6-week old male Sprague-

Dawley rats (weight: 170 – 180 g , Charles River Laboratories, Sulzfeld, Germany). Cell 

isolation from the femur and tibia followed a protocol published by Ishaug et al. [19]. 

Following marrow isolation and dispersion, cells were centrifuged at 1200 rpm (259 x g) for 

7 min. The resulting cell pellet was resuspended in primary medium [α-MEM (Sigma); 10% 

FBS (HyClone, Perbio Science, Germany); 1% penicillin/streptomycin (Sigma); 0.5% L-

glutamine 200 mM (Sigma)] and seeded into tissue culture polystyrene (TCPS) flasks. Plated 
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cells were incubated at 37°C in saturated humidity with 5% CO2. On the third day of 

expansion, the flasks were rinsed twice with phosphate buffer (PBS, Life Technologies) to 

remove the nonadherent cells. Medium was changed every 2 - 3 days and cells were 

subcultured (0.25% trypsin in ethylenediaminetetraacetic acid, Life Technologies) for cell 

adhesion experiments when 80% confluence was reached.  

In a further experiment, rMSCs were treated in two different ways in order to stimulate 

αvβ5 integrin expression, which is less prominent on rMSCs compared to human osteoblasts. 

Firstly, dexamethasone (10-7 M) was administered to primary medium for a duration of 48 

hours before the first subculturing according to the protocol of Cheng et al. [37]. For the 

second attempt to stimulate the expression of the αvβ5 integrin, we differentiated the rMSCs 

towards the osteoblastic phenotype by administering complete medium, which was 

supplemented with dexamethasone [10-8 M], ascorbic acid [50 mg/l] (Sigma) and β-

glycerophosphate [7 mM] (Sigma). Cells were exposed to this differentiating medium from 

day 3 after marrow isolation to day 11 and then subcultured for investigations of the integrin 

expression. The expression of the αvβ5 integrin was visualized by immunofluorescence.  

 

3.4 Experimental setup 

Glass object slides (Super-Frost Plus, Menzel-Gläser, Braunschweig, Germany) were 

used as carriers for the cell adhesion experiments. To create a definite area for the cell 

adhesion experiments, two rings (diameter: 1.5 cm) were engraved on the glass object slides 

using a diamond drill. After amination of the glass surface (3.4.1) this area was either coated 

with polymer films (3.4.2) or activated by gradual reaction with succinic anhydride and N-

hydroxysuccinimide (3.4.3). Glass object slides, covered with polymer films, were dried for 

the first 5 min after film casting under a petri dish - decelerating solvent evaporation - to 

ensure the formation of a smooth polymer film surface. Afterwards, the surrounding groove 

on the slides was covered with a lipophilic barrier (Dako-Pen, Dako, Glostrup, Denmark) so 

that fluids remained in the engraved area during the incubation and cell adhesion study. 

Finally, glass object slides with polymer films were vacuum-dried for 12 hours. The surface 

modification is described in 3.5, the cell adhesion study in 3.6 and the investigation of cell 

shape in 3.7. The experimental set-up is illustrated in Figure 3. 
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Figure 3: Illustration of the experimental set-up. 

 

3.4.1 Amination of glass object slides 

Having engraved the two rings, the glass object slides were carefully washed using a 

detergent followed by intensive rinsing with water. Finally, the slides were washed with 

acetone to remove any lipids. All slides were autoclaved. For amination, the slides were 

submerged in a stirred solution of 2% (v/v) 3-aminopropyltriethoxysilane (ABCR GmbH & 

Co. KG, Karlsruhe, Germany) in absolute ethanol for 30 min. After careful rinsing with 

absolute ethanol, the slides were annealed in an oven for another 30 min at 90°C. The 

aminated slides were stored in a desiccator under vacuum. 

3.4.2 Polymer film casting 

 For film casting, solutions of 50 mg ST-NH-PEG2-PLA20 diblock copolymer in 1 ml 

acetone (Merck, Darmstadt, Germany) were prepared and subsequently 20 µl of the polymer 

solution, which corresponds to a mass of 1 mg polymer, were dropped and distributed on each 

marked area of 1.77 cm2 on aminated glass.  

3.4.3 Glass activation 

 To create amine-reactive groups on the glass surface similar to those present on the 

polymers, the aminated glass object slides were first reacted with succinic anhydride (Fluka 

Chemicals, Buchs, Switzerland). In a second step, the reactive N-hydroxysuccinimide ester 

group was generated by reaction with N-hydroxysuccinimide (Fluka Chemicals) in the 

presence of N,N’-dicyclohexylcarbodiimide (Fluka Chemicals). In a typical preparation, 30 

slides were submerged in 600 ml dry 1,4-dioxane. After the addition of 5 g of succinic 
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anhydride, the system was allowed to react for 16 hours at room temperature. The slides were 

rinsed with dry 1,4-dioxane and transferred into another 600 ml of dry 1,4-dioxane and 4 g of 

N-hydroxysuccinimide were added. Cooling the system on an ice-bath, 5 g of N,N’-

dicyclohexylcarbodiimide were added. The system was reacted for 18 hours under constant 

stirring. Finally, the slides were rinsed with acetone to remove the reaction mixture and 

precipitated dicylohexyl urea. The amine-reactive slides were dried and stored under vacuum. 

 

3.5 Surface modification with RGD-peptides 

For surface modification (Table 1), both activated polymer and glass surfaces were 

incubated with 250 µl of an aqueous solution of 2 mg/ml RGD-peptide c(-RGDfK-) (2.4 

mM), in order to achieve a covalent anchoring of the peptides to the N-hydroxysuccinimide 

ester of the polymer or the activated glass. Incubation with 0.5 mg RGD-peptide per 1 mg 

polymer – the amount of polymer coating the enclosed area of 1.77 cm2 - corresponds to a 

five-fold surplus versus the calculated amine-reactive groups on the polymer surface. The 

activated polymer and glass surfaces were variously treated to form controls: by incubation 

with the non-binding c(-RADfK-), with the reaction buffer (0.15 M NaHCO3, pH=8) and with 

the passivating reagent ethanol amine (stop). Ethanol amine was used for surface modification 

in order to favor aminolysis and to avoid the formation of charged groups on the surface 

caused by the hydrolysis of the N-hydroxysuccinimide ester. Each procedure was performed 

for 11 hours at 4°C to favor aminolysis, and subsequently for 3 hours at 18°C to complete the 

reaction, during which the object slides were kept in petri-dishes. Additionally, we 

investigated the effect of non-covalently attached RGD-peptide. To this end, surfaces were 

hydrolyzed by incubation with NaHCO3 buffer for 11 hours (18°C) and subsequently brought 

in contact with 200 µl solution of c(-RGDfK-) for 3 hours (4°C). 

