
A Magnetic Nanowire Substrate to Induce Osteogenic Differentiation of 

Mesenchymal Stem Cells 
 

 

Thesis by 

Bashaer Bajaber 

 

 

 

 

 

 

 

 

 

 

In Partial Fulfillment of the Requirements  

For the Degree of 

Master of Science 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

King Abdullah University of Science and Technology 

Thuwal, Kingdom of Saudi Arabia 

 

 

 

 

 

 

 

 

 

April, 2020 



 

 

2 

EXAMINATION COMMITTEE PAGE 

 
 
 

The thesis of Bashaer Omar Bajaber is approved by the examination committee. 

 

 

 

 

Committee Chairperson: Prof. Jürgen Kosel 

Committee Co-Chair: Prof. Jasmeen Merzaban 

Committee Members: Prof. Pascal Saikaly 

 

 

 
 

 

 

 

 

 

 

 

 

 
 

  



 

 

3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© April, 2020  

 

Bashaer Omar Bajaber 

 

All Rights Reserved 

 



 

 

4 

ABSTRACT 

 

A Magnetic Nanowire Substrate to Induce Osteogenic Differentiation of 

Mesenchymal Stem Cells 

Bashaer Bajaber  

        Mesenchymal stem cells (MSCs) are the most widely used source for bone tissue 

engineering due to their capability of multipotent differentiation. The use of nanotechnology 

in biomedical applications and therapy has increased in recent years provides an elegant 

alternative in comparison to current tissue engineering methods. Magnetic nanowires have a 

high potential in the medical field, as they are biocompatible, are simple to fabricate, possess 

low cytotoxic effects and can be operated wirelessly via magnetic fields. A nanowire substrate 

(NW) can provide a surface with tunable elastic properties. Therefore, magnetic nanowires 

have many promising applications such as in cell therapy, cell separation, cancer treatment, 

and as a scaffold for cell culture.   

 

        This thesis explores the effects of alternating magnetic field (AMF) as a biophysical 

stimulator of osteogenic differentiation of MSCs by culturing the stem cells on a magnetic iron 

(Fe) NW. To this end, Fe nanowires were fabricated through electrodeposition and interactions 

between the NW and cells were analysed by electron microscopy. An AMF was applied to the 

NW in order to induce a vibration. MSCs were exposed to different magnetic field intensities, 

250 mT and 50 mT, for different application times, 12 hours on followed by 12 hours off for 

two days and 24 hours on followed by 12 hours off. Differentiation was determined through 

the assessment of osteogenic markers at the mRNA level by RT-PCR and at the protein level 

by flow cytometry and fluorescence microscopy. Different effects were observed on MSCs 

grown on Fe NWs following exposure to different magnetic field intensities and duration 

applications. MSC differentiation towards the osteogenic lineage increased with increased field 
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intensities. The most enhanced osteogenic differentiation of MSCs was observed at 250 mT 

AMF for 12 hours, as evidenced by elevated osteogenic markers at mRNA level compared to 

that of an AMF free control. Based on these results, we proposed that culturing MSCs on 

magnetic nanomaterials has the potential to control and promote osteogenesis under magnetic 

field and without the addition of external differentiation factors. These findings provide a new 

tool for stem cell research as an effective technology for bone tissue engineering and 

regenerative medicine. 
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Chapter 1  

Introduction 

1.1 Mesenchymal Stem Cells 

Stem cells are unspecialized precursor cells which are capable of renewing themselves 

and differentiate into many different specialized cell types under appropriate stimuli and 

therefore have great potential for stem cell therapy applications and tissue engineering. The 

characteristics of specialized cells are determined and controlled by a wide variety of internal 

and external signals that lead to varied patterns in gene expression that result in changes in the 

state of cellular differentiation. Mesenchymal stem cells (MSCs) are a type of multipotent 

progenitor cell, which is often referred to as “adult” stem cell; these cells, unlike pluripotent 

cells, can differentiate into a limited number of cell types that make up particular tissues and 

organs. MSCs were first isolated from the bone marrow[1], then have been isolated from 

different sources such as adipose tissue[2], peripheral blood[3], lung[4], heart[5], dental pulp[6], 

placenta, and cord blood[7]. MSCs are adherent cells that are able to differentiate into variety 

of mesodermal tissues, osteoblasts, adipocytes, or chondrocytes.  Also there is data indicating 

that MSCs are able to differentiate into myoblasts[8, 9] and neurons[10] Figure 1.1[11]. This means 

that MSCs have significant potential in the number of cell therapy and tissue regeneration. 

MSCs a fibroblast-like morphology which was identified by A.J. Friedenstein and partners 

from bone marrow. MSCs lack most of the hematopoietic markers such as CD34, CD45, 11b 

and 117 while they express markers CD73, CD105, and CD90.  
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Figure 1.1:Mesenchymal stem cell differentiation into different types of the cells[11]. 

 

1.2  The stem cell niche 
 

The balance between self-renewal and differentiation is controlled by the combination 

of internal factors with external factors supplied by the surrounding microenvironment that is 

known as the “stem cell niche”. The stem cells niche concept was firstly introduced in 1978 by 

Schofield, who proposed that a stem cell resides in a special microenvironment (“niche”) and 

that it plays a critical role in maintaining tissue homeostasis, and repair and regeneration during 

injury[12]. The stem cell niche provide to stem cells a complex of physical signals including 

cell-cell interactions, and cell-matrix interactions and biochemical signals such as growth 

factors[13]. Integrating signals guides and mediates these cells to proliferation and 

differentiation through regulating key transcription factors such as PPAR or Runx2 and 

Osterix for adipogenesis or osteogenesis, respectively. The stem cell niche consists of stem 

cells adhered to a group of supporting cells at specific sites embedded in an extracellular matrix 
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(ECM). Functions of the niche are to anchor stem cells through adhesion molecules and to 

generate extrinsic factors that control stem cell fate and number[13].  

1.3  Biochemical control of stem cell response 
 

Self-renewal and differentiation of MSCs rely on several cues, which are biochemical 

and biophysical cues of the surrounding natural environment. These cues affect their cellular 

expression, which leads to specific tissue functions based on their molecular repertoire. 

However, the change from undifferentiated MSCs to differentiated cells involves the activation 

and suppression of specific signaling pathways results in gene expression changes. 

Biochemical cues are provided by reciprocal interaction between the cells, soluble 

factors and the extracellular matrix (ECM). Growth factors, cytokines, morphogenetic factors, 

and small permeable molecules such as transforming growth factor-beta (TGF-) and bone 

morphogenic protein (BMP) are soluble factors[13]. These factors diffuse and bind to cell 

membrane receptors when either added to cell culture or secreted by stem cells/niche cells. 

Binding to the cell surface receptors results in activation of cellular signaling pathways that 

could lead to differentiation induction programs within the stem cell that could result in, for 

instance, osteogenic cells. For example, intensive studies have demonstrated that TGF-/BMP, 

wingless-related integration site (Wnt) and fibroblast growth factors (FGFs) (Figure 1.2) are 

critical pathways involved in regulating the differentiation of MSCs into bone[14, 15]. 

TGF- is superfamily comprised of TGF-, BMPs, and Activin, and it plays roles in 

MSCs proliferation and differentiation lineages. TGF- is synthesized by many tissues 

including bone and platelets, but only two isoforms, TGF1 and TGF2, play a role in 

osteoblast differentiation. TGF- is synthesized as a latent protein and is stored in the ECM; 

its activation depends on osteoclastic bone resorption[16] . TGF- binds to a tetrameric receptor 

complex comprised of TGF- type II (TRII) and two TGF- type I (TRI) receptors. TRII 
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transphosphorylases TRI and induces Smad dependent and non-Smad dependent signaling 

pathways. In Smad dependent signaling, the receptor transmits the signals through the 

phosphorylation of a group of cytoplasmic proteins known as R-Smads (Smad 2 and Smad 

3)[16]. The R-Smad then interacts with common Smad, Smad4, and translocates into the 

nucleus, where they function as transcription factors and regulate the expression of runt-related 

transcription factor 2 (Runx2)[15]. In non-Smad dependent signaling, phosphorylated kinase I 

(TAK1) recruit TAK-binding protein I (TAB1) to initiate the mitogen association protein 

kinase (MAPK) -p38 or MAPK-ERK1/2 (extracellular receptor kinase) cascade[16, 17]. MAPK 

phosphorylates Runx2 to promote their activity, whereas Smad 2/3 recruits class II histone 

deacetylases (HDACs) to antagonize Runx2 activity[16, 18].TGF- Smad pathway promote 

proliferation, pre-osteoblast commitment, and early differentiation while inhibiting osteoblast 

maturation and mineralization[16, 19]. Joyce and colleagues’ reported that TGF- 1 and 2 

initiated a cellular cascade that plays a major role in proliferation and differentiation of MSC 

into osteoblast and chondrocytes[20]. As well as TGF- cooperates with other growth factors 

such as fibroblast growth factor (FGF), Wnt, and BMP[19] to drive osteogenic differentiation[16]. 

BMPs are a group of related proteins – BMP-2 through BMP-7 – that belong to the 

TGF- superfamily. Many studies demonstrated that BMP-2,4 and 7 are necessary and 

sufficient to induce bone formation as indicated by increased expression level of alkaline 

phosphatase (ALP) and osteocalcin and accelerated calcium mineralization[16]. BMPs are 

capable of binding to the extracellular matrix, soluble antagonists, co-receptors, and 

transmembrane receptors[21]. BMPs are strong osteogenic agents and work mainly through 

Smad and non-smad signaling pathways to synergistically induce osteogenic transcription 

factors illustrated in both in vitro and in vivo studies[22]. Osteogenesis is initiated through the 

binding of BMP ligands to heterodimeric receptor complexes formed from type I and type II 
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transmembrane BMP receptors. There are currently six BMP receptors that have been 

identified, three type I (ActR1a, BR1a , and BR1b) and three type II (ActRIIa, ActRIIb, 

BRIIa)[16].  BMP signaling pathway is initiated when a BMP ligand binds, the homomeric type 

II receptors transphosphorylase the homomeric type I receptors to induce Smad dependent and 

non-Smad dependent pathways. Smad and non-Smad dependent pathways work in a similar 

way to TGF-. In Smad dependent signaling, phosphorylated R-Smads (Smad 1/5/8) complex 

with Smad4 and co-translocate into the nucleus[16] where they recruit transcription factors and 

Runx2 to regulate osteogenic gene expression[15]. In non-Smad dependent signaling, 

phosphorylated TAK1 and TAB1 initiate the MAPK-p38 or MAPK-ERK1/2 cascade. MAPK 

phosphorylates Runx2 to promote their activity as well as to promote the Smad-Runx2 

complex[16, 19].  

Other signaling inducing receptors on undifferentiated MSCs include Wnt/-catenin 

and phosphatidylinositol-3-kinase (PI3K)[15, 23, 24]. The Wnt signaling pathways are categorized 

into the canonical and the non-canonical signaling pathways, where a canonical pathway 

involves the protein -catenin whereas the non-canonical pathway does not.  Some of the Wnt 

proteins play critical roles in promoting osteogenic differentiation of MSCs through different 

mechanisms and suppressing their differentiation into chondrogenic and adipogenic lineages 

[25, 26]. Through binding to 7-transmembrane domain-spanning Frizzled receptor (FZD) and 

LRP5/6 coreceptors and ligands prevent phosphorylation of -catenin. MSCs respond to Wnts 

via the stimulation of a signaling cascade that is mediated by intracellular -catenin/TCF 

coupled with other signaling pathways including BMP-2, and TGB-[27, 28]. This co-operation 

between Wnt/-catenin and TGF- signaling pathways play a role in regulating osteogenesis 

where TGF- regulates the stability and translocation of -catenin in a Samd3 dependent 

manner[27]. TGF- exerts its effect by binding and activating its own receptor, TGF- type 2 
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receptor (TGFR2) that leading to phosphorylation of downstream targets the Smad pathway, 

resulting in nuclear translocation of -catenin that stimulate MSCs[29]. The interconnection 

between Wnt and BMP-2 signaling through -catenin induces osteoblast differentiation; BMP-

2 increases -catenin levels in the pre-osteoblast nucleus and induces the expression of Wnt[27]. 

Hypo-phosphorylated -catenin translocates to the nucleus to act as a transcriptional co-

activator of transcriptional factors that belong to the T-cell-specific transcription 

factor/lymphoid enhancer-binding factor 1 (TCF/LEF) family of DNA binding proteins[30]. 

These studies illustrate that the regulation of MSC proliferation and differentiation is tightly 

associated with functioning and crosstalk of a variety of signaling pathways. In addition, 

crosstalk between Wnt3 and TAZ/YAP (transcriptional co-activator with PDZ-binding motif 

/Yes-associated protein) has been demonstrated to induce osteogenesis[31, 32]. 