Additionally, we aimed at inhibiting cell adhesion to c(-RGDfK-) grafted surfaces by 

blocking the corresponding cell surface receptor - αvβ3/αvβ5 integrin - with dissolved c(-

RGDfK-) peptide. For that reason, cells were incubated with c(-RGDfK-) containing basal 

medium before cell seeding. Afterwards, the pretreated cells were seeded onto surfaces, which 

had been modified with c(-RGDfK-), as described above. This experiment was conducted in 
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order to investigate if cell adhesion on c(-RGDfK-) modified surfaces is mediated by the 

corresponding αvβ3/αvβ5 integrin.  

A stepwise washing procedure followed the incubation step. First, the incubation 

solutions were removed and the surfaces were covered with 250 µl NaHCO3 buffer (0.15 M, 

pH=8) for 15 min. Then the object slides were twice submerged in phosphate buffer (PBS, 

Life Technologies) and in distilled water to remove remnants of buffer salts from the surfaces. 

  

Table 1: Description of the different surface modifications applied in the cell adhesion study 

and in the study on cell shape. 

Abbreviation Reagent/ concentration  Incubation time / 
temperature 

Material 

Binding RGD-peptide 

c(-RGDfK-) 2.4 mM c(-RGDfK-) 
(reaction buffer*) 

11 h at 4°C, 3 h at 18°C polymer, 
glass 

Control reagents 

c(-RADfK-) 2.4 mM c(-RADfK-) 
(reaction buffer*) 

11 h at 4°C, 3 h at 18°C polymer, 
glass 

hydrolysis  0.15 M NaHCO3 buffer; 
pH 8.0 

11 h at 4°C, 3 h at 18°C polymer 

stop  0.1 M ethanol amine, pH 
8.0 (reaction buffer*) 

11 h at 4°C, 3 h at 18°C polymer, 
glass 

hydrolysis / c(-RGDfK-) 1.) reaction buffer  
2.) 2.4 mM c(-RGDfK-) 
(reaction buffer*) 

1.) 11 h at 4°C  
2.) 3 h at 18°C  

polymer 

c(-RGDfK-) / blocked 
cells 

1.) 2.4 mM c(-RGDfK-) 
(reaction buffer*) 

2.) 0.24 mM c(-RGDfK-) 
(reaction buffer*/medium) 

1.) 11 h at 4°C, 3 h at 
18°C 
2.) cells + c(-RGDfK-)  
(30 min, 37°C) 

polymer 

* reaction buffer: 0.15 M NaHCO3 buffer; pH: 8.0 

 

3.6 Cell adhesion study 

In order to investigate cell adhesion on the modified polymer and glass surfaces, 200 µl 

of a cell suspension containing human osteoblasts or rMSCs at a concentration of 44250 



Chapter 7 ST-NH-PEG-PLA – cyclic RGD-peptide  

  160

cells/ml was seeded onto each marked area (5000 cells/cm2, i.e., 8850 cells/marked area) and 

cells were allowed to attach for 7 hours – a period which allows for complete cell adhesion to 

the standard cell culture material, TCPS [39,32]. The low seeding density of 5000 cells/cm2 

was chosen to avoid artifacts from cell aggregation. Non-attached cells were then removed by 

rinsing twice with PBS. The attached cells were fixed with 10% formalin in PBS and cells 

were stained with an aqueous solution of safranin O (0.5%) (Sigma) before counting. A 

representative section of each seeded surface was counted and the cell count was extrapolated 

to the total surface area. All cell adhesion studies were performed under serum-free 

conditions.  

In one control group the human osteoblasts were incubated with serum-free basal 

medium containing c(-RGDfK-) at a concentration of 0.24 mM c(-RGDfK-) in an incubator 

(30 min) before seeding on c(-RGDfK-) modified films, in order to block the αvβ3/αvβ5 

receptor on the cell surface, as described in 3.5. During incubation, the cell suspension was 

gently mixed every 10 min to minimize cell adhesion to the tube wall. Cell seeding was 

performed as described above. Additionally, the pretreated cells were seeded onto TCPS in 

order to ensure that cells could undergo non-integrin mediated cell attachment.  

 

3.7 Study on cell shape 

The shape of the attached cells was evaluated under a light microscope (Leica DM IRB, 

Leica Microsystems Wetzlar, Wetzlar, Germany) and documented photographically 

(Panasonic System Camera, Japan; DYNAX, 600si Classic, Minolta, Ahrensburg, Germany). 

To assess the shape of the attached cells by scanning electron microscopy (SEM), a 

further cell adhesion experiment with human osteoblasts on modified polymer films was 

performed. For this study, 5000 cells/cm2 (8850 cells/film) were plated onto ST-PEG2PLA20 

films, modified with c(-RGDfK-) and c(-RADfK). After 7 hours adhesion-time in an 

incubator (37°C, 95% humidity, 5% CO2), the cells were rinsed with PBS and fixed with 

glutaraldehyde (2.5 % in PBS) for 15 min. Following repeated rinsing steps, cells were further 

fixed with an aqueous solution of OsO4 (1 %) (Roth, Karlsruhe, Germany) for 30 min under 

ice-cooling. Excess OsO4 was removed with water. Then, the object-slides were frozen at -80 

°C and freeze-dried (Christ Beta 2-16, Martin Christ Gefriertrocknungsanlagen; Osterode am 
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Harz, Germany). For SEM, samples were mounted on aluminium stubs using conductive 

carbon tape and coated with gold - palladium (Polaron SC515, Fisons Surface Systems; 

Grinstead, UK). Photomicrographs were acquired at 10 kV on a DSM 950 (Carl Zeiss; 

Oberkochen, Germany).  

 

3.8 Fluorescence microscopy (integrin expression) 

Immunofluorescence was used in order to investigate the αvβ5 integrin expression on 

human osteoblasts and rMSCs. Additionally, rMSCs, displaying low amounts of αvβ5 

integrin, were treated with dexamethasone, as described in 3.3.2, in order to increase the 

expression of the αvβ5 integrin according to Cheng et al. [37]. These authors described that 

the αvβ5 integrin receptor on human osteoblastic cells is increased by treatment with 

dexamethasone. Therefore, human osteoblasts were also exposed to medium supplemented 

with dexamethasone (3.3.1) and investigated with regard to a stimulated integrin expression, 

which served as positive control. In another attempt to increase the expression of the αvβ5 

integrin receptor on rMSCs, we administered differentiating medium from day 3 after marrow 

isolation in order to differentiate the rMSCs to the osteoblastic phenotype (3.3.2). 