Several other signaling pathways, including FGFs and insulin-like growth factor (IGF), 

have been implicated in the regulation of osteogenic differentiation; in MSC differentiation, 

their roles are mainly exerted through signaling pathways such as Wnt and TGF-/BMP.  FGF 

is important to regulate bone formation and osteoblast, which activates Rnux2 via MAPK/ERK 

pathway[33]. Following the binding of FGF to FGFR, downstream signaling pathways, 

including ERK/MAPK, and PI3K, help lead to the induction of osteogenic differentiation [15, 

34, 35]. Indeed, inhibition of TGF- and FGF signaling pathways has illustrated that they are 

necessary for the proliferation and osteogenic differentiation of MSC towards the osteogenic 

lineage, but their activity inhibits adipogenic differentiation since blocking them increases 

adipogenesis[14]. In addition, BMP is essential for FGF induced osteoblast differentiation. 

FGF2 promotes BMP2 induced translocation into nuclei and activates Runx2. Illustrated 

disruption of the FGF2 in mice impairs BMP-2 expression, thus reducing bone mass[36].  
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Figure 1.2: Signaling pathways and transcription factors involved in osteogenic differentiation 

including BMP, Wnt, FGF and TGF-. 

 

1.3.1 Transcription factors of osteogenic differentiation  
 

Differentiation is a process in which unspecialized (immature) cells become more 

specialized (mature) to perform a key function within the tissue or organ of interest. The 

classical method to induce differentiation of MSCs in vitro into the osteoblastic, adipocytic and 

chondrocyte cell lineages is adding specific soluble factors into the culture media. For 

osteogenesis, MSCs are incubated with dexamethasone, ascorbic acid, and -glycerophosphate 

for a period of 2–3 weeks. These factors induce differentiation and rely on the signaling 

pathway described in section 1.3. Dexamethasone (Dex) induced the differentiation of MSCs 
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into osteoblasts due to its ability to up-regulate the expression of integrins. Integrins are known 

to interact with a number of signaling molecules that are necessary for the induction of 

osteoblast gene expression profiles such as Runx2 that is essential to promote osteoblast 

differentiation[24]. Also, Dex contributes to osteoblast differentiation by co-activating Wnt/-

catenin signaling [37], TAZ, BMP and MKP-1, thereby activating transcription of Runx2. 

Ascorbic Acid (Asc) induces osteogenic differentiation of MSCs through increase secretion of 

collagen type-1 (Col1), which results in increased the binding of integrins to Col1. This leads 

to the activation of ERK1/2 and the subsequent activation of Runx2[38]. These factors bind and 

diffuse to cell receptors that activate intracellular signal pathways affecting the gene expression 

of cells. However, this condition is unable to reflect the mechanical signals that MSCs receives 

to promote osteogenesis in vivo. Thereby several recent studies have focused on developing 

biophysical methods for cell differentiation.    

At the molecular level, the major transcription factors that have roles in osteogenic 

differentiation are Runx2 and Osterix. Runx2 is also known as core-binding factor subunit 

alpha-1 (CBF-alpha-1). Runx2 belongs to Runx family, which is composed of three genes, 

Runx1, Runx2, and Runx3. All Runx genes consist of a runt-domain, which is a DNA binding 

domain[39].  Runx2 is essential to direct MSCs into osteoblast differentiation and inhibits 

adipogenic and chondrogenic differentiation. Runx2 protein is the first essential transcription 

factor required for osteoblast commitment followed by Osterix, which is detected in pre-

osteoblasts and its expression upregulated in immature osteoblasts and downregulation in 

mature osteoblasts.[39].  

Osterix (Osx) belongs to the specificity protein (SP) family of transcription factors, also 

known as SP7. Osx is considered a second transcription factor essential for osteogenesis and 

acts downstream of Runx2[40]. Osx is mainly activated and regulated in an indirect way, where 

BMP2 has the ability to induce Osx through Runx2.   
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Komori et al. identified the DNA binding sites of Runx2 in bone protein genes 

including, collagen type-1, osteopontin, and osteocalcin[39]. Thus Runx2 triggers the expression 

of these bone-related genes during the stages of osteoblast differentiation that leads cells to 

acquire an osteoblastic phenotype[39]. Runx2 is responsible for the differentiation of MSCs into 

immature osteoblasts which activate the expression of bone-related genes that maintain 

osteoblast differentiation.    

The expression of the Runx2 is regulated by several signaling pathways, and 

transcription factors interact with the Runx2 gene and function as transcriptional co-activators 

of it, including Wnt, BMP, FGF, Smad1, and TAZ. BMP binds to BMPR, leading to activation 

of intracellular Smad, which translocates into the nucleus and servers as a transcription 

factor[41]. Wnt enables the osteogenic differentiation through -catenin/TCF mediated 

activation of Runx2, where regulatory elements in the promoter of the Runx2 gene interacts 

with TCF1[26]. Moreover, induction or inhibition of -catenin correlates with modified 

expression of Runx2[26]. Thus, both the BMP and Wnt cooperated via Runx2 to promote 

osteoblast differentiation.  

 

1.4  Mechanical determination of stem cell fate  

 

It is becoming increasingly evident that MSC differentiation is not only sensitive to soluble 

factors, but also to many different aspects of the cellular microenvironment. The stem cells and 

their microenvironment communicate via mechanical cues that regulate their fate and 

developmental processes. Mechanical signals are cues which cells can sense these signals as a 

result of application of force. Thus, understanding the interaction of stem cells with the micro-

environmental components and external forces is necessary to better control the differentiation 

of stem cells. A significant challenge in mechanobiology is to understand how cells sense 

biophysical signals in order to transduce them into a biochemical response that regulates and 
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directs the differentiation and function of the stem cells. The study of the transduction of signals 

is a field still in its infancy, but some of the mechanisms are beginning to be understood in 

which cellular mechanotransduction takes place through these mechanisms. 

In vivo, all tissues are constantly exposed to a variety of mechanical forces. 

These mechanical stimuli originate either from the cell environment through other 

cells, ECM or interstitial fluid, or in collaboration with cytoskeleton components 

inside the cell[42]. The interactions between cells and mechanical forces are critical 

to the health and function of tissues of the body and play a role in various disease 

states such as osteoporosis and osteoarthritis.  

        Cells often respond to mechanical stimuli by dynamically reorganizing their cytoskeleton 

networks in order to counterbalance the applied force on the cell[43]. The cytoskeleton response 

to a mechanical force is the pulling of action of myosin motors on actin filaments, which result 

in generate intracellular tension forces[43, 44]. Such forces are often applied to cells through their 

interaction with the ECM and can have a major impact on the cell present in that matrix. Such 

cell-generated forces may, for example, be necessary to induce the differentiation of stem 

cells[43].   

The ECM is composed of a variety of fibrous proteins include collagen, fibronectin, 

elastin, laminin, and vitronectin, and glycosaminoglycan networks and provide structural, 

biomechanical and biochemical support to surrounding cells that are required for cellular 

growth, metabolism, differentiation, and homeostasis[45]. ECM remodeling occurs through the 

synthesis and the degradation of these matrix components that play a critical role in 

mechanotransduction, where elastin and collagen provide the tissue with mechanical resistance 

to stress[46]. The stem cells sense the mechanical forces through mechanosensors on their 

surface and transduce the mechanical stimuli into intracellular biochemical signals, which can 
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initiate and drive the differentiation processes, a process known as mechanotransduction. 

Mechanotransduction depends on the microenvironment and stem cell type. Thus, it appears 

that stem cells are mechanosensitive and mechanoresponsive to mechanical perturbations, and 

mechanical homeostasis is maintained in stem cells by a modulated force balance between the 

cytoskeleton and actomyosin (actin and myosin) contractility and external forces transmitted 

through cell-ECM adhesion[46, 47]. 

Tissues may experience different types of mechanical stimulation, such as compressive, 

tensile (e.g., mechanical loading or stretch), and fluid-applied forces (shear stress). Many 

studies have investigated the role and influence of these types of mechanical stimulation on the 

stem cells differentiation. Tensile force and compression influence the TGF- pathway leads 

to an accumulation of protein complexes, include Col-1, aggrecan, and proteoglycan 4, which 

are components for cartilage structure and the function of joints as well as osterix in the nucleus 

that act as transcription factors[48, 49]. This is an important pathway in directing chondrogenic 

and osteogenic differentiation of MSCs[49]. Some studies have shown that compressive loads 

also affect MAPK phosphorylation, which directly affect also osteogenesis or 

chondrogenesis[50, 51]. Several recent studies have reported enhancement of osteogenic 

differentiation of MSCs exposed to a 0.4 - 5 % of tensile strain as evidenced by an increased 

expression of the transcription factor Runx2 along with the expression of osteocalcin (OCN),  

COL-1, and ALP[52, 53]. Tensional forces arise from the movement of articulated tissues such 

as muscle contractions pulling on bones. Also like tensile forces, compression arises from cells 

whose tissue regularly encounters compressive loads, such as bone and cartilage[49]. 

Compression has also been demonstrated that drive differentiation of MSCs toward 

chondrogenic, fibrous, or osteogenic lineages. They demonstrated that lower frequencies and 

lower compression amplitudes induced osteogenic markers. Osteopontin (OPN), Col-1 and 
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Osx are shown to increase under < 10 % strain and frequencies 0.05-0.5 Hz. A higher frequency 

and higher compression condition induced chondrogenic gene expression[49, 51, 53, 54].  

Focal adhesion signaling is key to connecting the intracellular signals and cytoskeleton 

reorganization to the extracellular matrix environment. The main component of focal adhesions 

is integrins. Integrins are heterodimeric receptors that are composed of 𝛼 and 𝛽 chain subunits. 

They serve as transmembrane receptors and play key roles in adhering stem cells to ECM and 

conveying the information of ECM via intercellular pathways resulting in conversion cell 

behavior. Cell behavior conversion also is achieved by other components of focal adhesion 

complex such as focal adhesion kinase (FAK) and vinculin that involved in initiating signaling 

and rearranging the cytoskeleton to regulate cell survival, migration, and differentiation.  Upon 

binding to the ECM, integrins will cluster locally and form adhesive focal adhesions (FAs). 

Binding of integrins to the ECM activates FAK and elicits downstream biochemical signals 

(eg. MAPK signaling leading to nuclear translocation of ERK) resulting in regulation of gene 

expression (eg. Runx2)[55]. FAK links integrins at FAs on the cell surface to the ERK–MAPK 

pathway in the nucleus of the cell in order to control proliferation and differentiation. 

Interaction between 51 integrin receptor and type 1 collagen protein of the ECM has been 

shown to be sufficient in mediating osteogenic differentiation[56]. The mechanical signals are 

sensed at FA sites where a mechanical linker between the ECM and actin cytoskeleton provide 

by integrins[23]. The cytoskeleton extends throughout the cell cytoplasm, where connections 

between the ECM and cytoskeleton allow cells to generate traction forces that are then 

transmitted to the nucleus[46, 57]. Thus, signals in the ECM, surrounding stem cells, can regulate 

stem cells via their direct effect on integrin-mediated FA signaling.  

The geometry, elasticity, and mechanical properties of the ECM are critical in stem cell 

decisions affecting cell signaling[44, 57, 58].  The ECM is composed of complex pores, ridges and 
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fibers with sizes in the nanoscale range. It has been shown that altered topographical cues at 

micro and nanoscale within the natural extracellular environment influence the clustering of 

integrins and the formation of FAs, which, in turn, influences cytoskeleton structure and 

ultimately alters stem cell fate[57, 59]. Altering topology of a culture scaffold can mimic the 

mechanical properties of the extracellular matrix and influence mesenchymal stem cell 

differentiation, stimulates osteogenesis and increase bone mineral density (Table 1). As 

previous studies demonstrated that the differentiation of MSCs is influenced by 

nanotopographies, using hydroxyapatite nanorods, resulting in osteogenic lineages evidenced 

by the expression of osteogenic differentiation markers, including ALP, OPN, and OCN as 

well as the formation of mineral nodules[42]. Similar results were observed using Si NWs and 

TiO2 as a cell culture scaffold for MSCs. They demonstrated an upregulation of osteogenic 

differentiation markers, Runx2 and COL1, as well as increased expressions of FAK and 

vinculin in MCSs that grow on those nano-surfaces, due to an increase in the alpha 2 integrin 

expression; receptors that bind to collagen type-1[24, 60]. MSC differentiation into bone, adipose 

tissue, or neuronal cells is also regulated by the elasticity of the matrix, where softer substrates 

promoted neuronal differentiation while stiffer substrates induced osteogenic 

differentiation[61]. As studies demonstrated that the addition of Au NWs to the fibrin matrix 

reliably guided MSCs differentiation. Au NW enhanced the osteogenic differentiation on stiff 

microfluidic substrates while promoted chondrogenic differentiation was found on soft 

microfluidics substrates[62]. MSCs can be able to detect matrix stiffness through myosin II 

motors on actin at FAs[63, 64]. Thus, besides the external forces from the stem cells environment, 

the elastic modulus of the ECM surrounding stem cells is another physical signal regulating 

cell decision.  