For the immunofluorescence experiments, 10,000 cells per cm2 were seeded onto 4-well 

chamber slides (Nalge Nunc International, Lab-Tek II Chamber SlideTM System, Merck 

Eurolab, Bruchsal, Germany). After 7 hours of adhesion-time, cells were washed with PBS 

(Life Technologies) and fixed with cold acetone (Merck) for 15 min. Before 

immunolabelling, cells were incubated with 20% bovine serum albumin in PBS (37°C, 20 

min), in order to prevent non-specific antibody binding. Then, cells were incubated with 

fluorescein-conjugated anti-αvβ5 (fluorescein-conjugated monoclonal antibody, clone: P1F6, 

dilution: 1 : 50; Chemicon, California, USA) at room temperature for 2h. Mounting was 

performed with Vectashield (Vector Laboratories, Texas, USA). Images were taken with an 

Axiovert S1000 microscope (Carl Zeiss, Goettingen, Germany). 
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3.9 Statistical Analysis 

Cell numbers were determined (n = 4) and expressed as means ± standard deviation 

(SD). Single factor analysis of variance (ANOVA) was used in conjunction with a multiple 

comparison test (Tukey test) to assess the statistical significance. 

4 Results 

4.1 Cell adhesion study 

The cell adhesion study was conducted on RGD-modified polymer films versus various 

control groups. Thereby, the cell attachment of two different cell types, i.e. human osteoblasts 

and rMSCs, was investigated. In addition to polymer films, the cell attachment of rMSCs was 

examined on RGD-modified glass surfaces versus different controls. 

The percentages of cell attachment described in the following sections were normalized to the 

initial cell seeding density. 

4.1.1 Human Osteoblasts 

Modified polymer films (Fig. 4): 

7 hours after seeding, 70% of the seeded human osteoblasts had attached to c(-

RGDfK-) modified ST-NH-PEG2-PLA20 polymer films. The linkage of the non-binding c(-

RADfK-) to ST-NH-PEG2-PLA20, however, led to a cell attachment of only 30%. About 

10% of the seeded cells attached to the polymer films incubated with reaction buffer and the 

stop reagent ethanol amine. Hydrolysis of the N-hydroxysuccinimide ester of ST-NH-PEG2-

PLA20 using the bicarbonate buffer, followed by incubation with c(-RGDfK-), led to the 

same low cell attachment as observed on surfaces incubated with buffer and stop reagent. The 

number of cells attached to ST-NH-PEG2-PLA20 surfaces grafted with c(-RGDfK-) was 

significantly increased compared to all control groups (p < 0.01). 

An almost complete suppression of cell attachment was observed (p < 0.01) when cells 

were pretreated with dissolved c(-RGDfK-) before cell seeding. Hence, by blocking the 

αvβ3/αvβ5 integrin with the c(-RGDfK-) peptide, cell adhesion to c(-RGDfK-) modified 
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surfaces was prevented. This demonstrated that cell adhesion to these surfaces was mediated 

by the corresponding αvβ3/αvβ5 integrin. 

 

Figure 4: Percentage of cell attachment of human osteoblasts normalized to the initial cell 

seeding density on modified ST-NH-PEG2-PLA20 surfaces 7 hours after cell seeding. 

Columns and error bars represent means ± SD for n = 4. The statistical significance was 

assessed by Tukey-Test. Significance is indicated by a ★ . 

 

4.1.2 Rat marrow stromal cells 

Modified polymer films (Fig. 5): 

No significant influence of the RGD-modified polymer films on rMSC adhesion was 

observed. RMSC attachment ranging between 40% and 50% was observed on c(-RGDfK-) 

grafted polymer films as well as on polymer films modified with the control reagents c(-

RADfK-) and stop.  
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Figure 5: Percentage of cell attachment of rMSCs normalized to the initial cell seeding 

density on modified ST-NH-PEG2-PLA20 surfaces 7 hours after cell seeding. Columns and 

error bars represent means ± SD for n = 4. 

 

Modified glass surfaces (Fig. 6): 

 On c(-RGDfK-) grafted glass surfaces, we found a significantly enhanced attachment 

of rMSCs (100% cell attachment) compared to surfaces modified with the non-binding c(-

RADfK-) (54% cell attachment) or incubated with the stop reagent ethanol amine (46% cell 

attachment) (p < 0.05). 
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Figure 6: Percentage of cell attachment of rMSCs normalized to the initial cell seeding 

density on modified aminated glass surfaces 7 hours after cell seeding. Columns and error 

bars represent means ± SD for n = 4. The statistical significance was assessed by Tukey-Test. 

Significance is indicated by a ★ . 

4.2 Study on cell shape 

4.2.1 Human osteoblasts 

Modified polymer films (Fig. 7; 8 a, b, c; 9 ): 

 In good accordance with the determined cell numbers in the cell adhesion study, we 

observed well-spread cells on the c(-RGDfK-) modified polymer surfaces, indicating a strong 

cell-biomaterial interaction. Human osteoblasts seeded on surfaces incubated with 

c(-RADfK-), with the reaction buffer, with ethanol amine or with c(-RGDfK-) after 

hydrolysis of the reactive N-hydroxysuccinimide ester, however, remained rounded, 

indicating low cell-biomaterial interaction. Human osteoblasts pretreated with c(-RGDfK-) 

(0.24 mM), in order to block the integrin receptors, also showed a round cell shape on c(-

RGDfK-) modified surfaces, whereas pretreated cells seeded on TCPS spread well. Thus, cell 
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interaction with c(-RGDfK-) grafted surfaces was inhibited by blocking the corresponding 

surface receptor, while cell adhesion to TCPS, where cell adhesion was non-integrin 

mediated, remained unaffected (data not shown).  

4.2.2 Rat marrow stromal cells 

Modified polymer films (Fig. 8 d, e, f): 

 RMSCs were poorly spread on the RGD-modified polymer films, as well as on the 

controls. The poor spreading corresponded to the low cell count on these surfaces. 

Modified glass surfaces (Fig. 8 g, h, i): 

RMSCs were well spread on c(-RGDfK-) modified glass surfaces, which is indicative 

of a strong cell-surface interaction and corresponded to the determined high cell count on 

those surfaces. On surfaces incubated with c(-RADfK-) and ethanol amine, rMSCs were 

poorly spread, according to the low cell count.  

Human osteoblasts on polymer films 

   

a)    c(-RGDfK-) b)    c(-RADfK-) c)    hydrolysis 

Human osteoblasts on polymer films 

   

d)    stop e)    hydrolysis / c(-RGDfK-) f)   c(-RGDfK-)/blocked cells 

Figure 7: Depiction of the cell shape of human osteoblasts on ST-NH-PEG2-PLA20 surfaces 

incubated with a) c(-RGDfK-)  b) c(-RADfK-)  c) reaction buffer  d) stop  e) reaction buffer / 

c(-RGDfK-)  f) c(-RGDfK-) / blocked cells. 

0.1 mm 0.1 mm 0.1 mm 

0.1 mm 0.1 mm 0.1 mm 
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Human osteoblasts on polymer films 

   

a)    c(-RGDfK-) b)    c(-RADfK-) c)    stop 
 

RMSCs on polymer films 

   

d)    c(-RGDfK-) e)    c(-RADfK-) f)    stop 

 
RMSCs on glass surfaces 

   

g)    c(-RGDfK-) h)    c(-RADfK-) i)    stop 
Figure 8: Depiction of the cell shape of human osteoblasts and rMSCs on modified surfaces. 

Human osteoblasts on ST-NH-PEG2-PLA20  polymer films incubated with: 
a) c(-RGDfK-)  b) c(-RADfK-)  c) stop 
RMSCs on ST-NH-PEG2-PLA20 polymer films incubated with: 
d) c(-RGDfK-)  e) c(-RADfK-)  f) stop 
RMSCs on activated glass surfaces incubated with: 

g) c(-RGDfK-)  h) c(-RADfK-)  i) stop 

0.1 mm 0.1 mm 0.1 mm 

0.1 mm 0.1 mm 0.1 mm 

0.1 mm 0.1 mm 0.1 mm 
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a)    c(-RGDfK-) b)     c(-RADfK-) 

Figure 9: SEM investigations of the cell shape of human osteoblasts on ST-NH-PEG2-

PLA20 polymer films modified with a) c(-RGDfK-)  b) c(-RADfK-). 

 

 

 

 

4.3 Fluorescence microscopy (integrin expression) 

The presence of the αvβ5 integrin was visualized on human osteoblasts and rMSCs 

using immunofluorescence with a fluorescein-conjugated αvβ5 specific antibody (P1F6). We 

could demonstrate that both cell types expressed the αvβ5 integrin receptor, although a higher 

integrin expression was observed on human osteoblasts (Fig. 10). With regard to the 

investigation of the αvβ5 integrin expression on rMSCs and human osteoblasts after the 48h 

exposure to dexamethasone, we found that the rMSCs displayed no enhancement of the αvβ5 

integrin, while this integrin was stimulated on human osteoblasts (Fig. 11 a - d). However, 

exposing rMSCs to complete medium for 9 days, inducing differentiation towards the 

osteoblastic phenotype, did lead to an increased expression of the αvβ5 integrin (Fig. 11 e, f). 

 

 

20 µm 20 µm 
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a)    human osteoblasts b)    rMSCs 

Figure 10: Investigation of αvβ5 integrin expression using immunofluorescence  

a) human osteoblasts  b) rMSCs. Green staining: integrins stained with the fluorescein-

conjugated αvβ5 specific antibody, blue staining: cell nucleus stained with 4',6-diamidino-2-

phenylindole (DAPI). 
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a)    human osteoblasts  b)    human osteoblasts, dexamethasone  

c)    rMSCs  d)    rMSCs, dexamethasone  

e)    rMSCs  f)     rMSCs, differentiated  

Figure 11: Investigation of αvβ5 integrin expression using immunofluorescence after integrin 

stimulation. Green staining: integrins stained with the fluorescein-conjugated αvβ5 specific 

antibody, blue staining: cell nucleus stained with DAPI. 

a) human osteoblasts    b) human osteoblasts, stimulated with dexamethasone (10 –7 M) 
c) rMSCs                      d) rMSCs, stimulated with dexamethasone (10 –7 M) 
e) rMSCs                      f) rMSCs, differentiated to the osteoblastic phenotype 
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5 Discussion 

The main objective of this study was to employ a suitable representative of the 

recently developed class of amine-reactive polymers ST-NH-PEG-PLA [33] for the covalent 

anchoring of an αvβ3/αvβ5 subtype specific RGD-peptide [c(-RGDfK-)] [35] to study the 

integrin-mediated cell biomaterial interactions with regard to implant technology and tissue 

engineering applications. A covalent modification of these off-the-shelf amine-reactive 

polymers with the cyclic RGD-peptide was achieved by utilizing an incubation procedure 

adjusted to the needs of the functional group of the polymer and to solid phase modification.  

The amine-reactive ST-NH-PEG-PLA copolymers are composed of a lipophilic 

biodegradable PLA chain, which enables the processing of the polymer into scaffolds for 

tissue engineering or implant coatings, and a hydrophilic H2N-PEG chain that limits 

unspecific protein adsorption. Finally, the copolymers are made amine-reactive by covalent 

attachment of disuccinimidyl tartrate [33] for further modification. For our investigations, the 

particular composition of a 20 kDa PLA chain and a 2 kDa PEG chain was chosen, because it 

may be processed into tissue engineering scaffolds [40] and the content of hydrophilic PEG 

was sufficient to limit unspecific protein adsorption and cell adhesion on this material [32]. 

On the non-reactive ‘stealth’ Me.PEG-PLA derivative, Me.PEG2-PLA20, about 20% cell 

attachment was found after a 7 hour cell adhesion period under serum-containing conditions 

compared to about 85% cell attachment on PLA surfaces [32], while an accompanying control 

experiment performed under serum-free conditions showed even less cell adhesion to 

Me.PEG2-PLA20 (data not shown).  