Table 1: Summary of material and types of scaffold used to enhance osteogenesis of MSCs. 
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 Nanomaterial used Cell type Study Finding References 

Natural 

polymers 

 

Graphene oxide/gelatin 

hydroxyapatite 

(GOGHA) 

 

ADMSCs In vitro 

• The cumulative release of graphene oxide 

from scaffold is within toxicity limit 

• Expression of ALP and OPN enhance in 

cell grown on GOGHA without 

osteogenic medium 

• ALP activity increase at day 7 and drop 

the activity by day 14 and 21  

• OPN expression increased at day 21 

[65] 

Gelatin/chitooligosacchar

ide  

(G/COS) 

 

BM-MSCs 

In vitro 

and in 

vivo 

• The highest ALP activity and calcium 

content in MSCs cultured in 70:30 ratio 

of G/COS scaffold under osteogenic 

medium 

• Collagen formation and calcium 

deposition at 2 weeks after implantation 

[66] 

Collagen/PCL-

macrochanneled  
BM-MSCs In vitro 

• No effect on cell viability 

• ALP activity increase at day 14 of flow 

perfusion  

• Expression of bone-related genes (OPN, 

OCN and BSP) increase at day 10 of flow 

perfusion in both mRNA and protein 

levels 

• Enhancement mineralization after 28 

days under flow perfusion culture 

[67] 

Collagen/bioactive glass 

with phosphatidylserine 

(COL-BG-PS) 
RMSCs 

In vitro 

and in 

vivo 

• Increase in ALP activity after 7 and 14 

days of culture on scaffold 

• Increase expression levels of osteogenic 

markers (ALP, OPN and OCN) at day 14 

• Enhancement mineralization after 21 
days cultured in osteogenic medium  

• Induction enhanced bone formation at 3 

weeks post-implantation 

[68] 

Collagen-PLGA/BMP-4 BM-MSCs In vivo 

• No effect on ALP activity 

• Increase expression of osteogenic 

markers (Col-1, OPN and OCN) after 4 

weeks   
• Decrease ALP expression from 2 to 4 

weeks 
• Calcium deposition in cell culture on 

scaffold  

[69] 

Chitosan and 

poly(butylene succinate) 

(CH-PBS) 

 

BM-MSCs 

In vitro 

and in 

vivo 

• Increase ALP activity at day 7  

• Enhancement of matrix mineralization 

after day 21cultured under osteogenic 

medium 

• Induction enhanced bone formation after 

8 weeks implantation  

[70] 

Chitosan/collagen BM-MSCs In vitro 

• Crosslinked scaffold with Glyoxal did not 

effect on cell viability 

• Higher ALP activity of uncrosslinked 

sample at day 9 under osteogenic medium    

• Increase in Osterix expression at day 9 

and decrease by day 19 in uncrosslinked 

under osteogenic medium    

• Osterix expression increased in both time, 

day 9 and 19, in glyoxal crosslinked 

[71] 
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• Upregulation of BSP at day 9 in 

uncrosslinked under osteogenic medium  

• Higher BSP expression at day 19 in 

glyoxal crosslinked.     

• Time-dependent increase in calcium 

deposition content in both uncrosslinked 

and glyoxal crosslinked  
• Higher calcium deposition at day 19 

under osteogenic medium  
• Crosslinked glyoxal presented a delayed 

response to osteogenic stimulation, but 

exhibited similar osteogenic response of 

uncrosslinked samples 
Chitosan/silk 

fibroin/hydroxyapatite 

(CHI/SF/HA) 

Human 

osteosarcoma 

human cells 

In vitro 

• High cell viability in compared to CHI 

and CHI/SF scaffolds 

• Higher ALP activity at day 14  

[72] 

Tricalcium 

phosphate/chitosan/platel

et-rich plasma (PRP)  

(PTC) 

BM-MSCs 
In vitro 

and in 

vivo 

• Higher ALP activity at day 14 

• Increase of matrix mineralization after 

day 19 

• Increase in Cbfa1 expression at day 3 in 

PTC 

• Increase in Col-1 expression at day 12 in 

both PTC and osteogenic medium  

• Increase in OCN expression at day 16 in 

both PTC and osteogenic medium  

• Increase in osteonectin at day 12 in PTC 

scaffold and at day 16 in osteogenic 

medium   

• TGF-β1 expression high in PTC only 

• Induction enhanced bone regeneration 4 

weeks after implantation  

• Bone defect completely repaired over a 

16-week period 

•  PTC has potential as injectable material 

for bone regeneration  

[73] 

Chitosan–alginate (CA)  BM-MSCs In vivo 

• Highest defect closure in CA scaffold 

over that caused by BMP-2 at 16 weeks 

after implantation 

• Enhancement mineralization at 16 weeks  

• Higher OPN and OCN proteins 

expression at week 16 after implantation 

in CA+BMP-2  

• Highest levels of osteogenesis in 

CA+BMP-2 group 

[74] 

Chitosan/collagen/beta-

glycerophosphate 
BM-MSCs In vitro 

• No effect on cell viability  

• Increase in OSX and BSP expression at 

day 12 and decreased by 21 in osteogenic 

medium  

• OSX and BSP expression levels are 

increased continuously during the culture 

period in the absence of osteogenic 

supplements    

• The higher ALP activity and calcium 

deposition in 65/35 ratio of 

chitosan/collagen under osteogenic 

medium 

[75] 
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CaP/silk composite 

scaffold 

 

BM-MSCs 

In vitro 

and in 

vivo 

• Higher ALP activity at day 7  

• Increase expression levels of osteogenic 

markers (ALP, Col-1 and OCN) after 2 

weeks in osteogenic medium  

• Highest enhanced bone formation after 4 

weeks of implantation by stimulating 

osteoblast differentiation  

[76] 

Chitosan/RGD peptides BM-MSCs In vitro 

• ALP activity increased at day 5 in c-

chitosan-RGD 

• Higher Runx2 and OCN expression after 

2 weeks of cultured on c-chitosan-RGD 

in osteogenic medium 

• Calcium deposition higher after 14 day of 

cultured on c-chitosan-RGD in 

osteogenic medium 

[77] 

Synthetic 

polymers 

Polycaprolactone/ 

hydroxyapatite particles 

(PCL/HAp) 

Human 

primary bone 

cells 

In vitro 

and in 

vivo 

• OCN and Col-1 express at day 10  

• Formation of mineralized nodules 

• Induction enhanced bone formation 6 

weeks post-implantation  

[78] 

Collagen-1 and 

chrondroirin sulfate (CS) 

or high sulfated 

hyaluronan (HSH) 

 

BM-MSCs In vitro 

• Higher ALP activity in Coll/HSH under 

osteogenic medium in compared to 

collagen alone 

• Increase in OPN expression in Coll/HSH 

under osteogenic medium at day 14  

• OCN express only in coll/HSH scaffold 

under osteogenic medium 

• Electric field applied with a frequency 10 

Hz for duration 4 hour followed by a 4 

hour break   

• Electric field stimulation alone did not 

effect on osteogenic markers 

•  Electric field up-regulated ALP activity 

and Runx2 expression in present of 

osteogenic supplements  

• Higher ALP activity and OPN expression 

in cells exposed to combination of 

electric fields and coll/HSH after 14 days 

• Increase in OCN expression after day 28 

of applied electric field with coll/HSH 

[79] 

PLGA-(PEG-ASP)n-p24 BM-MSCs 

In vitro 

and in 

vivo 

• Increase in ALP staining and activity at 

week 2  

• OPN and Col expression increase in both 

mRNA and protein levels after 12 weeks 

of implantation   

• Western blotting and RT-PCR showed 

the scaffold induces bone formation  

• Mild inflammatory reaction in area 

surrounding of implant scaffold after 4 

weeks 

[80] 

Poly(ethyleneoxide 

terephthalate)/poly(butyl

ene terephthalate 

 

BM-MSCs In vitro 

• Radio frequency oxygen plasma 

treatment applied to modify the nanoscale 

surface scaffold 

• Higher ALP staining after 21 days in 

plasma treated  

• Increase in osteonectin and BSP 

expression in 30 min treated scaffold  

• No effect of surface treatment on ALP, 

Col-1 and OCN expression after 7 days 

[81] 
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• No effect on OCN protein expression in 

both treated and untreated scaffold after 

21 days 

Collagen/hydroxyapatite/

poly(lactide‐co‐ε‐

caprolactone) 

(Coll/HA/PLCL) 

 

Saos2 

osteoblast-like 

cells 

In vitro 

• Increase in ALP expression at day 2 

• Increase in OCN expression at day 4 
[82] 

Nano-fibrous poly(l-

lactic acid)  

(PLLA) 

Neonatal 

mouse 

osteoblastic 

cells 

In vitro 

• Higher in ALP activity at day 3 

• Increase in osteogenic markers (OCN and 

BSP) expression 

• Increase in Runx2 expression in mRNA 

and protein levels at day 3 

• Higher expression of alpha2 and beta1 

integrins after 1 day  

• Phospho-paxillin and FAK level increase 

after 24 hours of culture 

• Induction enhanced mannerization of 

matrix after 2 weeks culture under 

osteogenic medium    

[83] 

Metal 

scaffolds 

Titanium oxide  

(TiO2) 

Mouse 

osteoblastic 

cell line 

(MC3T3-E1) 

In vivo 

• Bone formation in area close proximity to 

the scaffold 

• No difference in gene expression of bone 

formation and resorption markers   

[84] 

Titanium fiber‐mesh 
Saos-2 human 

osteosarcoma 

cells 
In vitro 

• PEME of 2 mT magnetic field intensity 

and 75 H applied for 24 hours per day for 

22 days   

• Higher in Col-1 and decorin protein 

expression in electromagnetically 

cultured scaffold  

• Increase in expression of decorin, OCN, 

OPN and Col-I and II with PEME 

[85] 

TiO2 scaffold (SC) 

coated with an alginate 

hydroge 

MC3T3‐E1 In vitro 

• Decrease in Itgb1 expression after 7 days 

• Increase in Itgb3, fibronectin, Itga8, 

osterix, and Bmp‐2 expression after 21 

days 

[86] 

ZrO2/HA composite  

MC3T3-E1 

osteoblast-like 

cells 

In vitro 

and in 

vivo 

• Increase in OPN expression at day 10 in 

50/50 composite scaffold  

• Higher OCN expression in 70/30 

composite scaffold   

• New bone formation in the repair sites 

after 6 weeks of implantation scaffold 

with BMSCs 

• Increase in OPN and Col-1 proteins 

expression at the repair site where 

ZrO2/Hap implanted after 6 weeks 

[87] 

TiO2/HA BM-MSCs In vitro 

• Highest ALP activity after 7 days in 

TiO2/HA under osteogenic medium 

• Increase in OCN protein expression at 

day 21 in TiO2/HA under osteogenic 

medium  

• Induction enhanced mineralization of 

matrix after 14 days after culture in 

osteogenic medium  

[88] 

Sodium styrene 

sulfonate/ titanium 

(polyNaSS/Ti) 

BM-MSCs In vitro 

• Higher ALP activity at day 14 then 

decreased with time  

• Induction enhanced mineralization of 

matrix after culture in osteogenic medium  

[89] 
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Dexamethasone-loaded 

biphasic calcium 

phosphate 

nanoparticles/collagen 

porous composite  

BM-MSCs 

In vitro 

and in 

vivo 

• The highest ALP staining and activity in 

DEX-scaffold  

• The higher amount of DEX resulted in 

more effect on the osteogenic 

differentiation 

• Increase in ALP, BSP, and Runx2 

expression after 28 days  

• New bone formation in DEX-scaffold 

after 6 weeks of implanted  

• Increase in OCN and Col-1 proteins 

expression after 6 weeks of DEX-scaffold 

implantation   

• Increase in osteogenesis-related genes 

expression (ALP, BSP and Runx2) after 

12 weeks of DEX-scaffold  

• Osteogenesis-related genes expression 

elevated with the increase of DEX 

amount  

[90] 

ZnO nanoflowers 
MC3T3‐E1 

osteoblast 

In vitro 

and in 

vivo 

• Higher ALP activity in ZnO nanoflower 

under osteogenic medium  

• Strong cell adhesion  

• Induction bone formation after 4 weeks 

of implantation 

[91] 

HA–Fe3O4 magnetic  

 
BM-MSCs In vitro 

• 100 mT SMF applied for 30 min a day to 

assist the stem cell differentiation role of 

substrate magnetization  

• Increase in early osteogenic markers 

(Runx2, ALP, and Col-1) on weak and 

strongly ferromagnetic substrate after 7 

and 14 days with SMF 

• Increase in late osteogenic markers (OCN 

and OPN) on weak and strongly 

ferromagnetic substrate after 14 and 21 

days with SMF 

• SMF induced mineralization with 

increase calcium deposition  

• Increase in Col-1 protein expression at 

day 7 of SMF exposure in weak 

ferromagnetic substrate  

• Higher ALP activity at day 14 of SMF 

exposure in weak ferromagnetic substrate 

• Alternation in intracellular calcium levels  

[92] 

Hydroxyapatite nanorod-

aligned 

 

BM-MSCs In vitro 

• Higher ALP expression at day 4 

• Increase in Runx2/Cbfa1 expression at 

day 4 

• Increase in BMP-2 and Col-1 expression 

• Increase in OPN expression at day 7 

• Mineral nodules formation on cells 

culture in HAP nanorod-aligned for 14 

days  

• Increase in OCN and BSP expression at 

last stage  

[93] 

Titania nanopillar 

 
BM-MSCs In vitro 

• Increase in OCN and OPN proteins 

expression at day 21  
[94] 

Titanium dioxide 

nanotubes  

(TNTs) 

MC3T3-E1 

murine pre-

osteoblast 

In vitro 
• Increase in ALP activity after 7 day of 

culture on TNT18 and TNT80 under 

osteogenic medium  

[95] 
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1.4.1 Mechanosensing and mechanotransduction pathways   

The term “mechanotransduction” describes the process in which cells are sensing 

mechanical stimuli from outside of the cells and converting them into intracellular signals. 