In this study, films made from ST-NH-PEG2-PLA20, were modified with an 

αvβ3/αvβ5 integrin subtype specific cyclic RGD-peptide [c(-RGDfK-)] in a simple incubation 

procedure enabled by the amine-reactive N-hydroxysuccinimide group of the polymer. The 

high αv selectivity of c(-RGDfK-) is associated with the insertion of D-phenylalanin (=f) in 

the cycle and the fixed conformation of the peptide side chains [34,35]. The impact of these 

modified surfaces on the amount and shape of the attaching human osteoblast, known to 

express the αvβ5/αvβ3 integrin, was examined. For that purpose, we developed an 

experimental setup, which is easy to handle, allows for direct observation of attaching cells, is 

applicable to various polymeric biomaterials and requires only low amounts of RGD-peptides. 
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This set-up could also be used to test the effect of other covalently bound molecules, for 

example growth factors, on cells. More specifically, two rings were engraved onto aminated 

glass slides. Afterwards, the enclosed areas were coated with polymer and the surrounding 

groove was covered with a lipophilic barrier. In this way, only small amounts of peptide-

containing buffer were required to cover the polymer surface for modification. Following 

different washing steps, cells were seeded onto these areas for 7 hours. Thereafter, the 

attached cells were fixed, stained and their number and shape could be directly observed 

under the microscope. 

Since we intended to covalently bind the RGD-peptide to the solid polymer surface 

from a buffered aqueous solution, reaction conditions had to favor aminolysis of the N-

hydroxysuccinimide ester of the polymer instead of hydrolysis. Therefore, the peptide 

sequences were dissolved in a sodium bicarbonate buffer of pH 8 to ensure that the neutral ε-

amino-group of the lysine side was present for coupling with the N-hydroxysuccinimide ester 

of the polymer, whereas, due to protonation at pH 8, the nucleophilicity of the arginine side 

chain in the cyclic RGD-peptide was nearly abolished [41,42]. Typical reaction protocols of 

peptides or proteins with N-hydroxysuccinimide esters propose reaction times up to a few 

hours and an, at least initially, low reaction temperature to favor aminolysis. Since we 

attempted a reaction on a solid surface and the RGD-peptide migrated only by passive 

diffusion to the reaction sites inside the 250 µl droplet - any mixing or shaking would have 

removed the sessile drop from the marked area - we increased the coupling time to 11 h at 

4°C and another 3 h at 18°C.  

The conducted cell adhesion studies with human osteoblasts showed that cell adhesion 

and spreading on c(-RGDfK-) modified ST-NH-PEG2-PLA20 surfaces were significantly 

increased compared to the control surfaces. These results demonstrated that an effective 

covalent surface modification has been achieved by incubating the amine-reactive polymer 

surface with an RGD-peptide under the selected conditions. On polymer films incubated with 

buffer, which led to hydrolysis of the amine-reactive N-hydroxysuccinimide group and the 

formation of negatively charged surfaces, cell adhesion was indistinguishable from cell 

adhesion on non-charged surfaces, generated by aminolysis with ethanol amine. Thus, under 

the applied conditions, we observed no effect of the surface charge on cell adhesion and cell 

spreading, which is described in literature as having a considerable impact on cell adhesion 
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[15]. Even on surfaces modified with the non-binding c(-RADfK-) peptide, presenting the 

positively charged arginine side chain and the negatively charged aspartate side chain in a 

similar configuration as in the c(-RGDfK-) peptide, comparably low amounts of attached cells 

were found. The integrin receptor blocking experiment, in which cells were incubated with 

dissolved c(-RGDfK-) before cell seeding on c(-RGDfK-) grafted surfaces, confirmed these 

findings. The method for this experiment was derived from Shin et. al. [13]. Thereby, cell 

attachment on the c(-RGDfK-) modified surfaces was reduced from 70% to 5%. These 

findings indicate that adhesion of non-blocked cells on c(-RGDfK-) modified surfaces was 

specifically mediated by interactions between the RGD-peptide and the integrins on the cell 

surface. In order to test for the impact of any non-covalently attached, adsorbed c(-RGDfK-), 

on cell adhesion and spreading on the polymer film, we treated ST-NH-PEG2-PLA20 

surfaces with buffer to achieve hydrolysis of the N-hydroxysuccinimide ester. Afterwards, we 

incubated these polymer films with the c(-RGDfK-) peptide. Following cell adhesion we 

found hardly any cells attached on these surfaces. To complete the depicted cell adhesion 

study, we also tested purchased primary human osteoblasts (Cell-Lining / Oligene Berlin, 

Germany) for cell attachment on these surfaces. This experiment confirmed our previous 

results and consequently the applicability of the c(-RGDfK-) grafted ST-NH-PEG2-PLA20 

polymer to selectively mediate osteoblast adhesion, independent of the donor. The cell shape, 

which was observed on surfaces modified with RGD, as well as on the various control 

surfaces, corresponded to the determined cell count. A high number of attached cells 

correlated with a strong cell spreading, while low cell attachment corresponded to a round cell 

shape. Many binding sites on the biomaterial are required to induce a strong cell spreading, so 

that the cells attach, begin to flatten and their plasma membranes spread over the substratum 

[1,43]. To check for the αvβ5 integrin expression on human osteoblasts we conducted 

immunofluorescence investigations, which confirmed the described expression of this integrin 

[6,36].  

We were successful in modifying amine-reactive ST-NH-PEG2-PLA20 polymer films with a 

cyclic RGD-peptide. Studies on cell adhesion and cell shape showed that human osteoblast 

adhesion is mediated by interactions between the peptide and the corresponding integrin 

receptors of the cells. In implant technology, coatings with RGD-peptides would be a possible 

application for this RGD-modified ST-NH-PEG2-PLA20 polymer, in order to promote 
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physiological integration into the surrounding tissue. For tissue engineering applications, 

however, cells much be easily accessible and expandable in culture, meaning that mature 

osteoblasts may not provide the necessary proliferative capacity for tissue engineering 

purposes. Therefore, we investigated the adhesion of a different type of cells, rMSCs, which 

are easily accessible as well as expandable. Following proliferation, we aimed at attaching the 

undifferentiated rMSCs to the RGD-modified ST-NH-PEG2-PLA20 polymer. The cell 

adhesion study showed that c(-RGDfK-) modified ST-NH-PEG2-PLA20 surfaces did not 

affect rMSC attachment compared to the control groups. Correspondingly, cells on all three 

surfaces were poorly spread. In order to explore the reason for this behavior on the RGD-

modified polymer, the expression of the αvβ5 integrin on rMSCs was investigated using 

immunofluorescence, because to our knowledge no information about αvβ5 integrin 

expression on rMSCs has been published to date. Human marrow stromal cells, however, 

have been reported to display αvβ3/αvβ5 integrins [44,45]. Our investigations showed that 

rMSCs express the αvβ5 integrin, although the expression appeared to be lower compared to 

human osteoblasts. It must also be taken into account that cells of the two different species 

compared may differ in their interaction with the antibody. Nevertheless, we hypothesized 

that a higher grafting density may allow for an αvβ3/αvβ5 integrin mediated rMSCs adhesion, 

despite the reduced expression of the integrin αvβ5. Unfortunately, a higher density of active 

groups on the ST-NH-PEG-PLA polymer surface would be correlated with an increased PEG 

density, which would negatively impact the mechanical strength of the polymer, such that the 

processing to scaffolds would be limited. To test whether or not rMSCs attach to surfaces 

grafted with a higher peptide density, activated glass surfaces, grafted with the same amine-

reactive functional group, were modified with c(-RGDfK-) instead of polymer films. These 

glass surfaces have already been applied in various studies on surface modifications [46,47] 

and provide a higher grafting density compared to ST-NH-PEG2-PLA20. Indeed, 100% of the 

seeded rMSCs attached on c(-RGDfK-) grafted glass surfaces, compared to about 50% 

attachment on control surfaces, indicating a c(-RGDfK-)-mediated cell adhesion. 

Correspondingly, fully spread rMSCs were visible on c(-RGDfK-) modified glass surfaces. 

Hence, a critical minimum density of RGD seems to be necessary for cell response, while it is 

known from the literature that a direct dose-dependent increase of cell attachment is followed 

by an asymptotic approximation to a maximum number of attached cells, which is individual 
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for different surface materials and cell types [21]. Therefore, in order to employ the ST-NH-

PEG2-PLA20 for tissue engineering applications and with regard to possibly insufficient 

integrin expression on rMSCs, we intended to stimulate the αvβ5 integrin expression by 

supplementing dexamethasone (10-7 M) for 48 hours [37] or by differentiating rMSCs to the 

osteoblastic phenotype. We could not confirm increased amounts of αvβ5 integrin on rMSCs 

after the 48h exposure to dexamethasone, even though the expression of the αvβ5 integrin on 

the human osteoblasts was increased following dexamethasone treatment, as described for 

human stromal cells and human osteoblasts by Cheng et al. [37]. The unfeasibility of this 

protocol is possibly based on the species differences between human and rat marrow stromal 

cells. However, employing a standard differentiation protocol for rMSCs to the osteoblastic 

phenotype did enhance the expression of αvβ5 integrin. Nevertheless, further investigations 

for example with fluorescence-activated cell sorting (FACS) should be performed to confirm 

the results. Moreover, another strategy would involve screening for other selective RGD-

sequences in order to favor attachment of undifferentiated stromal cells to the modified ST-

NH-PEG2-PLA20 polymer. 

In conclusion, the successful grafting of the amine-reactive ST-NH-PEG2-PLA20 with 

an adhesion peptide in an instant procedure following polymer processing was demonstrated 

by a receptor-ligand mediated cell adhesion of human osteoblasts. As the used adhesion 

peptide c(-RGDfK-) favors the attachment of osteoblasts, the c(-RGDfK-) modified ST-NH-

PEG2-PLA20 is a promising approach for controlling tissue interactions at the implant site. 

With regard to rMSCs, further investigations may show the applicability of modified ST-NH-

PEG2-PLA20 as scaffold material in three-dimensional cultures of rMSCs for tissue 

engineering applications.  
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Summary and Conclusions 

The tissue engineering of bone is a promising new field of research to address the 

problems arising from the loss of bony tissue occurring through infection, loss of blood supply 

or disease, such as osteoporosis, or as a complication of a fracture or genetic disorders. 

However, due to the complex composition of bone and many critical parameters (osteogenic 

factors, scaffold material, mechanical forces, cell source) influencing bone formation, there are 

still many obstacles that need to be surmounted to obtain in vitro engineered bone-like tissue. 

The goal of this thesis was to optimize two of the key factors that influence tissue engineering, 

the osteogenic agents and the scaffold material, in order to improve the formation of bone-like 

tissue. The strategy that we applied to engineer bone-like tissue involved aspiration of rMSCs 

from the bone marrow, cell expansion in two-dimensional cell culture to obtain a high cell 

number, dynamic cell seeding on PLLGA fiber meshes in spinner flasks, and finally in vitro 

cultivation of the cell-polymer constructs under treatment with osteogenic agents (chapter 1).  

At first, the optimization of the culture conditions for the bone cell culture of rMSCs 

was a necessary prerequisite for a successful approach to bone tissue engineering. To this end, 

we investigated the optimum cell seeding density at rMSC isolation, the influence of basal 

media with different nutrient concentrations and the time point, at which the osteogenic 

supplements may most advantageously be added. In view of the seeding density, four 75-cm2 

flasks per rat were selected as the optimal density with respect to a maximum cell count per 

flask at the first subculture with a minimum number of sacrificed rats. During cultivation with 

the basal medium α-MEM, the proliferation before the onset of the osteoblastic differentiation 

and the expression of the osteoblastic marker alkaline phosphatase were strongly enhanced 

opposed to the culture in DMEM. Hence, the subsequent studies were performed in α-MEM. 

Thereby, we observed an increased osteoblastic differentiation, if the osteogenic supplements 

were added immediately after harvest, rather than following a two week proliferation phase. As 

cell proliferation was crucially reduced when cells were exposed to differentiating medium 

immediately after harvest, however, it made no sense to embark on this strategy, because a 

high number of cells is required for tissue engineering purposes (chapter 2).  
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To improve bone tissue engineering, it is essential to overcome the problem of limited 

extracellular matrix formation in cell-polymer constructs of rMSCs when cultured with the 

standard osteogenic agents (dexamethasone, β-glycerophosphate and ascorbic acid). Thus, we 

included TGF-β1 in order to solve the outlined problem. TGF-β1 was considered to be a 

promising growth factor to improve the matrix formation in our three-dimensional cell culture 

system, because TGF-β1 has been described as playing a key role in collagen type I formation, 

the main matrix protein of bone [1,2,3]. Its effect on matrix mineralization, however, has been 

controversially discussed in the literature [4,5,6,7,8]. By investigating various dosages of TGF-

β1, we could demonstrate a dose-dependent increase of collagen type I formation with 

increasing dosages of TGF-β1. Moreover, procollagen type I and collagen type V, further bone 

matrix proteins, were increased under TGF-β1 treatment. The effects of TGF-β1 on the 

formation of these extracellular bone matrix proteins were found to be significantly enhanced 

under dynamic culture conditions (orbital shaker) compared to static culture. Thus, the 

importance of dynamic cultivation for improved nutrient supply [9,10] and possibly affecting 

bone formation by fluid flow mechanical stimulation [11,12] was revealed. Furthermore, our 

investigations showed that matrix mineralization was enhanced following TGF-β1 treatment 

compared to the control. Energy dispersive X-ray analysis revealed a Ca/P ratio of 1.63 in the 

calcified globular accretions of the cell-polymer constructs treated with TGF-β1, which is close 

to the theoretical value of 1.67 in hydroxyapatite, the natural bone matrix mineral [13]. Hence, 

the supplementation with TGF-β1 enhanced bone-like extracellular matrix formation abolishing 

the problem of limited matrix formation in three-dimensional cell culture (chapter 3). 