• Higher OPN protein expression in TNT80 

at day 14 and 21 

• Similar OCN protein expression in all 

nanotubular surfaces after 4 weeks of 

culture under osteogenic medium 

Nanogold structured 

hydrogels  

(Gold 

nanowires (AuNWs)) 

 

Human 

amniotic-

derived 

mesenchymal 

stromal cells 

 

In vitro 

• AuNWs incorporated into the fibrin 

scaffold to induce MSCs differentiation 

• Increase in Col-I expression in the 

highest ratio of fibrin component  

• Induction enhanced calcium 

mineralization after 2 weeks  

• AuNWs with high concentration of fibrin 

(stiff substrates) enhanced osteogenic 

differentiation  

[62] 

 

Silicon nanowires 

 
BM-MSCs In vitro 

• Increase in ALP activity after 7 days  

• Increase in Runx2 expression after 4 days 

of cultured 

• Increase in late osteogenic markers (OPN 

and OCN) 

• Expression of Col-1, BSP and ALP 

upregulated  

• Increase in osteoblast protein expression 

levels (ALP, Runx2, Col-1, BSP, BMP-2, 

OCN, and OPN) 

• Alternation in p-ERK, p-JNK, and p-JUN 

proteins of AKT and MAPK/ERK 

signaling pathways 

• Induction enhanced calcium 

mineralization  

[96] 

 

Silicon nanowires BM-MSCs In vitro 

• Increase in Runx2 and Col-1 expression 

in shortest Si NW after 72 hours 

• Higher protein expression levels of F-

actin, pFAK, vinculin and alpha 2 

integrin in shortest Si NW  

• Increase in alpha 2, alpha 5 and beta 1 

integrin, and FAK genes expression 

[24] 

 

Silicon nanowires 

 
BM-MSCs In vitro 

• Alternation in intracellular calcium ion 

concentration led to the activation of 

Ras/Raf/MEK/ERK signaling cascades 

• Higher ALP protein expression  

• Increase in Runx2 and BMP-2 expression 

at day 4 

• Increase in Sox9 expression  

• Expression level of PPARγ2 down-

regulated after 4 days of culture on Si 

NWs 

• Expression level of Ras, Raf, MEK, 

ERK1, and ERK2 upregulated after 4 

hours of culturing on Si NW 

• Induction enhanced mineralization  

[97] 
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Mechanosensing can be achieved through a response of specialized cellular structures to 

mechanical stimuli with specific biochemical reactions or through the protein complex found 

at FAs or cellular junctions, as illustrated in Figure 1. 3a. 

The forces across the mechanical continuum of ECM-integrin-cytoskeleton can further 

activate mechano-responsive signals, such as MAPK and RhoA/ROCK (Rho-associated 

protein kinase), and activation downstream of mechano-transduction pathways which mediate 

signaling molecules important for stem cell differentiation and proliferation including SRF 

(serum response factor), and TAZ/YAP that regulate nuclear transcription[46]. Indeed studies 

have demonstrated that YAP/TAZ may function as an endogenous coactivator of Runx2 

promoting osteogenesis while inhibiting adipogenesis[98, 99]. Interestingly, some evidence 

supports that the translocation of  YAP/TAZ to the nucleus is mediated through RhoA -

dependent signaling, allowing it then to act to regulate gene transcription[100]. 

 RhoA/ROCK signaling acts as downstream pathway of integrin-mediated signaling 

through activated FAK. The RhoA/ROCK is an important biochemical pathway mediating 

actin cytoskeleton tension[101]. RhoA regulates the actin cytoskeleton, acting through its 

effector ROCK. RhoA can be activated by biochemical factors and biophysical signaling from 

the microenvironment. RhoA/ROCK medicated cytoskeleton changes are sufficient to drive 

osteogenic commitment of MSCs and requires myosin II motors to connect FAs to the nuclear 

lamina[43, 101]. The lamina in the nuclear envelope interact with chromatin and DNA, and 

through this may play a role in gene expression signatures related to osteogenesis via 

upregulation Runx2 expression[44, 102]. 

Mechanosensitive ion channels can also regulate mechano-responsive signaling that 

can be activated by a tension between ECM and cytoskeleton[23, 44].  Ion channels are located 

at or near FAs and can respond directly to mechanical forces, which trigger the channel to open. 
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These channels transduce physical signaling into intracellular Ca2+ signaling, which is a major 

downstream effect of the activation of mechanosensitive ion channels. The corresponding 

changes in the concentration of the cytoplasmic Ca2+ and their oscillation have been observed 

in MSCs during osteogenic differentiation[103]. 

The cell is an interconnected entity with cytoskeletal components linking the ECM to 

the nucleus. Thus, cells sense external mechanical forces from their environment, and these 

forces propagate with the cytoskeleton to the nucleus, ultimately alternating gene expression. 

The nucleoskeleton is a network of fibers at the inner nuclear membrane composed of several 

proteins, including lamin type-A and B, polymerized actin NuMA, and titin, which have been 

suggested to be mechanosensors[104]. The nucloskeleton connects to the cytoskeleton via the 

LINC complex proteins (linker of nucleoskeleton and cytoskeleton) such as emerin, SUN and 

nesprin. LINC serves to receive and transmit mechanical stimuli at the nucleoskeleton[42, 104]. 

Consequently, extracellular forces are transmitted to the nucleus through contractile 

actomyosin cytoskeleton and nucleoskeleton proteins[42, 104], which in turn lead to the 

rearrangement of chromatin structures that directly controls transcription of certain genes 

crucial for cell behavior[105].  

Those mechanical signals are transmitted from the ECM to the nuclei, and the 

understanding of the interaction of these signaling pathways could provide new tools for the 

regulation of stem cell differentiation. 
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Figure 1. 3: Schematic of mechanical forces regulating cellular function. a. Cells sense the 

mechanical stimuli through mechanosensors, including iron channel, focal adhesion, cell 

surface receptor, actin cytoskeleton and cell-cell adhesions. The cells are subjected to different 

forces; extracellular through the ECM and intracellular via cell-cell contact and cytoskeleton 

generated forces. This leads to the initiation of signaling cascades, which alter the gene 

expression, resulting in changes in the expression of proteins and the function of the cell. A 

magnified box of focal adhesion structure includes integrin, paxillin (Pax), talin, focal adhesion 

kinase (FAK), vinculin (Vin), and zyxin[23]. b. ECM and intercellular pathways coupled with 

mechanotransduction pathways. Matrix mechanical regulates the stability of focal adhesion 

complexes, which contain FAK. FAK activates mechano-responsive signaling pathways (such 

as MAPK and RhoA). RhoA regulates mechanical stimuli by activating ROCK, which 

phosphorylation myosin light chain (MLC) to generates actomyosin forces. These mechano-

responsive lead to upregulates mechanotransduction pathways (such as YAP/TAZ), which 

translocate to the nucleus and activate transcriptionally. Wnt activation also promotes 

activation and translocate of YAP/TAZ and -catenin. Also, mechanical forces can be coupled 

directly to the nucleus via the lamin A protein (LMNA).     

 

1.5  Magnetic Nanowires and Biomedical Applications 

The integration of biology and magnetic nanoparticles has an impact in many areas of science 

and technology. It has attracted much attention in biomedical fields for its promises in drug 

delivery for cancer therapy[106, 107], and cell separation[108]. Moreover, magnetic nanoparticles 

can control cell behavior under magnetic field such as stimulate osteogenesis[39, 109], migration 

of cells[110], apoptosis,[111, 112]. 

        The magnetic nanostructures include any magnetic structure with at least on dimension in 

the range of 1nm and 100 nm. The most used one has a spherical shape that consists of a 

magnetic core and a shell able to be functionalized with different ligands, Figure 1.4[113]. The 

advantages of fabrication, availability of surface modifications and magnetic properties make 
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them candidates for numerous biological applications[114-117]. These nanomaterials have unique 

chemical, biological, and physical properties. Their small size allows them to enter cells and 

interact with their intracellular components such as cell membranes and receptors. 

 

Figure 1.4: Schematic of a multifunctional magnetic nanosphere[113]. 

Magnetic nanowires (NWs) have a potential advantage compared to nanoparticles, due 

to an anisotropic structure with a high aspect ratio and high magnetization values per 

volume[108, 118]. Their magnetic magnetization allows them to generate large forces and torques 

when coupled with magnetic fields [108, 118], enabling many biomedical applications, including 

stem cell differentiation[24, 96, 119], drug delivery[107, 120], and cell separation[108, 118]. The NWs 

diameter can be tailored to be between 30 nm and 1 μm with lengths reaching up to 100 μm. 

The fabrication of NWs in templates, which will be described in section 2.1, provides a high 

level of control over the diameter and length. This allows tuning them for specific applications. 

Also, an increased surface area can be achieved by growing longer NWs. Surface area 

enhancement is an important feature in biological applications because it increases the possible 

interaction area between the nanomaterial and biological matter as well as the loading capacity 

with drugs. 
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        Iron (Fe) and nickel (Ni) are two magnetic materials typically used in biomedical 

applications. We have previously developed NWs with Fe core and Fe-oxide shells that 

combine excellent magnetic properties with high biocompatibility, low toxicity, and capability 

for functionalization[35], Figure 1.5. 

 

Figure 1.5: illustration of process used to tailor Fe3O4 shell of Fe NWs by annealing[121]. 

 

1.6  Topography and characteristics of magnetic nanowires 

                Nanoscale platforms and scaffolds have been utilized for many applications, since 

they have the unique capability to mimic physical cues, which the cell obtains from their 

microenvironments. Over the years, researchers have been developed nanostructured materials 

with tunable elasticities and nanoscale patterns. Nanowire scaffolds have unique and adaptable 

nanosurfaces with a focal point for adhesion and elastics properties determined by the stiffness 

of the nanowires. In addition, magnetic nanowires are wirelessly actuated by a magnetic field. 

        Many properties of NWs can influence their interaction with cells such as size, shape, 

surface structure and charge, chemical composition, and aggregation. Recent advances in 

biomaterial fabrication have made it possible to build NWs with precise geometry and textures 

for cell-interface tools for tissue engineering. The interface between cells and NWs has an 
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effect on cell attachment, and spreading and studies have aimed to understand these 

interactions. For instance, Ni NWs and Si NWs have been reported as a platform for the cell 

culture[24, 96, 122, 123].  

Depending on the fabrication process, their magnetic properties can be modulated as 

well as their length and diameter[124]. However, different NW dimensions can lead to different 

cell responses. For example, shorter NWs give a stiffer matrix that enhanced the osteogenic 

differentiation[24]. Based on this concept, we were able to build a cell culture platform of dense 

vertically aligned ferromagnetic Fe NWs. A magnetic field is applied to the NWs in order to 

mechanically stimulate MSCs via interaction between the NWs and cells at focal adhesion 

points. By applying a magnetic field, the tips of the NWs are displaced, leading to the 

mechanical stimulation of receptors to enhance the differentiation.  