A follow-up study focused on the investigation of osteoblastic differentiation markers 

under treatment with TGF-β1 in dynamic cell culture. Thereby, the bone marker bone 

sialoprotein was shown to be enhanced with increasing doses of TGF-β1, while osteonectin 

was expressed independent of the addition of TGF-β1. Even the bone markers ALP activity 

and osteocalcin, often described to be inhibited by TGF-β1 [14,15], were preserved up to high 

doses of TGF-β1 compared to the control. We assumed that the application of low dosages of 

TGF-β1, three-dimensional versus two-dimensional cell culture, dynamic culture conditions, 

and the presence of dexamethasone favor the impact of TGF-β1 on osteoblastic differentiation 

and matrix mineralization. On the whole, we established dosages and optimal culture 
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conditions for the application of TGF-β1 to three-dimensional bone cell cultures of rMSCs for 

tissue engineering purposes. The dosing regimen of 1 ng/ml TGF-β1, administered once a 

week, was selected as an effective dosage, on the one hand to increase matrix formation and 

mineralization and on the other hand to preserve or even increase osteoblastic differentiation 

(chapter 4).  

The bone growth factor BMP-2 was regarded as a useful tool to increase osteoblastic 

differentiation, due to various published in vitro studies, which have described an increase of 

osteoblastic markers following BMP-2 treatment of bone marrow stromal cell culture 

[16,17,18]. Therefore, a combined application of BMP-2 and TGF-β1 was employed in three-

dimensional rMSC culture to investigate if this combination had additional positive effects on 

osteoblastic differentiation versus TGF-β1 alone. Immunohistochemical investigations showed 

that the formation of the bone markers bone sialoprotein and osteonectin was increased with 

the combined supplementation compared to either TGF-β1 treatment alone and to either BMP-

2 or TGF-β1, respectively. Thus, in three-dimensional cell culture, the growth factor 

combination of TGF-β1 and BMP-2 provides the ability to enhance osteoblastic differentiation. 

Moreover, since the administered dosage of 100 ng/ml BMP-2 alone was too low to induce 

collagen type I formation, while in combination with a low single dose of TGF-β1 a coherent 

tissue containing collagen I was achieved, we assume that the effective dosage of BMP-2 on 

bone formation can be considerably decreased by the combination with TGF-β1, a great 

advantage considering costs and systemic side effects (chapter 5).  

In order to improve the second key factor, the scaffold material for tissue engineering 

applications, the effect of different biomaterials on cell adhesion, cell shape, cell proliferation 

and osteoblastic differentiation was examined. Poly(α-hydroxy acids), such as PLA, PGA and 

their copolymers, are widely used biomaterials in tissue engineering [19,20,21], due to FDA 

approval as suture material and the suitability to be tailored to definite properties, such as 

mechanical strength and degradation time, according to the special needs of the tissue. 

However, these materials offer no control of cell adhesion and function since protein 

adsorption from the body fluids or cell culture medium leads to uncontrolled changes in the 

surface composition of the material. Moreover, protein adsorption to hydrophobic surfaces, 

such as PLA, has been described as resulting in a high adsorption strength and consequently 
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denaturing changes in protein conformation [22]. Thus, the polymer has to be modified in 

order to control the amount, and probably the conformation, of adsorbed proteins mediating 

cell adhesion. A recent study on a Me.PEG-PLA diblock copolymer, i.e. Me.PEG5-PLA20, 

showed that reducing protein adsorption via the modification with PEG, known for its non-

interaction with proteins [23], cell adhesion and differentiation can be influenced [24]. 

However, because of the low cell attachment to Me.PEG5-PLA20, we were looking for other 

compositions of Me.PEG-PLA diblock copolymers that maintain sufficient cell adhesion for 

bone tissue engineering purposes, while preserving the polymer’s differentiating properties. We 

could demonstrate that the content of poly(ethylene glycol) (PEG) in the diblock copolymers 

controlled protein adsorption and consequently rMSC adhesion. The differentiation to the 

osteoblastic phenotype as determined by ALP activity and the degree of mineralization of the 

extracellular matrix, was significantly improved relative to culturing on the standard materials 

such as PLA and PLGA. The enhanced bioactivity of adsorbed adhesion proteins due to a 

stabilized native conformation might be responsible for this phenomenon [22]. Thus, by 

reducing the PEG content, the differentiating properties of the Me.PEG-PLA diblock 

copolymers were preserved, while the initial cell attachment was increased. Consequently, 

diblock copolymers made of PEG and PLA that lead to a sufficient cell attachment at cell 

seeding, such as Me.PEG2-PLA40, are attractive materials for the processing into scaffolds 

[25] and for use in bone tissue engineering (chapter 6).  

In our department, amine-reactive polymers [ST-NH-PEG-PLA] [26] of the ´stealth´ 

Me.PEG-PLA diblock copolymers were developed to covalently anchor bioactive molecules 

for the use in tissue engineering or implant technology. In the present study, we demonstrated 

the grafting of a cell adhesion peptide – the αvβ3/αvβ5 integrin subtype specific cyclic RGD-

peptide [c(-RGDfK-)] [27] – to ST-NH-PEG2-PLA20 surfaces using an incubation procedure 

adjusted to the needs of the polymer and solid phase modification in order to control cell 

adhesion. The covalent binding of the RGD-peptide to the ST-NH-PEG2-PLA20 films was 

achieved by utilizing a sodium bicarbonate buffer of pH 8 as a reaction buffer and coupling 

times of 11 hours at 4°C and another 3 hours at 18°C. A cell adhesion study with human 

osteoblasts, which are known to strongly express the αvβ5 integrin [28], revealed a significant 

increase of the cell number and spreading on RGD-modified ST-NH-PEG2-PLA20 films 
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compared to the controls such as the non-binding c(-RADfK-) peptide, buffer, non-covalently 

anchored c(-RGDfK-) or ethanol amine (passivating reagent). Additionally, we incubated the 

human osteoblasts with c(-RGDfK-) containing medium before cell seeding to c(-RGDfK-) 

modified ST-NH-PEG2-PLA20 films. Thereby, cell attachment was almost completely 

prevented as observed for the other controls, confirming that adhesion of non-blocked cells on 

these surfaces was specifically mediated by interactions between the covalently anchored RGD-

peptide and the integrins on the cell surface. A possible application for this RGD-modified ST-

NH-PEG2-PLA20 polymer may be the use for coatings in implant technology in order to 

promote physiological integration into the surrounding tissue. In tissue engineering, however, 

osteoblasts are not the ideal cell type due to their insufficient proliferative capacity [29]. 

Therefore, we also investigated the cell adhesion of the easily accessible and expandable 

rMSCs on c(-RGDfK-) grafted ST-NH-PEG2-PLA20 films. However, rMSC attachment was 

not increased on the modified polymer surfaces, while it was enhanced on glass surfaces, which 

were grafted with the same amine-reactive functional group at a higher grafting density 

compared to ST-NH-PEG2-PLA20 films. These glass surfaces served as an available means to 

investigate the influence of a higher grafting density on the attachment of rMSC that apparently 

express lower levels of the integrin αvβ5, as visualized by immunofluorescence microscopy 

(chapter 7).  

In conclusion, this thesis contributed to the improvement of bone tissue engineering by 

the optimization of the two key factors, the osteogenic agents and the scaffold material. In 

bone tissue engineering, the application of TGF-β1 in addition to the standard osteogenic 

agents is indispensible to obtain a coherent bone-like extracellular matrix. Furthermore, culture 

conditions and dosages were established, such that TGF-β1 preserved or even increased 

osteoblastic cell differentiation. The combined application of BMP-2 and TGF-β1 offers a 

chance to further enhance the osteoblastic differentiation of rMSCs in three-dimensional cell 

culture. Concerning scaffold materials, the examination of various biomaterials revealed that 

Me.PEG-PLA diblock copolymers, especially Me.PEG2-PLA40, are promising candidates for 

the processing into scaffolds and the use in bone tissue engineering, because they provide 

controlled protein adsorption and positively influenced osteoblastic differentiation. At last, the 

successful anchoring of a cyclic RGD-peptide in an instant procedure to an amine-reactive 
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derivative [ST-NH-PEG2-PLA20] of the `stealth` Me.PEG-PLA diblock copolymers allowed 

for selective cell adhesion. This bears a great potential to control cell adhesion in tissue 

engineering and implant technology.  
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Abbreviations 

 

α-MEM   Minimum Essential Medium Eagle, alpha-

modification 

AFM   atomic force microscopy  

ALP activity   alkaline phosphatase activity 

ANOVA   analysis of variance 

BMP   bone morphogenetic protein  

BSA   bovine serum albumin 

c(-RADfK-) peptide sequence: cyclo (-Arg-Ala-Asp-D-Phe-Lys-) 

c(-RGDfK-) peptide sequence: cyclo (-Arg-Gly-Asp-D-Phe-Lys-) 

cDNA   complementary DNA 

Da  Dalton 

DAB  3, 3`-diaminobenzidine 

DAPI 4',6-diamidino-2-phenylindole  

DMEM   Dulbecco´s Modified Eagle´s Medium 

DNA   deoxyribonucleic acid 

DSHB   Developmental studies hybridoma bank 

ECM   extracellular matrix 

EDTA   ethylenediaminetetraacetic acid 

EDX   energy dispersive X-ray analysis 

ERK   extracellular signal-regulated kinase 

FBS   fetal bovine serum 

FCS fetal calf serum 
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FDA   Food and Drug Administration 

FGF   fibroblast growth factor  

GPC   gel permeation chromatography  

1H-NMR   1H nuclear magnetic resonance spectroscopy 

H2N-PEG-PLA   mono amine poly(ethylene glycolic)-block-poly(D,L-

lactic acid) 

HPLC   high performance liquid chromatography 

IGF   insulin-like growth factor  

Me.PEG-PLA poly(D,L-lactic acid)-poly(ethylene glycol)-

monomethyl ether diblock copolymer  

Me.PEGx-PLAy poly(D,L-lactic acid)-poly(ethylene glycol)-

monomethyl ether diblock copolymer with PLA block 

of y kDa and PEG block of x kDa 

M-MLV Reverse Transcriptase  Moloney Murine Leukemia Virus Reverse 

Transcriptase 

Mn  number average molecular weight 

mRNA   messenger ribonucleic acid 

MSCs   marrow stromal cells  

Mw   weight average molecular weight 

PBS   phosphate-buffered saline 

PCR   polymerase chain reaction 

PEG   poly(ethylene glycol)  

PGA    poly(glycolic acid) 

PI   polydispersity index (=Mw/Mn) 

PLA   poly(lactic acid)  
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PLGA   poly(lactic-co-glycolic acid) 

PLLGA   poly(L-lactic-co-glycolic acid) 

PP  polypropylene 

RGD   peptide sequence: Arg-Gly-Asp 

rMSCs   rat marrow stromal cells 

RNA  ribonucleic acid 

rpm  rounds per minute 

RT   room temperature 

RT-PCR   reverse transcription polymerase chain reaction 

SD   standard deviation  

SEM   scanning electron microscopy 

ST-NH-PEG2-PLA20  N-succinimidyl tartrate monoamine poly(ethylene 

glycol)-block-poly(D,L-lactic acid) consisting of  2 

kDa poly(ethylene glycol)-monoamine (H2N-PEG) 

block and a 20 kDa poly(D,L-lactic acid) (PLA) block 

ST-NH-PEG-PLA   N-succinimidyl tartrate monoamine poly(ethylene 

glycol)-block-poly(D,L-lactic acid) 

T-75 flask   75-cm2 flasks 

TCPS    tissue culture polystyrene  

TGF-β1   transforming growth factor-β1 

TMS   tetramethylsilane 

Tris buffer tris(hydroxymethyl)aminomethane buffer 

UV   ultraviolet light 

XPS   X-ray photoelectron spectroscopy  
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