The behavior of magnetic NWs in the presence of a magnetic field is governed by its 

permanent magnetization, which is a result of shape anisotropy. The easy axis of magnetization 

indicates the direction in which it is energetically favorable for the magnetization to align to. 

If one of the dimensions is larger compared to another i.e., the long axis of an NW compared 

to the short axis, the material will have a shape anisotropy. In the case of Ni and Fe NWs, this 

shape anisotropy dominates over crystalline anisotropy, which favors a magnetization 

orientation parallel to the axis of the NWs.  

        When a magnetic field (H) is applied to magnetic NWs, a torque is generated, which aligns 

the NW to the magnetic field direction, Figure 1.6. This magnetic torque is given by[125] 

                                                      𝝉𝒎 = 𝒎×𝑯 =∥ 𝑚 ∥∥ 𝜇0𝐻 ∥ 𝑠𝑖𝑛𝜃,                                    (1.4.1) 

where m is the magnetic moment of the NW, μ0 the permeability in air, H the field applied, and 

  the angle between m and H. The m is equal to VM, where V is the volume of the NW (V= 
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𝜋𝑟2l) and M the magnetization. When the magnetic field is applied perpendicular to the easy 

axis of a NW, (sin(90°) = 1), Eq. 1.4.1 simplifies to   

                                                                      𝜏m = 𝑀𝜋𝑟2l𝜇0𝐻,                                                           (1.4.2) 

Where r and l indicate the radius and length of the NW, respectively. In the case of a NW, the 

shape anisotropy causes a single domain behavior; thus, M = MS, which is the saturation 

magnetization.   

  

 

 

 

 

 

Figure 1.6: Magnetic torque when a NW is exposed to magnetic field. A magnetic torque acting 

on the NW with magnetization MS when a magnetic field H is applied in the direction indicated. 

 

1.7  Osteogenic differentiation 

As outlined above, using nanotopographies as culture scaffolds to affect stem cell fate has 

been an exciting topic for biomaterial and tissue engineers looking to modulate the fate of stem 

cells through material surface properties. We have previously evaluated cell viability and 

growth of MSCs on an array of Fe NWs and determined its impact on the osteogenic 

differentiation of MSCs. We illustrated that the Fe NWs were able to restructure the cell 

cytoskeleton and induce osteogenic differentiation of MSCs. We hypothesized that the stiffness 
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and nanotopography of the vertical array of Fe NWs mimicked the 3D structure of type 1 

collagen and was able to induce the expression of osteogenic markers and adhesion 

molecules[125, 126]. 

Studies have found that it is possible to control the differentiation of MSCs using 

exogenous factors such as a magnetic field. It has been reported that magnetic nanoparticle 

responses to the magnetic field have enhanced the osteogenic differentiation of MSCs[109]. The 

forces exerted by a magnetic field on the magnetic particles internalized into cells offering a 

powerful tool to control cells. NW arrays have been used as a means to study the effect of 

topography on cellular fate due to an AMF.  Recent studies have reported low frequency pulsed 

electromagnetic fields have enhanced the proliferation of MSCs and upregulated the expression 

of several osteogenic markers, including ALP, Runx2, OPN, COL1, and OCN[113, 127]. 

Moreover, Creecy et al. reported that the MSCs expressed both early and late osteogenic 

markers after exposure to AMF[128, 129]. Low-frequency AMF coupled with mechanical 

vibration resulted in rearrangement of the cytoskeleton and downregulation of adipogenic 

genes such as PPAR[130]. The magnetic field (200 mT) also increased the size of FAs on 

cells[131]. 

In a different approach, exposure to a magnetic field increased intracellular Ca2+ 

concentrations which is postulated to transmit cues to the nucleus, thereby inducing osteogenic 

differentiation[92].  Several studies demonstrated that the mechanical forces could affect Ca2+ 

fluxes, where a change in the Ca2+ oscillation can induce the differentiation of MSCs[97, 132]. 

Coupling magnetic fields with a dense, vertical array of magnetic NWs has been 

undertaken by Perez et al. 2017, who studied the possible enhancement in osteogenic 

differentiation of MSCs. Three different magnetic field application settings were selected, 250 

mT at 0.1 Hz for 12 hours AMF on followed by 12 hours off for two days showed an enhanced 

MSCs differentiation. The amplitude values were chosen depending on the limitations of the 
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magnetic field setup. Based on the existing literature, the focal adhesion points on the cells are 

expected to be susceptible to the mechanical stimuli forced by the NWs under AMF. The FA 

size and OPN expression were investigated on the MSCs exposed to a magnetic field either 

grown on NWs or on normal tissue culture plastic. Using immunofluorescence staining for the 

osteogenic marker, OPN, MSCs expressed OPN as early as seven days when grown on NWs 

and exposed to a magnetic field of 250 mT at 0.1 Hz (Figure 1.7). OPN is a protein expressed 

in bone tissue and has role in bone remodeling. Consequently, the expression of MSC stem cell 

markers, CD73 and CD105, was lost. The results of immunofluorescent experiments by Perez 

et al. 2017 imply that applied AMF coupled with NWs with a diameter of 33 nm provides 

sufficient mechanical stimulation that may affect the osteogenic differentiation program caused 

by cellular elongation due to the rearrangement of the cytoskeleton.  
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Figure 1.7: Osteogenic differentiation of MSCs under AMF. Immunofluorescence staining of 

OPN protein of MSCs growing on the NWs and placed under magnetic field of 250 mT at 0.1 

Hz for (a) 7 or (b) 14 days for 12 hours AMF on followed by 12 hours AMF a day. NC= 

negative control.   

 

 

 

a. 

b. 
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1.8 Motivation and objectives 

Most of the research with vertical, large aspect ratio nanostructures focused on either 

cell-penetrating nanowires for biomolecular delivery and cell probing or non-cell-penetrating 

nanowire arrays, which display interaction between the nanostructure substrate and micro/nano 

scale features of cell surface for studying cellular mechanics and traction force[133]. For this 

work, the term of NWs referring to non-cell-penetrating. Exploiting the mechanical and 

geometrical cues of nanostructures provide an alternative in comparison to current tissue 

engineering methods. The standard method for inducing osteogenic differentiation of MSC in 

vitro is treatment with dexamethasone, ascorbic acid, and -glycerophosphate. This method 

takes at least three weeks of continuous treatment and expensive, shows in vivo variability, and 

may induce unwanted side effects[52]. As previously mentioned, the topography of the NWs 

can play an important role in the regulation of the MSCs fate, and the forces exerted through 

the application of an AMF on cells grown on magnetic NW posts strengthened their focal 

adhesion sites and increased their size, depending on the magnetic field parameters[125, 131]. 

Therefore, building strategies to combine an AMF with nanotopography of NWs might add 

extra stimuli through which stem cells could undergo differentiation. This thesis is part of a 

project, which studies the possibility to regulate the fate of MSCs and induce osteogenic 

differentiation by mechanical and stereo-topographical cues provided by using a magnetic 

NWs in combination with an AMF. Accordingly, the work presented here enriches the study 

of the effects of combining the NWs topography and applied magnetic field on the osteogenic 

differentiation of MSCs (Figure 1.8). To this end, MSCs were cultured on the Fe NWs and 

harvested from both with and without AMF exposure at different magnetic field intensities and 

for different treatment durations.  

Typical methods of investigating osteogenesis include immunostaining of osteogenic 

markers and mRNA expression level of these markers using RT-PCR, where RT-PCR is more 
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sensitive and gives quantitative data compared to immunostaining methods. As described 

earlier, the mechanical forces alter differentiation through the transcription machinery in the 

nucleus. A combination of osteogenic markers was used to evaluate the progression of 

osteogenesis, i.e. the expression levels of alkaline phosphatase (ALP), runt-related 

transcription factor 2 (Runx2/Cbfa-1), osteopontin (OPN), and osteocalcin (OCN). RT-PCR 

was used to evaluate the differentiation in response to the application of an AMF to MSCs 

either grown on Fe NWs or normal culture well. OPN and OCN are non-collagenous proteins 

expressed in the bone matrix and have a role in bone formation and remodeling and are specific 

to osteoblastic cells[59].  Four gene expressions in osteoblast development are upregulated or 

downregulated at different times during the differentiation process. Osteogenic differentiation 

or osteoblastic development have been divided into three phases; proliferation phase, 

extracellular matrix synthesis phase, and maturation/mineralization phase[134]. Each phase is 

characterized by a specific marker expression (Figure 1.9). Col-1 appears in the proliferative 

phase, followed by an initial peak of ALP in the matrix maturation phase and increases in a 

time dependent on differentiation process. The mineralization phase is characterized by a peak 

of OPN and OCN expressions, while the mature osteoblast expresses OCN[134]. Runx2 is an 

essential transcription factor in the osteoblast differentiation and peaks in the pre-osteoblast 

stage, which then regulates several bone-associated markers (ALP, OCN, and OPN). 

Therefore, ALP and Runx2 were chosen as markers for early osteogenesis of MSCs after AMF 

stimulation[80]. OCN and OPN were chosen as late differentiation markers where OPN is found 

in early and late osteoblastic development, which is concomitantly expressed with more 

advanced osteoblasts[80-82]. 
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Figure 1.8: Mesenchymal stem cells interact with iron nanowire substrate and then apply a 

magnetic field. 
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Figure 1.9: Osteoblast developmental sequence. High expression level of genes associated with 

the development and maturation of the osteoblasts occurs at specific time points during the 

differentiation process. Collagen (COL), Alkaline phosphatase (ALP), Osteopontin (OPN), 

Osteocalcin (OCN)[134]. 
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Chapter 2 

Materials and methods: 

2.1 Fabrication of nanowires  

The fabrication of Fe NW was performed using electrodeposition into alumina 

membranes. This process is comprised of six steps described in the following. The process 

starts with a pure aluminum (Al) substrate, which was cleaned with acetone, isopropanol, and 

deionized water followed by sonication in water for 10 minutes. This is then followed by 

electropolishing in 0.3 M of oxalic acid maintained at 4C and a voltage of 25 V applied for 

three minutes. The alumina membrane was prepared with a two-step anodization technique, 

which was carried out with 0.3 M oxalic acid at 4C applying a constant voltage of 40 V.  

During the anodization processes the solution was consistently being stirring by a direct current 

motor to order maintain the homogeneity of the solution. For first anodization process lasted 

24 hours at 40 V, which allowed for a optimal environment for the arrangement of the ordered 

domains. This step grows an alumina layer (Al2O3) with nanopores grew with in random in 

sizes and shapes. After that, the alumina layer was chemically removed using 0.4 M of 

phosphoric acid (H3PO4) and 0.2 M of chromium trioxide (CrO3) for 12 hours at 30C, in order 

to remove the Al2O3 layer with random pores, as shown in Figure 2.1aC. A second anodization 

process was carried out for 4 hours with the same setup and conditions as the first anodization 

which formed a membrane with ordered pores with parallel direction (Figure 2.1aD). The 

duration of the second anodization determines the depth of the pore, which in turn determines 

the possible length of the NWs. The SEM imaging was performed to obtain a diameter of the 

NWs. In order to prepare the sample for electrodeposition, dendrites were grown to connect 

the bottom of the pores with the Al, providing a conductive pathway. The pores were filled 
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with Fe by pulsed electrodeposition using an Fe solution composed of 0.5 M iron-II sulfate 

heptahydrate (FeSO4(7H2O)), 0.5 M sodium sulfate (Na2SO4), 0.4 M boric acid (HBO3), and 

0.1g /100 mL of ascorbic acid. The NW length was determined by the deposition time. For the 

present work, the NW length was 7 m, for which pulsed electrodeposition was applied for 1.5 

hours. The fabrication steps are shown in Figure 2.1a[125].   
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Figure 2.1: NW fabrication steps. a. SEM images and schematic cross-section view of the NW 

fabrication process. A. Al membrane after the polishing process. B. first anodization produces 

pores in Al. C. Etching of alumina layer with chrome solution. D. second anodization produce 

ordered pores. E. Dendrites opening. F. Grown Fe NWs via electrodeposition. b. Setup for 

anodization and electrodeposition[125].     

  2.2 Nanowire scaffold 
 

        After the electrodeposition of NWs, the alumina template was submerged in a chrome 

solution for 1.5 hours at 42C in order to partially remove alumina and reveal the array of 

vertical NWs which is around 2-3 𝜇𝑚, as shown in Figure 2.2, and this part of the NWs that 

is interfaced with the cells.  

 

 

 

 

 

 

 

 

Figure 2.2: Partial release of the NWs is performed after electrodeposition. The resulting 

substrate is used as a platform for culturing MSCs. 

 

2.3 Nanowires array characterization 

SEM imaging was performed to observe the integrity and morphological structure of 

NWs after the partial release step. Critical point drying was performed on the samples before 

2-3 𝜇𝑚 
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the imaging to avoid the surface tension, which would damage the structure of the array. In 

addition, the critical point drying technique relies on the physical characteristics of liquid and 

gas that are interchangeable, which result in avoiding damage effects of the surface tension.    

MSCs cultured on NWs for SEM imaging, and cells were washed with PBS and then 

fixed with 2.5% glutaraldehyde in 0.1 M Cacodylate Buffer in 4ºC overnight. After that, cells 

were washed in 0.1 M Cacodylate Buffer three times for 15 minutes to remove traces of 

fixation, then post-fixed in 1% osmium tetroxide in 0.1 M Cacodylate Buffer for one hour in 

the dark followed by washed cells with deionized water three-time for 15 minutes each. This 

was followed by a series of dehydration using ethanol for 5 minutes each, starting at 10% and 

ending with 100%. The sample was then subjected to critical point drying in 100% ethanol and 

before SEM imaging, sputter-coated with 5 nm of gold-palladium, creating a conductive layer 

that enables and improves the imaging of the sample.      

2.4 Cell Culture  
 

Bone marrow-derived human mesenchymal stem cells were cultured in MSCBMTM 

Basal Medium with growth supplements. The cells were maintained in a 37°C humidified 

incubator with 5% CO2. Cells were grown adherently on the plastic surface. After observation 

time, the culture media was collected, and monolayer cells were washed with PBS two times, 

followed by detached with 0.05% trypsin for 4 minutes at 37 C. The suspension was 

centrifuged at 300 for 5 minutes at 20 C. The supernatant was discarded, and pallet 

resuspended in the culture media for cell counting.  

The cells that unexposed cells and exposed cells to AMF were incubated in separately 

two identical incubators. For all exposed experiments, the 24-well plate was placed directly 

between magnetic coils (two elongated metallic contacts) and placed inside the incubator where 
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temperature on the magnetic field was between 20-26C. Unexposed cells were placed in the 

second incubator as the same time as the experiment plate whereas the temperature is 37C. 

After cells were seeded, they were incubated for 24 hours in unexposed incubator environment, 

and then the AMF-exposed cells were transferred and placed on the magnet.       

2.5 Magnetic field application 
 

The experimental setup used for the application of a magnetic field is demonstrated in 

Figure 2.3. The setup consists of a Projected Field Electromagnet connected to a power supply 

(Agilent Technologies N5768A). An in-house LabVIEW controlled this process and allowed 

the adjusting of the current and frequency that are applied to the electromagnet. 
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Figure 2.3: Experimental set up for magnetic field application. a. Electro-magnet connected to 

a power supply controlled by a LabVIEM software. b. Relationship between the current and 

magnetic field.  

The impacts of the alternating magnetic field (AMF) intensity and incubation time on 

the cell differentiation were studied. A low frequency was chosen in accordance with the 

experiences from previous work in order to have a slow stimulating motion of the NW on the 

cells[125]. The parameter values used for stem cell differentiation studies in this work are as 

follows;     

 AMF intensities: 250, and 50 mT  

 AMF frequency: 0.1 Hz 

 Treatment duration AMF: 24, and 12 hours per day. 

To calculate the deflection of NWs under a magnetic field, the NW is modeled as an 

end loaded-cantilever beam, which closely resembles the situation of the NW surface. The 

elastic deflection at the free end of the NW is thus defined as[125] 

                                                          δ𝐵 =  
𝐹𝐿3

3𝐸𝐼 
,                                     (2.5.1) 

where F is the applied force, L is the length of the beam, E the elastic modulus of the material 

b 
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(E = 210 GPa for bulk Fe) and I the moment of inertia, which is defined as 

                                                    𝐼 =  
𝜋

4
 𝑟4 ,                                          (2.5.2) 

where r is the radius of the NW. The force F applied to the free end of the NW (tip of the NW) 

in equation 2.5.1 is modeled as the equivalent point load which is the torque applied to the NW 

divided by its length;  

𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑝𝑜𝑖𝑛𝑡 𝑙𝑜𝑎𝑑 𝐹 =
𝑇

𝐿
 .                                            (2.5.3) 

Magnetic torque of single NW calculated from equation presented in chapter 1, 1.6:  

                                                                      𝜏m = 𝑀𝜋𝑟2l𝜇0𝐻,                                                           (1.4.2) 

where 𝜇0𝐻 = B and M= Ms, with the Ms obtained from the hysteresis measurements in Perez 

et al., dissertation. B (magnetic induction) expressed how the magnetic field changes inside a 

given material in units Tesla (T), Gauss(G). H (magnetic field) describes the intensity of the 

field in unit ampere/meter (A/m)[125]. 

Following equation 2.5.1, the elastic deflection at B at the tips of the NWs array with 

33 nm diameter was found to be approximately 20 and 100 nm for field intensities of 50 and 

250 mT, respectively as seen in Table 2. 

Table 2: Magnetic field intensity, deflection, and force values 

Magnetic field intensity 

(mT) 

Elastic deflection  

(nm) 

Force 

(pN) 

250 100 240 

50 20 48 
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Figure 2.4: The free end of a NW experiences elastic deflection when exposed to a magnetic 

field. F= force applied, L= NW length, E=elastic modulus and I=moment of inertia[125]. 

 

2.6 Real-Time PCR  
 

MSCs were grown on the Fe NW, where cut the NW into pieces that fits 24-well plate 

and placed at the bottom of a well. 50,000 cells/well were seeded on the NW and incubated at 

37 ºC, 5% CO2 to reach 80% confluence (Figure 2.5). After that, the cells were transferred and 

placed on the magnet and a magnetic field was applied to cells for further culture. No additives 

cell differentiation medium was used. After that, the cells were detached using 0.05% trypsin-

EDTA and a scraper, followed by cell counting using the trypan blue staining method. Prior 

cell culture, the NWs were sterilized in 99% of ethanol then with PBS (phosphate-buffered 

saline) and cell medium. 

The expression level of four genes involved in osteogenesis was investigated using 

qPCR: ALP, Runx2, OPN, and OCN. The total RNA was isolated from MSCs that were 

cultured for two days either on the Fe NW substrate or culture well with and without AMF 

exposure using the RNAeasyMicro Kit (Qiagen, Hilden, Germany), according to the 
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manufacturer’s instructions. Therefore, the concentration of RNA was measured using the 

Nanodrop instrument. The total RNA extracted was the reverse- transcript using a high capacity 

cDNA reverse transcription kit (Applied Biosystems, Foster City, CA, USA). RT-PCR was 

performed using the Fast SYBRGreen Master Mix kit (Applied Biosystems, USA) in a total 

reaction volume of 20 l and using specific primers for these osteogenic genes as seen in Table 

3. Gene expression of these markers is normalized to GAPDH, and relative levels of gene 

expression are calculated via comparative method CT[135]. 
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Figure 2.5: Illustration of cells cultured on the NW substrate and normal culture well in a 24-

well plate with and without magnetic field. Tweezers were used to hold the disk at the 

aluminum part and place it inside of the well then, a culture medium and cells were added. 

RNA was isolated from four cell groups after a certain incubation time.  

Table 3: RT-PCR primer sequences. 

Gene Primer Sequence (5’-3') Length (bp) 

GAPDH (Housekeeping) F: ATGGGGAAGGTGAAGGTCG 

R: TAAAAGCAGCCCTGGTGACC 

70 

ALP F: GGAACTCCTGACCCTTGACC 

R: TCCTGTTCAGCTCGTACTGC 

86 

Runx2 (CBFA1) F: TGGCAGTCACATGGCAGATTTC 

R: TGCTAAATTCTGCTTGGGTGGG 

148 

Osteocalcin F: GGCAGCGAGGTAGTGAAGAG 

R: CTCACACACCTCCCTCCTG 

102 

Osteopontin F: CAAACGCCGACCAAGGAAAA 

R: GGAGGCAAAAGCAAATCACTGC 

60 

  

 

2.7 Statistical analysis  

        The experiment was performed in duplicate and triplicate independent experiments. The 

student’s t-test was used to determine the statistical significance of the response of cells on 

standard culture substrate and on the NW substrate with and without a magnetic field. Data 

were expressed as means ± SEM. P-values < 0.05 were considered of statistical significance.  
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Chapter 3 

Results and discussion 

3.1 Nanowires substrate characterization      

As outlined in Chapter 2, Fe NWs were fabricated by electrodeposition into alumina, 

followed by partially removing the alumina to reveal the NWs. The morphology of Fe NWs 

was analyzed using SEM. Figure 3.1a shows the SEM image of partially released Fe NWs after 

critical point drying, with the wires having a diameter of about 33 nm. The critical point drying 

was used to preserve the array’s surface structure as much as possible and avoid damage All 

NW scaffolds used for cell culture in this work were never allowed to dry. In case the sample 

was left to dry in the air, the NWs will collapse due to surface tension forces. This means, at 

the time of cell culture on the scaffold, the NWs should be in a state similar to that shown in 

Figure 3.1a. 

MSCs incubated on top of NW were investigated over 48 hours incubation time by 

SEM; the results are shown in Figure 3.1. Cells are rounded up extensively and exhibited 

a radial alignment when adhered to the NW substrate.  As shown in Figure 3.1b-d, MSCs 

grew on the top of the Fe NWs and appeared to bend the NWs bundles can be seen around 

the periphery of the cell, Figure 3.1b. This suggests that the cells bind tightly to surround 

Fe NWs and bend the NWs towards themselves, possibly by forming adhesion points 

around NWs. This can more closely be observed in look at these adhesion points shows 

the interface of the MSCs with NW, with MSCs strongly incorporated and grabbed onto 

NWs as evidence that MSCs cause bending of the NWs arrays, Figure 3.1c. Furthermore, 

as evident in Figure 3.1d multiple extensions of what could be filopodia seem to be 

extending out of the cells grown on the substrate. The filopodia of cells were thin and 
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showed a unique behavior of wrapping around the NW. As a result of this wrapping, the 

Fe NWs were deflected by the filopodia. Filopodia are actin-rich protrusions that function 

as antennae for a cell to probe the surrounding environment and to form initial adhesion 

points to link the substrate with the cell surface. The formation of these protrusions 

suggests that the cells actively probe the NWs to find adhesion sites to adopt their 

elongated shape, where their elongated shape is restricted by the geometry of the array.  

 

Figure 3.1: Scanning electron microscopy images of iron nanowires (Fe NWs) and MSCs 

grown an Fe NW substrate after 48 hours of incubation. a. Partial release of Fe NWs on the 

substrate after critical point drying. b. MSCs grown on the Fe NWs adopt a spherical shape, 

a b 

c d 
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due to the geometry of the array. c. Adhesion point between a cell and the Fe NW. d. Image 

depicting the filopodia stretching out from the MSCs to make contact points onto the Fe NW. 

 

Immunofluorescent staining studies of the focal adhesion point were carried out in order 

to visualize the effects of the NWs on the expression of the focal adhesion protein vinculin[125]. 

Vinculin localization appeared to be different when comparing cells grown on the Fe NW to 

cells cultured on normal tissue culture well (Figure 3.2). Vinculin and F-actin were co-

localized throughout the MSCs in control (Figure 3.2a), whereas they were highly localized 

in areas where cells were grown on the Fe NW (Figure 3.2b). As mentioned in chapter 1, one 

of the proposed hypotheses of MSCs differentiation due to restructuring of cell cytoskeleton 

via nanotopographies is the alteration of focal adhesion complex. Thus, it is expected to 

observe an alteration in the expression of vinculin when the cell cytoskeleton is restricted and 

forced to restructure itself due to altered topographies on the growth surface.   

 

 

 

 

 

 

 

 

 

Figure 3.2: Immunofluorescence staining of focal adhesion protein vinculin. a. MSCs grown 

on a normal culture well as control. b. MSCs grown on an Fe NW substrate for 48 hours[125]. 

 

a. 

b. 
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3.2 Osteogenic differentiation  

It has been known that physical cues play a key role in stem cell processes, such as 

proliferation and differentiation. Also, it is well established that osteogenesis can be modulated 

by the physical properties such as stiffness of the material’s that the stem cells maintained on. 

Using a tunable and biocompatible cell culture substrate, such as the Fe NW could enable 

controlling the fate of the stem cells by manipulating the nanotopography of the substrate. 

Essentially, regulating stem cell behavior with the specific nanotopography of a substrate can 

help to avoid the use of biochemical factors in stem cell differentiation. The biochemical factors 

in comparison to the nanotopographies are expensive, time-consuming, have unspecific and 

variable response along with other potential side effects[93]. In fact, the side effects of these 

factors are unknown because these types of chemicals are not something that naturally occurs 

in the body[136].  

It is known that the cells sense the forces from their environment and play a role in 

controlling the differentiation of MSCs. The forces generated by Fe NW under a magnetic field 

could influence the behavior of the cells. Therefore, the magnitude of the force/torque an NW 

exerts on the cell in the presence of an AMF and duration of that force applied are factors that 

might have a strong influence on the fate commitment of stem cells grown on Fe NWs. Since 

one of the variables that determine the force/torque magnitude is the AMF (equation 1.4.2), 

thus by changing the amplitude of AMF, the force (torque) can be controlled. A series of 

experiments were performed in which the intensity and duration of the applied AMF was 

changed in order to investigate whether Fe NWs and AMF had an effect on the differentiation 

potential of MSCs into osteoblast.  

The NW surface was modulated by applying an AMF, and its impact on osteogenic 

differentiation of MSCs was studied in terms of mRNA expressions of osteogenic markers such 
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as ALP, Runx2, OPN, and OCN. As. Mentioned in 1.8, each marker expresses at a specific 

time during the differentiation process (Figure 1.9). 

To determine the potential of magnetic field parameters to influence the differentiation 

of MSCs, first MSCs were cultured on 33 nm diameter Fe NW and subjected to an AMF with 

varying field intensities and duration periods, as described in Chapter 2. The expression level 

of osteogenic markers in MSCs cultured on the Fe NWs with and without magnetic field 

applied then was determined using RT-PCR (i.e., in the absence of externally added 

differentiation factors such as ascorbic acid, 𝛽-glycerophosphate, and dexamethasone).  

We first determined the mRNA expression level of osteogenic markers following two 

days of MSCs exposure to an AMF of 250 mT at 0.1 Hz for 12 hours per day (i.e., 12 hours 

AMF “on” followed by 12 hours AMF “off” each day for two days (Figure 3.3a). A low 

frequency (0.1 Hz) was chosen would  provide a slower paced change in the deflection of the 

NWs on the cells which could result in a more controlled cell elongation[125]. As shown in 

Figure 3.3b, mRNA expression analysis showed significantly elevated expression in 

magnetically stimulated MSCs grown on the Fe NWs compared to those cultured on Fe NWs 

without a magnetic field. Particularly, MSCs cultured on magnetic NWs were found to be 2.9, 

3.8, 2, and 2.8 folds higher (p < 0.05) for ALP, Runx2, OPN, and OCN, respectively, compared 

to MSCs grown on Fe NWs without a magnetic field.  
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Figure 3.3: Effect of a 250 mT magnetic field on the induction of osteogenic differentiation in 

MSCs. MSCs were grown on Fe NWs or on normal tissue culture wells and either subjected to 

a 250 mT magnetic field or left untreated. a. The treatment protocol for cells exposed to the 

250 mT magnetic field over 48 hours is illustrated in the diagram. MSCs were exposed to 12 

hours of 250 mT magnetic field at 0.1 Hz, followed by 12 hours without a magnetic field. This 

was repeated for the next 24 hours period, and then the cells were harvested for gene expression 

analysis. b. Relative gene expression of osteogenic differentiation markers (ALP, OPN, OCN, 

and Runx2) in MSCs grown with and without Fe NW maintained with (+) or without (-) a 250 

mT AMF at 0.1 Hz as indicated in (a). The relative gene expression of the osteogenic markers 

was determined by RT-PCR (Applied Biosystems). * and ** indicate statistically significant 

differences of p < 0.05 and p < 0.01, respectively. These data are displayed as the mean ± SEM 

from n = 3 independent experiments. MSCs passages between 5 to 7 were used in this 

experiment. Data were normalized to the expression of GAPDH. 

 

We next determined the effect of the magnetic field strength, keeping all other 

parameters equal (i.e., duration of field induction and frequency), on the induction of 
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osteogenic differentiation of MSCs. To that end, MSCs were cultured on the Fe NW and either 

subjected to 50 mT at 0.1 Hz magnetic field for 12 hours a day for two days (i.e., 12 hours 

AMF “on” followed by 12 hours AMF “off” each day for two days, (Figure 3.4a) or left 

untreated (Figure 3.4b). RNA expression analysis showed significantly elevated expression in 

magnetically stimulated MSCs grown on the Fe NWs compared to those cultured on Fe NWs 

without a magnetic field. Particularly, MSCs cultured on magnetic NWs were found to be 1.2, 

1.5, 1.3, and 1.6-fold higher (p < 0.05) for ALP, Runx2, OPN, and OCN, respectively, 

compared to MSCs grown on Fe NWs without a magnetic field. Upon comparing the mRNA 

levels of osteogenic marker in the MSCs grown on Fe NWs subjected to a magnetic field of 

250 mT to MSCs grown on Fe NWs subjected to a magnetic field of 50 mT, we noted that 

significantly higher levels of all four osteogenic markers were present in MSCs exposed to the 

higher magnetic field (Figure 3.3b cf. Figure 3.4b). In addition, the expression levels of both 

early and late markers were found to be lower in 50 mT compared to 250 mT intensity. 

Furthermore, MSCs grown under normal tissue culture but exposed to 50 mT AMF did not 

show changes in mRNA expression of most osteogenic markers compared to control cells (i.e., 

MSCs grown under normal tissue culture well and not exposed to AMF) (Figure 3.4b). 

Unexposed MSCs grown on the Fe NWs started to slightly express some of the osteogenic 

markers in the two different magnetic field intensities compared to control cells (i.e., MSCs 

grown under normal tissue culture well and not exposed to AMF) as we observed onset OPN 

expression after one and two weeks of culture on Fe NW (Figure 1.7)[125], as previously also 

reported[24, 97, 102]. As these NWs are stiff, they promote a better initial elongation of the cells 

that trigger osteogenic differentiation, as has been demonstrated on Si NWs and TiO nanotubes. 

Although MSCs grown on Fe NW without AMF expressed some markers, there was no 

significant effect on osteogenic differentiation of MSCs at a much earlier time point, two days, 

in comparison to the expression levels of those grow on Fe NW exposed to an AMF. Because 
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our experimental period was only two days, it was not enough time for the culture to progress 

in differentiation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4: Effect of a 50 mT magnetic field on the induction of osteogenic differentiation in 

MSCs. MSCs were grown on Fe NWs or on normal tissue culture well and either subjected to 

a 50 mT magnetic field or left untreated. a. The treatment protocol for cells exposed to the 50 

mT magnetic field over 48 hours is illustrated in the diagram. MSCs were exposed to 12 hours 

of 50 mT magnetic field at 0.1 Hz, followed by 12 hours without a magnetic field. This was 
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repeated for the next 24 hours period and then the cells were harvested for gene expression 

analysis. b. Relative gene expression of osteogenic differentiation markers (ALP, OPN, OCN, 

and Runx2) in MSCs grown with and without Fe NW maintained with (+) or without (-) a 50 

mT AMF at 0.1 Hz as indicated in (a). The relative gene expression of the osteogenic markers 

was determined by RT-PCR (Applied Biosystems). These data are displayed as the mean ± 

SEM from n = 2 independent experiments. MSCs passages between 2 to 3 were used in this 

experiment.  

 

Taken together, the results of the current study indicate that the effect of the magnetic 

field on osteogenic differentiation of MSCs differs depending on the magnetic field conditions. 

The higher magnetic field of 250 mT generated a higher degree of osteogenic differentiation 

as determined by the mRNA marker expression. This finding may be due to the fact that at low 

frequency (i.e., 0.1 Hz) and a higher NW deflection, calculated as B = 100 nm at the tip of NW 

which the force associated with the 250 mT is 240 pN (equation 2.5.3) exerted by the NW to 

the MSC growing on top of them. In contrast, an AMF of 50 mT intensity generates a smaller 

NW deflection of  B = 20 nm, or a force of around 48 pN, which gets exerted on the cells. The 

higher AMF of 250 mT translates into a higher magnetic force of 240 pN leading to a larger 

effect on the osteogenic differentiation of MSCs.    

Many studies have analyzed the forces generated by focal adhesion, which is associated 

and exerted on the ECM and F-actin flow. The forces are ranging from 1 to 5 nN[137].  As 

mentioned above, the forces generated by myosin II and F-actin polymerization drive coherent 

movement of the actin cytoskeleton which initiates complex formation and protein recruitment. 

Some studies demonstrated that the average forces exerted by the cell on the substrate range 

from 10 to 1000 pN[138].  

 

Having determined the 250 mT is the better magnetic field intensity to use, we next 

were interested to optimize the duration of exposure of the cells to this magnetic field (i.e. 250 
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mT). The above experiments were optimized using a protocol indicated in Figure 3.3a and 

Figure 3.4a, where the magnetic field was left on for 12 hours out of each 24-hour period for 

two days. We compared these conditions to cells exposed to a 250 mT AMF for 24 hours 

continuously (see Figure 3.5a). The expression levels of four osteogenic markers in MSCs 

grown on Fe NWs and exposed to an AMF were 2, 2.4, 2, and 2.5-fold higher (p < 0.05) for 

ALP, Runx2, OPN, and OCN, respectively, than the levels in MSCs grown on Fe NW and 

unexposed to an AMF. In contrast, both MSCs grown on normal cell culture well exposed to a 

magnetic field and MSCs grown on Fe NW but not exposed to a magnetic field did not show 

significant expression of osteogenic markers. A comparison of the two different treatment 

protocols (Figure 3.3a cf. Figure 3.5a), indicates that MSCs exposed to 12 hours of the 

magnetic field a day for two days (Figure 3.3b) exhibited a more prominent expression of 

osteogenic marker genes than MSCs exposed to 24 hours continuous magnetic field (Figure 

3.5b).  
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Figure 3.5: Effect of a 250 mT magnetic field for a 24-hours period continuously on the 

induction of osteogenic differentiation in MSCs. MSCs were grown on Fe NWs or on normal 

tissue culture well and either subjected to a 250 mT magnetic field or left untreated. a. The 

treatment protocol for cells exposed to the 250 mT magnetic field over 48 hours is illustrated 

in the diagram. MSC were exposed to 24 hours of 250 mT magnetic field at 0.1 Hz, followed 

by 12 hours without a magnetic field and then the cells were harvested for gene expression 

analysis. b. Relative gene expression of osteogenic differentiation markers (ALP, OPN, OCN, 

and Runx2) in MSCs grown with and without Fe NW maintained with (+) or without (-) a 250 

mT AMF at 0.1 Hz as indicated in (a). The relative gene expression of the osteogenic markers 

was determined by RT-PCR (Applied Biosystems). These data are displayed as the mean ± 

SEM from n = 2 independent experiments. MSCs passages between 2 to 3 were used in this 

experiment.  

 

 Interestingly, when we tested the exposure of 24 hours continuous magnetic field 

(Figure 3.6) at the lower AMF (i.e,.50 mT), the osteogenic markers were relatively similar 

compared to the 12 hour a day protocol (Figure 3.4b) except that ALP was more pronounced 

(2-fold higher; (p < 0.05) following 24 hours continuous exposure (Figure 3.7). As shown in 
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Figure 3.6b, cells grown on Fe NW subjected to 50 mT AMF for 24 hours continuously 

showed increased osteogenic markers compared to control cells (i.e., MSCs grown on normal 

tissue culture well and not exposed to AMF). MSCs grown on Fe NWs and in the absence of a 

magnetic field showed increased expression of OPN and OCN but a lower one than cells grown 

on Fe NWs and exposed to a magnetic field. Unexposed MSCs did not show a significant 

expression of the four osteogenic gene markers compared to control cells (i.e., MSCs grown 

on normal tissue culture well and not exposed to AMF).  MSCs grown on Fe NW and exposed 

to a magnetic field expressed the highest levels of osteogenic gene markers, with 3.5, 1.3, 1.4, 

and 1.9-fold increase (p < 0.05) for ALP, Runx2, OPN, and OCN, respectively compared to 

unexposed cells.   
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Figure 3.6: Effect of a 50 mT magnetic field for a 24-hours period continuously on the 

induction of osteogenic differentiation in MSCs. MSCs were grown on Fe NWs or on tissue 

culture plastic well and either subjected to a 50 mT magnetic field or left untreated. a. The 

treatment protocol for cells exposed to the 50 mT magnetic field over 48 hours is illustrated in 

the diagram. MSC were exposed to 24 hours of 50 mT magnetic field at 0.1 Hz, followed by 

12 hours without a magnetic field and then the cells were harvested for gene expression 

analysis. b. Relative gene expression of osteogenic differentiation markers (ALP, OPN, OCN 

and Runx2) in MSCs grown with and without Fe NWs maintained with (+) or without (-) a 50 

mT AMF at 0.1 Hz as indicated in (a). The relative gene expression of the osteogenic markers 

was determined by RT-PCR (Applied Biosystems). These data are displayed as the mean ± 

SEM from n = 2 independent experiments. MSCs passages between 2 to 3 were used in this 

experiment.  

 

b. 

0

0.5

1

1.5

2

2.5

3

ALP OPN OCN RUNX2

m
R

N
A

 e
xp

re
ss

io
n

 r
el

at
iv

e 
to

 G
A

P
D

H

24 hours exposure time

Control NW - NW + MSC +



 

 

70 

 

 

Figure 3.7: Fold changes of the effect of a 50 mT magnetic field in two different treatment 

duration, 12 hours, and 24 hours on the induction of osteogenic differentiation in MSCs. .MSCs 

were grown on Fe NWs or on normal tissue culture well and either subjected to a 50 mT 

magnetic field or left untreated. The treatment protocol for cells exposed to the 50 mT magnetic 

field over 48 hours is illustrated in Figure 3.4a cf Figure 3.6a. Fold change is defined as a ratio 

between MSCs grown on Fe NW with magnetic field and MSCs on Fe NW without a magnetic 

field. Relative gene expression of osteogenic differentiation markers (ALP, OPN, OCN, and 

Runx2) in MSCs grown with Fe NW maintained with (+) or without (-) a 50 mT AMF at 0.1 

Hz. The relative gene expression of the osteogenic markers was determined by RT-PCR 

(Applied Biosystems). N= 2 independent experiments. MSCs passages between 2 to 3 were 

used in this experiment.  

 

 In summary, the effect of a magnetic Fe NW and external AMF on the osteogenic 

differentiation of MSCs is demonstrated in the present study for two different magnetic field 

strengths. The expression of osteogenic markers was detected by RT-PCR. As mentioned 

earlier, gene expressions in osteoblast development are expressed at different times during the 

differentiation process. The expression level of osteogenic markers is measured throughout the 
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differentiation process by RT-PCR. The early marker, ALP, initiate appears at day 7 

immediately after a proliferation period (Figure 1.9) and increases in a time-dependent 

manner. The expression of the essential transcription factor for osteoblast differentiation, 

Runx2, appears at day 12 which lays the foundation for the production of OPN and OCN. The 

expression of OPN appears at day 14, followed by OCN, and increases with maturation. Taken 

together, the results of three different cell group conditions (i.e., MSCs grew on Fe NW with 

an AMF, MSCs grown on Fe NW without an AMF and MSCs on normal tissue culture well 

with an AMF) studied in two parameters were manipulated independently; these results suggest 

that MSCs grown on Fe NWs in conjunction with an AMF is very effective at inducing 

osteogenic differentiation. As indicated by the maximal upregulation of both early and late 

markers in MSCs grown on Fe NWs and exposed to an AMF, whereas the better magnetic field 

condition for promoting osteogenic differentiation of MSCs in vitro was 250 mT of AMF at 

0.1 Hz for 12 hours per day for two days. Expression levels of early markers (ALP and Runx2) 

started to appear on day two instead of 7 -12 days. Concerning late osteoblast differentiation 

markers (OPN and OCN) that are not detectable before day 12 and do not reach a significant 

expression level until 16-20 days[134], Fe NW combine with AMF enhanced gene expressions 

for OPN and OCN by manifold on day 2. It is important to mention that there is a relationship 

between proliferation and differentiation during the osteogenic development process. When 

the gene associated with matrix maturation stage is activated, the proliferation of the cells is 

down-regulated, paralleled by increase in ALP (Figure 1.9)[134, 139, 140]. Thus, down-regulation 

of proliferation induces the expression of early markers for extracellular matrix maturation 

period. In this stage, ALP and OPN are the early markers associated with the matrix maturation 

phase, whereas OCN is not induced simply by inhibiting proliferation activity. Evidence has 

shown that cells exposed to pulsed electromagnetic field (PEMF) and static magnetic field 

(SMF) have more differentiation phenotype and increased ALP activity and reduced cell 
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proliferation. This down-regulation of proliferation shown by decline in DNA synthesis and 

histone gene expression[140-142]. In addition, the application of this magnetic field condition 

(250 mT of AMF at 0.1 Hz for 12 hours per day for two days) exhibits less of an impact on cell 

viability compared to cells grown under normal tissue culture conditions (Figure 3.8).  

 

 

Figure 3.8: Cells viability was determined by Alamar blue assay in MSC cultured either on Fe 

NWs or on normal tissue culture well and either maintained without (-) or with (+) an AMF of 

250 mT at 0.1 Hz for 12 hours per day for two day (Figure 3.3a). 

 

Studies have suggested that the passage number has an effect on the ability of MSCs to 

differentiate[143]. Different cell passage numbers were used in the present study, low (2-3) and 

high (5-7) passage numbers. In all the above results for 250 mT AMF for 12 hours per day for 

two days duration times, the passage numbers used were between 5-7. Therefore, we 

investigated these parameters (250 mT AMF at 0.1 Hz for 12 hours per day for two days) using 

a lower passage number MSC culture (Figure 3.9) and found that MSC cultures of lower 

passage numbers (i.e., passage 2-3) showed upregulation of osteogenic markers compared to 
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control cells. The magnetic field of 250 mT for 12 hours duration applied affects the gene 

expression levels, either cell at a low or high passage and found that the expression level was 

more effective at high passage. In addition, the expression levels in unexposed MSCs grown 

on Fe NWs and exposed MSCs grown on normal culture wells were less effective at low 

passage compared to a high passage except for OPN.  Comparisons of the ratio between MSCs 

grown on Fe NWs that were exposed to a magnetic field to unexposed MSCs grown on Fe NW 

found that MSCs of low passage numbers gave more dramatic differences of gene expression 

during osteoblast differentiation (Figure 3.10).  
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Figure 3.9: Effect of a 250 mT magnetic field for a 12-hour a day for two days on the induction 

of osteogenic differentiation in MSCs in different cell passage numbers. MSCs were grown on 

Fe NWs or on normal tissue culture well and either subjected to a 250 mT magnetic field or 

left untreated. The treatment protocol for cells exposed to the 250 mT magnetic field over 48 

hours is illustrated in Figure 3.3a. MSCs cultured either on Fe NWs or culture wells then 

maintained without (-) and with (+) an AMF of 250 mT at 0.1 Hz for 12 hours per day for two 

days. The relative gene expression of a. ALP, b. Runx2, c. OPN, and d. OCN was determined 

by RT-PCR (Applied Biosystems). * and ** indicate statistically significant differences of p < 

0.05 and p < 0.01, respectively. These data are displayed as the mean ± SEM from n= 3 

independent experiments.  
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Figure 3.10: Fold changes of the effect of a 250 mT magnetic field for a 12-housr a day for two 

days on the induction of osteogenic differentiation in different MSCs passage numbers. MSCs 

were grown on Fe NWs or on normal tissue culture well and either subjected to a 250 mT 

magnetic field or left untreated. The treatment protocol for cells exposed to the 250 mT 

magnetic field over 48 hours is illustrated in Figure 3.3a. Fold change is defined as a ratio 

between MSCs grown on Fe NW and exposed to AMF and unexposed to AMF. Relative gene 

expression of ALP, Runx2, OPN, and OCN was determined by RT-PCR (Applied Biosystems). 

n= 3 independent experiments.  

 

As mention in 2.4 in the experimental chapter, the cells subjected to the magnetic field 

were incubated in a separate incubator where the temperature dropped to 20C during exposure 

to the magnetic field. This temperature drops from 37C to 20C is not optimal for cell growth 

and metabolism and would likely slow down catalysis and cellular growth. In contrast, cells 

that were not exposed to a magnetic field were kept at 37C for the duration of the experiment. 

Therefore, in order to determine the importance of keeping this parameter consistent in our 

comparisons, the experiment was performed where temperature changes were the same for 

both cells exposed to the magnetic field or left unexposed (20C). Figure 3.11 shows these 
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preliminary results of the expression levels of osteogenic markers where control and cells 

grown on Fe NW without AMF incubate at different temperatures (i.e., in one case always at 

37C and another always at 20C). This result suggests the expression levels varied among two 

different temperatures. In comparison to 37C, the lower temperature is decreasing the 

expression levels of osteogenic markers. This experiment was performed only once thus far 

and still needs to be validated with further experimental replicates. However, this data does 

suggest that temperature affects the osteogenic gene expression, perhaps indicating that by 

reducing cell growth (due to the lower temperature), which helps to prime the MSCs towards 

differentiation as was previously reported for temperatures lower than 37C. The expression of 

stem cell markers (CD73, CD105, and CD90) decreased, whereas ALP expression and calcium 

deposition increased[104,105]. 
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Figure 3.11: Relative gene expression of osteogenic differentiation markers in different culture 

temperatures. MSCs cultured either on Fe NWs or normal tissue culture wells then maintained 

without (-) and with (+) an AMF of 250 mT at 0.1 Hz for 12 hours per day for two days. The 

relative gene expression of a. ALP, b. Runx2, c. OPN, and d. OCN was determined by RT-

PCR (Applied Biosystems). * and ** indicate statistically significant differences of p < 0.05 

and p < 0.01, respectively. These data are displayed as the mean ± SEM.  

 

In summary, taking into account the present work as well as our earlier work, these results 

confirm the osteogenic commitment potential of MSCs, when cultured on magnetic NWs under 

an AMF. We found a reduction in the time needed to the onset of osteogenic differentiation, 

i.e., two days, compared to the standard chemical method used for differentiation that takes 2-

3 weeks. Besides that, the loss of the stem cell markers is a further indication for the onset of 

osteogenesis.    

 

c. d. 

0

2

4

6

8

10

12

14

16

Control NW - MSCs + NW +

m
R

N
A

 e
xp

re
ss

io
n

 r
el

at
iv

e
 t

o
 G

A
P

D
H

OPN

at 37˚C at 20˚C

0

0.5

1

1.5

2

2.5

3

3.5

4

Control NW - MSCs + NW +

m
R

N
A

 e
xp

re
ss

io
n

 r
el

at
iv

e
 t

o
 G

A
P

D
H

OCN

at 37˚C at 20˚C



 

 

78 

Chapter 4 

Conclusion and Future work  
 

In this thesis, we propose a method toward the goal to provide a new tool for stem cell-

based therapy and tissue engineering that utilizes the magneto-mechanical properties of Fe 

NWs coupled with a magnetic field. We developed a highly biocompatible Fe NW that features 

a nanosurface wirelessly actuated by a magnetic field that enables mimicking of the 

modulations of the ECM and provides control over the stem cell fate. This unique property of 

Fe NWs could be processed to construct devices such as implantable/injectable materials to 

replace and repair tissues or therapeutic agents for trigger specific cellular responses towards 

bone-related tissue engineering approaches. Applying a low-frequency magnetic field 

modulates the surface, resulting in the induction of differentiation of MSCs. There were two 

parameters manipulated independently during the magnetic field treatment: the field intensity 

and the duration or period of the applied magnetic field. The difference in the field intensity 

resulted in the induction of osteogenic differentiation of MSCs with varied expression levels 

of selected osteogenic markers. The results demonstrated that a higher magnetic field (250 mT) 

leads to a more pronounced expression of differentiation markers than a lower field (50 mT), 

indicating the dependence on the applied force (the field values are equivalent to forces of 240 

pN and 48pN, respectively). Also, the AMF causes an increase in differentiation depending on 

the time of exposure. The short time exposure to AMT per day (12 hours) resulted in 

significantly higher expression of osteogenic markers compared to the longer time exposure 

(24 hours) might indicate cells need a break to respond and recovery after the treatment. This 

method might have novel use as modulators of stem cell differentiation and could improve 

bone regeneration. Magnetic field-assisted culture of MSCs on the magnetic Fe NWs substrate 

can be considered as an efficient strategy to manipulate stem cell response and regulate and 
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induce osteogenesis in vivo in the future. Also, exploiting the flexibility of the fabrication 

methods, the properties of the NW substrate can be tuned with respect to size and shape, which 

can be useful for advanced tissue engineering approaches.      

 Additionally, these findings emphasize the potential of alternative physical stimulation 

methods for MSCs differentiation without the need for additional differentiation factors and 

can reduce the time needed to the onset of the expressed osteogenic markers.   

 Further studies are required to investigate the lower temperature effects on the gene 

expression levels. Besides studying a wider range of the currently varied parameters like field 

values higher than 250 mT, there are also other parameters of interest that should be studied 

such as frequency and duration of the magnetic field application. Several studies found that the 

mechanical stimuli can promote stem cell differentiation into distinct lineages. However, it 

remains largely unknown, how MSCs respond to mechanical stimuli and the detailed 

underlying mechanism still needs to be elucidated. The platform presented in this thesis 

provides new means for such studies and could help shed light on those questions.  
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